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%is special issue compiles seventy-six original papers
covering the following topics: mechanical properties and
fracture behavior of deep rock, rock failure behavior under
multifield coupling and multiscale systems, dynamic failure
characteristics and constitutive properties of deep rock,
mechanical behaviours of rock fractures during shearing,
energy evolution characteristics during rock fracturing,
experimental or numerical simulation of rockbursts, failure
mechanism of spalling in deep tunnels, rock and structure
response under blast and impulsive loading, and prevention
and control of disasters in deep rock engineering.

Nineteen articles in this special issue are related to
mechanical properties and fracture behavior of deep rock.
J. Li et al. explore the deep rock mechanics through me-
chanical analysis of hard rock in situ coring system. J. Li et al.
experimentally study the adsorption pore structure and gas
migration of coal reservoir using low-field nuclear magnetic
resonance. X. Xi et al. model the crack initiation and
propagation of notched rock beam under the three-point
bending load. Based on acoustic emission, Q. Hao et al.
investigate the stress threshold of deep buried coal rock
under quasistatic strain rate; C. Wang et al. experimentally
study the fracture patterns and crack propagation of
sandstone. L. Dong et al. also experimentally determine the
Poisson’s ratio for intact rocks and its variation as defor-
mation develops. Based on digital images, H. Cui et al.
conduct numerical test study on the microscale failure
modes and fractal analysis of lower Cambrian shale. Con-
sidering the bedding directivity, X. Ou et al. perform static
and dynamic Brazilian tests on layered slate. Y. Yuan et al.

experimentally investigate the mechanical properties of
prefabricated single-cracked red sandstone under uniaxial
compression. J. Liu et al. study the fracture evolution process
of rock-like specimens containing a closed rough joint based
on 3D printing technology. S. Huang et al. investigate the
creep mechanics of high stress soft rock under grade
unloading. Z. Zhao et al. investigate the in situ curing of a
polymer film for light-proof coring of deep rocks with
preservation of rock quality and moisture. D. Li et al.
conduct numerical test research on the loading rate effect of
rock mass with transfixion sawtooth structural plane.
Y. Zhao et al. numerically analyze the mechanical behavior
and failure mode of jointed rock under uniaxial tensile
loading. X. Zhu et al. present a complex network model for
analysis of fractured rock permeability. Based on Griffith’s
strength theory, S. Wang et al. also give a discrete element
modeling of crack initiation stress of marble. A paper by
C. Chen et al. experimentally investigates the deformation
and strength behavior of marble with complex loading-
unloading stress path. K. Yang et al. also experimentally
investigate the mechanical characteristics and the failure
mechanism of coal-rock composite under uniaxial load.
R. Wu et al. describe the effect of material properties and
strain rate on fragmentation of anisotropic rock.

Five papers involve the rock failure behavior under
multifield coupling and multiscale systems. Z. Zhang et al.
numerically simulate the rock failure process with a 3D
grain-based rock model. P. Li et al. numerically model the
interaction between hydraulic fractures and natural fractures
by using the extended finite element method. Based on dry-
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coupled ultrasonic monitoring technology, Y. Liu et al.
analyze the ultrasonic spectrum of granite damage evolution.
B. Zhu et al. identify the coupling effect of creep deformation
and prestress loss of anchored jointed rock. N. Shen et al.
present the effects of water and scCO2 injection on the
mechanical properties of granite at high temperatures.

Five articles are associated with the dynamic failure
characteristics and constitutive properties of deep rock.
Y. Zhu et al. illustrate a novel fatigue damage model of rock
considering temperature effects. R. Xu et al. experimentally
investigate the brittleness and rockburst proneness of three
kinds of hard rocks under uniaxial compression. K. Man
et al. conduct dynamic tensile test of granite and analyze its
tensile sensitivity. F. Li et al. study the damage constitutive
model of brittle rocks considering stress dropping charac-
teristics. B. Guo et al. investigate the triaxial strength criteria
in Mohr stress space for intact rocks.

Four articles reveal the energy evolution characteristics
during rock fracturing. Q. Ma et al. give the dynamic be-
havior and energy evolution characteristic of deep roadway
sandstone containing weakly filled joint at various angles.
Using AE and DIC methods, a paper by J. Pan et al. studies
the deformation behavior and energy evolution of conjugate
jointed rock. X. Cheng et al. study the mechanical properties
and energy dissipation of gas coal under dynamic and static
loads. X. Hao et al. also show the failure behavior and energy
storage and release of hard coal under different static and
dynamic loading states.

Five articles in this special issue investigate the rock and
structure responses under blast and impulsive loading.
Y. Liu et al. study the static and dynamic fracturing prop-
erties of marble after being damaged dynamically. J. Wu
et al. experimentally investigate the dynamic compression
mechanical properties of frozen fine sandstone. B. Cheng
et al. present a study on cut blasting with large diameter
charges in hard rock roadways. B. Xie et al. numerically
simulate the split Hopkinson pressure bar tests for the
combined coal rock by using the Holmquist–Johnson–Cook
model and case analysis of outburst. K. Man et al. analyze the
frequency spectrum and wavelet packet of blasting vibration
signals for different charge structures in blasting peripheral
holes.

%irty-four papers involve the prevention and control of
disasters in deep rock engineering. J. Hao et al. present the
karst water pressure’s varying rule and its response to
overlying strata movement in coal mine. Based on magnetic
field trigger controller, G. Liu et al. give the innovative
design of deep in situ pressure retained coring. C. Xie et al.
study the instability mechanism and grouting reinforcement
repair of large-scale underground stopes. C. Peng et al.
investigate the failure mechanism of jointed rock slopes
based on discrete element method. J. Wei et al. numerically
study the damage to rock surrounding an underground coal
roadway excavation. Combined with the surrounding rock
stability index, J. Chang et al. study the instability charac-
teristics and bolt support in deep mining roadways taking
Pansan Coal Mine as an example. G. Hou et al. experi-
mentally analyze the deformation and acoustic emission
characteristics of arch roadway under different unloading

rates. Z. He et al. design and verify a deep rock corer with
retaining the in situ temperature. X. Zhao et al. analyze the
support design in weak rock drift using a systematic ap-
proach. T. Wang et al. show a flowchart of DEM modeling
stability analysis of large underground powerhouse caverns.
C. Wang et al. reveal the stability mechanism and repair
method of U-shaped steel reverse arch support in soft floor
roadway. With a case study of Yima mining area, Y. Li
discuss the mechanism of coal bump among mine groups
under the control of large geological body. G. Guo et al.
study the key stratum location and characteristics on the
mining of extremely thick coal seam under goaf. Based on
distributed optical fibre sensing technology, Y. Li et al.
investigate the pressure relief borehole effects in situ testing.
B. Li et al. present the short-term gradation loading creep
properties and failure characteristics of high-strength fly ash
concrete for underground engineering. L. Peng et al. re-
search the fault activation law in deep mining face and
mechanism of rockburst induced by fault activation. H. Wu
et al. analyze the influence law of burial depth on sur-
rounding rock deformation of roadway. C. Ma et al. dem-
onstrate the application of geological core ground
reorientation technology on in situ stress measurement of an
over kilometer deep shaft. H. Ma et al. experimentally study
the desorption characteristics of coalbed methane under
variable loading and temperature in deep and high geo-
thermal mine. W. Wang et al. study the deformation
mechanism and supporting countermeasures of compound
roofs in loose and weak coal roadways. Z. He et al. assess the
hazardous rock block stability based on vibration feature
parameters. H. Ren et al. describe the classification and
application of roof stability of bolt supporting coal roadway
based on BP neural network. S. Zhao et al. investigate the
liquefaction properties and postliquefaction volumetric
strain of calcareous sand in dredger fill site. C. Zhao et al.
study the stress distribution law of fully anchored bolt and
analyze the influencing factors under the condition of
surrounding rock deformation. F. Du et al. reveal the
evolution law of fracture field in full-mechanized caving
mining of double system and extra-thick coal seam.
M.Wang et al. propose key factors affecting the deformation
and failure of surrounding rock masses in large-scale un-
derground powerhouses. Y. Wu et al. present a mechanical
model of underground shaft coal pocket and deformation of
silo wall in coal mines. W. Ping et al. conduct a case study on
gob-side entry retaining technology in deep coal mine of Xin
Julong, China. Z. Liao et al. perform experimental and
theoretical investigation of overburden failure law of fully
mechanized work face in steep coal seam. X. Wu et al. study
the stage failure mechanism and stability control of sur-
rounding rock of repeated mining roadway. G. Deng et al.
numerically simulate the evolution of mining-induced
fracture network in a coal seam and its overburden under the
top coal caving method. K. Ma et al. study the mechanism of
influence of mining speed on roof movement based on
microseismic monitoring. Based on discrete element
method, C. Peng et al. investigate the failure mechanism of
jointed rock slopes. L. Li et al. analyze the influencing factors
on anomalously low friction effect in block rock mass.
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Additional papers conduct experimental or numerical
investigations of rockburst. J. Yang et al. comparatively
study the excavation damage and rockburst of the deeply
buried Jinping II diversion tunnels using a TBM and the
drilling-blasting method. C. Zhang et al. study the impact
tendency of coal and rock mass based on different stress
paths. Lu et al. propose an extension failure criterion for
brittle rock. Based on CT scanning, P. Liang et al. experi-
mentally investigate the formation of rockburst pits in
circular tunnel.
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Coal bump often occurs in coal mining among many working faces in mine group under the control of large geological bodies. In
order to study the coal bump mechanism between adjacent working faces under the conditions of large fault and huge thick
overburden conglomerate, this paper regards Yima mining area as a practical engineering background and theoretically analyzes
the mechanical behavior of overlying rock in the spatial structure.,en, the deep-ground and whole-spacemeasurement is carried
out in the 13230 working face of Gengcunmine and 21121 working face of Qianqiumine.,e results show that the basic structural
unit in Yima mining area is composed of two goafs, middle coal pillar, and overlying conglomerate. Under the condition of
nonsynchronous mining in adjacent working faces, there is a comovement effect similar to lever’s “prying” phenomenon in thick
conglomerate beam—the conglomerate strata above larger goaf side induce an overall uplift movement of the corresponding
strata above smaller goaf side, and uplift length of the conglomerate strata is related to the mining length, coal pillar width, caving
angle, and coal-conglomerate distance. ,e results of surface subsidence, microseism, and stress in the two working faces verify
the conglomerate’s phenomenon of comovement effect and disturbance range and further explain the role of active movement of
F16 fault and overall causes of huge thick conglomerate on the coal bump. ,e vertical stress of the 13230 face is relatively low at
the beginning, and high horizontal stress by fault activation causes typical bump accident with the horizontal sliding of coal body.
With the increasing development of 13230 face, the intensity and frequency of coal bump in horizontal direction decrease
obviously, but with high proportion in vertical direction.,e results provide a theoretical basis for the study on the mechanism of
coal bump between two adjacent working faces under the conditions of huge thick conglomerate and large thrust fault.

1. Introduction

,e strata’s behaviors above working face in the coal mine are
closely related to the structural characteristics and movement
law of overburden rock. When the adjacent working faces are
mined at the same time, they will also be affected by each
other, especially under the condition of large fault or huge
thick conglomerate roof. If the mining of one face causes fault

activation or movement of huge thick conglomerate stratum,
it will affect the adjacent working face.

In this way, such a large geological body will lead to a
larger scale and severer degree of stress disturbance and
highly increase the risk of coal and rock dynamic disaster
[1, 2].

At present, scholars at home and abroad have studied the
influence of overburden structure classification, moving law,
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failure mode, and stress distribution on the coal bump.
Structures in shallow mining and deep mining with extra-
thick and steep-inclined coal seam are, respectively, stress
arch and articulated rock beam. Linming Dou [3] thought
that integrated spatial structure of overlying strata is com-
posed of “O-X,” “F,” and “T,” which causes abnormal stress
concentration. For caving coal mining, some scholars have
studied the movement law of overlying rock structure under
caving coal mining [4–7] and proposed reducing the top coal
loss with changing roof structure [8, 9].

For the evolution of overburden structure, there is a
great difference in breaking mode with near field and far
field [10–12], and in strata behavior of working face and goaf
roadway with different thickness, strength, and height of key
roof strata [13, 14]. High strength of direct roof medium-
thick strata, large thickness, and low strata lead to high roof
pressure [15, 16]. On the other hand, the instability of the
overlying structure usually produces large vibration energy
[17–19], which produces high dynamic and static load
[20–22] to the working face and easily induces coal and rock
dynamic disasters.

At present, the research on the mining disturbance law
mostly focuses on the scale of single working face, while
the research on the disaster caused by large-scale
movement of overlying rock structure under the scale of
mining area is not much. In this paper, Yima mining area
is taken as the research object for its frequent coal bump,
and the mechanical behavior of structural unit in large-
scale mining area is analyzed theoretically. Taking the
adjacent working face as an example—13230 working face
of Gengcun coal mine and 21121 working face of Qianqiu
coal mine—based on the monitoring of microseism,
stress, surface subsidence, and dynamic behavior, this
paper proposes the process of disaster caused by distur-
bance of F16 fault and huge thick conglomerate, which
provides theoretical basis for the study of the mechanism
of coal bump in adjacent working face under the condition
of Mining Group.

2. Engineering Background

2.1. Characteristics of Large Geological Bodies in YimaMining
Area. Yima mining area is a typical coal bump prone area
in China. It is located in Yima City, Henan Province,
China. Five mines are distributed from West to East:
Yangcun coal mine, Gengcun Coal Mine, Qianqiu Coal
Mine, Yuejin Coal Mine, and Changcun coal mine. After
decades of mining, the depth has been close to 900m. ,e
thickness of conglomerate close to Earth’s surface above
deep mining area is 300∼700m, and there is a large thrust
fault named F16 in the southern minefield boundary,
which controls five coal mines. ,erefore, coal bump has
become one of the main disasters in Yima mining area.
,e geographical location, current state of mining, and
tectonic distribution of the Yima mining area are shown
in Figure 1.

,e basic characteristics of the huge thick conglomerate
and F16 fault are as follows:

2.1.1. Huge6ick Conglomerate. ,e stratum develops in the
whole coalfield, and its thickness gradually increases from
North to South, from the Eastern and Western boundary to
the central southern areas. Especially in the South of Yuejin
minefield, the thickness is largest for more than 700m. ,e
thickness contour is shown in Figure 2. ,e huge thick
conglomerate has high strength and strong integrity, so it is
likely that a large-scale movement will occur in the ex-
tremely thick stratum with gradual mining, and the influ-
ence’s range may exceed a single working face, which may
disturb the stress environment of other mine working faces
and induce coal bump.

2.1.2. F16 Fault. ,e fault’s strike is nearly from northwest
to southeast. According to the geological borehole section
(Figure 1 A-A’) at the boundary of Gengcun and Qianqiu
Coal Mine, the fracture surface of F16 is plough-shaped with
steep top and gentle bottom, and the dip angle in shallow
area is larger but gradually flat in the deep part. According to
the core from borehole and F16 outcropping on the surface,
it can be seen that the compression force of F16 fault causes
large-scale thrusting and sliding northward along the top
surface. ,e activation movement makes the working face in
such an environment with high horizontal stress and in-
creases the probability of coal bump in the working face and
roadway. ,e morphology of F16 fault is shown in Figure 3
[23].

2.2. Structural Characteristics of Mine Group. From the
current layout and mining design of Yima mining area, it
can be seen that, in the east-west direction, there are dif-
ferent types of coal pillars, such as the adjacent mines in a
coalfield, the adjacent district in a mine, and the adjacent
wings in a district, with the widths of 140∼200m, 50∼100m,
and 150∼300m, respectively. With the large-scale mining in
the area, a large number of “goaf-pillar- goaf” structures
have been formed. As the basic unit of large-scale structure,
it should be the primary research object for structural
disturbance issue.

In order to understand the roof falling morphology of
adjacent working face in structural unit, 13230 face in
Gengcun mine and 21121 face in Qianqiu mine at both
boundaries of two mines are selected as an engineering
object (Figure 2). ,e location of the two faces is shown in
Figure 2. Surface drilling was carried out above goaf in 21121
face (Figure 4) to detect the development of three zones.

From bottom to top, there are siltstone over 180m,
6.17m mudstone, 23.4m coal seam, 29.51m mudstone,
217.6m interbed of sandstone and conglomerate, and
401.55m huge thick conglomerate, respectively. According
to the integrity of the drilled core and the phenomena of
slurry leakage, water outflow, drilling drop, and gas emission
during drilling, the three zones of overburden rock during
two face’s mining are shown in Figure 4. ,e thick con-
glomerate is nonobvious large fracture overall, which locally
collapses at 120m below (290–410m in Figure 4), but the
integrity of the upper part is good (20–290m), which is
bending zone.
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3. Theoretical Analysis of Comovement
Behavior of Thick Conglomerate

3.1. Mechanical Model and Boundary Conditions. ,e huge
thick conglomerate in the structural unit is stratified (Fig-
ure 4). As for the spatial structure, the strata directly con-
trolling the adjacent working faces are 71m conglomerate
(219–290m in Figure 4) in the low positions of the bending
zone, so it is taken as the research object. When the mining
length of the two faces is quite long, the hanging length of the
conglomerate is far greater than its thickness (71m), so it can
be simplified as a beam model to solve. In order to facilitate
calculation and analysis, the thin layer (Figure 5(a)) is set as
the state of fixed support at both ends and hinge support in
the middle, and the stress state is shown in Figure 5(b).

In this model, a and b are, respectively, the distance from
the hanging boundary of two faces to the coal pillar center,
not the real hanging length of the two thin layers—a’ and b’.
In order to facilitate the description, a and b in the model are
called hanging lengths of the rock beam above the two
working faces because a, b and the real hanging length are
proportional, and a’, b’ are not involved in the later cal-
culation. In addition, the working faces with longer goaf and
shorter goaf are called former face and later face,
respectively.

,e fracture of overlying strata develops upwards
according to a certain angle, so in order to correctly solve the

hanging size of thin layer, the influence of caving angle α,
distance from coal seam to thin layer h, and coal pillar width
J should be considered. ,en, the relationships between a, b
and the length of goaf m,n in the simplified model are as
follows:

a � m +
J

2
− h cot α, (1)

b � n +
J

2
− h cot α. (2)

According to the material mechanics, With uniformly
distributed load at the upper surface and fixed at two ends,
the expressions of shear force and deflection [24] on arbi-
trary section of rock beam are as follows:

F1(x) �
ql

2
− qx, (3)

ω1(x) � −
1
EI

−
1
24

qx
4

+
1
12

qlx
3

−
1
24

ql
2
x
2

 . (4)

In the above formula, x� 0 is located at point A of the
beam, and the direction of x axis is from point A to point
B. ,e coordinate system in this paper is consistent.

With concentrated force in the middle and fixed at two
ends, the expressions of shear force and deflection [24] are as
follows:
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+
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(6)

,e deflection [23] of spot C of rock beam under the two
load conditions is as follows:

ωC1 �
qa

2
b
2

24EI
,

ωC2 � −
F

3EI
×

a
3
b
3

(a + b)
3.

(7)

According to the superposition principle of material
mechanics, under the two load conditions, the expressions of
shear force and deflection on arbitrary section of rock beam
are equal to superposition of physical quantity under their
respective conditions, and the expression of shear force (F) is
as follows:

F(x) � F1(x) + F2(x). (8)

,e reaction forces FA and FB of the coal-rock mass
supporting rock beam and deflection of point C in the coal
pillar are, respectively, as follows:

FA � F(x � 0) �
ql

2
−

Fb
2

l
2 1 +

2a

l
 , (9)

FB � −F(x � l) �
ql

2
−

Fa
2

l
2 1 +

2b

l
 , (10)

ωC �
qa

2
b
2

24EI
−

F

3EI
×

a
3
b
3

(a + b)
3. (11)

Considering the coal pillar and upper overlying rock
pillar as a rigid body, the deflection of point C is 0, that is,
ωC � 0. So, the supporting force of the coal pillar to con-
glomerate beam can be obtained by the following expression:

F �
ql

3

8ab
. (12)

Putting equation (12) into equations (9) and (10), it can
be concluded that the reaction forces FA and FB are as
follows:

FA �
ql

2
−

qlb

8a
1 +

2a

l
 ,

FB �
ql

2
−

qla

8b
1 +

2b

l
 .

(13)

Putting equation (12) into equations (4) and (6) and
superimposing the two formulas, the deflection equation on

a
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l
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Figure 5: Mechanical model and boundary condition of the structural unit: (a) spatial structure of overlying strata and (b) simplified
mechanical model.
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arbitrary section of rock beam can be obtained by the fol-
lowing expression:

ω(x) �

q

24EI
x
2
(x − a) x −

l(2a − b)

2a
 , 0≤x≤ a,

q

24EI
(x − a)(x − l)

2
x −

al

2b
 , a≤ x≤ l.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(14)

3.2. Comovement Characteristics of Conglomerate Beam

3.2.1. Comovement Form. As for the formula (14), the
corresponding range of the conglomerate beam above the
later face is a≤x≤ l, and the four roots of ω(x) � 0 are
x1 � a, x2 � x3 � l, x4 � al/2b respectively. ,us, there is
x4 − x3 � l(a − 2b)/2b.

(1) Early Mining of Later Face. In this period, the hanging
length of rock beam above the later face is far less than that of
the former face; that is, when a> 2b, then x4 > x3. According
to the positive and negative results of the polynomial, it can
be seen that ω(x)< 0 is always established on a≤ x≤ l. So the
state of rock beam above later face is bending and uplifting.

(2) Middle and Later Mining Stage of Later Face. When the
mining length of the later face is quite long, the value of
2b − a changes from negative to positive; that is, whena< 2b,
then x4 <x3. According to the judgment, the value of ω(x) is
negative and positive in the interval [a, al/2b]and[al/2b, l].
So the state of later-face rock beam in the two intervals is
uplifting and sinking, respectively.

,e form evolution of conglomerate beam in the mining
process of two working faces is shown in Figure 6.

3.2.2. Disturbance Range Based on Comovement Form. It is
considered that the conglomerate has a strong disturbance
on the later face when the whole rock beam is in uplifting
state. At this time, the hanging lengths of conglomerate
beam in two working faces meet the following relationship:

b≤
a

2
. (15)

Putting equations (1) and (2) into equations (6) and (15),
the following relationship can be obtained:

n≤
m

2
−

J

4
+

h cot α
2

. (16)

,erefore, when the mining lengths of the two working
faces meet the relationship of equation (16), the later face will
be disturbed by the uplifting of rock strata.

4. Field Test of Structure-Induced Coal
Bump under the Control of Large
Geological Body

4.1. Integrated andUnitedMonitoring withDeep-Ground and
Whole-Space

4.1.1. Overview of Monitoring Area. Considering the current
mining situation of each coal mine, Gengcun Mine and
Qianqiu Mine have close adjacent working faces (13230 face
and 21121 face), and the two working faces have occurred
many times with severe coal bumps during their mining, so
the targeted research on the two faces area is carried out.,e
strike length and inclined length of 13230 working face are
971m and 196m, respectively.,e north side of 13230 face is
13210 goaf and the south and west sides are unexploited coal
mass. In the East, it is adjacent to 21121 face of Qianqiu coal
mine. ,e coal pillar at the boundary of the two-mine area is
160m. ,e strike length and inclined length of 21121
working face are 1220m and 130m, respectively, and its
north and south sides are both goafs.

13230 started mining from 2015-12-1, then stopped for
one year after coal bump accident on 2015-12-22, and re-
sumed on 2016-11-1. It is now in production and is expected
to be completed on 2020-10-1. 21121 face and the two in the
north and south were stopped in 2007, 2012, and 2009,
respectively.
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Figure 6: ,e change of conglomerate’s form in the process of two
mining faces.
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,e two faces used retreating method, and the mining
direction is from mine-boundary pillar to the terminal
mining line. ,e mining length per day of two faces is all
0.8m.,e working face distribution and mining state in this
area are shown in Figure 7.

4.1.2. Monitoring Arrangement. In order to understand the
movement behavior of huge thick conglomerate and F16
fault and their influence on the two working faces, the in-
tegrated and whole-space monitoring of dynamic response
in coal and rock mass is carried out in the two faces. ,e
following measures are used in 13230 face:① two lines with
leveling observation are set up along the strike and dip
orientation on the ground above 13230, and then 5 and 28
points are arranged, respectively, numbered 50#∼54# and
21#∼34#. ② ,e online monitoring system for roof is in-
stalled on the hydraulic supports to monitor the roof
pressure continuously for 24 hours. ③ ,e ARAMIS mi-
croseismic system is used to continuously monitor the
microseismic activities of coal and rock mass. In 21121 face,
the ARAMIS microseismic monitoring system is used to
continuously monitor the goafs. All the monitoring points
are shown in Figure 7.

4.2.ComovementCharacteristics ofHuge6ickConglomerate.
According to the monitoring data of surface subsidence and
microseismic event from 4.1.2, the comovement effect of
huge thick conglomerate in the model is explained. ,e
monitoring data are as follows.

4.2.1. Analysis of Surface Subsidence. ,e surface subsidence
along the strike of 13230 face from December 1, 2016, to
August 1, 2019, is shown in Figure 8 [23]. It can be seen that
surface subsides overall, but some points have “sudden
jump” phenomena in the adjacent monitoring period.

In the early mining, many points on surface uplift in
many periods, such as rising 3∼40mm of 51∼53# on July 1
2018, rising 3∼59mm of 51# and 53∼54# on August 1 2018,
and rising 2∼26mm of 50# and 52∼54# on September 1
2018.

In the middle time, the number of rising points and the
rising’s extent on the surface reduce significantly, such as
rising 9mm and 6mm of 50# and 53# on December 1 2018,
rising 27mm of 53# on January 1 2019, rising 26mm of 52#
on March 1 2019, rising 59mm of 50# on April 1 2019, and
rising 3mm of 53# on June 1 2019.

In the last stage, each point on the surface will not rise
any more.

4.2.2. Analysis of Microseismic Height. Limited by the spatial
arrangement, parameter setting, and monitoring ability, the
microseismic equipment can only monitor the movement of
rock mass within a certain range, but cannot reflect that in
higher strata. As for the microseismic height in 13230 face,
the highest and the lowest are 268m and −82m, respectively,
and the height of 0 indicates the floor. It can be seen from
Figure 4 that the distance from the lower hanging strata to

the coal seam is 358.66m, which indicates that the micro-
seismic system cannot monitor the movement of the
hanging conglomerate. Coal and soft mudstone (direct roof
and direct floor) are broken more severely, due to the
“pressurization” of strata’s subsidence, resulting in a lower
position of microseismic events; on the contrary, the
uplifting of the conglomerate leads to an increasing pro-
portion of the higher strata’s activity, resulting in a higher
position of microseismic events. ,erefore, the height of
microseismic events can be used to indirectly characterize
the movement law of high-level strata. In order to express
the space-time evolution of the hanging stratum more in-
tuitively, Figure 9 shows the average height of monthly
microseismic events in 13230 face and Qianqiu 21 mining
area from November 1, 2015, to May 21, 2019. In addition,
since microseismic equipment was not used to monitor
21121 face while being used in 21141, therefore, the average
height of monthly microseismic events in 21141 face from
April 1, 2010, to October 1, 2012, is also shown in Figure 9
[23].

It can be seen from Figure 9 that there is a sudden
increase of microseismic height in several months at the
early and middle stages. In the last stage, with the structural
balance, there is no larger sudden increase phenomenon,
and more microseismic events occur in the coal mass with a
height of 0–10m.

As for the height of microseismic events in Qianqiu 21
mining area, it is lower than 13230 face before 2019-10 and
higher than that afterwards overall. It is consistent with the
uplift state of conglomerate in the early andmiddle stage and
the subsidence state in last stage.

For the only mining of 21141 face earlier, the monthly
microseismic events fluctuate within −40∼130m. ,e height
is significantly lower than that of 13230 face and Qianqiu 21
mining area, which also confirms the direction of
comovement.

4.2.3. 6e Disturbance Range of Comovement of Huge 6ick
Conglomerate

(1) 6e Result from Surface Subsidence. It can be seen from
Figure 8 that all the points of the strike line on the surface are
obviously uplifted before April 2019. In June 2019, the 53#
point slightly rose by 3mm, andmany other points still show
“flat” characteristics (no obvious subsidence) compared with
the previous monitoring. For example, the 50# and 52#
points only decrease by 4mm and 7mm, respectively. After
July 2019, all the points subside. ,erefore, the critical time
of comovement disturbance is estimated to be June 2019
according to the surface subsidence.

(2) 6e Result from Microseismic Height. From the monthly
average height of microseismic events in 13230 face (Fig-
ure 9), the microseismic height has a sudden rise in many
periods in the years of 2015 to 2018. In the year of 2019, the
height increases from 5.89m to 12.17m from January to July,
and then it decreases to less than 5m and fluctuates within
±3m. ,erefore, the critical time of comovement
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disturbance is estimated to be July 2019 according to the
microseismic height.

(3) 6e Result from 6eoretical Calculation. In this area, the
width of the coal pillar (J) is 160m.,e distance between the
conglomerate beam and the coal seam (h) is 358.66m. ,e
caving angle (α) is 65°.,emining length (m) of 21121 face is
1220m. Taking the above parameters into equation (16), it
can be concluded that the disturbed range of mining length
for 13230 face is 0≤ n≤ 653.7m. According to the actual
mining progress, the cumulative mining length of 13230 face
is 653.4m on 2019-7-7 and 654m on 2019-7-8, respectively.
So it is considered that 2019-7-7 is the critical time for the
13230 face disturbed by conglomerate.

In summary, the results show that the test values are
basically consistent with the theoretical value, and the val-
idity of the theory is further verified.

4.3. Activation Characteristics of Fault F16. During the
mining period of 13230 working face, the subsidence
characteristics of the points on dip orientation are shown in

Figure 10. It can be seen from Figure 10 that an obvious
uplifting movement occurs at every point on the surface of
fault’s hanging wall. ,e closer the point is to the fault
outcrops to the surface (21#∼27# points), the higher the
surface uplift is caused by fault slip. For example, the
maximum uplifting of 21#∼27# points during the adjacent
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Figure 7: ,e distribution of working face and integrated-united monitoring in the Gengcun-Qianqiu area.
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monitoring period is 1.315 cm (2017-2-24), and the average
uplift is 0.373 cm, while the maximum uplift and average
uplift of 28# ∼34# points are 1.415 cm and 0.413 cm, re-
spectively, and the time when maximum uplifting occurred
is also on 2017-2-24.

,erefore, the mining disturbance of 13230 face induces
the gradual activation of fault F16 in the south of Gengcun
13 mining area. ,e compressive stress caused by com-
pression in thrust nappe system is the key dynamic
mechanism of coal bump.

4.4. Mechanism of Coal Bump in the Later Face

4.4.1. Evolution of Vertical Stress. ,e stress in this section is
derived from monitoring data in Section 4.1.2.

In 13230 working face, the front pillar pressure of 27#
and 28# substations located in the middle of the face is used
to characterize the change of roof pressure during the
mining process. However, the laws of pressure variation of
other substations are similar, which is not given here due to
space limitation. ,e variation of roof pressure is shown in
Figure 11 [23].

Figure 11 shows that the roof pressure is low at be-
ginning of the later face but gradually increases. For ex-
ample, the peak pressure in the beginning and middle
periods and the fitting line in the whole period all show a
gradual upward trend.

It is the rising of the conglomerate above later face
induced by that above former face that the effect of vertical
pressure in 13230 face is weakened.

4.4.2. Characteristics of Coal Bump Behavior in the Later
Face. ,ere are many kinds of phenomena for coal bumps
during the mining of 13230 face, including coal sliding in

roadway, floor heave, sliding and sinking or damage of
support equipment, shifting of equipment displacement,
vibration, noise, coal dust dispersion, coal falling on floor,
and stress rising in borehole. According to the direction of
coal bump behavior, Table 1 summarizes the horizontal and
vertical behaviors in different mining periods. In addition,
the coal bump behavior is nonobvious direction during
2019-07-23∼2020-06-17, in which the behaviors are not
classified.

According to common-sense cognition, to some extent,
the coal bump behaviors in horizontal or vertical direction
are related to the stress in corresponding direction.
,erefore, it is considered that the sliding of coal and
supporting equipment is mainly caused by horizontal stress,
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and increasing vertical stress of borehole and supporting
equipment is mainly caused by vertical stress.

Table 1 shows that, during the mining process of 13230,
the uplifting and pressure relief by comovement of huge
thick conglomerate in the initial mining stage weaken the
longitudinal constraint of coal body, resulting in longer
sliding of coal body or support equipment. In the later
mining stage, the balance of structure gradually reduces the
horizontal sliding and gradually leads to severer behavior in
the vertical direction—the coal bump phenomena develop
from small increase or even decrease of vertical stress in
individual borehole to high increase of stress in multiple
boreholes and supports. In addition, the sliding phenomena
occur before 2019-07-09 but disappear after that.

,erefore, it is considered that the critical time between
the existence and nonexistence of comovement uplift effect
at initial or later mining stage is 2019-07-09, which is ba-
sically consistent with the theoretical time (2019-07-07).

4.4.3.6e Explaining of Coal Bump Induced by Conglomerate’s
Comovement. According to test results of the in situ stress
(Figure 7), the maximum horizontal principal stress and
vertical stress of the three points in 13230 face are 13.83MPa
and 15.55MPa, 12.58MPa and 15.53MPa, 14.84MPa and
14.98MPa, respectively [23]. In addition, the maximum
horizontal principal stress and vertical stress of the three
points in Qianqiu 21 mining area are 17.51MPa and
15.83MPa, 18.01MPa and 18.23MPa, 22.87MPa and
19.54MPa, respectively [23].

According to the stress value only, the horizontal stress
of 13230 face is slightly lower than the vertical stress, and the
horizontal stress of Qianqiu 21 mining area is obviously
higher than the vertical stress. According to the 4108#
geological borehole in the area, the immediate roof and
immediate floor of the coal seam are mudstone, and there is

a 38 cm thin layer of carbonaceous mudstone. ,e friction
coefficient of coal and mudstone is 0.61–0.63 and 0.61–0.65,
respectively, from mechanical test of coal-rock sliding
[25, 26]. ,erefore, the average value of friction coefficient is
0.63. It is obvious that the horizontal stress of coal in the area
is obviously higher than the limit of friction. At the same
time, the horizontal stress is further increased with the fault
slip caused by mining. In summary, the high horizontal
stress caused by thrust movement of F16 leads to the natural
easy-sliding environment for coal mass.

When there is no mining activity, the original vertical
stress, the original horizontal stress, and the attribute of coal-
rock joints have reasonable matching relationship, so stress
state in the coal and rock mass is balanced. When there exist
close-range faces, the vertical stress of coal-rockmass in later
face is reduced due to the comovement of thick rock strata,
which weakens the longitudinal restraint effect for coal mass.
At this time, if the horizontal stress exceeds the friction limit,
the coal bump with horizontal sliding of coal mass may be
induced. With increasing mining length of the later face, the
structure of higher overlying strata gradually tends to be
“balanced.” ,is process eventually leads to the gradual
increase of vertical stress, which gradually weakens the coal
bump in horizontal direction and enhances that in vertical
direction. ,erefore, the comovement effect of higher strata
changes the stress proportion on coal mass in vertical di-
rection, which leads to different directions of coal bumps.

5. Discussion

,e phenomenon of slight lifting of thick conglomerate in a
short time is directly verified by the surface uplift movement
of adjacent monitoring. ,e most direct influence of con-
glomerate’s uplift on coal and rock mass is the change of
vertical stress environment of coal body, and the vertical
stress environment is the key factor restricting the horizontal

Table 1: ,e coal bump behavior in 13230’s mining process.

Date
Description of coal bump characteristics

Horizontal direction Vertical direction

2015-12-22 ,e width of roadway is compressed from 6.2m
to 1.8m ,e height of roadway is compressed from 4.1m to 2.1m

2017-06-10 5 hydraulic props slide 10∼20 cm Nothing
2017-09-24 5 hydraulic props slide 20∼30 cm Stress increasing by 0.1∼0.3MPa in 3 boreholes

2017-10-10 A hydraulic prop slides 20 cm Stress decreasing by 0.18∼0.28MPa in 3 boreholes, increasing by
0.39MPa in one borehole

2017-10-15 Nothing Stress decreasing by 0.17MPa in one borehole, increasing by 0.13∼0.22MPa
in 3 boreholes

2017-10-25 Nothing Stress increasing by 0.04∼0.15MPa in 4 boreholes
2017-11-02 Nothing Stress increasing by 0.09∼0.15MPa in 3 boreholes
2018-02-16 2 hydraulic props slide 20 cm ,e upright of portal support is damaged under high pressure
2018-03-13 14 hydraulic props slide 5∼50 cm A hydraulic prop sinks 20 cm
2018-04-29 A hydraulic prop slides 15 cm Stress increasing by 10.6MPa in 24 portal supports

2018-06-04 17 hydraulic props slide 5∼10 cm Stress increasing by 0.11∼0.13MPa in 9 boreholes and 7.9MPa in 5 portal
supports

2019-07-09 A hydraulic props slide 3 cm Stress increasing by 1MPa in one borehole
2019-07-22 Nothing Stress increasing by 0.1MPa in one borehole
2019-7-23∼ A total of 35 coal bumps, all the behaviors were sound, coal dust dispersion and coal falling on floor2020-6-17

10 Advances in Civil Engineering



slip of coal body. During the time when the thick con-
glomerate shows comovement effect, the horizontal bump of
the coal body is easy to occur, and the hydraulic props slides
in in the horizontal direction under the influence of coal
sliding.

Furthermore, the typical periods of surface uplift
are 2017-10-01, 2018-03-01, 2018-04-01, 2018-07-01, and
2019-06-01 (Figure 8). According to Table 1, except for
2019-06-01, there are coal bumps before the surface uplift
within one month. Except for July 1, 2018, the working face
shows coal bump behaviors after the surface uplift within
one month. ,e relationship between the coal bump and
conglomerate uplift in the later face further inferred that the
coal bump induces the uplift of conglomerate, which further
induces the future bump.

In the paper, the observations are only arranged in
underground mine and the surface, and the displacement
measuring points are not arranged in the different depths in
the surface boreholes, so it is impossible to get the difference
of uplift characteristics in different height of 290m thick
conglomerate. ,us, the integrated monitoring in the full
space with “underground-ground-sky” will be carried out in
the future.

6. Conclusion

(1) Under the condition of large-scale mining in Yima
coalfield, the structural unit is composed of two
goafs, intermediate coal pillar and overlying con-
glomerate. ,e huge thick conglomerate is charac-
terized by low-level falling and high-level hanging,
which provides physical factor for the disaster caused
by large-scale movement of strata.

(2) In the structural unit of Yima coalfield, the subsi-
dence of huge thick conglomerate in the former face
will induce the uplift of that in the later face. ,e
uplift is a state with high position in theory and
upward movement during the adjacent observation
period in actual test, which is called comovement
effect of huge thick conglomerate.

(3) When the huge thick conglomerate uprises, the
mining length of the later face follows the equation
n≤m/2 − J/4 + h cot α/2. In this range, the uplift
leads to low vertical stress for the later face in the
initial stage, and the high horizontal stress caused by
thrust movement of fault F16 induces coal bump
with characteristic of horizontal sliding. However,
the horizontal-sliding coal bump will not occur any
more when out of the range.

(4) ,e comovement effect of higher strata changes the
stress proportion on coal mass in vertical direction,
which leads to different directions of coal bump. ,e
intensity and frequency of coal bump in horizontal
direction are higher during the initial stage of 13230;
with the increasing mining length of 13230, the
bump effect in horizontal direction is gradually
weakened, while that in the vertical direction is
gradually strengthened.
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Rockburst is a highly destructive geological disaster caused by excavation and unloading of hard and brittle rock mass under high
geostress environment. Quantitative evaluation of rock brittleness and rockburst proneness is one of the important tasks in
potential rockburst assessment. In this study, uniaxial compression and acoustic emission tests were carried out for basalt, granite,
and marble, and their brittleness and rockburst proneness were quantitatively evaluated. (e acoustic emission evolution
characteristics of the three rocks during uniaxial compression were analyzed, and the differences of fracture mechanism of the
three rocks were compared. (e results show that (1) based on the brittleness evaluation index, basalt is the most brittle rock,
followed by granite, and marble is the weakest; (2) based on the rockburst proneness evaluation index, combined with the
macroscopic failure phenomenon and morphology of the samples, the rockburst proneness of basalt is the strongest, followed by
granite, and marble is the weakest; (3) there exists a positive correlation between rockburst proneness and brittleness, and the
fitting results show that they are approximately exponential; and (4) brittleness has an important influence on the rock fracture
mechanism. Unlike marble, basalt and granite with strong brittleness continuously present high-energy acoustic emission signals
in the stage of unstable crack propagation, and large-scale fracture events continue to occur; from the calculation results of the
acoustic emission b value, the stronger the brittleness of rock, the larger the proportion of large-scale fracture events in the
failure process.

1. Introduction

As the representative of dynamic disasters under high stress
conditions [1–6], rockburst makes rock mechanics re-
searchers gradually realize the importance of revealing the
brittle failure mechanism of rock for engineering safety.
Brittleness of rock refers to its ability to resist plastic de-
formation [7–9], which is a comprehensive reflection of rock
mineral composition, grain cementation strength, and
structural characteristics. (e process of brittle failure of
rock includes the initiation, propagation, and coalescence of
cracks until the formation of the macroscopic fracture
surface. In the aspect of quantitative evaluation of rock
brittleness, many scholars put forward a lot of evaluation
indexes based on the stress-strain curve of rock. Altindag
[10] proposed two brittleness indices according to the peak

strength, residual strength, and corresponding peak strain
and residual strain in the stress-strain curve. Li et al. [11]
summarized twenty basic brittleness evaluation methods
and established a comprehensive brittleness evaluation in-
dex based on the stress-strain curve. Tarokh et al. [12] treated
brittleness as a structural response rather than a material
property and proposed two brittleness indices. Ai et al. [13]
defined brittleness as the ability of a rock to accumulate
elastic energy during the prepeak stage and to self-sustain
fracture propagation in the postpeak stage and proposed. Xia
et al. [14] proposed a brittleness index based on the postpeak
stress drop rate of the stress-strain curve and the ratio of
elastic energy released during instability failure to total
energy stored before peak strength. Chen et al. [15] com-
prehensively considered the postpeak stress-drop rate and
the stress growth rate between the crack initiation stress and
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the peak stress and established a brittleness index calculation
method based on the whole stress-strain curve.

As a nondestructive testing method, acoustic emission
technology plays an important role in the rock mechanics
test, especially in the crack propagation mechanism. (e
acoustic emission characteristics are different due to the
reason that rocks possess different deformation and failure
mechanisms. (e commonly used acoustic emission (AE)
parameters in the fracture mechanism include AE count, AE
energy, and AE b value. Eberhardt et al. [16, 17] studied the
characteristics of fracture initiation strength and damage
strength of Lac Du bonnet granite under uniaxial com-
pression by using the acoustic emission test method. It was
found that the parameter of the AE count has the advantage
of quantitatively describing the stress threshold of rock. (e
asperity degradation characteristics of soft rock-like frac-
tures under shearing were investigated based on AE energy
[18]. Zhou et al. [19] systematically discussed the advantages
and disadvantages of AE parameters in determining the
stress threshold value of rock. AE characteristics of Beishan
granite under conventional triaxial compression (CTC) and
hydromechanical (HM) coupling tests are conducted by
Zhou et al. [20], and the results show that AE events pro-
portion at the same loading period changes under different
confining pressures, which illustrates that the failure pattern
develops from splitting to ductile shearing failure with the
increasing confining pressure. Wong and Guo [21] inter-
preted the microcracking behavior of two specimen types in
the mode I fracture toughness test by analyzing acoustic
emission catalogs including the spatial-temporal evolution
of AE events, variations of energy-related AE parameters,
and the AE event energy distributions.

(e rockburst proneness and in-situ stress level are the
main factors influencing the rockburst prediction of un-
derground engineering [22–24]. Among them, the evalua-
tion of rockburst proneness is an important basis for the
analysis and prediction of rockburst disaster after excava-
tion.(ere are more than ten kinds of evaluation indexes for
rockburst proneness. At present, the widely used rockburst
proneness indexes in civil engineering include the peak
strength strain energy storage index W

p
et [1], maximum

stored elastic strain energy index Es [25], elastic energy index
Wet [26, 27], impact energy index Wcf [28], and residual
energy index WR [29].

Brittleness and rockburst proneness are important
properties to describe the mechanical characteristics of hard
rock. (e existing research studies mainly focus on the
quantitative evaluation of brittleness and rockburst prone-
ness of rocks with different methods, and there is no sys-
tematic research on the relationship between rock brittleness
and rockburst proneness; furthermore, the influence law of
brittleness on acoustic emission characteristics and the
failure mechanism of rock have not been fully investigated.
In this study, three types of hard rock basalt, granite, and
marble were used to carry out the uniaxial compression test
and simultaneous acoustic emission test; combined with the
test results and sample failure phenomenon, the brittleness
and rockburst proneness of the three kinds of rocks were
evaluated; based on the acoustic emission test results, the

influence of brittleness on acoustic emission parameters (AE
energy, AE count, and AE b value) and failure mechanism of
rocks were analyzed. (e research results have a certain
guiding significance for understanding the brittle failure
process and mechanism of hard rock.

2. Testing System and Specimen

(e instrument used in the uniaxial compression test is the
RMT-150C testing machine. In order to obtain the complete
stress-strain curve of rock, the axial displacement control
method is used to load the sample, and the loading rate is set
to 0.12mm/min. (e acoustic emission system is an 8-
channel acoustic emission monitoring system produced by
PAC Company. (e type of acoustic emission probe is
PICO. (e acquisition frequency of AE signal is 1MHz. (e
threshold value of acoustic emission signal is set to 40 dB,
which can effectively filter the interference of noise on the
acoustic emission signal. (e test system is shown in
Figure 1.

Rock samples used in the tests were bought from a
quarry in Wuhan City, Hubei Province. (e basalt, granite,
and marble used in the test are standard cylindrical samples
with a diameter of 50mm× height of 100mm.(e density of
basalt, granite, and marble is 2.97 g/cm3, 2.61 g/cm3, and
2.85 g/cm3, respectively. After measurement before the test,
the size and accuracy of sample meet the requirements of test
specifications according to the IRSM recommended
methods.

3. Analysis of the Test Results

3.1. Characteristics of Strength. (e three diagrams shown in
Figure 2 are typical stress-strain curves of three kinds of
rocks under uniaxial compression. As listed in Table 1, the
stress-strain curves of specimens 1-2, 2-2, and 3-2 are shown
in Figure 2 as typical curves. It is not difficult to find that the
rock does not show an obvious yield phenomenon before the
peak strength, and the axial stress drops rapidly after the
peak strength which means that the three kinds of rocks
show typical brittle failure characteristics. Compared with
marble, the stress-drop rate of basalt and granite after peak
strength is faster and the curve is steeper, so the brittle failure
of basalt and granite is more obvious.

According to the shape of the stress-strain curve, the
uniaxial compression process can be divided into five
different stages: crack compaction stage, linear elastic
deformation stage, stable crack growth stage, unstable
crack propagation, and postpeak failure stage. Among
them, the transition from stable crack growth to unstable
crack growth means that microcracks in rock begin to
connect with each other and form macroscopic fracture
surface. (e stress value corresponding to the transition
point is called the damage strength σcd of rock. Under this
stress level, even if the axial compression load does not
increase any more, the internal cracks in the rock will
continue to expand, eventually leading to the occurrence of
rock macrofailure. (e stress value is also called the long-
term strength of rock [19]. (erefore, the analysis of
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damage strength is of great significance to the under-
standing of brittle failure of rock. (e damage strength can
be determined according to the volume strain curve or
acoustic emission characteristic curve of rock. In this study,
the strain measurement method is used to determine the
damage strength, that is, the axial stress corresponding to
the inflection point of volume strain is the damage strength,
as shown in Figure 3. (e volume strain is obtained
according to the following calculation formula:

εV � εaxial + 2εlateral, (1)

where εaxial and εlateral are the axial and lateral strain,
respectively.

As given in Table 1, the ratio of damage strength to peak
strength σcd/σp of basalt ranges from 70.63% to 85.90%, with
an average of 76.26%, that of granite ranges from 67.60% to
74.51%, with an average of 70.57%, while that of marble

ranges from 43.93% to 61.46%, with an average of 52.04%.
(erefore, the ratio of damage strength to peak strength of
basalt is the largest, followed by granite and marble.

3.2. Brittleness Evaluation. Because of the lack of standard
definitions and measurement methods for rock brittleness,
various brittleness indices have been proposed and used by
different authors for their respective practical use [30].
Because of the convenience to conduct compression tests of
rocks, indices derived from stress-strain curves are widely
used to evaluate rock brittleness. (rough summarizing the
disadvantages of the indices based on stress-strain curves,
Meng et al. [30] proposed a new brittleness index based on
the postpeak stress drop degree and drop rate and verified
the index through experimental tests. (e calculation for-
mula of the index is as follows:

(a) (b)

Pressure
sensor

Acoustic
emission probe

Displacement
sensor

Specimen

(c)

Figure 1: Testing system: (a) loading machine; (b) acoustic emission test system; (c) sensor placement.
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Table 1: Main mechanical parameters of rock samples.

Rock type Sample no. σcd (MPa) σp (MPa) εp σr (MPa) εr E (GPa) Bd Es (MJ·m− 3)

Basalt
1-1 198.76 281.43 0.00383 0 0.00493 85.79 0.541 0.462
1-2 208.28 288.32 0.00503 0 0.00600 71.41 0.547 0.582
1-3 228.05 265.41 0.00561 0 0.00617 73.65 0.568 0.478

Granite
2-1 135.86 200.98 0.00503 0 0.00589 55.63 0.537 0.363
2-2 131.08 188.32 0.00493 0 0.00569 55.41 0.539 0.309
2-3 153.93 206.58 0.00494 0 0.00865 53.28 0.475 0.400

Marble
3-1 55.07 125.37 0.00364 0 0.0054 54.50 0.485 0.144
3-2 56.74 111.83 0.00521 0 0.00695 35.82 0.481 0.175
3-3 76.38 124.27 0.00444 0 0.00627 44.47 0.483 0.175

σcd, σp, σr are the damage stress, peak strength, and residual strength, respectively; εp and εr are the peak strain and residual stain, respectively.
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Figure 3: Sketch of the method to obtain the damage strength σcd.
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Figure 2: Typical stress-strain curves of three kinds of rocks.
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In formula (2), τp and τr are the peak strength and
residual strength, respectively. kac (AC) represents the
postpeak stress drop rate, as shown in Figure 4. B1d and B2d
represent the postpeak stress drop degree and drop rate,
respectively. (e geometric interpretation of kac (AC) means
the slope of the line from the initial yielding point (i.e., point
A or a) to the starting point of the residual strength (i.e.,
point C or c). For most rocks under a certain confining
pressure, plastic deformation occurs, resulting in a yielding
platform in the stress-strain curve and signifying a reduction
in the brittleness.(e peak strength and residual strength are
denoted by points B and C on the curve [30].

Using the brittleness evaluation index Bd, the calculation
results of the brittleness of three rocks are given in Table 1.
According to the evaluation results of brittleness in the table,
basalt has the strongest brittleness with an average value of
0.55, followed by granite with an average value of 0.52, and
marble with an average value of 0.48.

3.3. Evaluation of Rockburst Proneness. In order to quanti-
tatively evaluate the rockburst proneness of rocks, up to
now, rock mechanics scholars have put forward more than
ten evaluation indexes or methods based on different pur-
poses. Table 2 provides the widely used four different
evaluation indexes of rockburst proneness.

Among the four rockburst proneness indexes listed in
Table 2, Wet and WR need complex uniaxial loading and
unloading tests. Because the unloading point of the
unloading test is difficult to obtain accurately and the
number of samples in this test is limited, the two evaluation
indexes mentioned above are not used to evaluate the
rockburst proneness. In addition, the calculation of Wcf is
more complicated because of the need of integral calculation
based on the stress-strain curve. (e index Es can be cal-
culated by uniaxial compressive strength and elastic mod-
ulus. (erefore, in this section, the index Es was taken to
analyze the rockburst proneness of three kinds of rocks. (e
calculation results are listed in Table 1, which show that the
index Es of basalt, granite, and marble is 0.507, 0.357, and
0.164, respectively. (e rockburst proneness of basalt,
granite, and marble belongs to the range of moderate
rockburst, weak rockburst, and no rockburst, respectively.

By comparing the typical failure modes of the three kinds
of rocks in Figure 5, it can be seen that obvious rock mass
ejection occurs during the failure process of basalt, and
residual rock blocks can be observed on the bearing head
after failure of the sample. Granite shows a typical vertical
splitting failure. (e cracks in the sample propagate suffi-
ciently, and the sample is split into plates and flakes by
numerous vertical cracks, which is similar to the rockburst
phenomenon. In the process of rock failure, if obvious shear
behaviors occur, the rough fracture surface will be squeezed,
and then, rock mineral particles will be rolled into powder.
(e marble sample is split into several rock blocks by the
vertical macrofracture surface, and from the residual powder

and fragments on the testing machine, it can be found that
the shear mechanism plays a major role in the failure
process. In addition, there is no ejection phenomenon of
rock blocks and slices. It can be concluded that from the
failure phenomenon and morphology of the samples, basalt
has the strongest rockburst proneness, followed by granite,
and marble is the weakest, which verifies the accuracy of the
above evaluation results based on the rockburst proneness
index.

3.4.AcousticEmissionCharacteristics. In this section, the AE
energy evolution characteristics and AE b value of three
kinds of rocks during uniaxial compression are systemati-
cally analyzed. AE hit refers to the effective rupture signal
identified by the system, AE count refers to the number of
shocks that exceeds the threshold value, and AE energy is a
quantitative characterization parameter of the signal
strength. Figure 6 shows the curves of axial stress, AE energy,
and AE count with loading time. On the whole, the change
trend of AE count and AE energy of rock is almost the same
during uniaxial compression. It can be seen from the curve
in the figure that in different deformation stages, the
characteristics of AE energy and AE count of rocks are
different; in the fracture compaction stage, the AE energy
and AE count are always at a low level. At this stage, the
closure of primary fractures and the friction of fracture
surfaces will produce some acoustic emission signals, but
because it is not a real rock fracture, the intensity of AE
signal is very weak and the value of AE energy is very small.
When the rock enters the linear elastic stage from the crack
compaction stage, the AE count increases suddenly because
of the real crack initiation and propagation in the rock
(different from the compaction stage, the acoustic emission
signal in the compaction stage is caused by the friction of the
fracture surface of the primary crack). During the elastic and
crack stable growth stage, the AE energy of basalt andmarble
increases steadily with the increase of loading time, while
that of granite remains at a low level. After entering the stage
of unstable crack propagation, the AE energy of three kinds
of rocks shows different characteristics. For basalt and
granite, the AE signals of high-energy continue to appear,
indicating that large-scale microfracture events continue to
occur; while for marble, the AE energy shows an approxi-
mate unchanged trend, and almost no high-energy signal
appears. After the peak strength, basalt and granite have only
a few high-energy signals. While marble is different, as the
axial stress drops, the AE energy increases first and then with
the continuous drop of axial stress, and the AE energy
decreases sharply.

According to the abovementioned AE energy evolution
characteristics and the brittleness evaluation results of the
three kinds of rocks in Section 3.2, it can be concluded that
brittleness has an important influence on the AE energy
evolution characteristics of rocks: in the stage of unstable
crack propagation, the rocks with strong brittleness con-
tinuously produce high-energy AE signals which means
large-scale fractures continue to occur, while the rocks with
weak brittleness hardly produce large-scale fracture.
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Figure 4: Schematic diagram of the calculation of Bd.

Table 2: Summary of evaluation indexes for rockburst proneness.

Evaluation index Calculation formula Acquisition method Classification standard

Rockburst
proneness index
[26, 27]

Wet � ER/EDER is the elastic strain energy recovered during
unloading, and ER is the energy dissipated in the loading and

unloading cycle.

(0.8~0.9)σc
σ

ε

ER
ED

o

Wet < 2.0, no rockburst;
2.0≤Wet < 3.5, weak

rockburst;
3.5≤Wet < 5.0, medium

rockburst;
Wet ≥ 5.0, strong

rockburst

Impact energy index
[28]

Wet � E1/E2E1 is the deformation energy stored before the
peak strength, and E1 is the deformation energy lost in the

failure process.

o
E1 E2

σ
σc

ε

Wcf < 2, no rockburst;
2≤Wcf < 3, weak

rockburst;
Wcf ≥ 3, strong

rockburst.

Maximum stored
elastic strain energy
index [25]

ES � R2
c /(2E)Rc is the uniaxial compressive strength, and E is

the elastic modus.
Es

o

σ

σc

ε

Es < 0.2MJ/m3, no
rockburst;

0.2MJ/m3 ≤ ,
Es < 0.5MJ/m3, weak

rockburst;
0.5MJ/m3 ≤ ,

Es < 0.75MJ/m3,
medium rockburst;

Es ≥ 0.75MJ/m3, strong
rockburst.

Residual energy
index [29]

WR � ΔW/|Wd|,ΔW � W
M
e − |Wd|

W
M
e (

εB

εA

σdεe/
εB

0
σdεe

) · 
εA

0
σdε

Wd � 
εC

εM

σdε

A
M

B
C

σ

εεCεMεAεBo

WR < 0, no rockburst;
WR ≥ 0, rockburst.
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(a) (b)

(c)

Figure 5: Failure modes of specimen: (a) basalt; (b) granite; (c) marble.
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Figure 6: Continued.
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Figure 7 (dB is the amplitude of acoustic emission, andN
is the number of AE hit) shows the distribution of AE
amplitude in the whole process of uniaxial loading for three
kinds of brittle rocks. (e physical meaning of horizontal
axis is the number of hits with AE amplitude greater than a
certain value (>40 means the number of hits with AE
amplitude greater than 40). It can be seen from the figure
that the number of AE hit with high amplitude (greater than
75 dB) of marble is much less than that of basalt and granite
in the whole process of rock failure. It can be seen that for
marble with weak brittleness, although there are many
fractures generated in the rock during the deformation and
failure process, most of them belong to small-scale
microfractures.

(e AE b value comes from the study of seismology. (e
AE b value can reflect the proportional relationship between
large-scale fracture and small-scale fracture in the process of
rock fracture. (e smaller the AE b value, the greater the
ratio of macrocracks to microcracks during the failure
process. (e algorithm for specific acoustic emission b value
is calculated according to the following formula [8, 31, 32]:

log N � a − b
AdB

20
. (3)

As shown in Figure 8, according to the linear fitting
results, the AE b value of basalt is 0.53, that of granite is 1.02,
and that of marble is 1.29. Combined with the physical
meaning of AE b value, it can be concluded that the stronger
the brittleness of rock, the larger the proportion of large-
scale fracture events in the failure process.

4. Discussion

Rockburst is a kind of dynamic disaster in which the strain
energy in the surrounding rock is released suddenly in a very
short period of time, and the rock mass ejection is a typical
external manifestation [33, 34]. Strong brittleness and good
ability of storage of strain energy are the necessary

conditions for rock mass to form rockburst disaster after
excavation. Brittleness means the sudden failure of sur-
rounding rock, which creates conditions for the sudden
release of elastic energy accumulated in surrounding rock.
(e rockburst proneness index emphasizes the possibility of
rockburst from the aspect of energy storage. If there exists a
certain fitting relationship between the brittleness index of
rock and its burst proneness index, the rockburst proneness
index (or the brittleness index) can be calculated according
to the rock brittleness index (or the rockburst proneness
index), and in this way, the number of tests to be carried out
will be greatly reduced.

According to the calculation results of brittleness and
rockburst proneness in Section 3, there is a positive cor-
relation between brittleness and rockburst proneness, that is,
the stronger the brittleness, the larger the rockburst
proneness. Figure 9 shows the relationship between the two
indexes Bd and Es. (e black line represents the result of
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Figure 6: Change curves of axial stress, AE energy, and AE count with loading time: (a) basalt; (b) granite; (c) marble.
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linear fitting, while the blue curve represents the result of
exponential fitting. According to the fitting curve, there is an
exponential relationship between rockburst proneness and
rock brittleness. It should be pointed out that the accuracy of
the fitting formula is not high due to the small amount of
data obtained in this test, and more tests are needed to verify
the accuracy of the conclusion. In addition, since we have
not carried out other relevant tests to measure other
rockburst proneness indexes, the relationship between rock
brittleness index Bd and other rockburst proneness indexes is
not obtained.

5. Conclusions

In this study, the uniaxial compression test is carried out for
basalt, granite, and marble, and the brittleness and rockburst
proneness of the three kinds of rock are quantitatively
evaluated. (rough analysis of the acoustic emission

evolution characteristics, the differences of the fracture
mechanism of the three kinds of rocks are compared. (e
main conclusions are as follows:

(1) Based on the quantitative evaluation index of brit-
tleness Bd, the brittleness of the three rocks is
compared. (e results show that basalt is the most
brittle, followed by granite, and marble is the
weakest.

(2) Based on the evaluation index of rockburst prone-
ness Es, combined with the macroscopic failure
phenomenon and morphology of samples, basalt has
the strongest rockburst proneness, followed by
granite and marble. (ere is a positive correlation
between brittleness and rockburst proneness, that is,
the stronger the brittleness, the larger the rockburst
proneness. (e fitting results show that there is an
exponential relationship between brittleness index
Bd and rockburst proneness Es.

(3) Different from marble, both the basalt and granite
with strong brittleness continuously present high-
energy acoustic emission signals in the stage of
unstable crack propagation, which means large-scale
fractures continue to occur.

(4) According to the calculation results of the AE b value
and its physical significance, for basalt and granite
with stronger brittleness, the proportion of large-
scale fracture events in the failure process is larger
than that of marble.
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+e basis of traditional ground pressure and strata control techniques is the key strata theory, wherein the position of the key
stratum can easily be determined for coal seams with regular thickness and without goaf. However, in the case of mining ultrathick
coal seams underneath goaf, the traditional methods used for the calculation of key stratum position need to be improved in order
to account for the additional coal seam thickness and the presence of an upper goaf. +is study analyzed the failure height and
collapse characteristics of overlying strata during excavation for determining the structure of the failed overlying strata.+e results
indicate that the intercalation and overlying strata gradually evolve into a large “arch structure” and a small “arch structure”
during longwall mining, respectively. A mechanical model of the bearing characteristics of the interlayer key strata structure was
established according to the structure of the intercalation rock layer, which is a hinged block structure. +e results of the model
indicate that the maximum principal stress occurs when the key strata portion of the arch structure bears the overlying load.
Consequently, the movement and position of the interlayer key strata can be evaluated throughout the mining process of the
ultrathick coal seams underneath goaf. +is method was used to determine the position of interlayer key stratum of overlying
strata in Xiegou coal mine. And the results agree with that of the engineering practice. +e results are significant to determine the
key strata position during ultrathick coal seam underneath goaf longwall mining.

1. Introduction

Rock masses are in equilibrium stress states prior to exca-
vation operations [1–3]; afterwards, the redistribution of
internal stress occurs until a new equilibrium is attained as a
result of the above disruption to the stress states of the rock
masses [4–7]. +roughout the excavation process, the
overlying strata undergo varying degrees of deformation,
movement, and destruction that can significantly impact the
safety and efficiency of the mining operation [8–11]. In
terms of coal mining operations, the deformation and
damage will present as a variety of phenomenon that in-
cludes gas gushing, water inrush, rock burst, surface sub-
sidence, and numerous other mine pressure-induced

disasters [12–23]. Researchers have thoroughly studied the
mining-induced disasters and have put forward numerous
theories, such as pressure arch, cantilever beam, hinged rock
block, and transfer rock beam. Qian et al. [16–18] developed
the key stratum theory, which provides a theoretical basis for
mine pressure appearance and overlying strata control as
well as for the field of mine pressure control [13]. In the key
stratum theory, the failure of a key stratum, which is defined
as the stratum that controls the movement of the whole or a
portion of the overlying strata, will cause the simultaneous
subsidence of a portion or the entire overlying strata. Wang
et al. [24] utilized the key stratum theory to analyze the
fracture failure of the overlying hard sandstone layer during
the mining of a medium thick coal seam in the Tashan coal
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mine. Hu et al. [25] used the key strata theory and corre-
sponding prediction of key strata movement to make im-
provements upon coal and coalbed methane coextraction
techniques and technologies. Du and Gao [26] suggest that,
for mines with similar stratigraphic conditions, changes in
key strata bulking factor and structural stability were the
dominant factors that influenced the height of the fractured
water-conducting zones for varying methods of mining.
Xu et al. [27, 28] utilized the key strata theory to predict
surface subsidence and subsidence of overlying strata. Li
et al. [29] studied the spatial relationships between key strata
requirements for strata fracturing and their influence on the
height of conductive fracture zones. He et al. [30] studied the
influence of key strata on the shape of strata movement
boundary.

+emajority of high-yield Chinese coal mines have thick
coal seams, as the movement of overlying strata throughout
mining in such mines has been a focus of research and has
been thoroughly and extensively studied. Ju and Xu [31]
studied the structural characteristics of key strata and the
behavior of a fully mechanized longwall face with 7.0m
height chocks; furthermore, the behavior of both support
systems and overlying strata was analyzed during sublevel
caving of a thick coal seam [32]. Ma et al. [33] studied the
deformation characteristics of and established mechanical
model for overlying stratum deformation during backfilling
with fully mechanized and retaining roadways along the gob
area. +e mining of thick coal seams under goaf is very
complicated. However, some problems in the mining of
thick coal seam under goaf are very complicated. When the
distance between coal seam and goaf is between 30m and
80m, there is no obvious safety problem in descending coal
mining for common working face, but for the fault zone of
coal seam with a thickness of 15m, the fault zone passes
through the goaf directly. In goaf, the movement of main
roof rupture can directly affect the surface of the Earth’s
surface due to the transfer of load in fractured rock mass;
when coal pillar exists in goaf, harmful gas accumulation and
waste water accumulation may occur, resulting in coal and
gas outburst, spontaneous combustion of coal seam, and
water inrush [6, 25]; the stress concentration of residual coal
pillar in goaf may suddenly lose stability or cause shock
pressure [9, 24]. +e key to control the strata behavior is to
understand the structural characteristics of key strata and its
movement law [31]. +ere is little research on the position of
the key layer in the mining of the very thick coal seam under
the goaf, so it is difficult to explain the position of the key
layer in the mining of the extrathick coal seam under the
goaf. Because of the change in coal seam thickness and the
load of overlying strata, the position of the key layer may
deviate from the traditional calculation method. +erefore,
determining the location of the critical layer is the key.

In this study, UDEC is used to study the failure height
and collapse characteristics of overlying strata during
ultrathick coal seam underneath goaf longwall mining. A
mechanical model of the interlayer key stratum structure is
established, and the movement periods of the key strata in
the thick coal seam underneath goaf are determined. +e
position of interlayer key stratum during thick coal seam

under goaf mining is also evaluated. +is method is applied
to the Xiegou coal mine, and the position of interlayer key
stratum of overlying strata is determined by programming
calculation.

2. Numerical Study on the Collapse
Characteristics of Overlying Strata during
Ultrathick Coal Seam Longwall
Mining underneath Goaf

2.1. Model Setup. A numerical model was created using
UDEC, with model dimensions of 240×180m2 and a 20m
wide remnant coal pillar in the upper 8th coal seam goaf, as
shown in Figure 1. Horizontal and vertical displacements
were constrained at the bottom of the model, and horizontal
displacement was constrained at the left- and right-side
boundaries of the numerical model. And a stress boundary
was applied at the upper boundary. +e model with inter-
layer rock thicknesses of total 35m was established. +e
mechanical parameters of coal, rock, and coal-rock contact
surfaces are listed in Table 1.

2.2. Results ofNumerical Simulations. +e failure height and
collapse characteristics of a 35m thick interlayer rock were
numerically determined by using UDEC. +e simulation
indicates that damage to overlying layers increases as the
working face advances. When the working face advances
40m, the lower immediate roof falls behind the working
face, the upper roof is directly broken, and the damage
height reaches 25m, forming a small “arch structure,” as
shown in Figure 2(a). When the working face advances
60m, the upper immediate roof collapses and the damage
height reaches 35m, which means that the damage has
reached the lower boundary of the goaf, and the small “arch
structure” evolves into a large “arch structure,” as shown in
Figure 2(b). When the working face advances 80m, the
lower main roof becomes degraded and the damage height
reaches 70m, which indicates that the damage will pene-
trate into the upper goaf and will consequently cause the
formation of a large mining induced fracture in front of the
working face, as shown in Figure 2(c). When the working
face advances 100m, the working face passes underneath
the remnant coal pillar, the lower main roof collapses, the
upper main roof breaks, and the damage height reaches
120m, as shown in Figure 2(d). When the working face
advances 140m, it enters the goaf because the coal pillar in
the middle of the upper coal seam directly affects the top
suspension and does not linger. +e damage height reaches
the upper boundary of the model, and the hydraulic
support is in the “given deformation” state, i.e., the sep-
aration of the immediate roof and the main roof occurred,
and the support only bears all the weight of the rock strata
collapsed by the immediate roof (Figure 2(e)); when the
working face advances 180m, the overburden is completely
collapsed, the overlaying strata form a large “arch struc-
ture,” and the hydraulic support is in a “given load” state;
that is, the load and deformation of the support depend on
the interaction of the lower rock block in the regular
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Table 1: +e mechanical parameters of rock masses.

Lithology Density
(kg·m3)

Bulk modulus
(GPa)

Shear elasticity
(GPa)

Cohesion
(MPa)

Internal friction
angle (°)

Strength of extension
(MPa)

Packsand 2600 27.1 7.0 27.1 27.0 3.2
Medium-grained
sandstone 2300 26.7 7.0 27.1 27.0 3.2

Argillaceous
sandstone 1800 26.7 6.0 26.2 25.2 1.2

No. 8 coal seam 1300 9.2 8.0 3.2 24.2 1.5
Medium-grained
sandstone 2350 26.7 7.0 27.1 27.0 3.2

Argillaceous
sandstone 1800 20.6 7.0 6.5 18.5 1.5

Mudstone 1500 18.1 5.0 6.5 16.5 1.2
No. 13 coal seam 1300 9.2 8.0 3.2 24.2 1.2
Sandstone 2400 26.7 7.0 27.2 27.0 3.5

Pillar

Coal seam of No. 13

Seam f loor

Goaf of No. 8

Immediate roof

Basic roof

Immediate roof

Basic roof

Goaf of No. 8

Figure 1: Initial design model figure.

(a) (b)

(c) (d)
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moving zone, which will increase with the subsidence of the
rock block until the rock block is balanced by the support of
the fallen rock (Figure 2(f )). When the interlayer rock
thickness is 35m, it can be observed that the interlayer rock
layer and the overlying strata gradually evolve from a small
“arch structure” into a large “arch structure” as the working
face advances, and the interlayer rock layer is an articulated
block structure.

3. Interlayer Key Stratum Judgment Criteria

3.1. Structural Bearing Characteristics of Key Stratumbetween
Layers. +roughout the working face advance, the key
stratum will undergo bending deformation as the immediate
roof collapses. In this process, key stratum structures I and II
can be considered an elastic foundation beam, while im-
mediate roof III can be considered an elastic foundation
[34]. +e profile of the working face along the advancing
direction was selected for analysis, and a mechanical model
of the key stratum was established, as shown in Figure 3.

Structure I can be regarded as a cantilever structure
under action of q, and x ∈ [0, Lk], and its deflection dif-
ferential equation can be expressed as

EI
d
2

dx
2y1(x) � MI(1) − QI(1)x + 

x

0
q(x − t)dt. (1)

+e equation of key stratum deflection curve is as
follows:

y1(x) �
1

24EI
qx

2
− 4QI(1)x + 12MI(1) x

2

+ Ax + B, x ∈ 0, Lk ,

(2)

where q is the top load of the key stratum, kN/m2; Eis the
modulus of elasticity of the key stratum, GPa; and I is
the section moment of inertia of the key stratum,
I � (1/12)bh3, m4.

Structure III and a combination of structures I and II can
be considered an elastic foundation and a semi-infinite
elastic beam, respectively.

Forces acting on structure II include the overburden load
qand the reaction force of structure III to structure II, where
x ∈ [− ∞, 0], and the deflection differential equation of II
can be expressed as

d
4

dx
4y2(x) + 4β4y2(x) �

q

EI
. (3)

To compute the homogeneous linear differential equa-
tion, its general solution was achieved:

y2(x) � e
βx

(C cos βx + D sin βx) +
q

4EIβ4
, (4)

where β is the differential parameter (β �
�����
k/4EI

4
√

, m− 1) and
k is the elastic foundation coefficient (N/m3).

+e boundary conditions of the key strata are as follows:

y1(− ∞) �
C

q
,

y
’′
1(− ∞) � 0;

y1(0) � y2(0),

y1′(0) � y2′(0),

y
’′
1(0) � y

’′
2(0),

y
’′’
1 (0) � y

’′’
2 (0);

y3′ Lk(  � 0,

y
’′’
2 Lk(  � 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(5)

+e undetermined coefficients A, B, C, D, M1(1), and
Q1(1) in the equation of flexural line can be obtained by
solving the above equation, and the results are as follows:

(e) (f )

Figure 2: +e evolution diagram of collapsing characteristics of overburden rock in 35m interlayer: (a) advance of the working face 40m;
(b) advance of the working face 60m; (c) advance of the working face 80m; (d) advance of the working face 100m; (e) advance of the
working face 140m; (f ) advance of the working face 180m.
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A � −
qL

2
k 2βLk + 3( 

6βEI βLk + 1( 
,

B �
q 2β3L3

k + 6β2L2
k + 6βLk + 3 

12β4EI βLk + 1( 
,

C �
qLk 2β2L2

k + 6βLk + 3 

12β3EI βLk + 1( 
,

D �
qLk 2β2L2

k − 3 

12β3EI βLk + 1( 
,

M1(1) �
qLk 2β2L2

k − 3 

6β βLk + 1( 
,

Q1(1) � qLk.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(6)

By substituting equation (6) into equations (2) and (4),
respectively, the deflection analysis of the key strata and the
bending moment analytical formula of the key strata can be
obtained according to the differential analysis relationship
between the key strata deflection and the bending moment.

According to equation (6), the normal stress, σx, on any
section of the key strata is

σx �
M(x)y

IZ

, (7)

where Iz is the moment of inertia of the key strata
(Iz � (1/12)bh3, m4).

According to equation (7), the shear stress, τxy, on any
section of the key strata is

τxy �
FsS
∗
z

Izb
�

S
∗
z

Izb

dM(x)

d(x)
, (8)

where S∗z is the static moment of the neutral axis of the area
below the horizontal line of the I and II interfaces from the
neutral axis and S∗z � (b/2)((h2/4) − y2).

+e expression of the maximum andminimum principal
stresses of the unit body under normal stress, σ, and shear
stress,τ, is as follows:

σ1 �
σx + σy

2
+

��������������
σx − σy

2
 

2
+ τ2xy



,

σ2 �
σx + σy

2
−

��������������
σx − σy

2
 

2
+ τ2xy



.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9)

+e maximum and minimum principal stress analytic
equations for key strata bearing can be obtained by equation
(9):

+e immediate roof can be regarded as a wedge body,
and the reaction force q(x) transmitted from the key strata
to the elastic foundation can be obtained according to the
deflection analysis of the key strata. Let the polar coor-
dinate system expression of the stress component of the
point Mbe obtained at any point M(φ, ρ) in the immediate
roof:

σρ � − q +
tan α(1 + cos 2φ) − (2φ + sin 2φ)

2(tan α − α)
q,

σφ � − q +
tan α(1 − cos 2φ) − (2φ − sin 2φ)

2(tan α − α)
q,

τρφ � τφρ �
(1 − cos 2φ) − tan α sin 2φ

2(tan α − α)
q.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(10)

+us, the Cartesian coordinate system expression of the
stress component of the point M can be obtained as
follows:

σx �
σρ + σφ

2
+
σρ − σφ

2
cos 2φ − τρφ sin 2φ,

σy �
σρ + σφ

2
−
σρ − σφ

2
cos 2φ + τρφ sin 2φ,

τxy � τyx �
σρ − σφ

2
sin 2φ + τρφ cos 2φ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(11)

wherein

II I o I

III y

q

2Lk

x

2Lm
αα∑h

R

Figure 3: Mechanical model of key strata.
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2xy

x
2

+ y
2,

cos 2φ �
x
2

− y
2

x
2

+ y
2.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(12)

According to equations (10)–(12), the expressions of the
stress components at any point in the immediate roof are
obtained under the polar coordinate system or the Car-
tesian coordinate system, which can be substituted into
equation (9) to find the equation for principal stress at any
point.

+e surrounding rock masses where the mining induced
stress is greater than the in situ stress is defined as the stress
arch. +e results of the theoretical calculations indicate that
the overlying load and the maximum principal stress con-
tour will cause the formation of a stress arch in the key
stratum, as shown in Figure 4. +e stress arch is an arch
structure in which the principal stresses in the key strata are
coordinated and redistributed to form a control effect, but
not objectively exist in the overlying strata.

3.2. Periodic Weighting of Composite Key Strata and Main
Roof. During the working face advance, the main roof will
periodically sink and collapse after the first weighting. If the
main roof does not collapse, it can be considered a cantilever
beam and the period weighting interval of the key strata can
be determined based on the maximum length of the non-
collapsed cantilever as follows:

Lz � h

���σc

30q



, (13)

where h is the thickness of the main roof (m), σc is the
compression strength of the supporting strata (MPa), and q

is the load from other supporting strata (kN/m2).
Two or more key strata form a composite key stratum. If

the distance between two key strata is less than a certain
value, an effect similar to a composite beam is produced.+e
load bearing support capacity of these combined key strata
will be significantly enhanced and will be much larger than
the simple linear superposition value.

When the lithology and thickness of the No. 1 key strata
h1 are kept constant, only the thickness of the No. 2 key
strata h2 and the distance between the two key strata δh are
changed. At this time, the caving distance of the key strata
No. 1 is also constantly changing.+erefore, the determining
conditions for whether the key strata produce a composite
effect are given by simulation:

h2

h1
� 0.5 + 1.5

δh

h1
,

δh

h1
� 2.2,

(14)

where h is the thickness of the main roof (m).
When satisfying the conditions of δh/h1 ≤ 2.2 and

h2/h1 ≥ 0.5 + 1.5δh/h1, a composite effect will occur between

the two key stratus. If thickness ratio of the two key strata
h2/h1 is kept constant, the composite effect will increase as
δh/h1 increases and the breaking distance of No. 1 key strata
will increase.

When δh/h1 ≥ 2.2, no composite effect exists between the
key strata, and the composite effect is strongest when the
interval is 1–3 times. +e results of the simulations indicate
that the relationship between caving distance of No. 1 key
strata and total caving distance without considering the
composite effect is as follows:

Lm1 �
1
n



n

i�1
Lm(  � k1Lm, (15)

where k1 is the amendable constant, it was determined by
δh/h1, and its value may be 1.15.

3.3. Composite Key Strata Position Judgment Method.
Fracture and deformation characteristics are the attri-
butes that are used to identify the key strata, wherein the
stratum that plays a decisive role in the determination of
rock mass activity is termed the key stratum and the
other strata are termed inferior key strata. +erefore, the
failure and deformation of these two types of key strata
will cause a portion or all of the movement of the
overlying strata.

If there arem overlying strata above the coal mining face,
layer 1 and layer n+ 1 are set as hard rock, where n<m. +e
formation of the main key stratum of the layer n+ 1 must
satisfy the deformation criterion (16) and the strength cri-
terion (17).

+e key stratum deformation criterion is

qa(x)|n �
Eah

3
a 

n
i�1 ρighi


n
i�1 Eih

3
i

, (16)

where ha is the thickness of layer No. α (m), Ea is the
elasticity modulus of layer No.a (GPa), ρ is the rock
density (kg/m3), and g is the gravitational acceleration
(m/s2).

+e key stratum strength criterion is

qa(x)|n+1 < qa(x)|n, Ln < Ln+1, (17)

where Ln is the breaking distance of layer n(m) and Ln+1 is
the breaking distance of layer n + 1(m).

If the calculation results do not satisfy equation (17), the
gravity of all overburden strata supported by the hard rock
strata n + 1 should be applied to the hard rock strata n as
load. At this point, the breaking distance of the hard rock
strata k should be recalculated and the judgment should be
made again.

4. Field Application

4.1. <e Basic Conditions of 23103 Working Face in Xiegou
Coal Mine. 23103 Fully mechanized caving working face
is the first working face of No. 13 coal mining area No. 21,
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which is located in the west of the 21-mining area. +e
mining strike of the working face is 2513m long, the tilt
length is 242.4 m, the floor elevation of the working face is
698–758m, the ground elevation is 971–1140m, and the
thickness of the overlying strata is 215–402m. According
to the thickness of coal seam exposed by roadway driving
and drilling is 14.00–15.92 m with an average of 15 m, the
industrial reserve of working face is 12.92Mt and re-
coverable reserve is 10.27Mt. Considering with 5.0Mt/a,
the service life of working face is 2.05 A. +e upper part of
the working face is the goaf of No. 8 coal seam 18109 and
18107. +e goaf scope and water volume are relatively
clear. +e overlying strata on the working face are shown
in Table 2.

4.2. Key Strata Position Prediction and Field Verification.
+e key strata in the overburden strata shown in Table 2
are determined by programming calculation according to
the deformation, support characteristics, and strength
discrimination conditions of the above key strata. When
#8 coal mine is being mined, #6 coal is the main key strata,
and #14, #22, and #25 are inferior key strata. After the
mining of #8 coal, #14, #22, and #25 inferior key strata all
broke, and #6 main key strata are deformed and sepa-
rated. When #13 coal is mined, #6 is the main key strata,
and #30 and #36 are inferior strata.

In practical field mining, it was found that shortly
after the stoppage of No. 8 coal seam, a step crack
appeared on the surface, as shown in Figure 5, indicating
that the analysis of #6 as the main key strata were reliable.
In the mining process of 23103 working face of No. 13
coal seam, the peak load of support is always in high-
resistance operation state. +e monitoring results of the
supports showed that the main roof periodic pressure
pace was at least 4.6 m and at most 38.4 m, with an average
of 15.12 m. +e average load curve of No. 77 support on
23103 working face is shown in Figure 6. When the top
key strata are broken, the working resistance of the
support will increase. In order to prevent the collapse of
the support, blasting and pressure to release can be
carried out in advance on the overly key strata.

Stress archKey stratum

Immediate
roof

q

αα

Figure 4: Sketch of major principal stress in key stratum.

Table 2: Rock formation columnar section of #13 coal seam in
Xiegou coal mine.

No. Name +ickness (m) Elasticity modulus (GPa)
1 Loess 26.84 0.25
2 Packsand 7.95 4.03
3 Sandy mudstone 12.18 5.44
4 Packsand 8.50 13.25
5 Sandy mudstone 20.30 10.63

6 Medium
sandstone 12.06 33.37

7 Sandy mudstone 31.49 6.22
8 Packsand 4.60 12.58
9 Sandy mudstone 21.85 6.45
10 Mudstone 25.22 3.61
11 Sandy mudstone 3.60 9.75

12 Medium
sandstone 17.30 15.37

13 Sandy mudstone 6.50 8.53
14 Packsand 13.76 17.74
15 Mudstone 6.56 5.47
16 Packsand 3.82 8.36
17 Mudstone 4.52 2.60

18 Medium
sandstone 7.84 12.79

19 Sandy mudstone 4.12 7.53
20 Packsand 7.02 6.43
21 Sandy mudstone 9.51 9.59

22 Medium
sandstone 11.92 26.32

23 Mudstone 15.02 4.51
24 #6 coal mine 1.50 0.99
25 Gritstone 9.65 24.32
26 Siltstone 3.71 9.10
27 Sandy mudstone 1.00 8.57
28 #8 coal mine 5.69 2.15
29 Mudstone 2.13 3.64

30 Medium
sandstone 8.31 28.45

31 Marlstone 2.12 17.56
32 Mudstone 2.01 6.52
33 #9 coal mine 0.51 0.55
34 Sandy mudstone 2.43 10.29
35 Mudstone 1.45 2.58
36 Gritstone 5.39 19.57
37 Mudstone 2.32 3.85
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5. Conclusions

(1) +e failure height and collapse characteristics of
overlying strata in thick coal seam mining under-
neath goaf are analyzed with UDEC software. When
the interlayer rock thickness is 35m, it can be ob-
served that the interlayer rock layer and the overlying
strata gradually evolve from a small “arch structure”
into a large “arch structure” as the working face
advances, and the interlayer rock layer is an artic-
ulated block structure.

(2) Based on the mechanical model of the bearing char-
acteristics of the interlayer key strata structure, it can be
known that the maximum principal stress profile on
the key layer section is the arch structure.+e principal
stresses of the key layers in this kind of arch structure
coordinate with each other, redistribute and form a
control effect, but they do not exist objectively in the
overlying strata. Based on this, a method for evaluating
the periodic weighting of the composite critical layer
and the main roof is presented.

(3) A calculation method is presented to determine the
position of the key strata based of the support, de-
formation characteristics, and strength of the key
strata and applied this method to the determination
of the position of the key strata over the Xiegou coal
mine. And it has been verified by the field mining
practice of 23103 working face in Xiegou coal mine.
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Poisson’s ratio is of crucial importance for the theoretical and numerical analysis of rock engineering. It is an elastic parameter of
the material and the ratio of the absolute value of lateral strain and axial strain when the material is under uniaxial tension or
compression. However, it was rarely investigated compared with deformation modulus and strength. Rock materials are different
from metal materials. .e pure elastic deformation stage is usually very short or nonexistent in the process of uniaxial tension or
compression. In this paper, in order to explore the behavior of Poisson’s ratio, uniaxial compression tests according to .e
International Society for Rock Mechanics and Rock Engineering are performed on standard specimens of granite, marble, red
sandstone, carbonate rock, coral concrete, etc. According to the results, Poisson’s ratio, both the secant Poisson’s ratio and tangent
Poisson’s ratio, increase with the externally applied stress. .erefore, regarding it as an elastic constant is worthy of a second
thought. If the midpoint of the stress interval is fixed in the 50% of uniaxial compressive strength, the average Poisson’s ratio is
almost impervious to the varying span of the stress interval. In addition, the average Poisson’s ratio is immune to the nonlinear
deformation in the early loading stage. .us, the average Poisson’s ratio is a better index than the secant Poisson’s ratio in
describing the relationship between axial and lateral strains of hard rocks..e determination of Poisson’s ratio of soft rocks needs
further investigation because Poisson’s ratio tends to exceed the theoretical limit in relatively low stress levels. .e proposed
viewpoint provides a deeper insight into the testing, determining, and using of Poisson’s ratio.

1. Introduction
.e International Society for Rock Mechanics and Rock En-
gineering (ISRM) defines Poisson’s ratio as “the ratio of the
shortening in the transverse direction to the elongation in the
direction of applied force in a body under tension below the
proportional limit” [1]. .is definition of Poisson’s ratio leaves
much to be desired because it is extremely difficult to perform
tensile tests on rock materials. Furthermore, the vast majority
of surrounding rocks in rock engineering projects are not
positioned in tensile stress states. As a result, none of the testing
methods recommended by the ISRM, American Society for
Testing and Materials (ASTM), or China’s national standards
use this definition of Poisson’s ratio.

Poisson’s ratio is a critical parameter in theoretical
analyses and numerical simulations. However, there are few
reports regarding its testing, valuation, and scope of

application. In practice, engineers and researchers often use
a fixed constant to describe the relationship between the
orthogonal deformations of rocks under some force, without
fully realizing the importance of scientifically determining
Poisson’s ratio to describe rock deformation behaviors. An
in-depth understanding of Poisson’s ratio will enable re-
searchers to conduct better laboratory and in situ tests and
deepen their understanding of the processes of rock (mass)
deformation.

2. Commonly Used Testing Methods

Poisson’s ratio is an elasticity parameter named after Siméon
Denis Poisson (1781–1840). In 1828, Poisson proposed that
[2] an isotropic elastic cylindrical rod of length l and radius r
that is subjected to simple tensile stress experiences a
shrinkage of r(1 – 0.25δ) in the radial direction when its
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length increases by l(1 + δ). In other words, the deformation
parameter that was later named as Poisson’s ratio was, at the
time, thought to be a constant equal to 0.25. It was only in
1859 that Kirchhoff demonstrated that Poisson’s ratio is a
nonconstant that depends on material properties, through
experimental measurements of Poisson’s ratio in steel and
brass [3]. .e long-held belief that Poisson’s ratio is a simple
constant was finally overturned by the efforts of Saint-
Venant and Voigt. Finally, in 1908, Gruneisen used direct
tensile tests to measure the ratio between lateral and axial
strains, thus determining Poisson’s coefficient for the first
time [4]..is method subsequently became widely used, and
it is still in use today. Poisson’s ratio varies only slightly from
the initial value given by Poisson (0.25) in most metallic
materials, and the methods for testing Poisson’s ratio in
these materials have also matured. However, it is muchmore
difficult to test for Poisson’s ratio in rock materials.

2.1. *e ISRM-Recommended Method. Although the ISRM
uses the traditional definition of Poisson’s ratio, its rec-
ommended testing method [5] uses uniaxial compression
tests to determine the numerical value of Poisson’s ratio. In
these tests, a standard rock specimen is either continuously
loaded on a testing machine so that it fractures within
5–10min or loaded at a rate of 0.5–1.0MPa/s. .e axial and
radial deformations or strain of the specimen are contin-
uously monitored to obtain its stress-strain curve.

After the stress-strain curve of the specimen has been
obtained, its Poisson’s ratio, μ, is calculated by

μ �
slope of axial stress − strain curve

slope of diametric stress − strain curve
,

�
E

slope of diametric stress − strain curve
,

(1)

where E is the axial deformation modulus (Young’s mod-
ulus/elastic modulus).

Because of the nonlinearity of the stress-strain curve,
Poisson’s ratio may be divided into the tangent, average, and
secant Poisson’s ratios; the definitions of these ratios relate to
their corresponding Young’s moduli. .e tangent Poisson’s
ratio is the slope of the stress-strain curve at a specific level of
stress, and the average Poisson’s ratio is the ratio between the
differences in radial and tangential strain that correspond to
the upper and lower limits of some interval of stresses. .e
secant Poisson’s ratio is the slope of a line drawn from the
origin that intersects the stress-strain curve at a specific level
of stress.

.e ISRM-recommended method has not been updated
for more than 40 years. .e 2014 update of the ASTM-
recommended method [6] essentially adopted the concepts,
testing procedures, and calculations of the ISRM method.

2.2. *e Recommended Method of the Standard for Test
Methods of Engineering Rock Mass. .e Standard for Test
Methods of Engineering Rock Mass (GB/T50266-2013) [7]
recommends the use of uniaxial compression tests to

determine Poisson’s ratio of rocks. After the standard
specimen’s stress-strain curve is obtained, Poisson’s ratio is
calculated by substituting the axial and radial strain data into
their corresponding equations.

.e average Poisson’s ratio for rocks μav is given by

μav �
εdb − εda

εlb − εla

. (2)

In equation (2), εda and εdb are the radial strains that
correspond to axial stresses σa and σb; εla and εlb are the axial
strains that correspond to σa and σb, respectively.

.e secant Poisson’s ratio for rocks is given by

μ50 �
εd50

εl50
, (3)

where εd50 and εl50 are the radial and hoop strains that
correspond to an axial stress equal to 50% of the uniaxial
compressive strength (UCS).

From equation (3), it may be observed that the secant
Poisson’s ratio in the Standard for Test Methods of Engi-
neering RockMass uses 50% of UCS as the reference point on
the stress-strain curve. .erefore, it is a quite narrow def-
inition of the secant Poisson’s ratio.

Unless specified otherwise, all subsequent mentions of
the secant Poisson’s ratio in this paper use the definition of
the ISRM-recommended method.

2.3. Poisson’s Ratios of Intact Rocks. .e range of Poisson’s
ratios for a variety of common rocks is shown in Figure 1 [8].
Here, it may be observed that most rocks exhibit a wide
range of Poisson’s ratios, e.g., 0.10–0.40 for conglomerate,
0.10–0.33 for limestone, 0.05–0.30 for rock salt, and
0.05–0.40 for sandstone. Even marble, which is relatively
homogenous in composition, has a Poisson’s ratio range
where the upper limit (0.30) is twice the lower limit (0.15).

.e large range of Poisson’s ratios in rocks is partly
caused by significant heterogeneities in their geological
history, mineral composition, crystallization, or depositional
structure. However, it is also unclear whether Poisson’s
ratios provided in the literature are average or secant
Poisson’s ratios. As such, the methods by which these ratios
were tested and calculated may have affected the reported
Poisson’s ratios.

3. Tests and Calculations for Poisson’s Ratio
and Its Trends

3.1. Stagewise Character of Intact Rock Deformations and Its
Features. Studies have shown that most rocks have a pro-
gressive failure process, which can be divided into multiple
stages with distinct stress-strain features (i.e., axial strain,
lateral strain, relationship between these strains, and their
trends) [9–11]: the crack closure stage, linear elastic de-
formation stage, crack initiation plus stable crack propa-
gation, and unstable crack propagation.

.e typical stress-strain curves of some red sandstone
specimens from uniaxial compression testing are shown in
Figure 2 [12]. Because it is difficult to accurately distinguish
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each stage of deformation in an axial deformation curve, it is
necessary to use processed data such as the axial deformation
modulus and crack volumetric strain [13]. .e crack vol-
umetric strain inside a specimen can be calculated by
subtracting the elastic volumetric strain from the actual
volumetric strain [14]. To calculate the elastic volumetric
strain, one must use Poisson’s ratio.

By processing the axial deformation data, one then
obtains the axial deformation modulus plot (see Figure 3). In
Figure 3, it is shown that the changes of the axial defor-
mation modulus can be divided into three distinct stages: a
rising segment, stable segment, and falling segment. .e
upper and lower stress limits of the stable segment corre-
spond to the crack damage stress σcd and crack closure stress
σcc, and this segment is usually thought to correspond to the
elastic stage. Because of there is no standard definition for
σcc, the crack initiation stress σci is often used as the lower
limit of the linear segment instead of σcc. .is segment of the
stress-axial strain curve is approximately linear, and it is
typically used to define the elastic modulus.

σci of rock materials is approximately 30–50% of their
UCS values [15], and σcd of red sandstone is 60–80% of its
UCS [12]. On the basis of this perspective, it is reasonable to
choose the stress-strain curve around 40–60% of UCS to
calculate the average elastic modulus of rocks, for the vast
majority of rock types.

.e ISRM-recommended method does not recommend
a reasonable interval to calculate the average Poisson’s ratio
because it assumes that it can be taken from the method for
determining Young’s modulus. .e Standard for Test
Methods of Engineering Rock Mass also does not specify the
upper and lower limits of the stress-strain curve that should
be used to calculate the average Poisson’s ratio. .is lack of
guidance makes it difficult to perform horizontal compar-
isons between Poisson’s ratios reported by different
researchers.

3.2. Strain Curve and Calculation of Poisson’s Ratio. As
compared to parameters such as Young’s modulus and
compressive strength, studies on the behavior of Poisson’s
ratio in each stage of rock deformation are relatively scarce.
Walsh [16] found that opening and closing of rock cracks
lead to the changes of Poisson’s ratio. .erefore, Poisson’s
ratio is not constant and continuously increases by the
uniaxial compression test. You and Hua [17] noted that it is
far more difficult to determine Poisson’s ratio using its
original definition than it is to determine the elastic modulus
because the “tangent Poisson’s ratio” is almost always in-
creasing; likewise, it is also difficult to precisely select the
secant Poisson’s ratio. Tu and Yang [18] reported that Grade
III biotite dolomite specimens exhibit negative Poisson’s
ratios at low axial pressures during the initial compaction
stage and then positive Poisson’s ratios with further in-
creases in axial stress. By conducting experiments on three
types of rocks, Yu et al. [19] found that the tangent Poisson’s
ratio of rocks increases with compressive stress under
compressive conditions and decreases with increasing ten-
sile stress under tensile conditions. Recently, Kumar et al.

[20] investigated the influence of the unconfined com-
pressive strength on Poisson’s ratio. In the test, Poisson’s
ratio increases linearly in case of increasing uniaxial com-
pressive strength. Xing et al. [21] discussed the evolution of
Poisson’s ratio at different strain rates, and it proved that
there is no pure elastic stage where Poisson’s ratio should be
rate independent. By the results of Davarpanah et al. [22], it
was also obtained that Poisson’s ratio is highly decided by
the stress. Benedek et al. [23] assumed that Poisson’s ratio
depends on the rigidity of the intact rock—increasing the
brittleness of the rock material the Poisson’s ratio should be
decreasing.

In order to explore the evolution rule of Poisson’s ratio,
we performed uniaxial compression tests on standard
specimens of granite, marble, red sandstone, carbonate rock,
and coral concrete. .ese specimens were processed into
cylinder samples after cutting and grinding, with a diameter
of 50mm and height of 100mm (Figure 4). .eMTS647.250
electro-hydraulic servo-controlled material test system was
adopted to perform the uniaxial compression tests. .e
radial deformation and axial deformation were measured by
MTS extensometers in Figure 5. .e displacement control
mode was set at a constant strain rate of 1× 10−5s−1. PTFE
films were placed on the contact position between specimen
and two platens to diminish the end effect.

.e equations for calculating tangent Poisson’s ratio μt,
average Poisson’s ratio μav, and secant Poisson’s ratio μs are
shown in Figure 6, and it is noted that the radial strains were
treated as positive values to make it easier to plot their values
in this four axial strain-radial strain curves.

In these experimental data, it may be observed that radial
strain always increases more quickly than axial strain
throughout the deformation process. As a result, all of the
plots curve upwards. Furthermore, their Poisson’s ratios
increase monotonously without exhibiting a distinct plateau
region. .is behavior is completely different from that of the
elastic modulus. Furthermore, because of the convexity of
the axial strain-lateral strain curve, μs is usually smaller than
μt and μav. Between the three Poisson’s ratios, it is μt that
grows most quickly with stress.

3.3. Secant Poisson’s Ratio. To examine the behavior of the
secant Poisson’s ratio, the origin of the secant was fixed at the
zero-stress point, but the reference point (point C in Fig-
ure 6) was treated as a moving point that changes with stress.
.e secant Poisson’s ratios that were calculated from our
experimental data are shown in Figure 7.

In Figure 7, it is shown that the evolution of the secant
Poisson’s ratio can be divided into distinct stages. In the low-
stress crack closure stage, the lateral strains are relatively
small and unstable, and the growth in lateral strain depends
mainly on the material characteristics rather than longitu-
dinal deformation. .e corresponding Poisson’s ratios of
this stage are small, slow-growing, and strongly fluctuating
to the point where negative Poisson’s ratios may arise during
the initial stages of the loading process. When the stress
increases to 20–30% of the peak strength, the secant Pois-
son’s ratio then enters the linear growth stage, where it
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increases in proportion to axial stress. When the stress
increases to 70–80% of the peak strength, the secant Pois-
son’s ratio grows in a rapid and nonlinear manner, and it
exceeds the normal range of values for Poisson’s ratio prior
to failure.

.e stress threshold where the secant Poisson’s ratio
transitions into the nonlinear rapid growth stage roughly
corresponds to the failure stress. After the failure stress is
reached, the axial deformation modulus decreases, but the
crack propagation rate accelerates. .is phenomenon in-
duces a significant degree of lateral expansion, which greatly
increases the calculated secant Poisson’s ratio.

3.4. Tangent Poisson’s Ratio. In theory, the tangent Poisson’s
ratio is the tangential slope of the axial strain-radial strain
curve. In practice, however, this curve consists of a series of
scattered points. As compared to the secant Poisson’s ratio,
the calculation of the tangent Poisson’s ratio is more sen-
sitive to variations in the testing method and sampling
frequency. When one computes the tangent Poisson’s ratio,
it is necessary to determine the ∆ε sampling interval, which

is usually determined by the desired level of stress. For
example, to determine the tangent Poisson’s ratio at 50% of
UCS, one must use the strain that corresponds to this level of
stress as the center point of the stress-sampling interval
(henceforth referred to as the “stress interval”). .e span of
the stress interval directly affects the calculated value of the
tangent Poisson’s ratio and the shape of its curve.

In Figure 8, the variation in the tangent Poisson’s ratio
with stress interval width is shown for two different rocks.
Here, it is shown that the calculated tangent Poisson’s ratios
exhibit intense fluctuations when the width of the stress
interval is roughly 1% of UCS. Increasing the span of the
stress interval reduces the fluctuations of the tangent
Poisson’s ratio; the tangent Poisson’s ratio becomes stable
only when the stress interval is 5% of UCS or larger. From
the testing perspective, the tangent Poisson’s ratio is es-
sentially the average Poisson’s ratio taken over a narrow
stress interval, and there is a great deal of uncertainty in how
it is calculated.

By reducing the sampling frequency, it is possible to
suppress fluctuations by discarding some information.
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Figure 1: Distribution of Poisson’s ratios for typical types of rocks [8].
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Alternatively, one may process the strain data using
smoothing methods (moving averages or least-squares fit-
ting) to smooth the variations of the tangent Poisson’s ratio
plot. Nonetheless, the calculation of the tangent Poisson’s
ratio always involves artificial preprocessing and data se-
lection processes, and different preprocessing methods in-
evitably lead to different values, thus impacting the
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objectivity of this parameter. .e uncertainty of the method
and the resulting uncertainty of calculation inevitably
produce adverse effects on the analysis of the gradual de-
formation process of the rock. Uncertainty and sensitivity
analysis have recently received widespread interest of re-
searchers in many fields. Vu-Bac et al. [24] provided a
sensitivity analysis toolbox for quantifying the influence of
uncertain input parameters on uncertain model outputs
which we plan to consider in research.

As a whole, the tangent and secant Poisson’s ratios
exhibit similar growth trends. Given a wide stress interval,
the midsegment of the tangent Poisson’s ratio plot grows
almost linearly with stress. When the stress increases from
20% of UCS to 80% of UCS (approximately 40MPa), the
tangent Poisson’s ratio of the marble specimen increases by
more than 100%. In a red sandstone specimen, it was ob-
served that its tangent Poisson’s ratio approached the ex-
treme limit of reasonable Poisson’s ratio values (0.50) when
the stress was 80% of UCS (approximately 45MPa); this is
more than twice its Poisson’s ratio at 20% of UCS.

3.5. Average Poisson’s Ratio. First, we examined the average
Poisson’s ratio with a fixed center point at 50% of UCS. .e
upper and lower limits were 50%± 5% (45–55%) of UCS,
50%± 10% (40–60%) of UCS, 50%± 15% (35–65%) of UCS,
50%± 20% (30–70%) of UCS, and 50%± 25% (25–75%) of
UCS. .e average Poisson’s ratios were calculated using
equation (2), and the average Poisson’s ratios of a few types
of rocks are shown in Figure 9.

In Figure 9, it is shown that the average Poisson’s ratio
changes very little when the sampling interval is extended in

a symmetric manner from 50% of UCS. .e average Pois-
son’s ratios of hard materials, such as sandstone, marble, and
coral concrete, are relatively small, and their values remain
within a reasonable range. However, soft and strongly di-
latant rocks, such as loose tuff (UCS� 24.08MPa) and rock
salt (UCS� 33.37MPa) become irreversibly damaged at low
stress levels. .erefore, if one uses the recommended
method to calculate their average Poisson’s ratios (that is, by
calculating their average Poisson’s ratio at 50% of UCS), the
resulting Poisson’s ratios are often greater than the theo-
retical maximum. .erefore, it is not always appropriate to
calculate the average Poisson’s ratio of a rock at 50% of UCS.

We then calculated the average Poisson’s ratios of a few
types of rocks with a moving center point (20%, 30%, 40%,
50%, 60%, and 70% of UCS) and a fixed stress interval width
of 10% (i.e., the upper and lower limits are ±5% from the
center point), as shown in Figure 10. To facilitate com-
parisons, the secant Poisson’s ratios of these materials are
also plotted in Figure 10.

In Figure 10, it is shown that the average Poisson’s ratio
increases monotonously with stress, much like the secant
Poisson’s ratio.

In some hard rocks, the average Poisson’s ratio can be
more than 100% larger than the secant Poisson’s ratio for the
same reference point. In the 20–70% of the UCS range, red
sandstone, marble, compacted tuff, and coral concrete have
average Poisson’s ratios that are 1.43–2.03, 1.17–2.00,
1.15–1.72, and 1.46–1.94 times their secant Poisson’s ratios,
respectively.

.e average Poisson’s ratios of the two soft rocks remain
below 0.5 only when the reference point is positioned at a
low level of stress, and they exceed the reasonable range of
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Poisson’s ratio values even at small secant Poisson’s ratios
and 40–60% of UCS. .erefore, the secant, tangent, and
average Poisson’s ratios are meaningful only in a qualitative
sense when characterizing the deformation processes of soft
rocks.

4. Discussion

Poisson’s ratio is the ratio between the absolute values of the
lateral normal strain and longitudinal normal strain, when
the material is uniaxially tensioned or compressed. It is an
elastic constant that reflects the lateral deformation of a
material. However, by analyzing the deformation processes
of a wide variety of rocks under uniaxial compression, we
found that Poisson’s ratio and Young’s modulus behave
quite differently: there is no plateau in Poisson’s ratio be-
cause the secant and average Poisson’s ratios both increase
monotonously with increasing stress. .is behavior could be
related to the irreversibility of compaction in the direction of
compression and microcrack propagation in the principal
stress direction.

By studying the progressive failure of granites, Eberhardt
et al. [25] found that the lateral deformation modulus de-
creases monotonously with increasing stress (Figure 11), and
the axial deformation modulus exhibits a distinct plateau
during the linear elastic deformation stage.

According to equation (1), which was provided by the
ISRM, Poisson’s ratio is equal to the ratio between the axial
and lateral deformation moduli. However, because Poisson’s
ratio of a rock changes continuously, even in the linear
elastic deformation stage, it is a questionable practice to treat
Poisson’s ratio as an elastic constant. .e value of Poisson’s
ratio can have a significant influence on how progressive
failure processes are divided into stages because the crack
propagation threshold can change by more than 40% for a
±0.05 change in Poisson’s ratio [25].

In the current ISRM-recommendedmethod’s definitions
of the secant, average, and tangent Poisson’s ratios, the
tangent Poisson’s ratio is not actually different from the
average Poisson’s ratio for testing purposes, and the data
processing steps required to calculate the tangent Poisson’s
ratio are susceptible to human error..erefore, the Standard
for Test Methods of Engineering Rock Mass has discarded the
concept of tangent Poisson’s ratios and provides testing
methods only for the average Poisson’s ratio and secant
Poisson’s ratio.

.e generalized secant Poisson’s ratio (where the se-
cant’s origin is fixed to the zero-stress point, while the
second reference point is allowed to vary with stress) also
increases monotonously with the stress level of the reference
point, and it does not converge to some value. .e Standard
for Test Methods of Engineering Rock Mass narrowly defines
the secant Poisson’s ratio as the strain that corresponds to
50% of UCS, which gives it a uniquely defined value. Al-
though this compromise makes it possible to compare
Poisson’s ratios of different materials, it does not allow this
parameter to provide an accurate description of the rela-
tionship between axial and radial deformations. .e secant
Poisson’s ratio includes the specimen’s deformation data in
the low-stress compaction stage. .ese values are generally
quite small, which makes it susceptible to factors such as
initial loading conditions of the test and zeroing of the
displacement sensor.

.e average Poisson’s ratio reflects the relative change in
axial and radial strain at the upper and lower limits of some
stress interval. As the stress interval moves from the low-
stress zone to the high-stress zone, the average Poisson’s
ratio also grows significantly; this growth is usually much
greater than that of the secant Poisson’s ratio. Because the
average Poisson’s ratio is sensitive to the choice of the stress
interval, we suggest that the stress interval should be defined
in the specifications of any updated standard. When the
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center point is fixed at 50% of UCS, the span of the stress
interval does not significantly affect the calculated average
Poisson’s ratio. For hard rocks, this value is, in essence, the
average relationship between axial and radial deformations
in the linear elastic deformation stage. However, in soft and

highly dilatant rocks, the significance of Poisson’s ratio and
its testing methods still require further investigation.

Furthermore, the average and secant Poisson’s ratios
tend to differ quite significantly; because Poisson’s ratios
provided by many reports do not specify how these ratios
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were calculated or tested, it is difficult to interpret and apply
their experimental data.

5. Conclusions

.e following conclusions were drawn by analyzing Pois-
son’s ratios of several varieties of the rock:

(1) In rock materials, the tested Poisson’s ratio is not a
constant. It can be more accurately described as an
elastic deformation parameter that monotonously
increases with stress during the compressive
processes.

(2) Different rocks exhibit different behaviors in their
Poisson’s ratios. In hard rocks, the secant and av-
erage Poisson’s ratios grow approximately linearly
with stress in the main stages of the loading process.
However, in soft rocks, these ratios quickly increase
beyond the theoretical maximum of 0.5 in the initial
loading stage. As such, the method for determining
Poisson’s ratio in soft rocks requires further
investigation.

(3) When the center point of the stress interval is set to
50% of UCS, the span of the stress interval has a
negligible effect on the calculated average Poisson’s
ratio. Furthermore, this value is not affected by
nonlinear deformations in the initial loading stage,
and it is more suitable for describing the deformation
behaviors of hard rocks than is the secant Poisson’s
ratio.

(4) Because the secant and average Poisson’s ratios differ
significantly, it is important to clarify how Poisson’s
ratio was obtained before applying these values.

Because of the immense variety of rocks in this world,
which all have differing characteristics, our conclusions are
not likely to be universally applicable because of the limited
number of specimens that were included in this study. Many
more empirical studies are needed to obtain a deep and
thorough understanding of the behavior of Poisson’s ratio in
rocks.
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Borehole pressure relief method is one of the most effective ways of rock burst prevention in coal mines. -e measured results of
borehole pressure relief at no. 8939 longwall face in Xinzhouyao coal mine, China, are presented here. -e analyses identify the
pressure relief magnitudes in coal mass around the boreholes with different diameters, spacing, and drilling time.-is research has
established that the best pressure relief of the rib coal can be achieved by using φ108mm borehole with 0.7m interval after
288 hours. -e strain relief is acceptable after 288–360 hours of drilling, while the best result is achieved after 432 hours. It is also
the first time to monitor the borehole pressure relief in a coal mine on-site using Brillouin optical time domain reflectometer
(BOTDR) distributed fibre-optic sensing. -e method implemented in this research provides new ways to improve stress relief
design and minimize the rock burst occurrence for mine practitioners.

1. Introduction

Rock burst is a complex dynamic phenomenon of rock
failure in highly stressed ground. Its destructive power is a
major safety hazard in deep coal mines. Prediction of rock
bursts is extremely difficult. One key to minimize the rock
burst occurrence is the reduction of stress within the ground.
Based on engineering empirical, the pressure relief borehole
method is one of the most successful and commonly used
ground stress relief methods. When the drilling bits close to
the highly stressed area, the frequency and intensity of small
coal bursts surrounding the boreholes increase. Highly
stressed area accumulates more potential energy resulting in
high burst proneness. -us, the boreholes drilled within
highly stressed coal can fracture and soften the surrounding
coal mass effectively [1, 2]. -eoretical analysis, numerical
calculation, and electromagnetic radiometer can be used to
determine the yielded zone. However, the investigation of
the development of the yielded zone lacks field testing.

Feasibility studies have therefore been performed using
experiments on both models and actual structures. At
present, the commonly usedmethods to predict strata failure
include [3–11] empirical formulas, physical modelling,
numerical simulations, field observations, microseismic
system, etc. However, they also have defects in practice. For
example, by using theoretical analysis, the coal body around
the borehole can be assumed as the Mohr-Coulomb ma-
terial. -is calculated fracture zone around the borehole is
acceptable, but it can hardly estimate the crack zone. One
empirical coefficient is introduced to calculate the fracture
zone, but the coefficient is highly empirical should be
considered case by case. Similarly, the numerical methods
can hardly simulate the collapse and compaction processes
after the coal body broken. -e current in situ monitoring
methods are mainly using microseismic monitoring and in
situ observation. -e allowable error of the microseismic
monitoring is about 10m, while the radius of one pressure
relief borehole is about 1m. Observation of the borehole can
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only reach 1∼2m from the hole collar, and engineering
judgment is highly relied on past experiences [12]. In
summary, current methods estimate the deformation of coal
indirectly. Accordingly, a technology capable of monitoring
the deformation of the coal directly is highly desirable.
Distributed optical fibre sensing technology is a new strain
monitoring technology, which can be implanted into the
coal mass to monitor the deformation of the coupling coal
body.

Distributed optical fibre sensing technologies (DOFS),
including optical time-domain reflectometry (OTDR) [13],
Brillouin optical time-domain analysis (BOTDA) [14],
Brillouin optical time-domain reflectometry (BOTDR) [15],
and Brillouin optical frequency-domain analysis (BOFDA)
[16], have developed rapidly over the past decade. Recently,
BOTDRs are expected to be used for structural monitoring
and diagnosis via measuring strain accurately and contin-
uously over dozens kilometers using only one end of an
optical fibre. Nan and Gao [17] constructed the physical and
mechanical models using distributed optical fibre based on
BOTDR to study one section of Si Jiaying iron mine in
China, and BOTDR showed advantages such as distrib-
utiveness, precision, easy arrange, and good anti-interfer-
ence. Xu et al. [18] measured the sinkhole collapse strain
using the distributed Brillouin optical fibre sensor. Based on
the time-series data, an AR(2) sinkhole collapse model was
constructed. Suo et al. [19] used the distributed fibre-optic
sensing (DFOS) to monitor ground fissures in complicated
field. A fixed-point fibre-optic sensing cable (FFOSC) was
designed, and the corresponding installation method was
developed. Results show that the FFOSC provides a solid
basis for the investigation of ground fissure mechanisms.
Moffat et al. [20] made a strain monitoring system based on a
PVC tube instrumented with an optical fibre connected to a
Brillouin optical time domain reflectometer (BOTDR) ap-
paratus. Four lines of optical fibre are glued along the tube
surface, which are rotated 90° one from each other, to
capture in-plane and out-of-plane tube bending displace-
ments. -e conclusions of the study suggest that the pro-
posed sensor can be regarded as a promising and safe tool for
tunnel monitoring. Madjdabadia et al. [21] built unique
distributed Brillouin sensing systems (DBSs) to determine
the deformational behaviour of excavations in underground
mining. -e filling thickness and strength were studied
based on the strain measurement using a larger diameter
beam and weaker strength beam, respectively. In both tests,
DiTeSt™ showed the same performance as with a smaller
beam and stronger mortar. Pulse-prepump Brillouin optical
time domain analysis (PPP-BOTDA) is a novel technique for
distributed strain measurements. Guo et al. [22] used it to
measure the bond strength of the steel rebars and bending
moment of the concrete girders. Results show that the PPP-
BOTDA provides a precise description of the strain dis-
tribution of the rebar and the concrete, exhibiting the ability
for crack detection. Klar et al. [23] also present this tech-
nology for monitoring ground displacement using the
analysis of signal derived from a horizontally laid fibre above
the tunnel. -e Brillouin optical time domain reflectometry/
analysis (BOTDR/A) and Rayleigh backscatter wavelength

interferometry (OBR) were compared, and the results ob-
tained by different technologies showed that both of them
were equally suitable for the suggested approach. Distributed
optical fibre sensors (DOFS) have been attracting significant
attention by geotechnical engineering community. Inno-
vative structural design, encapsulation development, and
implementation methods of optical fibre sensors lead to new
applications in the geotechnical monitoring. Recent appli-
cation of using two successful technologies includes Bril-
louin optical time domain reflectometry (BOTDR) and
Brillouin optical time domain analysis (BOTDA) for geo-
technical monitoring, such as geotextiles, soil nails, anchors,
pipelines, retaining walls, tunnels, and landslides [24]. -is
suggests that BOTDR technology with a single-ended input
is suitable for the underground coal mining.

In this paper, a site application has been realized to
investigate the process of borehole pressure relief using
BOTDR. A specially designed BOTDR sensing fibre was
developed and buried into the coal seam to measure the
internal strain distribution after the pressure relief boreholes
were constructed. -e monitoring results have been ana-
lyzed in detail, including the relationship between the
pressure relief and the duration, location, and size of the
borehole.

2. BOTDR Sensing Technology for Pressure
Relief Borehole

2.1. Working Principle of BOTDR Sensing Technology. -e
light waves in optical fibre travel in straight lines mostly.
However, due to the existence of uneven structures of
noncrystalline materials in microdimension, a small fraction
of light will produce scattering. Brillouin scattering is one of
the light scattering types in optical fibres, which is caused by
acoustic phonons.-e basic principle of BOTDR is using the
linear relationships between the frequency shift variation of
the natural fibre distribution Brillouin scattering light. -e
schematics of strain measurement using the BOTDR is
shown in Figure 1. -e Brillouin frequency shift of the
scattered light generated inside a single-mode optical fibre
has an axial linear relationship with the applied strain and
temperature, regardless of the temperature change, and it
can be expressed by [3]

υB(ε) � υB(0) +
dυB(ε)

dε
× ε. (1)

where υB(ε) is the drift quantity of Brillouin scattering light
frequency when the optical fibre strain occurs; υB(0) is the
drift quantity of Brillouin scattering light frequency without
strain in the optical fibre; dυB(ε)/dε is the scale factor; ε is the
fibre axial strain.

-e optical fibre used in BOTDR sensing technology is
small, so the optical fibre can be embedded in the coal seam
to conduct distributed measurement with nearly no effect on
the structure. For the whole optical fibre, the measured
variable is wavelength; therefore, joint loss and light pathway
loss have a little influence on the optical fibre; the envi-
ronmental interference is not sensitive.
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2.2. Borehole Pressure Relief Model Based on BOTDR. -e
coal mass around the pressure relief borehole breaks
gradually, and the crushed coal collapses into the borehole.
-is process leads to stress redistributing around the
borehole, causing the range of yielded zone to increase.
Finally, the free space is filled with crushed coal mass.
-ereby, a pressure relief area is formed by rupture zone,
plastic zone, and elastic zone [12]. To analyze the defor-
mation of the coal mass around a pressure relief borehole, a
borehole pressure relief model under plane stress state is
established, as shown in Figure 2.

-e optical fibre and the pressure relief borehole are
arranged crosswise. When the coal mass surrounding a
pressure relief borehole produces a radial displacement, the
optical fibre generates an axial strain due to optical fibre
cable bending. Under the action of the vertical stress, the
optical fibre cable sensor moves downward, vertical dis-
placement is Δh, and the length of the optical fibre that
produces tensile deformation is L, and the geometric rela-
tionship is as follows:

R �

��������

h
2

+
L

2
 

2


. (2)

where R is the yielded zone radius; h is the distance between
the optical fibre and the center pressure relief borehole; L is
the length of the optical fibre that produces tensile
deformation.

-e middle section of the optical fibre is in tension, and
its bending moment is positive. -e vicinity sections of two
ends are under compression, and their bendingmoments are
negative. -erefore, when the strain of the optical fibre is
below zero, it is the boundary of the pressure relief areas.

2.3. Borehole Pressure Relief Model Numerical Simulation.
FLAC3D was used to establish the model shown in Figure 2.
-e length, width, and height of the model were 1m, 10m,
and 1m, respectively. A total of 800,000 zones and 848,421

nodes were established. In the model, cable structural ele-
ment is used to simulate the strain of the sensor optical cable.
One unit cable element is 0.1m in length. Models using
Mohr-Coulomb criterion and the mechanical parameters of
the model are shown in Table 1.

-e model boundary conditions are as follows:

(1) -e boundary at both ends of the X-axis of the model
is restricted along the X-axis; that is, the displace-
ment of the boundary in the X direction is zero

(2) -e boundary at both ends of the Y-axis of the model
is restricted along the Y-axis; that is, the displace-
ment of the boundary in the Y direction is zero

(3) -e bottom boundary of the model is fixed; that is,
the displacement of the bottom boundary in the X, Y,
and Z directions is zero

(4) -e top of the model is a free boundary

In situ stress conditions are as follows:

(1) A gradient stress of 8.18MPa∼6.35MPa is applied in
the X-axis direction of the model

(2) A gradient stress of 13.40MPa∼10.40MPa is applied
in the Y-axis direction of the model

(3) Apply a gradient stress of 9.45∼7.33MPa in the Z
axis direction of the model

(4) -e upper rock layer of the model is simulated by
applying an equivalent load, and its value is 6.23MPa

After the model is initially balanced, a borehole with
108mm diameter and 10m depth was drilled, and the large
deformation mode is used for calculation. After the model is
balanced, the cable structural element strain curve is shown
in Figure 3.

It can be seen from Figure 3 that after the borehole was
drilled, the sensing fibre was deformed, which was consistent
with the expected pattern of the theoretical analysis. -e
feasibility of this method for in situ testing of pressure relief
boreholes is verified.
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Figure 1: Schematics of strain measurements with BOTDR.
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3. Engineering Background

Xinzhouyao coal mine is located in Datong, Shanxi, China.
Datong coalfield is a syncline structure basin located in an
axial direction from northeast to south-west. Its east
boundary is Kouquan fault which is adjacent to the new belt
graben basin (Datong plain); the west boundary is Xishi
Mountains in Lvliang meridional tectonic belt; the south
takes the east-west small Hongtao Mountain anticline as the
boundary, and the south is linked to Pingshuo and Ningwu
coalfield. Datong mining area is a typical dual comining area
(Jurassic system and Permo-Carboniferous system). Xinz-
houyao coal mine is located in the northeast of Datong
coalfield, belonging to the synclinal east wing of Datong, and
mining Jurassic 9#, 11#, 12#, and 14# coal seams. -e basic

structure form of this mine field is the northeast 10°∼50° in
monoclinal structure with the tendency to the northwest,
high in the east and low in the west, adjacent to the west side
of the Kouquan fault.

No. 8939 longwall panel in Xinzhouyao coal mine is at
the eastern mine boundary. -e remnant triangular pillar
after mining is located between the longwall panel and the
adjacent no. 8941 panel. -e main roadways in no. 903 panel
consist of the main haulage roadway and rail roadway, and
the main ventilation roadway all located south of no. 8939
longwall panel. West of no. 8939 longwall panel is the old
goaf of no. 8937 panel. North of no. 8939 longwall panel is
the protection coal pillar forming the mine boundary (ad-
jacent to the Yungang coal mine), so no. 8939 panel is a
typical island mining panel.

Table 1: Numerical model mechanical parameters.

Types Density
(kN·m−3)

UCS
(MPa) UTS (MPa) Young’s modulus

(GPa) Poisson’s ratio Cohesion (MPa) Friction angle (°)

Coal 1293 32.27 1.34 3.66 0.20 3.67 29.89

Types Density (kN·m−3) Young’s modulus
(GPa)

Grout cohesion
(MPa)

Grout friction
angle (°)

Cross-sectional area
(mm2)

Tensile yield
strength (N)

Cable 2660 3.80 3.00 25.00 19.63 2350
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Figure 3: Numerical simulation of optical fibre strain curve.
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Figure 2: Geometric model of borehole pressure relief.
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No. 11 coal seam in no. 8939 panel is mined using the
comprehensive mechanized cover caving method (top coal
caving method). -e average thickness of the coal seam in
no. 8939 panel is 7.2m, the average inclination is 3°, the gas
emission is 4.7m3/min, and the coal seam hardness is 3.2.
-e coal cutting height is 3m, while the coal caving height is
4.2m, giving the ratio of cutting to caving 1 :1.4. -e direct
roof of the coal seam is siltstone and fine sandstone with a
thickness of 2.1m∼3.3m, the main roof is medium and fine
sandstone with a thickness of 14.0m∼17.5m, and the floor is
siltstone with a thickness of 1.68m∼5.02m. Roof manage-
ment is combined with the natural collapse method and
blasting roof caving method. -e longwall panel length is
1227.8m, while the panel width is 94.5m. -e panel layout
consists of four roadways located at various levels above the
base of the 7.2m thick coal seam.-e longwall main gate and
the tailgate were driven along the floor, while the middle
roadway and second tailgate roof levels are located at the
seam top.-e position of the panel is shown in Figures 4 and
5.

-e numerical simulation indicated that vertical stress
would increase significantly around the barrier coal pillar
and triangle pillar located between nos. 8937 and 8941
panels. -e model indicated that, in the excavation process
of the four roadways, the vertical stress redistributing area
reaches 80m far, and the maximum vertical stress is 23MPa,
10m in front of the working face. When mining the tri-
angular pillar, the peak stress reached 27.4MPa with the
stress concentration factor of 3.8.

Originally, one row of boreholes was drilled in no. 5939
tailgate. -e diameter of the boreholes drilled into coal pillar
was 108mm with 0.5m spacing, depth of 8m, and drilling
height of 0.8m to 1.0m above the floor. -e boreholes were
perpendicular to the roadway rib. -en, the borehole length
was enlengthened to 12m to meet the requirements of the
coal mine safety authority. It is necessary to further optimize
the borehole pressure relief. -is study analyzes the time-
dependent stress relief of the boreholes under different
diameters, lengths, spacings, and distance from the working
space, to provide a technical support for rock burst
prevention.

4. Distributed Optical Fibre
Monitoring Program

4.1. 9e Objective of Distributed Optical Fibre Monitoring.
No. 8939 longwall panel in the west wing of the mine
syncline was chosen as the monitoring area. -e optical
fibre monitoring equipment was used to monitor the
borehole pressure relief. -e effect of borehole pressure
relief is reflected by the strain change measured using the
optical fibre equipment after drilling and provide the basis
for optimising the parameters to minimize rock burst
occurrences. -e effect of drilled holes with different di-
ameters, borehole interval, and ground pressure change
upon time is studied.

-e monitoring hole of the distributed optical fibre was
drilled from the winch room in no. 5939 tailgate roadway.
-e monitoring borehole parameters were as follows: the
distance from the rib side was 1.4m; the height from the
floor was 1.2m; the included angle between the monitoring
hole and roadway was 5°; the horizontal elevation was 1°;
borehole diameter was 65mm; borehole depth was 44m, as
shown in Figure 6.

4.2. Sensing Optical Cable and Installation. Taking into
consideration the field conditions, the sensors used in this
research were strain sensing cable fixed by steel wire. -e
diameter of the sensing cable is 5mm± 0.2mm, its gauge
factor is 499.8MHz/%, the maximum breaking force is
2.35 kN, and Young’s modulus is 3.80GPa. -e structure of
the optical cable is shown in Figure 7.

After the optical fibre hole was drilled, the sensing cable
was implanted into the hole with a 40mm diameter PVC
pipe, as shown in Figure 8. -en, the borehole collar was
sealed, and the hole was filled with cementitious grout, so
that the sensor cables can be bonded with surrounding rock,
as shown in Figures 9 and 10. After connecting between the
sensing optical cable and communication cable, the cable
was attached to the air tube hanging along the roadway side
and brought to the main roadway, where it was connected to
the BOTDR data acquisition instrument, as shown in
Figure 11.

4.3. Arrangement of Pressure Relief Borehole. Total 21 pres-
sure relief boreholes were drilled within 44m along the
tailgate. To investigate the relationship between borehole
diameter and pressure relief, three borehole diameters of
108mm, 90mm, and 65mm were selected. To study the
influence of borehole spacing, a group of twelve 108mm
diameter boreholes were drilled at intervals of 0.5m, 0.6m,
0.7m, 0.8m, 0.9m, and 1.0m. -e distance between each
monitored task was 1.5m.

Boreholes numbered 7#, 10#, and 11# were used to
investigate the time domain stress relief around the
monitored boreholes. Before testing, two pilot holes were
drilled at about 40m from the wench room. Sudden strain
changes of the optical fibre cable were detected, which
shows that the optical fibre position is consistent with the
design. -e layout of pressure relief borehole is shown in
Figure 12.

4.4. Data Collection and Analysis. After the grout cured, the
initial strain distribution of the sensing optical cable was
recorded. -e strain distribution of the optical cable in
borehole was then monitored periodically. -e strain
changes adjacent to all boreholes were measured by the
optical fibre cable including the time-dependent stress relief.
BOTDR distributed optical fibre sensing technology is
single-ended testing. Only one end of the sensing optical
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Figure 8: Schematic of distributed optical fibre sensor assembly in the field.
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cable is connected to the BOTDR data acquisition instru-
ment to collect the strain distribution along the whole optical
cable. If the cable breaks at one point, the cable can be used
up to the broken point. -e errors due to the temperature
change can be neglected as the variation is small in deep
underground.

5. Analysis of Monitored Data Results

5.1. Data Analysis of Yielded Zone around Pressure Relief
Boreholes of Different Diameters. Table 2 shows that the
results of maximum strain and yielded zone radius for
different borehole diameter. -e average interval of 65mm

40
m

m

10
m

m

2¡
ã

Grout

Direction of concrete flowed

65
m

m
Polyurethane

Figure 9: Schematic diagram of concrete pouring section.

Figure 10: -e entire hole was grouted.

Figure 11: Optical time domain strain measurement instrument.
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diameter boreholes was about 1.5m. -e measured average
maximum strain of the 65mm pressure relief boreholes was
86 με, while the average pressure relief range was 0.34m. For
90mm pressure relief boreholes with an interval of
1.5–1.6m, the maximum strain is 134 με, which is 55%
higher compared with the measurement of the 65mm
boreholes. -e average radius of pressure relief for 90mm
hole was 0.56m, with a 65% increase compared with that of
the 65mm boreholes. -e average maximum strain at the
108mm borehole was measured to be 170 με, 98% higher
than that of the 65mm borehole. -e average pressure relief
range was 0.71m, 108% higher compared with the 65mm
borehole. -us, the 65mm pressure relief borehole is not
recommended for stress relief purpose.

Figure 13 shows that, with the increase of the borehole
diameter, the strain zone around the borehole increases. It
suggests that large diameter drilling hole should be used to
minimize rock burst occurrences in coal mines.

5.2. Data Analysis of Yielded Zone around Pressure Relief
Boreholes for Different Borehole Spacing. Twelve boreholes
were divided into six groups (two boreholes in each group)
to study the effect of the borehole interval. Two 108mm
boreholes were spaced at 0.5m, 0.6m, 0.7m, 0.8m, 0.9m,
and 1.0m, as shown in Figure 9. It should be noted that all
108mm boreholes yielded zone radii were about 0.7m. -e
aim was to measure the maximum strain induced by drilling

and the radius of the yielded zone around the two boreholes.
In situ monitoring data are shown in Table 3. It shows that
the pressure relief effects are similar, while the borehole
spacing is less than 0.7m. Strain versus borehole spacing is
shown in Figure 14.

5.3. Data Analysis of Time-Dependent Pressure Relief around
Boreholes. Table 4 and Figure 15 describe the influence of
duration on pressure relief around the borehole. It should be
noted that the accuracy of the optical cable is ±10 με. -e
measurements indicated that the strain changes were small
just after drilling work. 288 hours after drilling, the strain
increased to 108 με and stabilized at a maximum of 134 με
after 432 hours. Data indicate that approximately 80% of
strain occurs within 288 hours after drilling. -erefore,
drilling should proceed at least 288–432 hours before mining
operation to maximise the pressure relief in the coal seam.

To verify the optical fibre test results, a borehole peeper
was used in the test. Take 10# borehole as an example. After
48 h of drilling, the borehole wall was smooth, as shown in
Figure 16(a); after 168 h, some cracks occurred on the wall of
the borehole, and there was fine cinder at the bottom of the
borehole, as shown in Figure 16(b); after 240 h, internal part
of the borehole collapsed, and there was broken lump coal at
the bottom of the borehole, as shown in Figure 16(c); after
432 h, the borehole was completely collapsed, and the
broken coal filled all free space, as shown in Figure 16(d).

0 5 10 15 20 25 30 35 40 45
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0.5m
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0.6m 0.7m 0.8m 0.9m 1.0m

8.0m
5.2m

Optical fibre sensing cable
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Pressure relief borehole

Φ65mm
Φ90mm
Φ108mm

Figure 12: Plan view layout of pressure relief boreholes.

Table 2: Statistics of maximum strain and yielded zone radius for different borehole diameter.

Borehole diameter (mm) 65 Average 90 Average 108 Average
Borehole number 9# 14# 15# 8# 12# 13# 7# 10# 11#

Maximum strain (με) 94 74 89 86 120 127 126 134 166 179 165 170
Yield radius (m) 0.36 0.32 0.35 0.34 0.44 0.49 0.44 0.46 0.71 0.74 0.68 0.71
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Table 3: Statistics of strain between two boreholes versus the borehole spacing.

Spacing of borehole (mm) 0.5 0.6 0.7 0.8 0.9 1.0
Diameter of borehole (mm) 108 108 108 108 108 108
Maximum strain (με) 157 142 123 24 −16 −22
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Figure 14: Strain versus borehole spacing.
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Figure 13: Strain change versus borehole diameter.

Table 4: Statistics of strain versus time after drilling, borehole diameter, and spacing.

Testing time 24 h 72 h 168 h 240 h 288 h 360 h 432 h 480 h
Diameter of borehole (mm) 0.09 0.15 0.26 0.43 0.55 0.71 0.71 0.71
Maximum strain (με) 6 12 17 45 100 138 170 171
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Figure 15: Strain versus time after drilling pressure relief boreholes.
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6. Conclusions

-e proposed optical fibre sensing technology is a suitable
method to determine the stress relief range around boreholes
drilled in the coal seam.

(1) Based on the principle of borehole pressure relief and
distributed optical fibre sensing technology, the in-
ternal strain sensing model of the coal body sur-
rounding the pressure relief borehole is established.

(2) -rough measurement of the strain around the
pressure relief borehole, combined with the obser-
vation using related instrument, it is concluded that
the process of the borehole collapse can be divided
into initial stage, limit equilibrium stage, collapse
stage, and compaction stage.

(3) -e pressure relief borehole parameters suitable for
the geological conditions of Xinzhouyao coal mine
were determined.

(4) -e optical fibre sensing technology is a novel
approach to measure coal strain accurately. Results
from this research provide new knowledge for
mining practitioners to improve stress relief
designs.
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To investigate the fracture pattern and crack propagation of rock under different stresses, Brazilian split tests, preset angle tests,
and uniaxial compression acoustic emission (AE) tests were carried out on sandstone to obtain the mechanical parameters and AE
signals of the whole test process. Based on the analysis of the distribution of the characteristic AE indicators rise time/amplitude
(RA) and average frequency (AF) combined with the core definition of areal density, the test results showed the following. In
Brazilian split tests and preset angle tests, shear fractures and tensile fractures accompanied the whole process of rock damage and
failure, and the crack type reflected by the RA-AF distribution was consistent with the theoretical analysis and actual failure
results. *e fracture pattern of sandstone under uniaxial compression was dominated by shear fracture, and tensile and shear
cracks had the same evolutionary trend. In uniaxial compression, the development of cracks was complicated from the stage of
steady development of microcracks, and the crack development was different in different specimens, which eventually leads to
different failure modes. *at is, the failure mode of sandstone could provide positive feedback to the RA-AF distribution. Under
different stresses, the characteristics of the cumulative event rate of tensile or shear fractures varied significantly among stages,
which corresponded to the various stages of rock damage and deformation.

1. Introduction

In recent years, with the construction of many underground
geotechnical engineering projects, the construction depth
continues to increase, and geological disasters such as de-
formation, collapse, and rock-burst of the surrounding rock
in underground chambers often occur, seriously threatening
construction safety [1–3]. *ese geological disasters are the
macromechanical manifestations of rock instability and
failure. As a natural material, the rock contains various
defects (e.g., microcracks, pores, joints, and fissures), and the
instability and failure of an engineered rock mass are es-
sentially a progressive process from the development of
damage of mesoscopic defects to the macroscopic fracture of
rock under a stress field [4–6]. *erefore, it is of great
theoretical significance and engineering value to study the

fracture mechanism and crack propagation trends of rock
under loading to thoroughly understand the failure mech-
anism of the engineering rock mass as well as to evaluate and
predict geological disasters.

*e laboratory mechanical experiment is one of the main
methods to reveal the rock fracture mechanism [7]. Some
researchers have studied the fracture mechanism of rocks by
analyzing macrophysical phenomena, such as stress-strain
curves and fracture angles [8], traditional extensometer and
photogrammetry [9], and high-speed photography of
specimens [10]. Besides, some researchers have adopted
modern technologies such as X-ray computed tomography
(CT) [11], scanning electron microscopy (SEM) [12], and
acoustic emission (AE) [13] to study rock fracture mecha-
nisms. AE technology has been widely employed [14]. AE is a
nonstationary signal and contains much information, and it
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involves many time-domain parameters and complex fre-
quency-domain parameters. Currently, the main approaches
to analyzing AE signals are the waveform-based approach
and parameter-based approach [15, 16]. *e waveform-
based approach takes the time-domain waveform of AE
signals as the object and selects specific signal processing
methods to obtain AE waveform characteristics, such as
dominant frequency [17], frequency spectrum [18], and
frequency band [19]. AE waveform characteristics have been
employed for determining the failure mechanisms of intact
and jointed rocks [16], identifying the fracture behavior of
the concrete [20], exploring the rock AE rate-dependence at
different strain rates [21], and extracting the intrinsic dy-
namical rock-burst precursors [22].

AE signals contain a series of characteristic parameters,
such as amplitude, hit count, duration, event, energy, rise
time, rise time/amplitude (RA), and average frequency
(AF) [23, 24]. Compared with the waveform-based ap-
proach, the parameter-based approach requires less cal-
culation time and storage space. It has been employed for
studying the failure mechanism of brittle materials widely.
Moradian et al. [25] used the AE hits and energy analyses to
detect the crack levels in rocks and demonstrated that AE is
an effective technique. Wu et al. [26] proposed a new
quantitative method to identify the crack damage stress of
rock materials based on the AE counts. *e AE count and
energy parameters were analyzed to examine the relation
between shear behavior and AE, and AE was found to be
useful and adequate [27]. For the cracking mode classifi-
cation, two AE parameters of the RA and AF values are
widely employed [21, 28–33]. Ohno and Ohtsu [28] applied
this classification method to the four-point bending test of
concrete and compared it with the results of a signal-based
method. Aggelis [29] applied different AE parameters such
as AF, RA, and energy to analyze fracture modes of con-
crete under bending, showing that this method can ef-
fectively analyze the fracture behavior of brittle materials.
Liu et al. [30] found that the tensile crack is more intensive
than the shear crack in the rock fracture process between
dry and saturated specimens. According to the RA-AF
distribution, Liu et al. [21] showed that tensile cracking
gradually becomes the dominant fracture mode with the
increase of strain rate. He et al. [31] revealed that tension
cracks are the majority during the unloading of the rock-
burst test, and the number of cracks in the rock decreases
obviously with the decrease of unloading rate. Zhang et al.
[32] identified the crack type of the key signal of acoustic
emission during the granite’s uniaxial compression test.
Zhang and Deng [33] proposed a new method for deter-
mining the transition line for crack classification in AE
parameter analysis.

*e above studies have enhanced the understanding of
AE signals accompanying rock fracture. However, under-
standing the mechanical properties and fracture patterns of
rock is problematic, especially for engineering rock mass
under complex stress conditions [34].*e AE techniquemay
be a reasonable attempt to carry out experimental research
on fracture mode and crack propagation of the same rock
under different stresses.

*e analyses presented here are based on applying the
AE technique to characterize the fracture patterns and crack
propagation in sandstone subjected to tensile tests, shear
tests, and uniaxial compression tests. *e AE signals of rock
failure under different stresses were obtained in the tests.*e
characteristic indicators of the rock fracture pattern in the
AE time-domain parameters were selected to thoroughly
investigate the intrinsic relations between the AE signal and
the fracture pattern and crack propagation. *is work en-
riches the literature on the characterization of the rock
fracture process by AE signal.

2. Experimental Setup

2.1. Specimen Preparation. In the experiment, three sizes of
specimens were used to study the fracture pattern and crack
propagation of sandstone under different stress conditions.
*ere are different rock tensile test methods, including direct
tensile test, Brazilian split test, and other alternative tensile
test methods [35]. *e shape of the direct tensile specimen is
to be of the dog bone shape. *e specimen is not easy to
prepare and is easy to produce stress concentration at the
specimen’s ends. For this, the Brazilian split test method was
used in this study. *e prepared cylindrical disc specimens
each had a diameter of 50mm and a thickness of 25mm.*e
specimens for Brazilian split testing were labelled BT. *e
commonly used rock shear test methods include direct shear
[36] and variable-angle compression-shear (with the angle
varying between 20° and 70°) [37]. *e shape of the direct
tensile specimen is to be of the dog bone shape, which is not
easy to prepare and is easy to produce stress concentration at
the specimen’s ends [36]. So, the Brazilian split test method
was used in this study, and the latter with a preset angle of
60° was used in this study (it will be referred to as preset
angle shear later). *e specimens for preset angle shear
testing were cubes with a side length of 50mm and were
labelled CS. *e cylindrical specimens used in the rock
uniaxial compression tests each had a diameter of 50mm
and a height of 100mm and were labelled UC. Each group
has three specimens, and all specimens were taken from the
rock mass in the same area. *e physical and mechanical
parameters of different specimens are shown in Table 1.

2.2. ExperimentalEquipment. *eBrazilian split tests, preset
angle shear tests, and uniaxial compression tests loading for
all sandstone specimens were facilitated by a SAS-2000
microcomputer-controlled electrohydraulic servo rock
compression-testing machine. *e AE signal was acquired
by a SAEU2S multichannel uniaxial compression detection
system, which was equipped with SR150 high-sensitivity
resonance AE sensors with a resonant frequency of 150 kHz,
as shown in Figure 1. Platform loading was adopted for the
Brazilian split tests [35]; that is, the disc specimen was placed
directly between the bearing plates of the compression-
testingmachine.*e preset angle shear tests were carried out
with the help of an angle-changeable-shear-box device,
which consisted of two inclined moulds with the angle α
between the moulds varying between 20° and 70° (60° in this

2 Advances in Civil Engineering



study). To measure the strain in the uniaxial compression
tests, the deformation in the specimen during the loading
process was acquired using a special rock extensometer
equipped with the loading system.

2.3. Experimental Procedure. During the tests, a specimen
was placed on the compression-testing machine and
preloaded to 1 kN so that the specimen was in full contact
with the bearing plates; then the AE signal acquisition
system was set up with a sampling frequency of 1000 kHz, a
sampling length (number of points) of 2048, a preamplifier
gain of 40 dB, and a threshold value of 40 dB. An appro-
priate amount of acoustic coupling agent was applied on
the contact surface between the AE sensor and the spec-
imen, and the contact points were symmetrically placed on
the side surfaces of the specimen. *e sensitivity of each
sampling channel was tested by the pencil lead break
method to ensure the smooth acquisition of AE signals.
*e loading system of the compression-testing machine
and AE acquisition system were synchronized, and the test
was started with axial equal displacement control.

Generally, the tensile strength of rock is relatively low.
With the same loading rate, the loading time of rock in
Brazilian split tests is short, and the AE signal obtained is
less, which is not conducive to subsequent comparative
analysis. *erefore, a lower loading rate was adopted for
Brazilian split tests. *e loading rate was 0.05mm/min for
the Brazilian split tests and 0.1mm/min for both the preset
angle shear and uniaxial compression tests. *e specimen
was loaded to complete failure. *e test results are shown
in Table 1, and the failure modes of the specimen are
shown in Figure 2.

3. Results

3.1. RA-AF Indicators and Fracture Patterns. Rock under
loading can have two main types of fracture patterns, i.e.,
tensile fracture and shear fracture, and different fracture
patterns induce AE signals with fixed characteristics [38],
which are often regarded as an effective way to reflect the
type of crack. *e AE signal indicators, RA and AF, are
defined as [28, 29]

Table 1: Basic physical and mechanical parameters of sandstone.

Experimental mode Specimen number Specimen size4 (mm) Mass (g)
Strength (MPa)

Tensile Shear Uniaxial compressive

Brazilian split1
BT-1 D49.20×T25.70 113.50 3.20 – –
BT-2 D49.10×T25.70 112.00 2.65 – –
BT-3 D49.10×T25.70 110.80 3.07 – –

Preset angle shear2
CS-1 L50.60×W50.20×H50.20 297.40 – 23.21 –
CS-2 L50.50×W50.50×H50.24 300.00 – 19.79 –
CS-3 L50.54×W50.50×H50.50 300.40 – 19.33 –

Uniaxial compression3
UC-1 D49.10×H100.74 439.40 – – 79.56
UC-2 D49.02×H100.86 439.60 – – 91.64
UC-3 D49.10×H100.48 440.40 – – 84.99

1*e average tensile strength is 2.97MPa. 2*e average shear strength is 20.78MPa. 3*e average uniaxial compressive strength is 85.40MPa. 4Specimen size,
D is diameter; T is thickness; L is Length; W is width; H is height.

(a)

(b)
(c)

(d)

(d1)

(d2)

(d3)

Figure 1: *e experimental system. (a) SAS-2000 rock compression-testing machine. (b) Loading control system. (c) Acoustic emission
(AE) monitoring system. (d1) Brazilian split. (d2) Preset angle shear. (d3) Uniaxial compression.
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RA �
risetime
amplitude

, (1)

AF �
counts
duration

, (2)

where RA is the ratio of rise time to the amplitude, ms/V,
and AF is the ratio of the hit count to duration, kHz.

*e RA-AF distribution can be used to characterize the
crack type in the material. Research has shown that the
microfractures within rock materials can excite two types of
waveforms, longitudinal and transverse [21, 24, 33, 39]. *e
energy generated by tensile cracks is mainly stored in the
longitudinal waves. Because a longitudinal wave propagates
faster than a transverse wave, the main energy (the maxi-
mum amplitude) arrives earlier, resulting in a shorter rise
time and thus a smaller RA value. In contrast, the energy
generated by shear cracks is stored mainly in the transverse
waves, and the main energy (the maximum amplitude)
arrives much later than that of the longitudinal wave,
causing the rise time to increase and resulting in a larger RA
value. *e AF value has a physical significance of average
frequency; the signals produced by tensile cracks tend to
have a relatively high frequency, while those produced by
shear cracks are the opposite. *erefore, an AE signal with
high AF and low RA values represents the initiation and
development of tensile cracks, while an AE signal with high
RA and low AF values represents the initiation and devel-
opment of shear cracks [21, 24, 31, 40]. *e schematic di-
agram of the AE signal time-domain parameters and crack
classification are shown in Figure 3. As shown in Figure 3(b),
in the yellow region, AF value>RA value, indicating tensile
cracks; and in the blue region, RA value>AF value, indi-
cating shear cracks.

3.2. Fracture Pattern Analysis of Sandstone under Brazilian
Tensile. *e values of RA and AF for the sandstone speci-
mens under Brazilian split test are calculated according to
formulas (1) and (2), respectively, and plotted on an RA-AF
scatter plot. To quantitatively describe the fracture patterns
and crack types of the rock under different stress modes, the
distribution region of RA-AF scatter points is divided into a
microgrid based on the mathematical concept of areal
density statistics, and the number of scatter points in each
microgrid area is counted. *e statistical results are [0, 1]-
normalized to obtain the RA-AF scatter point density dis-
tribution map. Figure 4 shows the calculation results for
specimen failure under the Brazilian tensile test. *e right
side of Figure 4 is the [0-1]-normalized density color bar,
where the color varies from blue at the bottom to red at the
top. Correspondingly, the value varies in the range of [0, 1],
with 0 for blue, representing the sparsest location of density,
and 1 for red, representing the location with the highest
density. Each RA-AF scatter data point is color-coded, and
thus, the corresponding areal density can be characterized in
reference to the normalized density color bar on the right
side.

Figure 4 shows that the sandstone failure under the
Brazilian split test exhibits a dark red color representing the
core region of the RA-AF distribution, which is mainly
concentrated in the tensile crack region. In this region, the
RA-AF is densely distributed, with a large orange region (the
normalized density above 0.6). In the shear crack region, the
scatter point data are relatively sparse and relatively dis-
cretely distributed, with a large number of blue-colored,
independent data points (the normalized density below 0.4).
*is comparison indicates that the proportion of tensile
cracks is much higher than that of shear cracks for sandstone
failure in the Brazilian split test.

Figure 2: *e failure mode of sandstone.
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3.3. Fracture PatternAnalysis of Sandstone under Preset Angle
Shear. *e RA-AF scatter point density distribution map
corresponding to the specimen failure under preset angle
shear is obtained using the same calculation and repre-
sentation method, as shown in Figure 5.

Figure 5 shows that, for sandstone failure under preset
angle shear, RA-AF is continuously and uniformly dis-
tributed, and there is significant color gradation in the
density present in the tensile crack region and shear crack
region to varying degrees. However, the core region of the
RA-AF distribution, as represented by dark red, is mainly
discretely distributed in the shear crack region. In this re-
gion, the number of shear cracks is much higher than that of
tensile cracks in the region of any color representing the
density. *is shows that the proportion of shear cracks is

much larger than that of tensile cracks under preset angle
shear with a preset angle of 60°. When the angle changes, the
fracture mode will change [41], which needs further study.

Figures 4 and 5 show the fracture patterns and crack
types of sandstone under two different stress modes, both of
which are consistent with the theoretical analysis and actual
fracture results [29, 31], indicating that it is effective to use
the RA-AF indicator to analyze the rock fracture pattern.

3.4. Fracture Pattern Analysis of Sandstone under Uniaxial
Compression. Figure 6 shows a sketch of the failure state and
main crack distribution of sandstone under uniaxial com-
pression. Specimens UC-1 and UC-2 exhibited X-shaped
shear failure along conjugate inclined planes, and specimen
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Figure 3: Schematic of AE time-domain parameters and crack classification. (a) AE time-domain parameters. (b) Crack classification.
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UC-3 exhibited shear failure on a single inclined plane.
Considering the axial stress-strain curve of sandstone under
uniaxial compression loading (Figure 7), the rock defor-
mation process is divided into five stages [13], which are
successively the compaction of pores and fissures (OA, stage
I), elastic deformation (AB, stage II), steady development of
microcracks (BC, stage III), unsteady development of
fractures (CD, stage IV), and postfailure (after point D, stage
V), as shown in Figure 7.

To reveal the fracture pattern and crack type of sand-
stone under uniaxial compression loading at different de-
formation stages, the evolution of the RA-AF scatter point
density distribution at various stages of specimens UC-1 and
UC-3, which are used as examples, is plotted in Figure 8.

In stage I, overall, the RA values are high, and the AF
values are low; the dark red colored region representing the
core RA-AF distribution is mainly concentrated in the
tensile crack region, while, in the orange area representing
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Figure 6: Sketch of sandstone failure characteristics and main crack distribution under uniaxial compression. (a) UC-1. (b) UC-2. (c) UC-3.
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Figure 8: Continued.
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Figure 8: Evolution diagram of RA-AF scatter density distribution of sandstone under uniaxial compression: (a) Stage I of specimen UC-1.
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high density, the proportion of shear cracks is significantly
larger than that of tensile cracks, indicating that, in the pore
and fissure compaction stage, a certain amount of tensile
failure is generated in the sandstone, but the failure mode is
still dominated by shear failure.

In stage II, the sandstone enters a linear elastic stage; in
this stage, due to the end of compaction and closure of
primary pores and fissures, the red area characterizing the
core density distribution in the tensile crack region no longer
increases, and the tensile failure is reduced to some extent.

In stage III, the sandstone gradually yields and ap-
proaches failure under increasing loading; the RA-AF scatter
points show a clear trend of expansion in both the tensile
crack regions and the shear crack region. Especially in the
shear crack region, the RA values of scatter points show a
clear increasing tendency, and several discrete red spots
appear on the orange area. It should be noted that the red
spots for specimen UC-1 are accompanied by a few yellow
spots, while there are only red spots for specimen UC-3, and
specimen UC-1 has significantly more red spots than
specimen UC-3. It is indicated that, under high stress, in-
ternal cracks develop in the rock in a complex manner, but
the failure mode is still dominated by shear failure, and the
extent of damage caused by shear failure in specimen UC-1
is significantly higher than that in specimen UC-3.

In stage IV, the main failure plane of sandstone is
gradually formed, and there is a more significant trend of
RA-AF scatter point expansion. For specimen UC-1, both
the orange area and the number of discrete red spots in the
shear crack region increase, and the yellow spots disappear,
while, for specimen UC-2, more red spots appear at the
lower edge of the orange area. *ere are significantly more
discrete blue points in both specimens than in the previous
phase, indicating that, due to the aggravation of the unsteady
fracture within the specimen, cracks propagate and coalesce
with each other, rapidly approaching the shear failure plane.

In stage V, the trend of the RA-AF distribution char-
acteristics of specimens UC-1 and UC-3 is further
strengthened. In the shear crack region, the red spots of
specimen UC-1 tend to be uniformly distributed, while more
red spots appear on the upper edge of the orange area of
specimen UC-3, and the red spots tend to be continuously
distributed, eventually leading to instability and failure of the
sandstone and forming a typical shear failure mode with a
notable main crack. *e failure modes of specimens UC-1
and UC-3 are shear failure along X-shaped conjugate in-
clined planes and on a single plane, respectively.

4. Discussion

To further quantitatively analyze the correspondence be-
tween the two fracture modes and rock damage, first, the
data points where AF value>RA value and the data points
where RA value>AF value, which correspond to tensile
fractures and shear fractures, respectively, are selected based
on the relative magnitudes of RA-AF values. *en, the time
of occurrence of each data point is recorded. Next, the
number of tensile or shear fractures events per unit time (1 s)
is counted. Finally, the evolutionary characteristics of the

number of cumulative events of tensile and shear fractures
under different stress modes are analyzed. In view of the
small amount of shear and tensile fractures produced by the
Brazilian split tests and the preset angle shear tests, only the
evolutionary characteristics of tensile fractures in the Bra-
zilian split tests (using specimen BT-1 as an example) and
the shear fracture in the preset angle shear tests (using
specimen CS-2 as an example) as well as the evolutionary
characteristics of the tensile fracture and shear fracture in the
uniaxial compression tests (using specimen UC-1 as an
example) are analyzed. *e results are shown in Figure 9.

As seen from Figure 9(a), for the sandstone in the
Brazilian split tests, the tensile fracture event rate is ex-
tremely low in the early stage of the tests, corresponding to
the linear elastic deformation stage of the rock, when the
stress increases at a fast rate. Subsequently, cracks begin to
initiate and develop, the rate of stress increase is weakened
significantly, the variation in the tensile fracture event rate is
characterized by alternating high and low values, and the
number of cumulative events increases at a fixed slope and
with fluctuations. When the main failure occurs, the stress
value of the specimen drops instantaneously, and the var-
iations in the tensile fracture event rate and the cumulative
event number both stop.

It can be seen from Figure 9(b) that, for sandstone failure
under preset angle shear, the shear fracture event rate is low
in the early stage of the test. As the stress in the specimen
increases, the shear fracture event rate and the cumulative
event number show a synchronous increase. After the
specimen reaches the peak stress, the shear fracture event
rate decreases to some extent, and the increase rate of the
cumulative event number decreases. *at is, the same
fracture mode always increases continuously until the
specimen completely fails for the sandstone in the Brazilian
split tests and the preset angle shear tests.

Figures 9(c) and 9(d) show that, for sandstone failure
under uniaxial compression, the variation trends of the two
fracture modes are synchronous, showing the characteristics
of synchronized alternating decreases and increases. How-
ever, at any moment of time, the number of shear fracture
events is far greater than the number of the tensile cracks; the
curve of the tensile fracture and shear fracture cumulative
event number is “gentle” in the early stage, “steady” in the
middle stage, “steep” in the late stage, and “flat” in the end
stage. *e occurrence of these characteristics is explained as
follows. As the specimen starts to be subjected to com-
pression, the primary pores and microfissures within the
specimen are rapidly compacted and closed under loading.
*is process results in high numbers of both types of cracks
at the beginning of the test, corresponding to the com-
paction of the pores and fissures to elastic deformation
(section OB in Figure 7), i.e., “gentle” in the early stage. As
the loading increases, the process of compaction and closure
of the primary pore and microfissures under compression
ends, and the specimen enters a linear deformation stage.
While new cracks initiate in the specimen, the specimen
constantly resists the ductile development of these cracks, so
both types of event rate decrease significantly, which cor-
responds to the steady development of elastic microcracks
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(section BC in Figure 7), i.e., “steady” in the middle stage. As
the loading continues to increase, the cracks in the specimen
gradually accumulate to a sufficient number enabling
qualitative change, and the specimen begins to transition to
the stage of unsteady fracture development, causing further
development of the ductile fracture of both types of cracks.
*erefore, tensile cracks and shear cracks rapidly propagate,
approaching the shear fracture plane. Mutual propagation
and coalescence between cracks become increasingly active,
and the number of cracks increases rapidly. Hence, both
types of event rates remain at a high level, and the cumu-
lative event number curve rises steeply, corresponding to the
unsteady development of fractures (section CD in Figure 7),
i.e., “steep” in the late stage. After the peak stress is reached,

shear cracks are formed, and the two types of event rate
curve decrease, causing a “flat” stage in the cumulative event
number curve that corresponds to the portion of the curve
after point D, that is, when the specimen completely fails.

5. Conclusions

(1) Analysis of the distribution of the RA-AF indicator
values of the AE signal shows that, for sandstone
under both Brazilian split tests and preset angle shear
tests, a certain number of tensile cracks or shear
cracks are generated, and both types of cracks ac-
company the whole process of rock damage and
failure. However, the type and number of cracks are
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Figure 9: Evolution characteristics of AE fractures mode event number and cumulative event rate. (a) Brazilian split (specimen BT-1). (b)
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correlated with the fracture mode formed in the
rock. *at is, tensile fractures are dominant under
Brazilian split test, while shear fractures are domi-
nant under preset angle shear test.

(2) For sandstone failure under uniaxial compression,
the fracture mode is dominated by shear fractures,
and the evolutionary characteristics of shear frac-
tures and tensile fractures are synchronous. *e
development of cracks is complicated from the stage
of steady development of microcracks, and the crack
development is different in different specimens,
which eventually leads to different failure modes.*e
type of cracks formed can provide positive feedback
to the RA-AF distribution. *e corresponding cu-
mulative event rate is characterized by synchronized
alternating decreases or increases, and the cumula-
tive event number increases, exhibiting significant
differences among stages that can correspond to
various stages of rock damage and deformation.

(3) Based on the RA-AF distribution and its event rate,
the fracture pattern of the rock can be effectively
analyzed, which is consistent with the actual failure
state of the rock, and can reveal the fracture pattern
as well as crack propagation and evolutionary pro-
cess of the rock to some extent.
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To reveal the effect of confining pressure on themechanical properties and rupturemodes of quartz-bearing shale, the shale core of
the no. 3 block of Fenggang, Guizhou Province, China, was analyzed by nuclear magnetic resonance, polarized light microscope
thin section observation and identification, and core X-ray whole-rock minerals diffraction analysis to determine the distribution
of shale minerals in the Niutitang Formation. On the microscale, based on digital image processing technology, this paper
characterizes the nonuniformity of minerals in shale, a numerical model that can reflect the true microstructure of shale.,en, the
failure process of shale under different confining pressures was simulated. ,e results show that when the shale is loaded with
vertical displacement under different confining pressures, the compressive strength and elastic modulus of the sample change
significantly. ,e failure mode can be roughly divided into three types: the inverted V-shaped (0MPa, 2MPa, and 4MPa),
V-shaped (6MPa and 8MPa), and inverted Z-shaped (10MPa). Since the development of fractal theory provides a new space for
studying the damage and fracture of rocks, the damage evolution and failure process of shale can also be regarded as the fractal
process of cracks, in which the fractal dimension is the core parameter.,e calculation is different under different stress levels.,e
fractal dimension under the condition of confining pressure shows that the value of the fractal dimension is greatly affected by the
effect of confining pressure.When the fractal dimension is higher, the fracturemode is more complicated, and the internal damage
degree is more serious. ,e research results provide important theoretical guidance for shale gas fracturing production.

1. Introduction

In recent years, with the continuous consumption of con-
ventional oil and gas, the supply and demand of oil and gas
have become a global concern. However, the development of
unconventional energy can make up for supply shortage
[1, 2]. As a clean and efficient unconventional natural gas
resource, shale gas has received increasing attention around
the world as it has potential for sustainable development
[3–7]. At present, countries in the world are increasing the
exploration, exploitation, production, and utilization of
shale gas. China’s shale gas resources are very rich, and the

potential for the development and utilization of these re-
sources is huge [8]. ,e recoverable shale gas resources are
3.6×1013m3, slightly higher than the United States and the
largest in the world. ,e prospects for exploitation are very
broad [9–13]. ,e shale reservoir has ultralow porosity and
low matrix permeability, which led to great difficulties and
challenges to its effective exploitation. To realize commercial
shale gas mining, artificial cracks must be created through
large-scale hydraulic fracturing technology [14–19]. ,ere-
fore, the study of the mechanical properties and fracture
modes of shale is of great significance to shale gas fracturing.
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To better understand the mechanical properties and
fracture modes of shale, a large number of scholars have
conducted research and obtained many valuable results.
Jiang et al. [20] studied uniaxial compression tests, triaxial
compression tests, and wave velocity determination tests.
,e research results show that the confining pressure and
burial depth have significant effects on the mechanical
properties, failure rules, and physical properties of shale.
Mousavi et al. [21] studied the anisotropic mechanical be-
haviour of shale samples using the Brazilian disk test and
proposed a model to simulate the crack propagation, the
failure model of heterogeneous layered shale by calculating
the tensile strength and fracture toughness of the samples.
Wu et al. [22] used the RFPA2D software to perform a
uniaxial compression numerical simulation of shale with
calcite veins. ,e experiment showed that the compressive
strength and elastic modulus under different directions
showed significant anisotropy and that the destructionmode
had a large impact. Liu et al. [23] conducted a triaxial
mechanical test study of Silurian Longmaxi Formation shale
samples under different confining pressures and the same
strain rate. ,ey revealed that the confining pressure and
strain rate have a significant impact on the elastic modulus
and failure modes of the isomechanical properties of shale.
Duan et al. [24] obtained CT images under different stress
levels by performing uniaxial compression tests on Long-
maxi shale, which quantitatively characterized the evolution
process of internal cracks in shale. Chuanliang et al. [25]
performed an indoor uniaxial compression test, which
showed that the mechanical characteristics of shale changed
with axial stress and the coring angle along the plane. ,e
research also proposed and verified a strength failure cri-
terion for shale. Heng et al. [26] evaluated the anisotropy of
shear strength by conducting direct shear tests with different
shear angles on bedding-developed shale samples and used
the test data to derive the expression of the shear stress
concentration factor.

In view of the research on the mechanical properties and
failure modes of shale, and although scholars at home and
abroad have performed much research and have reported
many rich results, researchers have mainly focused on the
macroscale failure of shale but have rarely considered the
failure problems caused by the nonuniformity of microscale
materials and the nonuniformity of stress in shale. ,e
spatial distribution of minerals in shale is irregular. ,e
macromechanical properties cannot fully reflect the influ-
ence of shale’s microscale heterogeneity on its microfracture
evolution. It is difficult to reveal its microfracture
mechanism.

Taking the shale gas comprehensive exploration test area
in Guizhou, southern China, as an example, the shale cores
of the Niutitang Formation in FC-1 well that have been
drilled in the area have been tested and analyzed by nuclear
magnetic resonance and polarized optical microscopy ob-
servations and cores. X-ray whole-rock mineral diffraction
analysis found that the shale contains many quartz minerals.
As a common brittle mineral, quartz has an important in-
fluence on the failure mechanism and brittleness evaluation
of shale. Combining digital image processing technology

with the rock failure process analysis system RFPA2D, this
paper establishes a numerical model of shale containing
quartz filling which can reflect the true microstructure of the
material to simulate the failure process of shale samples
under different loading conditions. We further studied the
effect of confining pressure on the strength, deformation,
and fracture mode of shale. Combined with the basis of
fractal theory, fractal dimension is used to quantitatively
analyze the damage of shale microcracks.,is study not only
provides a reference for revealing the microfracture
mechanism of shale, in the process of hydraulic fracturing on
marine and continental shale in South China, but also
provides an important theoretical support for guiding the
exploration and exploitation of deep shale gas resources.

2. Geological Structure Characteristics

,e no. 3 block of Fenggang is a comprehensive exploration
and gas testing area in the northern Guizhou Province,
South China, including the Fenggang and Meitan admin-
istrative areas, covering an area of 1167.49 km2. ,e no. 3
block of Fenggang is located at the intersection of the North-
South structural belt, the North-Northeast structural belt,
and the North-East structural belt of the Sichuan and
Guizhou Provinces. ,e terrain of the no.3 block in the
northwest is relatively high. While the terrain in the
southeast is relatively low, the terrain is undulating, and the
landform type is relatively complex [27] (Figure 1).

,is area is located in the upper Yangtze platform area
from the tectonic point of view and is consistent with the
evolution of the Yangtze platform from the perspective of
evolution characteristics. ,e area experienced the Xuefeng
period, the early-Central Caledonian movement, the late
Caledonian period, the Hexi period, the Indosinian period,
the Yanshan period, and the Xishan period. Multiphase
tectonic movements were superimposed, resulting in rela-
tively complex and changeable structural shapes in the study
area. Among them, the Yanshanian movement laid the basic
pattern of the current structure, while the Himalayan period
transformed and superimposed the Yanshanian period
[28, 29].

3. Materials and Methods

3.1. Basic Information of Tested Samples. ,e lower Cam-
brian shale core in the study area is mainly taken from well
FC-1, and the structural location lies in the northeast flank of
the Fengyan anticline, at the Fenggang north-north-east
structural deformation zone of the Zunyi fault-protrusion,
located in the North Guizhou platform uplift of the Yangtze
quasi-platform. ,e geological design of the well is a vertical
coring well, with a design depth of 2515.00m and a completed
drilling depth of 2585.00m, including a filling height of 6m.
,e target layer for drilling is the lower Cambrian Niutitang
Formation, with a stratum thickness of 102m. ,e NMR test
analysis of the rock samples in the FC-1 well revealed that a
large number of nanoscale pores developed in the shale of the
Niutitang Formation.,e pore throats of the shale are mainly
distributed between 0 and 0.1 μm, including nanopores,
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although there are also a few micropores. ,e pore size
distribution of shale is mainly between 0.001 μm∼0.01 μm and
0.01–0.4 μm, indicating that the shale pores in the study area
are mainly nanopores, as shown in Figure 2 below.

,e shale core samples of this stratum were selected for
observation and identification by optical microslices and
X-ray whole-rock mineral diffraction analysis (and clay
mineral analysis). First, placing the shale core thin slices
under a polarizing microscope for observation and identi-
fication allowed clear identification of the microstructural
characteristics of the fracture. It was found that the fracture
was highly filled and contained a large amount of quartz
minerals (Figure 3). Second, several groups of shale cores
were selected for X-ray diffraction analysis of whole-rock
minerals (Figure 4). ,e instrument model used was X’pert
Powder.,e analysis results show that the brittle minerals in
the reservoir are relatively high, mainly including quartz,
feldspar, pyrite, and calcite. Among them, shale brittle
minerals are mainly quartz and feldspar, with a content of
45%–89% and an average of 78%. ,e overall content of
calcite and iron ore is low, with an average content of 15%,
and clay minerals are relatively low, with an average content
of 15% (Figure 5) [27].,e shale with brittle mineral content
is prone to form a staggered fracture network during
fracturing, and higher shale gas production can be obtained
during the mining process. Finally, further analysis of the
clay minerals (Figure 6) found mainly illite (with an average
content of 87%), which is clay mineral that contains a large
number of pores, providing storage space for shale gas.

3.2. Numerical SimulationMethod of the Shale Failure Process

3.2.1. Characterization of Shale Microstructure
Heterogeneity. In digital image processing, the image as a
kind of information resource can effectively reflect the

microscale inside the shale through different grey levels and
colours. Digital image processing technology selects ap-
propriate colour space for image segmentation according to
the characteristics of different images and colours. Gener-
ally, two colour spaces are used, namely, the GRB colour
space and the HIS colour space, and shale images are mostly
grayscale images, and the HIS colour space is chosen for
image segmentation [22, 30].

First, digital image processing technology was used to
characterize the heterogeneity of mineral components in
shale and to classify the microscopic medium inside the
shale. Figure 7 is an image obtained by observing a shale core
slice under a polarized optical microscope.,e image format
is a commonly used 24 BMP bitmap. In Figure 7(a), the black
represents the shale matrix, and the white represents the
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quartz mineral. ,e segmentation threshold is determined
by analyzing the I value change rule on the scan line AA’.,e
AA′ scan line passes through the mineral medium and the
curve in Figure 7(b). ,e changes are compared. After many
experiments and observations, the value of “I” on the shale
matrix was found to be below 90, and the “I” value of quartz
fluctuates above 90. ,rough repeated trials, “I” finally
chooses “I’”� 90 as the threshold for image segmentation.
,e “I’” value distinguishes the shale matrix and quartz
minerals and determines their geometric shape and spatial
location distribution. Second, Figure 7(c) is the shale

microstructure characterization image obtained after digital
image processing, which is represented by light blue shale
matrix, and light yellow indicates quartz. From the figure, it
can be seen that the processed digital image, the geometric
shape, and spatial distribution of shale and quartz are ac-
curately characterized. Finally, the processed and charac-
terized image was mapped to the finite element grid to
establish a numerical model that can reflect its true
microstructure.

3.2.2. Constitutive Relations of Unit Damage. Using elastic
damage mechanics to analyse the mechanical properties of
the unit at the microscale, the unit was found to be damaged
due to the external force. As the degree of damage increases,
the strength and stiffness of the element gradually decrease,
and the elastic modulus of the damage can be expressed as
[31–33]

E � (1 − ω)E0, (1)

where ω is the damage variable and E0, E are the initial
elastic modulus of the material and the elastic modulus of
the material after damage, respectively.

,e microunit behaves elastically in the initial stress
state, and its mechanical properties can be reflected by
parameters such as the elastic modulus and Poisson’s ratio.
Due to the increasing stress on the microunit, when the
damage threshold criterion is reached, the unit is damaged.
,e damage threshold criterion referred to here is divided
into two types: the tensile criterion and the Mohr-Coulomb
strength criterion. When the maximum tensile stress suf-
fered by the element is greater than the extreme value of the
tensile strength of the material, the element begins to
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Figure 3: ,in slice of shale core under microscope.
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undergo tensile damage and failure; when the stress state of
the element reaches the Mohr-Coulomb criterion, the ele-
ment also undergoes shear damage and failure. In this case,
the stretching criterion has priority. If the element reaches
the tensile criterion, the Mohr-Coulomb strength criterion
can no longer be used to determine the damage of the el-
ement; only when the tensile strength criterion is not met is
the Mohr-Coulomb strength criterion required [34, 35]. ,e
elastic damage constitutive relationship of the element in the
uniaxial state in themodel is shown in Figures 8 and 9 below.

According to Figure 8, the green line segment is shown
as the stress-strain curve relationship of the unit under
uniaxial tension, and the damage constitutive relationship of
the microunit under uniaxial tension is [36]

ω �

0, εt0 ≤ ε< 0,

1 −
ftr

E0ε
, εtu ≤ ε< εt0,

1, ε≤ εtu,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(2)

where ftr is the residual tensile strength; ftr � λft0 � λE0εt0,
where λ is the residual strength coefficient (0< λ≤ 1); ft0 is
the uniaxial tensile strength; εt0 is the tensile strain corre-
sponding to the elastic limit, also known as the threshold
strain; that is, εt0 � −ft0/E0; and εtu is the tensile strain of the
element, and the element has been completely destroyed at

εtu εt0ε

–ftr

–ft0

σ

0

Figure 8: Constitutive relationship of element elastic loss under
uniaxial tensile stress.

εc0 ε
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fcr

σ
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Figure 9: Constitutive relationship of element elastic loss under
uniaxial compressive stress.
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this time. Formula (2) is further transformed to obtain the
following formula [37, 38]:

ω �

0, εt0 ≤ ε< 0,

1 −
λεt0

ε
, εtu ≤ ε< εt0,

1, ε≤ εtu.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

,e above describes the constitutive relationship of the
element under uniaxial tension. When the element is under
multiaxial stress, the mechanical properties of the micro-
element still satisfy the assumption of isotropy and elasticity.
In the multiaxial stress state, when the element meets the
tensile criterion, the equivalent principal strain ε reaches the
threshold strain εt0, and the element is still in tension. ,e
equivalent strain ε is defined as [33, 39]

ε � −

�����������������������

〈 − ε1〉
2

+〈 − ε2〉
2

+〈 − ε3〉
2



, (4)

where ε1, ε2, ε3 are the three principal strains and the ex-
pression of the function 〈∗〉 is

〈x〉 �
x, x≥ 0,

0, x< 0.
 (5)

Substituting the equivalent principal strain ε for the
strain ε in equation (3), the constitutive relationship of the
element under the multiaxial stress state can be derived as

ω �

0, εt0 ≤ ε< 0,

1 −
λεt0

ε
, εtu < ε≤ εt0, 1, ε≤ εtu.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(6)

,e above is the constitutive relationship of the elastic
damage of the microunit under tension. It can be seen from
Figure 9 that the red line segment represents the stress-strain
curve relationship of the element under uniaxial
compression.

To study the damage of the element under compression
or shear stress, the Mohr-Coulomb strength criterion is
selected as the second threshold criterion, and its definition
expression is as follows [40, 41]:

F � σ1 −
1 + sinφ
1 − sinφ

σ3 ≥fc0, (7)

where φ is the internal friction angle of the unit; σ1, σ3
represent large principal stress and small principal stress,
respectively; and fc0 is the uniaxial compressive strength.
When the microscopic element meets the Mohr-Coulomb
strength criterion, the constitutive relationship of the ele-
ment under uniaxial compression can be defined as follows:

ω �

0, 0≤ ε< εc0,

1 −
λεc0

ε
, ε≥ εc0,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(8)

where λ is the residual strength coefficient of the unit, when
the unit is in compression λ � fcr/fc0, and ε0 is the max-
imum compression principal strain of the element; that is,
εc0 � fc0/E0.

When the element is under the condition of multiaxial
stress and the Mohr-Coulomb strength criterion is met, the
element is damaged. Meanwhile, considering the influence
of other principal stresses on the element damage, the ex-
pression of the definition of the element’s maximum
compression principal strain εc0 can be obtained as [34]

εc0 �
1

E0
fc0 +

1 + sinφ
1 − sinφ

σ3 − μ σ1 + σ2(  , (9)

where μ is Poisson’s ratio and fc0 is the uniaxial compressive
strength. To study the evolution of element shear damage,
the maximum compression principal strain ε1 of the element
is used to replace the strain ε in formula (8), which can be
extended to the definition of the constitutive relationship of
element damage under multiaxial stress:

ω �

0, 0≤ ε1 < εc0,

1 −
λεc0

ε1
, ε1 ≥ εc0.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(10)

3.3. Establishment of the Numerical Model. Combining the
characterized image with the finite element calculation
method and using the unit grid mapping method, the image
is divided into many small unit grids, and each small square
grid is regarded as a pixel of the image.,e actual image and
pixel size can be represented by the finite element mesh, and
then the Monte Carlo method is used to evaluate the pa-
rameters of the microelements. After that, we could generate
the virtual microstructure of shale matrix and quartz
minerals to establish a numerical model reflecting the real
situation. At the same time, the nonuniformity coefficient is
introduced into the numerical model, assuming that the
mechanical properties of the shale matrix and quartz
minerals follow a Weibull distribution [42, 43].

φ(a) �
m

a0

a

a0
 

m−1

exp −
a

a0
 

m

 , (11)

where m is the nonuniformity coefficient of the material and
reflects the homogeneity of the shale material. When m is
larger, it indicates that the mechanical properties of the
material are more uniform. Alternatively, when m is smaller,
it indicates that the mechanical properties of the material are
more uneven. a represents the mechanical property pa-
rameters of the microunits, such as strength, Poisson’s ratio,
and elastic modulus. a0 is the average value of the me-
chanical property parameters of the microunit. φ(a) is a
function of the statistical distribution density of the me-
chanical parameters of the microunits.

By magnifying a small part of the numerical model in
Figure 10(a) and transforming it into a cell grid in
Figure 10(b), the whole model is divided into 10 × 10 cells,
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where each cell size is 0.33 × 0.33 mm2. To eliminate the grid
effect on crack growth, regular square cells are used here.,e
brighter the colour in the figure, the greater the elastic
modulus; the darker the colour, the smaller the elastic
modulus. ,e material mechanical parameters of the shale
matrix and quartz are shown in Table 1 [22, 44].

To study the influence of the shale microstructure on its
fracture, based on the combination of digital image pro-
cessing technology and the rock real fracture process
analysis software RFPA2D-DIP, the six groups of quartz-
bearing shale with confining pressures Q of 0MPa, 2MPa,
4MPa, 6MPa, 8MPa, and 10MPa were tested.,is problem
is converted into a plane strain problem using a displace-
ment-controlled loading method. ,e initial loading value s

is 0.001mm, and the loading amount per step Δs is
0.002mm. ,e test is stopped until the model is completely
destroyed. ,e schematic diagram of the model loading is
shown in Figure 11.

4. Test Results

4.1. Mechanical Properties of Shale under the Confining
Pressure Effect. ,e stress-strain curves of shale samples
under different confining pressures are shown in Figure 12.
,e abscissa in the figure represents the strain, and the
ordinate represents the stress. It can be clearly seen that, with
the increase of confining pressure, the peak strength and
residual strength also increase. Reflecting the significant
confining pressure effect, which is consistent with the results
of the general test, shale containing quartz minerals mainly
exhibits elastic brittle failure. ,e stress value of the sample
undergoes changes in different stages with the increase of
strain, which can be roughly divided into three stages: linear
growth stage, postpeak softening stage, and gentle stage.
First, there was no obvious compaction stage because, in the
numerical test, when the boundary conditions were set, the
load in Y direction was loaded by displacement and the
initial value was 0.001mm, which led to a curve that did not
pass the origin at the beginning, different from the con-
ventional stress-strain curve. Second, the nonlinear per-
formance before the peak is not obvious, the curve shows a
linear growth stage, and the confining pressure curves ba-
sically overlap. When the peak strength is reached, with the

continuous loading of displacement, the specimen is un-
stable and damaged, and the internal stress is released.
However, the load-bearing capacity is not completely lost,
and the curve drops sharply, which is the postpeak softening
stage. As the confining pressure increases, the drop becomes
smaller, which is mainly caused by the confining pressure
effect. Finally, the curve shows a gentle stage, and the stress
release tends to be stable. It is worth noting that, under a low
confining pressure (0MPa and 2MPa), when the peak
strength is reached, the curve has the largest steep drop and
the curve experiences multiple stress drops, showing the
characteristics of gradual energy release. According to
classical elastoplastic mechanics, the calculation formulas
for the compressive strength and elastic modulus of the shale
specimens are as follows:

σc �
Pc

A
, (12)

where Pc is the maximum compressive load when the shale
specimen fails and A is the cross-sectional area of the
specimen.

E �
σc

ε
. (13)

According to formulas (12) and (13), the summary re-
sults of the shale compressive strength and elastic modulus
can be obtained in Table 2.

Figure 13 is a graph showing the change trend of the
compressive strength and elastic modulus of shale under
different confining pressures. In the figure, the abscissa
indicates the confining pressure, the left side of the ordinate
indicates the compressive strength, and the right side of the
ordinate indicates the elastic modulus. It can be seen from
the figure that the confining pressure effect shows obvious
changes in compressive strength and deformability. When
the confining pressure is equal to 0MPa, the compressive
strength is the smallest, 85.82MPa. When the confining
pressure reaches 10MPa, the compressive strength is the
largest, 153.66MPa, and the difference between the maxi-
mum value and the minimum value is 67.84MPa. When the
confining pressure is equal to 6MPa, the elastic modulus is
the smallest, 51.84GPa.When there is no confining pressure,
the elastic modulus is the largest, 53.24GPa, and the
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Figure 10: Numerical model and grid after shale transformation.
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difference between the maximum elastic modulus and
minimum elastic modulus is 1.4GPa. Among them, due to
the increase in the confining pressure, the compressive
strength increases approximately linearly. ,e confining
pressure increased from 0MPa to 2MPa. At this time, the

slope of the curve is the largest and is approximately 45° from
the horizontal axis, but the elastic modulus decreases. From
2MPa to 10MPa, the slope is basically the same, but the
elastic modulus tends to increase first, then decrease, and,
finally, gradually increase. ,e reason for this is mainly due

Table 1: Mechanical parameters of shale matrix and quartz minerals.

Material Elastic modulus (GPa) Compressive strength (MPa) Poisson’s ratio Pull ratio Internal friction angle (°)
Shale 51.6 145 0.22 14 35
Quartz 96 373 0.08 15 60

S0 ΔS`

(a)

S0 ΔS`

Q Q

(b)

Figure 11: Model loading diagram.
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to the heterogeneity of the internal microstructure in shale,
which results in different stress concentrations under dif-
ferent confining pressure loading. As a result, the inducing
microscopic and small element damage then gradually
transitions to the macroscopic damage, which fully shows
that the mechanical parameters of shale are greatly affected
by the confining pressure effect.

4.2. Fracture Damage Evolution Process of Shale under the
Confining Pressure Effect. In the evolution process of shale
fracture damage under different confining pressure loading,
when the stress intensity reaches the peak, the sample
fractures. ,e fracture mode and corresponding acoustic
emission diagram are shown in Figure 14. It can be seen
from the figure that when the confining pressure is 0MPa,
the cracks start from the relatively concentrated position of
the upper quartz minerals, approximately at an angle of 45°.
After, it extending to both ends, and the cracks gradually
expand until the instability shows an inverted V-shaped
failure. When the confining pressure is 2MPa, the cracks
rupture along the angle of 60° from the left side of the shale,
where the quartz minerals are concentrated. Soon after,

sample results in obvious cracks, which continue to extend
to both ends, bifurcating to produce many small cracks, and
show an inverted V-shaped failure finally. When the con-
fining pressure is 4MPa, a small crack will be generated from
the middle part of the quartz mineral concentration area on
the left along the angle of 45°, which will continue to expand
to the two ends, then penetrate the entire sample, and finally
show an inverted V-shaped failure. When the confining
pressure is 6MPa, the cracks start from the quartz-con-
centrated area in the middle of the shale. At the same time,
small cracks also occur at the upper left end, and the cracks
propagate downwards until the instability failure presents a
V-shaped failure. When the confining pressure is 8MPa, the
cracks first cracked from the quartz concentration area at the
bottom of the shale, producing two small cracks, each
extending along an angle of 45° at both ends, and finally the
damage appeared in an inverted V shape. When the con-
fining pressure is 10MPa, the cracks also start to crack along
the bottom, then continue to expand to both ends, and fi-
nally show a Z-shaped failure. In summary, due to the
different stratum depths of shale, the confining pressure
effect exists, which effectively limits the development of
small microcracks. In addition, shale mineral components

Table 2: Statistics of numerical calculation results of elastic modulus and compressive strength of shale.

Confining pressure (MPa) Elastic modulus (GPa) Compressive strength (MPa)
0 53.24 85.82
2 52.06 117.13
4 52.32 129.22
6 51.84 139.45
8 52.44 146.29
10 52.80 153.66
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usually contain quartz, which is a brittle mineral with a weak
structure and uneven distribution. It is affected by the
mechanical parameters of the shale sample, and cracks occur
first during the loading process. ,erefore, the failure modes
of shale under different confining pressures can be sum-
marized into three types: inverted V-shaped (0MPa, 2MPa,
and 4MPa), V-shaped (6MPa and 8MPa), and inverted Z-
shaped (10MPa).

It can be seen from Figure 14 that different fracture
modes are also different from the corresponding acoustic
emission. In the figure, red indicates that the unit has tensile
damage at the current loading step, yellow indicates that the
unit has compression shear damage at the current loading
step, and black indicates that the unit has been completely
damaged at the current loading step. From the microscopic
point of view, at low confining pressures (0MPa and 2MPa),
the failure of the specimen is mainly due to the coupling of
tensile and shear failure. ,e unit failure is mainly due to the
tensile damage (red), which also reflects that the final
macrocracks of the specimen are mainly caused by tensile
failure. Because quartz is a brittle mineral, the concentrated
area of the quartz mineral distribution is damaged first when
loading. In the presence of confining pressure, the unit
failure is mainly compression shear damage (yellow), which
is also accompanied by tensile damage. As shale is easy to
compress and not easy to tense, during the loading process,
the tensile stress will first reach the tensile strength of rock,
which meets the tensile criterion. When the tensile stress
meets the tensile criterion, tensile damage occurs, and then
compression shear failure occurs again. From the per-
spective of acoustic emission localization, the development
of microcracks within the specimen determines the final
macroscopic failure mode. ,e nonuniformity of the shale
microstructure has an important influence on its mechanical
properties and fracture mode.

4.3. Fractal Characteristics of the Shale Micro Failure Process.
Fractal theory, as a very popular and active new theory and
discipline, belongs to a branch of nonlinear science. Fractal
theory was first proposed by the American French

mathematician Roth and can be used to describe many ir-
regular and self-similarities in nature. ,e geometric shape
of features has been widely used in geology, computer
science, medicine, and many other fields [45–48].

As we all know, the damage evolution process of rock
can also be regarded as the fractal process of cracks. In 1996,
the academician Xie Heping applied fractal theory to the
field of rock engineering and created the “fractal-rock
mechanics” theory, which unified the macroscopic, meso-
scopic, and microscopic theoretical studies of rock in a new
theoretical system. Research on the application of fractal
theory in geotechnical engineering is open. Rock rupture is
mainly due to the initiation of microcracks in rock. ,e
continuous expansion of a crack is accompanied by the rapid
propagation of elastic sound waves and the release of energy
in the rock, namely, acoustic emissions. Rock has fractal
characteristics, including microfractures, macrofractures,
and acoustic emissions, which form the most basic physical
quantity of rock failure. Amicrounit fracture is generated for
each acoustic emission event, so acoustic emissions can be
used to analyze its fractal characteristics.

,e fractal dimension is the core parameter describing
the fractal theory. ,e fractal dimension of the micro-
structure can be used as a quantitative parameter for the
growth of shale microscopic cracks. ,e box dimension in
the fractal dimension can more accurately represent the self-
similarity of objects. ,e calculation principle is relatively
simple, and the fractal dimension of irregular geometry can
be accurately determined. ,e box dimension is used in this
article, and the calculation formula is as follows:

Ds � − lim
r⟶0

logN(r)

log(r)
, (14)

where Ds is the self-similar fractal dimension of the de-
struction area, r is the side length of the square box, and
N(r) is the number of boxes required to cover the damaged
area in the entire figure with a square box with side length r.

,e calculation of the fractal dimension of the shale
compression test under different confining pressures is
performed on the MATLAB software platform by writing a

Initiation
crack

Failure
mode

Acoustic
emission

(a) (b) (c) (d) (e) (f)

Figure 14: Fracture modes diagram of shale under different confining pressures and corresponding acoustic emission diagram. (a) 0MPa.
(b) 2MPa. (c) 4MPa. (d) 6MPa. (e) 8MPa. (f ) 10 MPa.
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fractal dimension-related calculation program. ,e main
steps of the algorithm are as follows: the first step is to
process an image of acoustic emissions as a 512 × 512 pixel
image and read the processed image and then to preprocess
the image grayscale, to process the image binary, and to store
the relevant data. ,e second step is to cover the processed
image with a square box with a side length of r, where
r � 2n, (n � 1, 2, . . . , 512), to count the number of square
boxes in the failure area of the rock sample N(r), and to save
the relevant data. Last, the double logarithmic coordinates of
r and N(r) are established for linear regression fitting, and
the fractal dimension values under different confining
pressures are calculated.

Figure 15 is the fitting curve of the fractal characteristics
of the shale failure area when the stress level (σ/σmax) is
100% and the confining pressure is 10MPa. ,e correlation
coefficient R2 � 0.9968 can reflect the fact that the fractal
dimension has high credibility, and the fractal dimension is
Ds � 1.9210.

Figures 16–18 reflect various changes in stress levels, AE
energy, and fractal dimensions under different confining
pressures, respectively. Table 3 lists the values of the AE
energy and the fractal dimension under six different con-
fining pressures and different stress levels.

,e relationship between the stress level and the AE
energy under different confining pressures is shown in
Figure 16. In the figure, the abscissa indicates different stress
level values, and the ordinate indicates the energy value.
When the stress level is less than 80%, the AE energy at each
confining pressure is zero, and there is no trend. When the
stress level is between 80% and 90%, the increase of the AE
energy curve is relatively low, and the trend of change is
relatively gentle and in a calm state. When the stress level
exceeds 90% and reaches 100%, the change trend is more
significant and is in a surge state. When the confining
pressure is 10MPa, the AE energy curve increases rapidly to
the maximum, and when the confining pressure is 0MPa,

the AE energy value is the minimum. ,e results show that
the energy released from the damage and fracture of the
specimen is the largest when the confining pressure is
10MPa. When the damage degree is the most severe, the
internal damage is also the most serious, the fracture mode is
relatively complex, and the confining pressure effect on the
acoustic emission energy release is significant.

From the relationship between the stress level and the
fractal dimension under different confining pressures, as
shown in Figure 17, It can be seen that as the damage inside
the specimen continues to accumulate, the fractal dimension
value also increases with the increase of the confining
pressure. When the stress level is less than 30%, the fractal
dimension of each confining pressure state is 0. When the
stress level reaches 30%, the fractal dimension values with
confining pressures of 0MPa, 2MPa, 4MPa, and 6MPa
change, and the curve change trend is relatively slow. When
the confining pressure is 0MPa, the fractal dimension value
is the smallest, which is 1.5120, and the stress level of 8MPa
and 10MPa reaches 40% and the fractal dimension value
changes. However, the curve increases sharply, and the
change trend is significant. When the confining pressure is
10MPa, the fractal dimension reaches the maximum value
of 1.9210. Further analysis shows that the fracture crack of
the specimen with a confining pressure of 0MPa is an
inverted V-shaped, and the microfracture starts from the
concentrated position of the quartz minerals in the upper
part of the shale. At this time, the fractal dimension value is
also the smallest. With increasing confining pressure, the
fractal dimension increases gradually. When the confining
pressure is 10MPa, the fracture crack of the specimen is an
inverted Z shape, the microcrack starts to fracture from the
bottom, and the fractal dimension reaches the maximum
value. ,e more complex the failure, the more the internal
damage of the specimen. ,erefore, when the fractal di-
mension value is larger, the fracture mode is more com-
plicated, and the fractal dimension value gradually increases
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Figure 15: Fractal characteristics of the failure area when the stress level is 100% and the confining pressure is 10MPa.
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with crack propagation. ,e fractal dimension of the mi-
crostructure can be used as the quantitative parameter of the
shale microcrack propagation.

It can be clearly seen from Figure 18 that the relationship
between the confining pressure, stress level, and fractal
dimension changes. Here, the fractal perspective is used to
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Figure 16: Relationship between stress levels and AE Energy under different confining pressures.
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illustrate that the confining pressure effect has a significant
influence on the shale failure mode.

5. Conclusion

(1) ,rough NMR test analysis, polarized optical mi-
croscopy observation, and core X-ray whole-rock
mineral diffraction analysis of the Niutitang For-
mation shale core, the results show that a large
number of nanoscale pores and reservoirs are de-
veloped in the Niutitang Formation shale. ,e brittle
minerals are relatively high in composition, mainly
quartz, feldspar, pyrite, calcite, and so forth. ,ese
brittle minerals are easy to form cracks under the
action of external force, which is more conducive to
the exploitation of shale gas.

(2) ,e effect of the confining pressure on the strength
and deformation of the shale samples from the lower
Cambrian Niutitang Formation is significant. With
increasing confining pressure, the compressive
strength of the samples increases gradually, which is
approximately linear. Regarding the elastic modulus,
it shows the trend of first decreasing and then in-
creasing. In the process of modelling, the displace-
ment loading method is adopted, and the curve does
not pass through the origin, which is quite different
from the conventional triaxial test. ,e stress-strain
curve of the specimen under loading can be roughly
divided into three stages: the linear growth stage,
postpeak softening stage, and gentle stage.

(3) ,e heterogeneity of the shale microstructure has a
significant impact on the mechanical properties and
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Table 3: AE energy and fractal dimension values under different stress levels and different confining pressures.

Stress level
Confining

pressure(MPa) 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

0 AE energy 0 0 0 0 0.0001 0.0013 0.0112 0.0562 0.3035 40.3338
Ds 0 0 0 0.4752 0.6617 0.8330 1.2060 1.1880 1.3670 1.5130

2 AE energy 0 0 0 0.0001 0.002 0.0196 0.1532 1.2084 6.0286 64.1970
Ds 0 0 0 0.5329 0.772 1.0020 1.2610 1.5000 1.5920 1.6770

4 AE energy 0 0 0 0 0.0012 0.0295 0.2413 1.5184 19.9760 108.7755
Ds 0 0 0 0.4197 0.6455 1.0030 1.2640 1.506 1.7010 1.7840

6 AE energy 0 0 0 0 0.0020 0.0332 0.3025 2.1536 24.1428 154.0042
Ds 0 0 0 0.4076 0.6360 0.9952 1.2820 1.5230 1.725 1.8350

8 AE energy 0 0 0 0 0 0.019 0.2106 1.7971 33.5573 279.7562
Ds 0 0 0 0 0.4197 0.8818 1.2110 1.5040 1.7150 1.8930

10 AE energy 0 0 0 0 0.0006 0.0175 0.2069 1.7615 45.5702 377.1735
Ds 0 0 0 0 0.5012 0.8274 1.1680 1.4850 1.7130 1.9210
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fracture mode of shale. ,e failure modes of samples
under different confining pressures are also quite
different and can be summarized into three types:
inverted V-shaped (0MPa, 2MPa, and 4MPa), V-
shaped (6MPa and 8MPa), and inverted Z-shaped
(10MPa). ,e three failure modes are caused by the
confining pressure effect on the one hand and the
uneven distribution and irregular geometry of quartz
brittle minerals on the other hand.

(4) Due to the fractal characteristics of acoustic emis-
sion, the fractal dimension is greatly affected by the
confining pressure effect and stress level. When the
fractal dimension is larger, the fracture mode is more
complex, and the internal damage of shale is more
serious. ,e fractal dimension increases with the
crack growth, so the fractal dimension of the mi-
crostructure can be used as the quantitative pa-
rameter of shale microcrack growth.

(5) In the later stage, the further research work is to
consider the relationship and evolution mechanism
between the micro and macro failure processes of
shale under triaxial compression. According to the
test results, the evolutionmodel of fractal dimension,
in spatial coordinates, is established. We do several
qualitatively analyses of the fractal characteristics of
each component in shale samples.

Data Availability

,e data used to support the study are available within the
article.

Conflicts of Interest

,e authors declare that they have no conflicts of interest.

Acknowledgments

,is study was supported by the Project of Special Fund for
Science and Technology of Water Resources Department of
Guizhou Province (Project no. KT201804), Guizhou Science
and Technology Fund （Project no. [2020]4Y046, Project
no. [2019]1075, and Project no. [2018]1107), the National
Natural Science Foundation of China (Projects nos.
51964007, 51774101, and 51709160) and the High-Level
Innovative Talents Training Project in Guizhou Province
(Project no. 2016-4011), Project Scientific Research Project
of Guiyang Rail Transit Line 2 Phase I Project (Project no.
D2(I)-FW-YJ-2019-001-WT), and teaching reform project
of Guizhou University (Project no. JG201990).

References

[1] Y. Li, J. Yang, Z. Pan, S. Meng, K. Wang, and X. Niu,
“Unconventional natural gas accumulations in stacked de-
posits: a discussion of upper paleozoic coal-bearing strata in
the east margin of the ordos basin, China,” Acta Geologica
Sinica-English Edition, vol. 93, no. 1, pp. 111–129, 2019.

[2] Y. Li, W. Xu, P. Wu, and S. Meng, “Dissolution versus ce-
mentation and its role in determining tight sandstone quality:

a case study from the Upper Paleozoic in northeastern Ordos
Basin, China,” Journal of Natural Gas Science and Engineering,
vol. 78, Article ID 103324, 2020.

[3] S. Song, S. Li, L. Li et al., “Model test study on vibration
blasting of large cross-section tunnel with small clearance in
horizontal stratified surrounding rock,” Tunnelling and Un-
derground Space Technology, vol. 92, Article ID 103013, 2019.

[4] Y. Guo, C. Yang, L. Wang, and F. Xu, “Effects of cyclic loading
on the mechanical properties of mature bedding shale,”
Advances in Civil Engineering, vol. 2018, Article ID 8985973,
9 pages, 2018.

[5] J. Hays, M. L. Finkel, M. Depledge, A. Law, and
S. B. C. Shonkoff, “Considerations for the development of
shale gas in the United Kingdom,” Science of ?e Total En-
vironment, vol. 512-513, pp. 36–42, 2015.

[6] R.Wang, Y. Gu,W. Ding et al., “Characteristics and dominant
controlling factors of organic-rich marine shales with high
thermal maturity: a case study of the Lower Cambrian
Niutitang Formation in the Cen’gong block, southern China,”
Journal of Natural Gas Science and Engineering, vol. 33,
pp. 81–96, 2016.

[7] R. Wang, Z. Hu, S. Long et al., “Differential characteristics of
the upper ordovician-lower silurian wufeng-longmaxi shale
reservoir and its implications for exploration and develop-
ment of shale gas in/around the sichuan basin,” Acta Geo-
logica Sinica - English Edition, vol. 93, no. 3, pp. 520–535,
2019.

[8] Y. Li, Z. Wang, Z. Pan, X. Niu, Y. Yu, and S. Meng, “Pore
structure and its fractal dimensions of transitional shale: a
cross-section from east margin of the Ordos Basin, China,”
Fuel, vol. 241, pp. 417–431, 2019.

[9] D. J. Soeder, “,e successful development of gas and oil
resources from shales in North America,” Journal of Petro-
leum Science and Engineering, vol. 163, pp. 399–420, 2018.

[10] R. Wang, Z. Hu, C. Sun et al., “Comparative analysis of shale
reservoir characteristics in the Wufeng-Longmaxi (O3w-S1l)
and Niutitang (Є1n) Formations: a case study of wells JY1 and
TX1 in the southeastern Sichuan Basin and its neighboring
areas, southwestern China,” Interpretation, vol. 6, no. 4,
pp. SN31–SN45, 2018.

[11] M. Bazilian, A. R. Brandt, L. Billman et al., “Ensuring benefits
from North American shale gas development: towards a re-
search agenda,” Journal of Unconventional Oil and Gas Re-
sources, vol. 7, pp. 71–74, 2014.

[12] C. Zou, D. Dong, Y. Wang et al., “Shale gas in China:
characteristics, challenges and prospects (II),” Petroleum
Exploration and Development, vol. 43, no. 2, pp. 182–196,
2016.

[13] R. Lou, Q. Dong, and H. Nie, “Exploration prospects of shale
gas resources in the upper permian linxi Formation in the
suolun-linxi area, NE China,” Energy & Fuels, vol. 31, no. 2,
pp. 1100–1107, 2017.

[14] Y. Wang, H. Wang, and X. Shi, “Creep investigation on shale-
like material with preexisting fissure under coupling tem-
peratures and confining pressures,” Advances in Civil Engi-
neering, vol. 2019, pp. 1–10, 2019.

[15] Y. Wang, X. Li, Y. X. Zhang, Y. S. Wu, and B. Zheng, “Gas
shale hydraulic fracturing: a numerical investigation of the
fracturing network evolution in the Silurian Longmaxi for-
mation in the southeast of Sichuan Basin, China, using a
coupled FSD approach,” Environ Earth Sci, vol. 75, no. 14,
2016.

[16] N. Shrestha, G. Chilkoor, J. Wilder, V. Gadhamshetty, and
J. J. Stone, “Potential water resource impacts of hydraulic

Advances in Civil Engineering 15



fracturing from unconventional oil production in the Bakken
shale,” Water Research, vol. 108, pp. 1–24, 2017.

[17] L. Li, S. Sun, J. Wang, W. Yang, S. Song, and Z. Fang, “Ex-
perimental study of the precursor information of the water
inrush in shield tunnels due to the proximity of a water-filled
cave,” International Journal of Rock Mechanics and Mining
Sciences, vol. 130, p. 104320, 2020.

[18] Y. Li, J. Yang, Z. Pan, andW. Tong, “Nanoscale pore structure
and mechanical property analysis of coal: an insight com-
bining AFM and SEM images,” Fuel, vol. 260, p. 116352, 2020.

[19] W. Ju, C.Wu, andW. Sun, “Effects of gmechanical layering on
hydraulic fracturing in shale gas reservoirs based on nu-
merical models,” Arabian Journal of Geosciences, vol. 11,
no. 12, 2018.

[20] G. Jiang, J. Zuo, Y. Li, and X.Wei, “Experimental investigation
on mechanical and acoustic parameters of different depth
shale under the effect of confining pressure,” Rock Mechanics
and Rock Engineering, vol. 52, no. 11, pp. 4273–4286, 2019.

[21] M. Mousavi Nezhad, Q. J. Fisher, E. Gironacci, and
M. Rezania, “Experimental study and numerical modeling of
fracture propagation in shale rocks during Brazilian disk test,”
Rock Mechanics and Rock Engineering, vol. 51, no. 6,
pp. 1755–1775, 2018.

[22] Z. Wu, Y. Zuo, S. Wang et al., “Numerical simulation and
fractal analysis of mesoscopic scale failure in shale using
digital images,” Journal of Petroleum Science and Engineering,
vol. 145, pp. 592–599, 2016.

[23] J. X. Liu, K. Zhang, W. Liu, and X. L. Shi, “Experimental study
on shale deformation and damage characteristics under dif-
ferent confining pressures and strain rates,” Rock and Soil
Mechanics, vol. 38, no. S1, pp. 43–52, 2017.

[24] Y. Duan, X. Li, B. Zheng, J. He, and J. Hao, “Cracking
evolution and failure characteristics of Longmaxi shale under
uniaxial compression using real-time computed tomography
scanning,” Rock Mechanics and Rock Engineering, vol. 52,
no. 9, pp. 3003–3015, 2019.

[25] Y. Chuanliang, D. Jingen, H. Lianbo et al., “Brittle failure of
shale under uniaxial compression,” Arabian Journal of Geo-
sciences, vol. 8, no. 5, pp. 2467–2475, 2015.

[26] S. Heng, Y. Guo, C. Yang, J. J. K. Daemen, and Z. Li, “Ex-
perimental and theoretical study of the anisotropic properties
of shale,” International Journal of Rock Mechanics and Mining
Sciences, vol. 74, pp. 58–68, 2015.

[27] C. Y. Lu, Y. J. Zuo, Z. H. Wu, and Y. F. Xu, “Geological
structural characteristics and shale layer fractures in Feng-
gang,” Guizhou Coal Technology, vol. 35, no. 8, pp. 124-125,
2016.

[28] Z. Wu, Y. Zuo, S. Wang et al., “Numerical study of multi-
period palaeotectonic stress fields in Lower Cambrian shale
reservoirs and the prediction of fractures distribution: a case
study of the Niutitang Formation in Feng’gang No. 3 block,
South China,” Marine and Petroleum Geology, vol. 80,
pp. 369–381, 2017.

[29] Z. Wu, Y. Zuo, S. Wang, J. Sunwen, and L. Liu, “Experimental
study on the stress sensitivity and influence factors of shale
under varying stress,” Shock and Vibration, vol. 2018, Article
ID 3616942, 9 pages, 2018.

[30] Q. L. Yu, C. A. Tang, W. C. Zhu, H. Y. Liu, and Z. Z. Liang,
“Mechanical analysis of meso-fractured rocks based on digital
image processing,” Mechanics and Practice, vol. 4, pp. 60–64,
2006.

[31] S. Y. Wang, S. W. Sloan, D. C. Sheng, and C. A. Tang,
“Numerical analysis of the failure process around a circular

opening in rock,” Computers and Geotechnics, vol. 39,
pp. 8–16, 2012.

[32] S. Y. Wang, S. W. Sloan, C. A. Tang, and W. C. Zhu, “Nu-
merical simulation of the failure mechanism of circular
tunnels in transversely isotropic rock masses,” Tunnelling and
Underground Space Technology, vol. 32, pp. 231–244, 2012.

[33] W. C. Zhu, J. Liu, C. A. Tang, X. D. Zhao, and B. H. Brady,
“Simulation of progressive fracturing processes around un-
derground excavations under biaxial compression,” Tunnel-
ling and Underground Space Technology, vol. 20, no. 3,
pp. 231–247, 2005.

[34] W. C. Zhu and C. A. Tang, “Micromechanical model for
simulating the fracture process of rock,” Rock Mechanics and
Rock Engineering, vol. 37, no. 1, pp. 25–56, 2004.

[35] C. Tang, “Numerical simulation of progressive rock failure
and associated seismicity,” International Journal of Rock
Mechanics and Mining Sciences, vol. 34, no. 2, pp. 249–261,
1997.

[36] Y. Lou, Z. Wu, W. Sun et al., “Study on failure models and
fractal characteristics of shale under seepage-stress coupling,”
Energy Science Engineering, vol. 8, 2020.

[37] S. H.Wang, C. I. Lee, P. G. Ranjith, and C. A. Tang, “Modeling
the effects of heterogeneity and anisotropy on the excavation
damaged/disturbed zone (EDZ),” Rock Mechanics and Rock
Engineering, vol. 42, no. 2, pp. 229–258, 2009.

[38] C. A. Tang, L. G. ,am, S. H. Wang, H. Liu, and W. H. Li, “A
numerical study of the influence of heterogeneity on the
strength characterization of rock under uniaxial tension,”
Mechanics of Materials, vol. 39, no. 4, pp. 326–339, 2007.

[39] C. A. Tang, W. T. Yang, Y. F. Fu, and X. H. Xu, “A new
approach to numerical method of modelling geological
processes and rock engineering problems - continuum to
discontinuum and linearity to nonlinearity,” Engineering
Geology, vol. 49, no. 3-4, pp. 207–214, 1998.

[40] S. Y. Wang, S. W. Sloan, M. L. Huang, and C. A. Tang,
“Numerical study of failure mechanism of serial and parallel
rock pillars,” Rock Mechanics and Rock Engineering, vol. 44,
no. 2, pp. 179–198, 2011.

[41] Y.-J. Zuo, Q. Zhang, T. Xu, Z.-H. Liu, Y.-Q. Qiu, and
W.-C. Zhu, “Numerical tests on failure process of rock
particle under impact loading,” Shock and Vibration,
vol. 2015, Article ID 678573, 12 pages, 2015.

[42] W. Weibull, “A statistical theory of the strength of materials,”
Ing. Vet. Ak.Handl, vol. 151, pp. 5–44, 1939.

[43] W. Weibull, “A statistical distribution function of wide ap-
plicability,” Journal of Applied Mechanics and Technical
Physics, vol. 18, pp. 293–297, 1951.

[44] B.. , F. Li, Y.. , J. Zuo, W. Li, J. Cao, and C. Jie, “Fracture
mechanics analysis of granite with defects based on digital
image processing,” Mechanics and Practice, vol. 38, no. 3,
pp. 262–268, 2016.

[45] B. Yang and J. Yuan, “Application of fractal theory to
characterize desiccation cracks in contaminated clayey soils,”
Arabian Journal of Geosciences, vol. 12, no. 3, 2019.

[46] H. Zhao and Q. Wu, “Application study of fractal theory in
mechanical transmission,” Chinese Journal of Mechanical
Engineering, vol. 29, no. 5, pp. 871–879, 2016.

[47] L.-l. Yang, W.-y. Xu, Q.-x. Meng, and R.-b. Wang, “Inves-
tigation on jointed rock strength based on fractal theory,”
Journal of Central South University, vol. 24, no. 7, pp. 1619–
1626, 2017.

[48] B. Liu and Y. Ning, “Application of fractal theory to geo-
technical engineering,” Applied Mechanics and Materials,
vol. 52-54, pp. 1291–1295, 2011.

16 Advances in Civil Engineering



Research Article
Effects of Water and scCO2 Injection on the Mechanical
Properties of Granite at High Temperatures

Nao Shen ,1,2 Qiang Zhang ,3 Xiaochun Li ,1 Bing Bai,1 and Haixiang Hu1

1State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics,
Chinese Academy of Sciences, Wuhan 430071, China
2University of Chinese Academy of Sciences, Beijing 100049, China
3Powerchina Huadong Engineering Corporation, Limited, Hangzhou 311122, China

Correspondence should be addressed to Xiaochun Li; xcli@whrsm.ac.cn

Received 11 August 2020; Revised 9 November 2020; Accepted 1 December 2020; Published 22 December 2020

Academic Editor: Fengqiang Gong

Copyright © 2020 Nao Shen et al. +is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Geothermal energy is an important resource to substitute for traditional fossil fuels. +e mechanical properties of reservoir rock
under the conditions of water and scCO2 injection at different temperatures are crucial for the safety of Enhanced Geothermal
Systems. However, the effects of working fluid on the mechanical properties of granite at in situ temperatures are still rarely
reported. To reveal the impact mechanisms, conventional triaxial compression experiments were conducted on granite specimens
with different confining pressures (2–20MPa), different pore fluid (10MPa water or CO2), and different temperatures (25–150°C)
in the present study. SEM analyses were applied to the specimens to determine failure surface morphologies after the experiments.
+e experimental results show that the effective confining pressure, pore fluid, and temperature have significant effects on the
strength of granite specimens. +e strength of granite increases with the increase of effective confining pressure, with similar
granite strength under the same effective confining pressure (dry, water, and CO2). Temperature strengthening of granite is
limited by high confining pressure (∼15MPa). Under the effective confining pressure of 5MPa, temperature weakening occurs on
granite specimens when temperature is higher than 90°C.+ere is fluid diffusion in the specimens during compression.+e higher
viscosity of water may cause a temporary decrease in effective confining pressure, which may increase the strength of granite. +e
growth or formation of cracks is mainly observed in quartz and feldspar grains without short-term chemical effects. More visible
cracks are observed on the specimens and more volume of fluid is injected under CO2 injection conditions, which may be
beneficial to increase the permeability of geothermal reservoir.

1. Introduction

Geothermal energy has been identified as a renewable
energy source to substitute for traditional fossil fuels due
to its advantages of low carbon emissions, large reserves,
and wide distribution [1, 2]. +ere are four main kinds of
geothermal resources: hot dry rock (HDR), geopressured,
hydrothermal, and magma resources, among which HDR
is an important available geothermal resource. As a
notable method of geothermal exploitation, EGS was
proposed on the basis of hot dry rock mining technology
[3, 4]. However, the high-temperature and high-pressure
geological conditions of geothermal reservoirs are a

challenge for geothermal development projects. Under
these thermo-hydro-mechano-chemical coupling con-
ditions, the mechanical properties of granite are a basic
scientific problem that needs to be studied. Laboratory
experiments conducted under geothermal conditions can
provide basic predictions for actual EGS projects.

Related experimental studies have shown that the me-
chanical properties of granite are affected by confining
pressure, pore pressure, and temperature [5–7]. +e effect of
the stress state on the mechanical behaviors of granite has
been studied widely based on different failure criteria [8–10].
+e strength of granite increases with increasing confining
pressure [11, 12]. +e effect of water injection on the granite
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strength has also been studied by many researchers. Wong
et al. [13] reviewed the publications that involve the strength
and elastic modulus degradation of rocks in the presence of
water, pointing out that water content is a significant factor
leading to the reduction of strength. +e effect of water
injection can be the reduction in effective stress and induced
crack growth and chemical reaction [14–17]. Compared with
water as a working fluid, there is also an idea of using su-
percritical CO2 as a working fluid [18]. High temperature
can also change the mechanical properties of granite, such as
its compressive strength, tensile strength, and elastic
modulus, due to thermal expansion and crystal transfor-
mations of minerals [7, 19–25]. However, most experiments
have been conducted with specimens after thermal treat-
ment, which is not corresponded to the continuous thermal
stress conditions of geothermal reservoirs. Furthermore,
there is little experimental research on the mechanical
properties of granite under in situ fluid injection and high
temperature conditions.

+e purpose of this article is to reveal the effect of pore
fluid (10MPa water and CO2) injection on the mechanical
behaviors of granite at medium-to-high temperatures (60
to 150°C). Conventional triaxial tests were performed on
granite specimens to clarify the mechanical behavior of
granite. To determine the microphysical mechanism, the
failure surfaces of the posttest specimens were analyzed
by scanning electron microscopy (SEM). +e long-term
chemical effect of pore fluid with rock was studied by
geochemical calculations. Finally, the significance of the
experimental results for EGS projects is discussed.

2. Experimental Material and Methods

2.1. SpecimenMaterial. +e granite specimens used in the
present experiments were obtained from Qichun, Hubei
Province, China. Petrophysical analysis with X-ray dif-
fraction shows that the granite is composed of 28.42%
albite, 21.76% quartz, 45.14% microcline, and 4.68% bi-
otite. On average, the size of the cylindrical specimens is
25 mm in diameter and 50mm in length with polished
ends. +e two ends of the granite specimen are per-
pendicular to the specimen axis, with nonparallelism less
than 0.05 mm (Figures 1(a) and 1(b)). A thin section of
the intact specimen observed by optical analysis is shown
in Figure 1(c). Prior to use, the specimens are well
prepared and placed in air at room temperature for
several weeks.

2.2. Experimental Setup. Our conventional compression
experiments were conducted using a modified in-house
shear-flow test apparatus [26], as shown in Figure 2(a). To
allow free access of the pore fluid to the ends of the granite
specimen, the faces of the two steel plates are grooved both
radially and concentrically (Figure 2(b)).+e combination of
the specimen and plates is packed with a Teflon heat-shrink
tube that separates the pore fluid from the confining
pressure fluid.

+is apparatus consists of an internally heated triaxial
testing machine, with silicone oil as the confining me-
dium. +e temperature is controlled using a propor-
tional-integral-derivative (PID) progress, ranging from
room temperature to 150°C with a resolution of ±0.2°C.
+e axial load on the specimen is measured directly with
an internal submersible load cell. +e loading capacity of
the axial loading unit is 250 kN, and the displacement rate
varies from 0.5 to 50 μm/s. +e axial compression of the
specimen is measured using two linear variable differ-
ential transformers (LVDTs) with a measurement range
of 0–5 mm (±2.5 μm). +e radial deformation of the
specimen is measured using a circumferential strain
gauge (10 mm range). +e pore fluid pressure and con-
fining pressure are regulated by two servo-controlled
volumetric pumps (ISCO pump). A programmable logic
controller (PLC) is used to acquire the experimental data
and operate the apparatus through a computer.

2.3. Experimental Procedure and Methods. To consider the
effects of confining pressure Pc, conventional triaxial
compression experiments are conducted on granite
specimens under different confining pressure conditions
at room temperature (T ≈ 25°C) and 60°C, with no pore
fluid injection (Pp � 0). +e experiments conducted are
listed in Table 1, along with the corresponding experi-
mental conditions.

To study the effect of water/CO2 and temperature on the
mechanical behavior of granite, three series of triaxial com-
pression tests are conducted, that is, dry, water injection, and
CO2 injection. Each series of experiments is performed at 60°C,
90°C, 120°C, and 150°C. +e specimens and experimental
conditions are compiled in Table 2. For all experiments, the
effective stress (Pc−Pp) is fixed at 5MPa. In consideration of the
critical point of CO2, that is, Tcrit� 31.1°C and Pcrit� 7.38MPa
[27], the injection pressure Pp is fixed at 10MPa.

Before starting the experiments, the specimen was
installed reliably, with pipes connected and displacement
sensors (LVDTs and circumferential strain gauge) at-
tached (Figure 2(c)). +en, silicone oil was pumped into
the triaxial cell using the air compressor. +e temperature
was increased to the target value with the outlet valve
opened because of thermal expansion of silicone oil. +e
confining pressure of the triaxial cell was loaded to the
target value after the temperature stabilizes. Except for
the dry condition, the pore fluid pipes outside the triaxial
cell were connected. +en, the pore fluid pipeline was
vacuumed by a vacuum pump for half an hour. +e in-
jection pressure was loaded to the target value with water
or CO2 pumped to both ends of the specimen, and the
specimen was saturated until the volume of the pore fluid
pump no longer changed (about one hour). It should be
pointed out that, to ensure the dryness of CO2, we have
used high-pressure nitrogen to remove residual water in
the pore fluid pipes before the CO2 injection test. When
the temperature was stable again, axial pressure was
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loaded on the top of granite specimen at a 5 μm/s dis-
placement rate until the specimen fractured. Finally, the
specimen was removed out from the triaxial cell. +e
distributions of cracks and mineral crystal fractures on
the failure surface were observed by SEM.

3. Results

3.1. Mechanical Behavior and Failure Modes of Specimens.
To illustrate the effects of confining pressure and temper-
ature on the compressive strength of granite specimens, the
experimental results are plotted in Figure 3. +is figure
shows that the rock strength increases with increasing
confining pressure. When a confining pressure of 2MPa is
applied on the specimen, the peak stress ((σ1−σ3)max) is
86.0MPa. +e compressive strength increases to 350.9MPa
when 20MPa confining pressure is applied. Temperature has
a significant effect on rock strength under low confining
pressure conditions. After the confining pressure reaches
15MPa, increasing temperature to 60°C has little effect on
the strength of granite. It can be seen that both confining
pressure and temperature have effects on the strength of
granite.

+e typical stress-strain curves obtained by conventional
triaxial compression experiments under different fluid in-
jection and temperature conditions are presented in
Figures 4(a)–4(c). Here, σ1 and σ3 are the maximum
principal stress and minimum principal stress, respectively.
+e parameter ε represents axial strain (ε1) when it takes a
positive value and represents radial strain (ε2) when it takes a
negative value. As shown in Figures 4(a)–4(c) , there are four
stages, namely, densification, elasticity, yielding, and failure,
for the complete stress-strain curves of the granite specimens
after experiments. For conditions without fluid injection,
increasing temperature enhances the compressive strength

of granite below 90°C. +e strength of rocks is weakened by
increasing temperature to 150°C with a decrease in the axial
strain at peak stress (Figure 4(a)). Under the condition that
the pore fluid is CO2, the variation trend of the granite
strength with temperature is similar to that under the
condition of no fluid injection. Among all experimental
results, the granite strength reaches a minimum value of
119.1MPa under the conditions of 150°C and 10MPa CO2
pore fluid (Figure 4(c)). +e trends in the rock strength with
temperature under different fluid injection conditions are
shown in Figure 4(d), with all data fitted by a polynomial
((σ1 − σ3)max � −0.01747T2 + 3.1466T + 58.9, R2 � 0.66).

Table 3 lists the mechanical properties of the tested
specimens, including peak stress, yield stress, elastic mod-
ulus, Poisson’s ratio, and axial strain at peak stress. +e yield
stress is the strength of the specimen when the stress-strain
curve deviates significantly from linearity. +e elastic
modulus is the secant modulus at 50% peak stress. In
general, the elastic moduli of the specimens under no fluid
injection conditions are larger than those under water and
CO2 injection conditions. Poisson’s ratio is the ratio of axial
strain to transverse strain at 50% peak stress. Fluid injection
decreases Poisson’s ratio of rocks, and this decrease is more
obvious under the condition of CO2 injection.+e evolution
laws of elastic modulus, Poisson’s ratio, and axial strain of
peak stress with temperature are not obvious.

Postfailure images (Figure 5) of tested specimens are
collected after each test with specimens still wrapped by the
heat-shrink tube. Brittle shear failure occurs for each tested
specimen after the deviatoric stress reaches the peak com-
pressive strength. Under the condition of no fluid injection,
significant brittle cracks can be seen on the surfaces of the
specimens. +ere are almost no visible small cracks near the
failure surface of specimen #6 (dry, 90°C). Under the con-
dition of fluid injection, more small cracks can be seen near

(a) (b)

Or

Q

Or

Pl

Bi

Mic

1000μm

(c)

Figure 1: +e granite specimens: (a) close-up view of a specimen; (b) end face of a specimen; (c) photomicrograph of a thin section of a
pretest specimen (Or: orthoclase, Q: quartz, Mic: microcline, Pl: plagioclase, and Bi: biotite).
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Figure 2:+e test apparatus: (a) schematic diagram of the apparatus [26]; (b) schematic diagram of the installed granite specimen; (c) close-
up view of the installed granite specimen.
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the failure surfaces (specimens #9–#16 in Figure 5). Espe-
cially for specimen #16 (scCO2, 150°C), a large number of
visible small cracks appear near the lower end face of the

specimen. Some tested specimens are soaked with silicone
oil due to cracking of the heat-shrink tube along failure
surface. In consideration of the stable pore pressure during
the experiment, it has been indicated that the heat-shrink
tube is cracked after the unloading of pore pressure.

3.2. Volumetric Strain and Seepage Behavior of Specimens.
+e volume of the injected fluid in the sample could be
monitored by the ISCO pump. In consideration of the
thermal expansion effects of fluid from pump to triaxial cell,
the volume data of pore fluid were accurately corrected. It
should be noted that these volume data only show the
change in pore fluid volume after the axial stress is applied.
Under pore fluid injection and different temperature con-
ditions, the volumetric strain (i.e., ε1 + 2ε2) and the injected
fluid volume change with the compression of the tested
specimens (Figure 6). +e whole compression process is
divided into four stages. In stage I, the specimens are in the
compacted and elastic phases as the volumetric strain in-
creases. As shown in Figures 6(a)–6(d), the fluid volume in
the specimens decreases with compaction when the injected
fluid is water. When the injected fluid is CO2, there is an
increase of the injected fluid volume in this stage
(Figures 6(e)–6(h)). In stage II, the increase in volumetric
strain slows down and then begins to decrease corre-
sponding to the yield and destruction phases of the tested
specimens (Figure 4). +e injected volume of both water and
CO2 increases in this stage. In stage III, the volumetric strain
increases suddenly because the axial strain changed too
quickly (failure stage).+e injected fluid volume is too late to
change at this stage. When the axial displacement continued
to increase (stage IV), the tested specimens swell suddenly,
and the volume of injected fluid reaches themaximum value.

3.3. Microstructural Observations. After each experiment, a
small piece (about 25mm2) was cut down from the failure
surface of each specimen for SEM analysis. +e basis of
mineral identification in SEM images in this study is from
literature [28]. Combined with the XRD analysis results, the
main mineral components, that is, quartz, feldspar, and
biotite, are observed in the SEM images (Figure 7). Quartz
minerals are granular and have a relatively smooth surface.
Feldspar minerals are plate-like, while biotite minerals are
flake. Brittle failure of quartz and feldspar can be seen from
the failure surface, while the biotite undergoes ductile failure
caused by shearing. +ere are many cracks in quartz grains
(Figures 7(a)–7(c)), and the numbers and openings of cracks
are affected by temperature. Even under different fluid in-
jection conditions, increasing temperature leads to the ex-
pansion and connectivity of preexisting cracks in quartz. For
feldspar, the fracture morphology seems to be related to the
shear direction (Figures 7(d)–7(f)). When the shear direc-
tion is at an acute angle with the feldspar cleavage direction,
the fracture is stepped (Figure 7(d)). When the two direc-
tions are parallel, the destruction of feldspar is most obvious
(Figure 7(e)). When the two directions are perpendicular,
much mineral debris can be observed on the failure surface
(Figure 7(f)). Biotite grains undergo similar damage under

Table 1: Conventional triaxial experiments considering the effects
of confining pressure and temperature.

Specimen Pc (MPa) Pp (MPa) T (°C) (σ1−σ3)max (MPa)
T-1 2 0 25 86.0
T-2 2 0 60 170.0
T-3 5 0 25 110.0
#5 5 0 60 176.9
T-4 10 0 25 155.7
T-5 10 0 60 253.4
T-6 15 0 25 311.2
T-7 15 0 60 301.5
T-8 20 0 25 350.9
T-9 20 0 60 355.4

Table 2: Testing conditions for the triaxial compression experi-
ments considering the effect of pore fluid and temperature.

Specimen Pc (MPa) Pp (MPa) Pore fluid T (°C)
#5 5 0 Dry 60
#6 5 0 Dry 90
#7 5 0 Dry 120
#8 5 0 Dry 150
#9 15 10 Water 60
#10 15 10 Water 90
#11 15 10 Water 120
#12 15 10 Water 150
#13 15 10 CO2 60
#14 15 10 CO2 90
#15 15 10 CO2 120
#16 15 10 CO2 150
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Figure 3: +e effects of confining pressure (2, 5, 10, 15, and
20MPa) and temperature (room temperature and 60°C) on the
compression strength of granite specimens.
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Figure 4: Results of conventional triaxial compression experiments on granite specimens: (a) stress-strain curves of granite specimens
under 5MPa confining pressure and different temperature conditions; (b) stress-strain curves of granite specimens under water injection
(10MPa) and different temperature conditions; (c) stress-strain curves of granite specimens under CO2 injection (10MPa) and different
temperature conditions; (d) the relationship between the peak stress of granite specimens and the temperature at the same effective
confining pressure (5MPa).

Table 3: Mechanical properties of granite specimens under fluid injection and high temperature conditions.

Specimen (σ1−σ3)max (MPa) Yield stress (MPa) Elastic modulus (GPa) Poisson’s ratio Axial strain at peak stress
#5 176.9 164.0 22.5 0.353 0.876
#6 202.4 193.8 17.6 0.262 1.173
#7 159.1 133.2 51.3 0.390 0.549
#8 140.2 119.4 40.1 0.179 0.594
#9 213.3 196.7 18.4 0.213 1.142
#10 195.1 187.3 19.5 0.129 1.063
#11 172.6 155.1 24.2 0.288 0.872
#12 178.7 151.4 14.4 0.194 0.975
#13 196.0 183.4 17.8 0.082 1.045
#14 217.8 199.6 12.1 0.133 1.353
#15 168.7 156.5 7.5 0.113 1.438
#16 119.1 112.3 9.2 0.013 1.436
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Figure 5: Postfailure images of tested granite specimens. From left to right, the experimental temperature conditions are 60°C, 90°C, 120°C,
and 150°C. From top to bottom, the fluid injection conditions are dry, water, and CO2. +e red lines show the fractures on the surface of
tested specimens.
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Figure 6: Volumetric strain-axial strain and injected fluid volume curves for the compression experiments under different pore fluid
injection and temperature conditions. +ere are four common stages, that is, stage I, stage II, stage III, and stage IV.
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different fluid injection and temperature conditions, with
the fracture morphology related to the shear direction
(Figures 7(g)–7(i)). No visible evidence shows that mineral
corrosion and precipitation occur at the failure surface.

4. Analysis and Discussion

+e experimental results in the present study show that the
compressive strength of granite obtained by conventional
triaxial testing is sensitive to confining pressure (2–20MPa),
temperature (room temperature to 150°C), and pore fluid

(dry and 10MPa water or CO2). Both the confining pressure
and temperature influence the opening and initiation of
cracks. +e injection of pore fluid reduces the effective
confining pressure and may induce the propagation of
cracks. +e short-term chemical effects are inferred to have
little effect on the strength of granite. In the following
sections, the influences of effective pressure and temperature
on the strength of granite are analyzed. +e reasons for
different pore fluids (water and CO2) affecting granite
strength were analyzed. Furthermore, the possible long-term
effects of reactions between rock and pore fluid are
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Figure 7: SEM images of failure surface of the posttest granite specimens. (a–c) Cracks in quartz under different fluid injection and
temperature conditions. (d–e) Shear failure of feldspar under different fluid injection and temperature conditions. (g–i) Shear failure of
biotite under different fluid injection and temperature conditions. +e cracks are circled in red.
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discussed. Finally, the significance of the experimental re-
sults for the EGS projects is discussed.

4.1. Influences of Effective Confining Pressure on Strength.
+e compressive strengths of many types of rocks have been
studied under different confining pressures by means of
laboratory tests [7, 12, 15, 29, 30]. It is well known that the
strength of rock increases with increasing confining pressure
Pc. When pore fluid is injected, the effective confining
pressure decreases with increasing pore pressure. In the
present study, the effect of confining pressure on the
compressive strength of granite is shown in Figure 3. It can
be concluded from our experimental data that pore fluid
injection reduces the strength of granite under the condition
of 15MPa confining pressure and 60°C (Figures 3 and 4(d)).
According to our experimental data, the strengths of dry
granite specimens and pore fluid containing granite speci-
mens under the same effective confining pressure (Pc-Pp)
and temperature are similar (Figure 4(d)). Although the
volume of injected pore fluid changes during compression,
the strength of granite is still controlled by the effective
confining pressure.

4.2. Effects of Temperature on Triaxial Compressive Strength.
+e influence of temperature on the mechanical properties
of granite has been studied by many researchers
[19, 20, 22, 31, 32]. Although the temperature of thermal
treatment has been up to 1000°C, most of the experiments
were performed to study the mechanical properties of rock
after heating. Due to the complexity of granite mineral
composition and the different thermal expansion coefficients
of various minerals, the mineral expansion occurring at high
temperature causes significant thermal stress between
minerals, resulting in cracks inside the rock, which seriously
affect the mechanical properties of the rock [33–36]. Meier
[37] proposed three kinds of competition mechanisms for
crack propagation in heated rock: (1) thermal cracking leads
to reduced rock strength; (2) a crack tip can be blunted and
can inhibit the propagation of the crack; and (3) thermal
expansion of minerals closes preexisting cracks and en-
hances rock strength. Yang et al. [20] concluded that the
strength of granite increases due to thermal expansion of
mineral grains below 300°C; the boundary cracks and
transgranular cracks that occur in feldspar and quartz grains
result in decreases in strength at 400–600°C; and the in-
teractions and coalescence of boundary cracks and trans-
granular cracks result in reductions in strength. +e
transgranular cracks occurring in quartz grains in thermally
treated Westerly granite are due to crystal transformation at
573°C [23].

+e mechanical properties of granite under in situ
temperature conditions have rarely been studied by previous
researchers. Dwivedi et al. [38] studied the mechanical
properties of Indian granite at temperatures in the range of
30–160°C. +e uniaxial compressive strengths of the tested

specimens were 118.2MPa, 112.8MPa, 122.4MPa,
133.3MPa, and 133.7MPa at 30°C, 65°C, 100°C, 125°C, and
160°C, respectively. +e widths of preexisting cracks ob-
served at in situ temperature by SEM increased below 65°C
and then decreased. Kumari et al. [7] conducted a series of
triaxial experiments on granite specimens under four dif-
ferent confining pressures (10, 30, 60, and 90MPa) and four
different temperatures (RT, 100, 200, and 300°C). +e
granite strength under 10MPa confining pressure increased
below 200°C and then decreased, with 196.9MPa at room
temperature and 225.5MPa at 100°C. Furthermore, the
microstructure observed by SEM and optical microscopy
showed that no significant thermally induced cracks oc-
curred in preheated specimens up to 200°C.

In this study, the experimental data plotted in Figure 3
show that heating from room temperature to 60°C can
enhance the strength of granite under confining pressures
not higher than 15MPa. +is effect can be caused by the
closure of preexisting cracks due to thermal expansion.
Under higher confining pressure, heating to 60°C has little
effect on the strength of granite (Figure 3), whichmay be due
to closure of preexisting cracks by the high confining
pressure. As shown in Figure 4(d), under dry and CO2
injection conditions, the compressive strength of the granite
specimens increases below 90°C and then decreases. +e
increase in strength may be due to the closure of preexisting
cracks, and the decrease in strength may occur because the
continued increase in temperature leads to the growth of
cracks and the formation of new cracks. However, this
explanation does not apply to the experimental results under
water injection conditions, which may be due to the dif-
ferences in fluid properties.

In this study, granite specimens with a similar por-
phyrotopic texture are used (Figure 1(b)), with microcline as
the phenocrysts and the matrix consisting of quartz, albite,
and biotite (Figure 1(c)). According to the SEM images of
different minerals in Figure 7, the brittle failure of granite is
mainly caused by the brittle failure of quartz and feldspar
minerals. +e degree of cracking in quartz grains may be
affected by temperature. +e preexisting cracks and new
cracks generated in quartz minerals may contribute to the
formation of failure surfaces in granite specimens.

4.3. Effects andMechanismsof FluidPenetration:Water versus
CO2. Many studies have shown that water injection and
water saturation decrease the strength of the rock due to the
reduction in effective stress and the softening effect of pore
fluid [5, 15, 30]. +e effect of fluid injection on the effective
stress is discussed in Section 4.1. Here, we focus on the
softening effect of fluid injection on rock. For a more in-
tuitive comparison, the viscosity and density of water and
CO2 under the experimental conditions are listed in Table 4,
with data selected from the NIST Chemistry WebBook.

In the present study, the volume of injected fluid changes
with volumetric strain, which must be caused by the change
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in the volume of connected cracks. Although the volume of
injected fluid cannot represent the actual crack volume, it
does reflect changes in the crack volume. As shown in
Figure 6, the volume of injected water decreases in stage I
and increases in stage II, which is different from that under
the CO2 injection condition. +e increased fluid volume in
the specimen at the end of stage II is listed in Table 5. +e
volume of injected CO2 is higher than that of water under
the same temperature condition. Furthermore, similar to the
change in strength with temperature (Figure 4(d)), the
higher the peak stress of the specimen is, the larger the
volume of injected fluid is. +is result means that more pore
fluid is needed to weaken the fracture energy when the
strength of the specimen is higher [39]. Observing the
postfailure images of the tested granite specimens (Figure 5),
we find that the aperture of the failure surface increases with
increasing peak strength. Due to the high viscosity of water,
it may be difficult for water to enter the cracks immediately
when the cracks are connected, resulting in a temporary
increase in effective confining pressure. +is may be the
reason for the higher strength of granite at 60°C and 150°C
during water injection compared to that under CO2 injec-
tion conditions. According to linear elastic fracture me-
chanics [40], the lower effective stress induced by the lower
viscosity of CO2may be the reason for more visible cracks on
the specimens under CO2 injection conditions. In addition,
we find that pore fluid injection reduces the elastic modulus
of granite and that the weakening effect of CO2 is more
obvious (Table 3).

4.4. Effects of Rock and Fluid Chemical Reactions. +e effects
of chemical interactions between fluid and granite on the
strength of granite should be considered in the long term.
Bucher and Stober [41] proved that the dissolution of granite
mainly involves plagioclase and biotite and that increasing
the temperature to 50°C promotes the dissolution of min-
erals. Liu et al. [42] proved that the contents of Si, Al, Na,
and K in the leachates from granite increase with increasing
temperature below 200°C due to the dissolution of quartz

and feldspar. Using a Hastelloy C reaction cell at 100°C, Lin
et al. [43] demonstrated that the hydrolysis of the plagioclase
phase should be mainly responsible for elements dissolved
from granite specimens and that rock minerals should be
chemically stable in a water-free scCO2 fluid. Under an-
hydrous conditions, scCO2 fluid is capable of extracting
organic matter from rocks [44] but is not a solvent for
inorganic materials [18].

Under the experimental conditions of this study, the
short-term chemical effects of pore fluids with tested granite
specimens are negligible. +e long-term dissolution effects
of water on granite are analyzed by the geochemical software
PHREEQC [45]. According to component analysis of the
initial specimens by XRD and optical analysis, we assume
that the components of the granite specimens used in this
study are albite, quartz, potassium feldspar, and biotite.
Under different temperature conditions, the moles of dis-
solved and precipitated minerals when the dissolution
system reaches equilibrium are shown in Figure 8. As il-
lustrated, when the temperature increases, the dissolution
amounts of albite and potassium feldspar increase, with a
precipitation of quartz and biotite.

4.5. Implications for EGSProjects. Although the temperature
of hot dry rock (HDR) geothermal reservoir is generally
higher than 200°C, HDR with lower temperature still has
value to be developed [46]. According to our experimental
data, granite has an obviously lower strength at 150°C when
the injected pore fluid is scCO2. +e injection of scCO2
produces more cracks in the rock and a greater volume of
fluid can be injected, which may increase the heat exchange
between fluid and rock. Compared to water as the working
fluid, the water-free scCO2 fluid maintains chemical stability
in granite. Precipitation is generated when water is injected
in the long term, which may block the fluid flow paths.
Although injecting CO2 may also cause precipitation of
substances when there is formation water, this is conducive
to the storage of CO2 [42, 43]. Considering that scCO2 is not
as efficient a heat carrier as water, we recommend using

Table 4: +e viscosity and density of water and supercritical CO2 at different temperatures∗.

Temperature (°C)
10MPa water 10MPa CO2

Viscosity (μPa× s) Density (kg/m3) Viscosity (μPa× s) Density (kg/m3)
60 468.65 987.48 23.841 289.95
90 317.06 969.78 21.799 202.93
120 234.62 947.94 22.077 167.31
150 184.86 922.32 22.840 145.56
∗Note: all data in this table are selected from the NIST Chemistry WebBook.

Table 5: +e volume of injected fluid under different experimental conditions.

60°C 90°C 120°C 150°C
Water (mL) 0.176 0.128 0.118 0.142
CO2 (mL) 1.353 2.079 1.384 1.617
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scCO2 to increase the permeability of the geothermal res-
ervoir before water injection.

5. Conclusions

A series of conventional triaxial compression experiments were
conducted on granite specimens fromQichun, Hubei Province,
China, under different confining pressures (2–20MPa), dif-
ferent injection fluid (10MPa water or CO2), and different
temperatures (25–150°C). +e main conclusions are as follows:

(1) +e injection of water and CO2 reduces the strength
and elasticmodulus of granite. A greater volume of fluid
is injected into the specimen before it breaks when the
peak strength is higher, especially for CO2 injection
conditions. More visible cracks are observed on the
specimens under CO2 injection conditions.

(2) +ere is a critical confining pressure (∼15MPa) for
temperature strengthening of granite. Under the
effective confining pressure of 5MPa, the strength of
granite changes from temperature strengthening to
temperature weakening with the increase of tem-
perature, which may be related to the closure and
formation of cracks.

(3) Fluid diffusion in tested specimens occurs during the
compression process. Due to the difference in vis-
cosity, it may be difficult for water pressure diffusing
along the connected cracks, compared to CO2 in-
jection. +e resulting temporary higher effective
confining pressure may increase the strength of
granite.
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In order to study the mechanical properties and energy dissipation of gas coal under dynamic and static loads, the static loading
and impact tests of different strain rates were carried out by the testing systems of SZW-1000 microcomputer servo pressure tester
and separated Hopkinson pressure bar (SHPB) for gas coal in the Panxie Coal Field in Huainan City. In the test, the influence laws
of various loading patterns on mechanical properties, failure characteristics, and energy dissipation of gas coal sample were
analyzed. ,e results showed that the stress-strain curve of coal gas under dynamic load had no micropore compaction stage
compared with that under static load. Dynamic compressive strength, dynamic strength growth factor, mixed dynamic elasticity
modulus, and dissipation energy were all highly correlated with strain rate, whereas energy dissipation rate was uncorrelated with
strain rate. In addition, the gas coal sample with lower strain had small dissipated energy, and it developed a splitting failure mode.
With the increase of strain rate, the dissipation energy increased and the crushing degree of gas coal intensified, finally presenting a
compressive failure mode. Based on the comparison of dissipated energy densities of different gas coal samples, given the same
dissipated energy density, the failure degree of sample under dynamic load was higher than that under static load.

1. Introduction

With the increase of mining depth in coals, the dynamic
phenomena (e.g., coal and gas outburst and rock burst) of
coal-rock mass intensify increasingly, which threatens the
mine safety and high-efficiency production [1, 2]. During the
exploitation, the coal seam is inevitably influenced by
blasting stress wave andmechanical vibration.,e formative
stress wave causes additional disturbance to coal-rock mass
and thereby forms the dynamic impact environment [3]. It
has been demonstrated that mechanical properties of coal-
rock mass were highly correlated with strain rate [4–6].
,erefore, the study of dynamic mechanical properties of
coal-rock mass is of important significance to understand
the occurrence mechanism and prediction of coal-rock
dynamic disaster [7, 8].

,e separated Hopkinson pressure bar (SHPB) is a
technique that is widely used in studying dynamic me-
chanical properties of coal-rock mass [9–13]. Mechanical
properties of coal-rock mass under the impact load have
attracted wide attention from scholars. Liu et al. [14], Wang
et al. [15], and Fu et al. [16] carried out the impact loading
experiments of Furong anthracite under different strain rates
to study dynamic characteristics and energy dissipation, loss
characteristics, electromagnetic change features, and con-
stitutive model of anthracite sample. Shan et al. [17] carried
out an impact dynamic test of Yunjialing anthracite, through
which the dynamic mechanical constitutive model was
studied. Meanwhile, the linear viscoelasticity model was
constructed. Gao and Chan [18] studied the failure mode
and strength features under the impact load for Yanquan
anthracite, getting a threshold speed of anthracite. Wang
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et al. [19] studied the mechanical properties of water-con-
taining candle coal under dynamic and static load combi-
nations. Yu et al. [20] discussed the influence laws of
temperature on dynamic mechanical properties for an-
thracite sample in the Datong Mine. Xie et al. [21] carried
out the impact compression experiment of 1/3 coking coal in
Mine no. 10 of Pingdingshan under different strain rates.,e
above researches gain many significant results. Meanwhile,
the law of energy dissipation has become a research hotspot.
For outburst-prone coal as samples, Fan et al. [22] inves-
tigated the dynamic strength and energy dissipation char-
acteristics laws of coals under different strain rates. Under
different moisture contents, Lu et al. [23] quantitatively
studied the dynamic failure energy dissipation characteris-
tics of sandstone samples by the SHPB setup. Ping et al. [24]
analyzed the energy dissipation law of limestone specimens
after the freeze-thaw cycles.

However, most of existing papers focused on coal-rock
samples, including gas outburst-prone coal, sandstone, and
limestone.,emechanical properties and energy dissipation
of gas coal under dynamic loads have not been developed.
Moreover, all of production mines of Panxie Coal Field in
Huainan City are coal and gas outburst mines. ,e coal type
of the primary minable seam no. 13-1 (outburst coal seam)
belongs to gas coal. ,erefore, to guide mining technological
revolution and further disclose the occurrence mechanism
of dynamic phenomena of gas coal, it is urgent to study
mechanical properties and energy dissipation law of gas coal
under dynamic loads.

,us, taking the gas coal (seam no. 13-1) of Panxie Coal
Field as the engineering background, the static loading and
impact test of different strain rates were conducted by SZW-
1000 microcomputer servo pressure tester and SHPB testing
system. Mechanical properties of gas coal were studied
under static loading and dynamic impact. Moreover, the
dissipated energy density was analyzed under different
loading patterns, aiming to comprehensively understand
mechanical differences between static loading failure and
dynamic impact failure for gas coal.

2. Preparation and Physical Properties of Gas
Coal Sample

2.1. Characteristics of Gas Coal Sample. Gas coal samples
used in this experiment were collected from seam no. 13-1 in
the west 3rd mining area in the Pansan Coal Mine of
Huainan Mining Group. Coal-rock mass presents black
blocks or particles, with weak vitreous luster and black (or
deep brown) striations. Bright coal is a main component for
coal-rock mass, followed by vitrain and dull coal. ,e coal-
rock mass belongs to the semibright or semidark coal types.
,e apparent density is 1380 kg/m3, the vitrinite reflectance
is 0.86, and the average ash content is 23.35% for raw coal.
Coal property is manifested by the gas coal with low sulfur
content and moderate heating amount. ,ey can be used to
prepare the representative coal samples.

X-ray diffractometer (XRD-6000) and scanning electron
microscope (SEM, Hitachi S-4800) were used to analyze the
complicated microstructure and composition of gas coal

sample. Figure 1 shows the photograph of X-ray diffrac-
tometer (Figure 1(a)) and XRD pattern (Figure 1(b)) of raw
coal. It is found that the gas coal is mainly composed of
75–80% noncrystalline and 10–20% clay minerals. Among
them, kaolinite content is the highest, accounting for more
than 80% of mineral components, accompanied with few
quartz, chlorite, calcite, and siderite. Furthermore, SEM
images of gas coal under natural state are shown in Figure 2.
From the different magnified images, we can clearly observe
that the internal coal matrix has uneven surface, and it
contains abundant original damage, such asmicrocracks and
mesocracks.

2.2. Preparation of Coal Sample. According to regulations of
Physical and Mechanical Property Test Method of Coal and
Rocks (GB/T23561.7-2009), the large raw coals that were
collected from underground well were processed in the
laboratory. Cylinder samples (φ50mm× 100mm and
φ50mm× 30mm) were made by drilling, cutting, and
grinding. After two-end grinding of samples, the flatness was
lower than 0.05mm, and the depth of parallelism was lower
than 0.02mm, thus eliminating test errors caused by the
unevenness end of samples.,e picture of gas coal samples is
shown in Figure 3.

3. Static Loading Test of Gas Coal

3.1. Test Equipment. ,e static loading test was applied by
using the testing system of SZW-1000 microcomputer servo
pressure tester, including loading system and acoustic
emission collection system. ,e maximum axial test force of
the loading system is 1000 kN, as shown in Figure 4. ,e
multiple control modes, such as isokinetic strain, isokinetic
displacement, displacement maintaining, and force main-
taining, could be realized in the loading process.,e acoustic
emission monitoring was applied by using DS2-8B acoustic
emission collection acquisition system made by Beijing
Ruandao. ,is system not only can collect and record
acoustic emission information automatically but also makes
direct statistics on acoustic emission indicators of acoustic
emission ringing counts and energy counts in unit time. To
construct the three-dimensional AE spatial distribution, four
acoustic emission probes were fixed before and after the gas
coal sample. ,e amplification factor of the preamplifier was
set to 40 dB. During the test, the threshold value was 40 dB,
and the sampling frequency was 3MHz.

3.2. Test Program. ,e cylinder samples (φ50mm× 100mm)
were chosen in the static loading test. After preparation of
samples, the acoustic emission acquisition system was
connected, and the instruments were debugged. Samples
were placed between the upper and lower pressure heads.
,e upper and lower ends of samples were uniformly coated
with Vaseline to reduce influences of friction at ends on test
results. ,e stress-strain relationship of samples in the
postpeak stage could be gained by the axial displacement
control method. ,erefore, the test loading was applied by
displacement control, and the loading speed was set to
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0.002mm/s until the sample fracture. In the test process, the
failure characteristics of gas coal could be recorded, and the
stress-strain curves in the loading process were drawn.

Meanwhile, the acoustic emission signals were monitored
and collected in the failure process of samples to analyze the
internal damage features in the whole process of
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Figure 1: XRD test of gas coal: (a) X-ray diffractometer; (b) XRD pattern.

Figure 2: SEM images of gas coal.

Figure 3: ,e picture of gas coal samples.

Figure 4: Static loading test system.
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compression test for gas coal. In addition, Vaseline was used
as the coupling agent of AE sensor to enhance the coupling
effect.

4. SHPB Dynamic Impact Test of Gas Coal

4.1. Test Equipment. ,e dynamic impact test was applied by
SHPB system of Key Laboratory of Safety and High-Effi-
ciency Coal Mining, Ministry of Education, which was
constructed by Anhui University of Science and Technology.
,e test equipment system and bullet size are shown in
Figure 5.

Impact test was performed by isometric loading method
of sample and bar. ,e diameter of incident bar, trans-
mission bar, and absorption bar was 50mm, and the lengths
were 2.0, 1.5, and 0.5m, respectively. ,ese bars were made
of high-strength alloy steel. ,e elasticity modulus was
200GPa, and the yield strength was higher than 800MPa.
Spindle bullet made specifically in the experiment was used
to produce half-sine stress wave to realize the loading of
constant strain rate [25, 26].

In the test, the cylinder samples (φ50mm× 30mm) were
placed between the incident bar and transmission bar. ,e
spindle bullet driven by high-pressure nitrogen gas impacted
onto the incident bar, and it formed an incidence pulse in the
incident bar. When the incident pulse arrived at two ends of
sample in the incident bar, the samples developed plastic
deformation as a result of stress pulse. In the same time,
some pulses were reflected, and the rest ran through samples
and transmitted into the transmission bar, forming the
reflection pulse signal and transmission pulse signal, re-
spectively. Dynamic loads with different strengths were
realized by adjusting the driven gas pressure. ,ree kinds of
pulse signals were recorded by the resistance strain gauge
(1m away from the ends of sample) on the incident bar and
semiconductor strain gauge on the transmission bar (0.6m
away from the ends of sample). ,e applied strain gauge
models and basic parameters are shown in Table 1. Signals
were collected and acquired after amplification by the dy-
namic strain meter. Speed of the bullet was tested by speed
measurement system composed of the timer and parallel
beam.

According to two basic hypotheses of the SHPB ex-
perimental technology and Newton’s ,ird Law [27], the
data processing was implemented by the second wave
method (equation (1)) [14, 26, 28], through which the dy-
namic stress (σ), strain (ε), and strain rate (_ε) of gas coal
sample were determined:

σ �
EA

A0
εt,

ε � −
2c0

l0


t

0
εrdt,

_ε � −
2c0

l0
εr.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

In equation (1), σ is the dynamic stress of coal-rockmass,
MPa; ε is the dynamic strain of coal-rock mass; _ε is the
dynamic strain rate of coal-rock mass, s− 1; εr and εt are the
strains of reflected wave and transmission wave, respectively;
c0 is the elastic wave velocity of pressure bar, m/s; E is the
elasticity modulus of pressure bar material, GPa; A is the
cross-sectional area of pressure bar, mm2; A0 is the original
cross-sectional area of coal-rock sample, mm2; l0 is the
original length of coal-rock sample, m.

4.2. Test Program. ,e impact tests of gas coal sample were
performed under different impact gas pressures through the
following steps:

(1) Tests were divided into four groups. ,e impact gas
pressure was set at four levels according to the test
design: 0.2, 0.5, 0.8, and 1.1MPa, respectively.

(2) Before the impact test, the strain gauges were pasted,
and the operation condition of equipment was ex-
amined. Samples were installed between two pres-
sure bars and coated with Vaseline to ensure that the
samples closely contact with the incident bar and
transmission bar. According to experimental design
requirements, the working gas pressure was adjusted
to realize different strain rate.

(3) ,e strain gauge was calculated, and data collection
parameters were set, which can ensure that the data
acquisition system is prepared. ,e bullet emission
organization was started, and the impact gas pressure
reached the set value. ,e bullet impacted onto the
incident bar, and data were acquired and stored by
the data storage processing system, accomplishing
the same impact gas pressure test. Next, the impact
gas pressure was adjusted, and the above steps were
repeated. ,e different groups of impact tests were
accomplished.

5. Result Analysis of Static Loading Test for
Gas Coal

5.1. Deformation Characteristics of Gas Coal under Static
Loading. Since stress-strain curves of the gas coals were
similar under static loading, the stress-strain curve of coal
sample (J1-2) in the full loading process is shown in Figure 6.
Crack development of the gas coal sample under static
loading experiences four stages: (1) ,e compaction stage of
original micropores (OA section): micropores are com-
pacted, and the stress-strain curve presents an upper con-
cave shape. (2) Elastic deformation stage (AB section):
micropores are further compressed and become compacted.
,e stress-strain curve is a straight line. (3) Dilation de-
formation stage (BC section): the stress-strain curve fluc-
tuates and drops. ,e volume of coal sample changes from
compression to dilation. In this stage, the original cracks
expand, and they form the new induced cracks. (4) Postpeak
failure stage (CD section): the stress-strain curve quickly
drops, and coal samples develop slippage failure, manifested
by brittle feature of coal samples. However, it is found that
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the coal samples still keep good completion, instead of
grinded state (Figure 6(b)). After the processing of test data,
the uniaxial compressive strength of gas coal is 18.1MPa,
and the elasticity modulus is 0.931GPa. Uniaxial com-
pressive strengths of coal samples (J1-1 and J1-3) are 13.4
and 15.6MPa, respectively, while the elasticity moduli are
0.568 and 0.871GPa, respectively.

5.2. Acoustic Emission Features of Gas Coal under Static
Loading. ,e features of acoustic emission are generally
characterized by some parameters, such as energy, ringing
count, and peak count [29]. Figure 7 shows the relation
curves of stress, acoustic emission ringing count, and energy

with time in the loading process. It is well known that
acoustic emission signals reflect the internal damage of coal
sample. ,ey are closely related to the compaction of in-
ternal original cracks as well as development, expansion, and
connection of new cracks. It can be seen that the variation
trend of the stress-time curve of coal sample is consistent
with those of acoustic emission ringing counts/energy-time
curves. ,erefore, the deformation failure of coal sample can
be represented by the acoustic emission changes. Further-
more, acoustic emission features are different in different
stages. ,e acoustic emission ringing counts and energy
continuously increase with the continuous increase of loads,
showing evident stage characteristic. In the OA section,
there are few acoustic emission signals, which are mainly
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Figure 5: Schematic diagram of SHPB test device: (a) equipment system, (b) test equipment, and (c) spindle bullet.

Table 1: Basic parameters of the strain gauge.

Resistance strain gauge
Model Resistance

(Ω)
Sensitivity
coefficient

Grid length× grid width
(mm)

Base size (length×width)
(mm)

BX120-
2AA 119.8± 0.1 2.08± 1% 2×1 6× 3

Semiconductor strain
gauge

Model Resistance
(Ω)

Sensitivity
coefficient Silicon bar size (mm) Base size (length×width)

(mm)
TP-5-120 120 110± 5% 5× 0.30× 0.05 6× 4
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produced by closure of the original cracks. In early period of
AB stage, there were still few acoustic emission signals.
When the loads increase to the yield point of coal sample, the
acoustic emission signals are enhanced, and stress fluctuates
in a small range. In the BC stage, the internal cracks of coal
sample continuously propagate and connect. When stress
reaches the ultimate strength of coal sample, acoustic
emission signals increase to the maximum and then samples

fail, resulting in the sharp reduction of acoustic emission
signals. Figure 7(a) shows the relation curve of stress,
acoustic emission ringing count, and time in the loading
process. It is found that when the coal sample is loaded into
the late elastic deformation stage, the acoustic emission
ringing count gradually increases and fluctuates. ,e
acoustic emission ringing count quickly increases with the
increase of stress during the expansion and deformation
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Figure 7: Acoustic emission test results: (a) acoustic emission ringing counts, (b) accumulative acoustic emission ringing counts, and
(c) acoustic emission energy.
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Figure 6: Static loading test results of gas coal: (a) stress-strain curve; (b) typical failure mode.
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stage, while it decreases rapidly after the coal sample is
destroyed. ,e accumulative acoustic emission ringing
counts are shown in Figure 7(b). ,e result suggests that, in
the compaction stage and elastic deformation stage, the
accumulative ringing count increases slowly. However, it
increases suddenly until the coal sample becomes unstable
and fails after entering the expansion deformation stage.
Figure 7(c) shows the acoustic emission energy change in the
test. ,e acoustic emission energy value is at a low level in
the compaction stage and elastic deformation stage, but it
keeps increasing after entering the expansion deformation
stage. It indicates that the coal fracture is due to the fact that
the rock releases energy outward to aggravate the failure of
the sample. A large amount of AE energy is released before
the macroscopic failure of the coal samples.

6. Results Analysis of Dynamic Impact Test of
Gas Coal

In this experiment, a total of 20 impact tests of gas coal
sample were accomplished, and 17 valid pieces of data were
collected. ,e impact gas pressure in tests was 0.2–1.1MPa,
and the speed of impact bar was 5.277–19.821m/s. ,e
average strain rate of coal sample was 53.464–208.076 s− 1.
Test data are processed by equation (1), and the test results
are listed in Table 2.

,e time-history curves of loading strain rate of gas coal
sample are shown in Figure 8. Under different impact ve-
locities, all of gas coal samples can correspond to one section
of strain rate platform. In other words, the approximate
mean constant-strain rate of gas coal samples can be found,
indicating the loading reasonability of spindle bullet in the
test. It meets the analysis principle of SHPB, and the dy-
namic mechanical analysis of gas coal is reliable to a certain
extent. Figure 9 shows the dynamic stress equilibrium curves
of gas coal (sample no. 2-1). It is observed that the sum of
incident stress and reflected stress waves “Inc +Re” is ba-
sically consistent with the transmitted stress wave “Tra.” It
suggests that the test results are valid and reliable. Moreover,
the stress equilibrium of all samples was checked to ensure
the validity and accuracy of the results.

6.1. Stress-Strain Curves. Figure 10 shows the uniaxial im-
pact dynamic stress-strain curves of the typical samples
under different strain rates. It can be observed that the
curves under different strain rates basically have same
variation trend. However, their curve characteristics are
different to some extent due to the influences of strain rate.
Based on analysis of Figure 10, the deformation failure of gas
coal sample under impact loads can be generally summa-
rized into four stages:

(1) Elastic deformation stage: stress straightly increases
with the increase of strain. Due to the high impact
velocity in the test process, the closure and com-
paction stage of macroscopic and microscopic de-
fects are very short, and there is hardly concave
downward for the curves. Instead, the curves directly
enter into the linear elastic deformation stage. In

early period of linear elastic stage, the curves overlap
well under high or low impact velocity, indicating the
good consistency of elasticity modulus of samples in
the elastic deformation stage. In the late period of
linear elastic stage, the slope of the linear elastic stage
increases with the increase of impact velocity, ac-
companied with gradual increase of dynamic elas-
ticity modulus.

(2) Evolutionary stage of microcracks: stress slowly
increases with the increase of strain. Slope of the
stress-strain curve is relieved compared with that of
the linear elastic stage. Due to the slow increase of
stress on the gas coal sample, microcracks are ex-
panded and new cracks are produced. However, the
accumulative energy of coal sample in this stage is
inadequate to connect cracks. Under this circum-
stance, the plastic deformation takes the dominant
role in deformation of samples.

(3) Crack propagation stage: stress-strain curve develops
an upward convexity in this stage. Due to the con-
tinuous increase of stress, cracks quickly propagate
and connect with the main cracks, finally resulting in
run-through failures of samples. Samples present
overall failure. In the end of this stage, the stress of
coal sample reaches the maximum, and the corre-
sponding strain is the peak strain.

(4) Unloading stage: stress decreases with the increase of
strain, manifested by strain softening. However, the
decrease amplitude and strain rate are closely related
to failure degree of samples. It is found that internal
microcracks of gas coal sample present different
development degrees under different strain rates,
which is the main cause of fluctuation and different
characteristics of the postpeak curve.

In comparison with stress-strain curves under different
strain rates, there are obvious differences between peak
strength and peak strain. With the increase of strain rate,
both peak strength and peak strain increase, showing the
positive correlation. It presents an evident strain rate effect.
Compared with stress-strain curves under static loading
condition, the postpeak effect of stress-strain curves is rel-
atively evident under dynamic impact. It can be interpreted
as follows: under the action of dynamic load, the postpeak
effect of stress-strain curve does not show the characteristic
that the stress decreases sharply with the strain, so it has the
postpeak softening characteristic.

6.2. Change Characteristics of Peak Stress. As an important
technological parameter in the coal cutting process, dynamic
compressive strength (peak stress) represents the ultimate
bearing capacity of coal under high strain rate. Figure 11
shows the variation curve of peak stress under different
strain rates. It can be seen that the peak stress of gas coal
gradually increases with the increase of strain rate. When the
strain rate increases from 58.840 to 101.416 s− 1, the peak
stress sharply increases by 13.1MPa, which is from 20.9 to
34.1MPa. When the strain rate increases from 101.416 to

Advances in Civil Engineering 7



144.290 s− 1, peak stress is increased by 11.7MPa. When the
strain rate increases from 144.290 to 201.212 s− 1, peak stress
is increased by 4.0MPa, which is from 45.8 to 49.8MPa.

According to change characteristics of peak stress with
strain rate, the functional relationship between them is fitted:

σd � − 75.097 + 23.652 ln _ε, R
2

� 0.967. (2)

From equation (2), it can be observed that the dynamic
compressive strength is highly correlated with strain rate.
,e increase of strain rate can enhance ultimate bearing
capacity of gas coal. However, the dynamic compressive
strength gently increases with the gradual increase of strain
rate. ,ese findings conform to the previous results reported
by other scholars [30].

6.3. Change Characteristics of Dynamic Increase Factor.
Dynamic increase factor (DIF), the ratio between dynamic
compressive strength and static compressive strength of gas
coal sample, was used to measure the variation amplitude of
compressive strength of gas coal with strain rate under
different impact loads. It can be expressed as DIF � fc,d/fc,s,
where fc,d and fc,s are dynamic and static compressive
strengths of gas coal, MPa. ,e variation curve of DIF with
strain rate is shown in Figure 12. It is found that DIF of the
sample increases with the increase of strain rate, which
shows two stages: (1) DIF quickly increases when the strain
rate increases from 58.840 to 144.290 s− 1. (2) When the

Table 2: Dynamic impact test results of gas coal (seam no. 13-1) in Pansan Coal Mine.

Sample
number

Impact
gas

pressure
(MPa)

Velocity of impact
bar (m·s− 1)

Average strain rate
(s− 1) Maximum

strain rate
(s− 1)

Peak stress (MPa) Peak
strain
(%)

Mixed
dynamic
elasticity
modulus
(GPa)

Failure
modeSingle

sample
Arithmetic
mean value

Single
sample

Arithmetic
mean value

Single
sample

Arithmetic
mean value

1-1

0.2

5.879

5.534

64.013

58.840

78.754 19.274

20.946

5.753 3.350 Splitting
1-2 5.985 53.464 60.545 22.413 4.576 4.898 Splitting
1-3 5.429 58.377 76.872 19.026 5.648 3.369 Crushing
1-4 5.277 58.233 68.781 21.894 4.446 4.925 Splitting
1-5 5.098 60.111 70.803 22.121 3.766 5.874 Crushing
2-1

0.5

12.120

12.157

100.650

101.416

108.423 33.942

34.061

4.880 6.955 Crushing
2-2 12.147 101.647 106.031 31.742 4.800 6.613 Crushing
2-4 12.155 97.402 101.256 35.912 5.726 6.272 Crushing
2-5 12.204 105.965 115.406 34.648 5.793 5.981 Crushing
3-2

0.8

16.130

16.327

148.499

144.290

172.063 45.770

45.770

6.023 7.599 Crushing
3-3 16.548 148.035 149.481 43.515 6.195 7.024 Crushing
3-4 16.279 140.113 146.292 44.611 5.016 8.894 Crushing
3-5 16.351 140.512 148.883 40.246 4.910 8.197 Crushing
4-2

1.1

19.821

19.603

200.447

201.212

217.325 48.102

49.763

4.982 9.655 Grinding
4-3 19.807 200.909 218.712 50.147 5.265 9.525 Crushing
4-4 19.773 208.076 249.849 52.376 5.836 8.975 Grinding
4-5 19.011 195.416 226.518 48.425 5.152 9.399 Crushing

V = 5.0976m/s
V = 12.204m/s

V = 16.351m/s
V = 19.773m/s
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Figure 8: Time-history curves of loading strain rate of gas coal
sample.
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strain rate increases from 144.290 to 201.212 s− 1, the growth
range of DIF decreases obviously compared with the pre-
vious stage. It indicates that, under the different strain rates,
sensitive degrees of DIF to strain rate are different for gas
coal sample, and there exists one critical strain rate.

6.4. Change Characteristics of Mixed Dynamic Elasticity
Modulus. ,e change of dynamic elasticity modulus reflects
mechanical property of material under dynamic loading
failure, representing material resistance to deformation.
Before the dynamic loading failure, the stress-strain curve of
coal-rock mass is nonlinear. ,erefore, the numerical value
of elasticity modulus is related to the chosen reference point.
Under the effect of one-dimensional uniaxial stress σ(t), the

corresponding strain response is ε(t). ,us, the dynamic
elasticity modulus is Ed � σ(t)/ε(t). ,at is the secant
modulus at any moment t. ,e dynamic elasticity modulus
could be obtained by processing the stress-strain curve
before the stress limit. For the convenience of analysis, the
peak stress and corresponding strain were calculated for
analysis of mixed dynamic elasticity modulus [26]. ,e
change curve of mixed dynamic elasticity modulus with
strain rate is shown in Figure 13.

Due to differences of test samples, there is certain dis-
cretion of mixed dynamic elasticity modulus under the same
strain rate. However, the mixed dynamic elasticity modulus
increases gradually with the increase of strain rate, showing
evident correlation with strain rate. When the strain rate
increases from 58.840 to 201.212 s− 1, the arithmetic mean
values of mixed dynamic elasticity modulus are 4.481, 6.455,
7.928, and 9.388GPa, respectively. ,e increments of mixed
dynamic elasticity modulus are 1.974, 1.473, and 1.460GPa,
respectively.

According to change characteristics of mixed dynamic
elasticity modulus with strain rate, the functional relation-
ship between them is fitted:

Ed � 2.731 + 0.033_ε, R
2

� 0.987. (3)

It can be seen that, with the increase of strain rate, the
mixed dynamic elasticity modulus conforms to the linear
growth law. ,ese research results are in agreement with the
conclusions reported by the previous literature [31].

6.5. Dynamic Failure Characteristics of Gas Coal Sample.
Failure morphology of gas coal samples under different
strain rates is shown in Figure 14. All of gas coal samples
have been damaged under different strain rates. With the
increase of strain rate, the size of gas coal samples after
damage significantly decreases, and the number of frag-
ments dramatically increases. For the strain rates of 53.464
and 105.965 s− 1, the failure degrees of gas coal samples are
generally low. ,ere are great block-like gas coals, showing
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good lump coal degree. Meanwhile, the coal samples present
a splitting failure pattern. When the strain rate increases
from 140.113 to 208.076 s− 1, the coal samples present the
compression failure pattern, and the number of small blocks
increases after the failure of gas coal samples. ,is phe-
nomenon can be explained by the fact that the input energy
is positively related with strain rate, thus intensifying in-
ternal crack propagation of samples. ,us, the failure mode
of samples changes from block-like pattern into powder-like
pattern.

6.6. Energy Dissipation Law of Gas Coal Sample.
Deformation failure of gas coal is the process from local
dissipation fracture to the overall catastrophe. Actually, it
is one state instable phenomenon under the energy
driving, manifested by energy accumulation, transfer, and
instant release [32]. ,erefore, the dissipated energy is
used to measure failure difficulty of gas coal sample.
Hopkinson bar technique is based on the level-1 elastic
wave theory and uniformity hypothesis. ,e expression of
energy carried by the stress wave σ(t) can be simplified as
W � (Aece/Ee) 

t

0 σ
2(t)dt � AeEece 

t

0 ε
2(t)dt, where Ae is

the cross-sectional area of the input and output bars, mm2;
ce is one-dimensional stress wave velocity, m/s; and Ee is
the elasticity modulus of input and output bars, MPa. It is
assumed that all absorbed energies by gas coal sample are
dissipated by cracking [33]. According to the energy
conservation analysis, the dissipated energy by cracking of
gas coal sample can be expressed as Wd � Wi − (Wr + Wt),
where Wd is the total dissipated energy by coal-rock mass
in dynamic impacts, J; Wi, Wr, and Wt are incident energy,
reflected energy, and transmission energy, J, respectively.
To eliminate influence of sample dimension on dissipated
energy, the dissipated energy density wd represents the
energy dissipated by impact cracking of gas coal in unit
volume: wd � Wd/V, where V is volume of samples, mm3.
,e energy dissipation strength of gas coal under different
strain rates is measured by the energy dissipation rate N:
N � Wd/Wi. Table 3 shows the calculated results of energy
dissipation for gas coal samples under different strain
rates.

Figure 15 show change curves of incident energy, re-
flected energy, transmitted energy, and dissipated energy
with strain rate. Obviously, incident energy, reflected energy,
transmitted energy, and dissipated energy are positively
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Figure 14: Failure morphology of gas coal samples under different strain rates: (a) 64.013 s− 1; (b) 97.402 s− 1; (c) 148.499 s− 1; (d) 195.416 s− 1.
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correlated with strain rate. Furthermore, the data analysis in
Table 3 shows that the incident energy is high under different
strain rates. But the transmitted energy is small, and it is
significantly lower than the reflected energy. It can be
contributed that when incident energy arrives at the end of
incident bar and samples, most of the energy is reflected into
the incident bar and forms the reflected energy. Most of the
energies running through samples are absorbed by samples,
and only few are transmitted into the transmitted bar,
forming the transmission energy. Due to intensifying
cracking of coal-rock mass, the generation of small frag-
ments requires more cracks, while more energy is needed to
generate and expand new cracks.

Generally speaking, the dissipated energy increases with
the increase of incident energy. Figure 16 shows the change

scatter diagram of energy dissipation rate with strain rate.
Clearly, energy dissipation rate does not increase or decrease
with the increase of strain rate. But it fluctuates in a certain
range (0.3–0.5), and it is uncorrelated with strain rate.,is is
because the internal unevenness of gas coal sample results in
large discretion of internal structure among different sam-
ples. ,us, there are great differences for energy propagation
in samples.

Moreover, dynamic failure mechanism of gas coal is
analyzed from the perspective of energy dissipation. Energy
absorbed by samples is mainly dissipated in the evolution of
microcracks. When the strain rate is low, the mesocracks
that have small dissipated energy work on the deformation
failure of gas coal. Before the absorbed energy increases to
the value of other mesocracks opening and forming the main
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Figure 15: Relation curves of incident energy, reflected energy, transmitted energy, and dissipated energy with strain rate.

Table 3: Calculated results of energy dissipation of gas coal samples under different strain rates.

Sample
number

Strain rate
(s− 1)

Incident
energy (J)

Reflected
energy (J)

Transmitted
energy (J)

Dissipated
energy (J)

Dissipated energy
density (J/m3)

Energy
dissipation rate

1-1 64.013 18.929 8.114 2.197 8.617 146302.502 0.455
1-2 53.464 14.553 4.647 2.733 7.174 121793.362 0.493
1-3 58.377 14.685 8.454 1.876 4.355 73935.298 0.297
1-4 58.233 13.086 6.485 2.228 4.373 74246.134 0.334
1-5 60.111 18.925 7.131 2.199 9.595 162895.482 0.507
2-1 100.650 35.377 17.908 4.487 12.983 220419.751 0.367
2-2 101.647 25.768 14.290 3.437 8.041 136515.447 0.312
2-4 97.402 40.395 17.237 5.758 17.400 295411.868 0.431
2-5 105.965 38.246 20.205 5.675 12.365 209932.700 0.323
3-2 148.499 73.622 39.174 6.291 28.157 478044.670 0.382
3-3 148.035 60.722 30.938 6.553 23.231 394416.678 0.383
3-4 140.113 60.610 29.690 8.202 22.718 385707.874 0.375
3-5 140.512 61.589 33.965 6.477 21.147 359034.649 0.343
4-2 200.447 116.486 60.682 8.044 47.760 810871.827 0.410
4-3 200.909 116.259 54.279 7.711 54.269 921367.920 0.467
4-4 208.076 146.504 80.635 7.765 58.104 986483.757 0.397
4-5 195.416 152.137 83.932 10.552 57.653 978522.920 0.392
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cracks, the expansion and connection of these mesocracks
have caused splitting failure of materials. In the condition of
low strain rate, the less mesocracks take the dominant role
and the size of the fragments is larger. ,erefore, the
compressive strength is lower at the failure state, as shown in
Figures 10 and 14(a). However, with the increase of strain
rate, the absorbed energy of gas coal reaches the higher level,
and the propagation of more mesocracks participates in the
cracking process. Higher-level energy leads to smaller size of
cracked materials. Under the cracking state, the compressive
strength increases with the increase of strain rate, shown in
Figures 10 and 14(b)–14(d).

7. Contrastive Analysis of Energy under
Different Loading Modes

In the static uniaxial compressive test, the total absorbed
energy density u of sample is the area surrounded by stress-
strain curve [34]: u �  σdε, where σ is axial stress, MPa, and
ε is axial strain. ,e total dissipated energy density ud is the
difference between the total absorbed energy u and the
releasable strain energy density ue. After static failure of
sample, ue ≈ 0. ,at means that u ≈ ud. ,erefore, the total
failure absorbed energy density in static test can replace the
total dissipated energy density at static failure. ,e total
dissipated energy and energy density of gas coal are shown in
Table 4 in static loading test.

Since there is some energy released by reflected wave and
transmitted wave in the dynamic impact test, the energy
comparison under different loading modes only considers
energy dissipated by sample failure. Dissipated energy
density reflects the energy dissipation during failure modes
of samples with different sizes. By comparison with Tables 3
and 4, for specimens no. 1-1 (64.013 s− 1 strain rate) and 1-2
(53.464 s− 1 strain rate), the dissipated energy density of gas
coal sample is approximately equal to the dissipated energy
density under static loading. However, by analyzing mor-
phology after sample failure (Figures 6(b) and 14(a)), it is
found that the crushing degree of sample under dynamic

impact is significantly higher than that under static loading.
,erefore, the failure degree under dynamic impact is higher
than that under static loading when the dissipated energy
density is the same. In other words, gas coal sample under
static loading needs to consume more energy to get the same
crushing degree compared with that under dynamic impact.

8. Conclusions

(1) In static loading test, the stress-strain curve of gas
coal sample is generally divided into four stages:
original micropore compaction stage, elastic defor-
mation stage, dilation deformation stage, and post-
peak failure stage. With the increase of loads,
acoustic emission characteristics present evident
stage features. In the dilation deformation stage, the
acoustic emission signal increases to the maximum
value and then samples are damaged, resulting in the
sharp reduction of acoustic emission signal.

(2) In dynamic impact test, the stress-strain curve of gas
coal sample generally can be divided into four stages:
elastic deformation stage, microcrack evolution
stage, crack propagation stage, and unloading stage.
Due to the high impact velocity, there is no mi-
cropore compaction stage compared with the static
loading, and it enters into the elastic deformation
stage. Dynamic compression strength, DIF, and
mixed dynamic elasticity modulus are highly cor-
related with strain rate. Among them, DIF is sen-
sitive to strain rate to different extents, and there is a
critical strain rate. However, the mixed dynamic
elasticity modulus follows the linear variation law.

(3) Under the dynamic impact, incident energy, re-
flected energy, transmitted energy, and dissipated
energy are positively correlated with strain rate.
However, energy dissipation rate fluctuates in a
certain range with the increase of strain rate. It is a
variable parameter unrelated to strain rate. ,e in-
cident energy is high under different strain rates. But
the transmitted energy is small, and it is significantly
lower than the reflected energy. In addition, the
dissipated energy of gas coal sample is small at low
strain rate, and the sample develops a splitting failure
mode. But the dissipated energy increases with the
increase of strain rate. It needs more energy to
generate and extend more new cracks. ,erefore, the
sample is further cracked, and it develops a cracking
failure mode.

Table 4: Total dissipated energy of gas coal failure in static loading
test.

Sample
number

Compressive
strength (MPa)

Total
dissipated
energy (J)

Total dissipated
energy density

(J·m− 3)
J1-1 13.4 23.12 117735.24
J1-2 18.1 28.37 144493.25
J1-3 15.6 29.19 148642.25
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Figure 16: Relationship between energy dissipation rate and strain
rate.
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(4) Dissipated energy densities of gas coal samples under
static loading and dynamic impact are compared.
Under the same dissipated energy density, the failure
degree of sample under dynamic impact is higher
than that under static loading. In other words, it
needs to consume more energy to get equal crashing
degree under static loads compared with that under
dynamic impact.
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In order to study the short-term creep deformation of high-strength concrete with varying fly ash replacement ratios, concrete
samples with 0, 20, 35, and 50 wt% fly ash were tested using an electrohydraulic servocontrolled creep testing system and
characterized using scanning electron microscopy after fracturing. +ree different creep deformation behaviors were observed
over time under different stress levels, namely, decelerating, isokinetic, and accelerating creep, where the creep rate increased with
increasing stress. Failure of the samples occurred once isokinetic creep was achieved. +e peak stress of the concrete samples
exhibited a parabolic trend with increasing fly ash content, where the peak stress in the 0, 20, 35, and 50 wt% samples during short-
term gradation loading creep testing was 13.08%, 7.94%, 15.14%, and 14.50% lower, respectively, than the peak stress measured in
conventional uniaxial compression testing. +e accumulated creep of the samples was reported and can be used as a reference for
future studies on the long-term creep characteristics of concrete.+emacro- andmicroscopic failure modes of the fly ash concrete
during short-term gradation loading creep under uniaxial compression were brittle cleavage fracturing.

1. Introduction

+e rapid rise in the global population and economy has led
to the depletion of shallow underground resources, and
deeper exploration has inevitably increased. In turn, sudden
disasters related to underground construction have become
more frequent. +e deeper underground space is a com-
plicated environment associated with high ground stress,
high ground temperature, and high karst water pressure,
which pose significant challenges to engineering personnel
and scientific researchers [1–3]. For example, deep coal is an
important underground resource utilized in various coun-
tries, but accidents occur frequently during its mining due to
the associated environment, lithology, exploitation, and
transformation. Mine walls and roadway supports to control

rocks in coal mines should be improved. +is development
should encompass deep underground geomechanical testing
technology, data on the physical and mechanical properties
of the rocks, low stress and mining-induced stress field
distribution laws, and the deformation and destruction
mechanisms of the surrounding rocks. Further, control,
support, and reinforcement technologies should be con-
sidered [4–7].

Concrete is one of the most widely used building ma-
terials, where applications have extended beyond conven-
tional buildings to underground, aquatic, and marine
structures. +is broad spectrum of applicability is associated
with a range of qualitative changes in concrete materials,
where factors such as high stress, high corrosion, and high or
low temperature play a role. Continued research and
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practical implementation have contributed to the develop-
ment of novel concrete materials with high strength and
high or ultrahigh performance, such as fly ash concrete, slag
concrete, and fiber concrete [8–13]. +e development of
concrete materials and technologies has led to advancements
in deep underground space engineering. +ese scientific and
technological research achievements are particularly rele-
vant to mine sidewalls and roadway supports [14–19].
However, the concrete materials used in deep underground
engineering must be further improved.

+is study aimed to evaluate the short-term creep de-
formation of high-strength concrete with varying fly ash
replacement ratios using the gradation loading test method.
+e creep mechanical properties and failure characteristics
of the concrete samples were determined by analyzing the
creep-time curves, peak strength, creep rate, and accumu-
lated creep measurements, as well as macroscopic and
microscopic observations after failure. +ese findings are
expected to provide insights that support further engi-
neering applications.

2. Experimental Program

2.1. Materials. +e cementitious materials used in the ex-
periment were Portland cement and fly ash supplied by two
local companies, where the chemical compositions are given
in Table 1. River sand was used as the fine aggregate, which
had a fineness modulus of 2.8 and an apparent density of
2769 kg/m3. Crushed limestone was used as the coarse ag-
gregate, which had a particle size of 5 to 20mm and an
apparent density of 2719 kg/m3. +e polycarboxylate
superplasticizer was provided by Zhejiang Wulong Chem-
ical Co. Ltd (China).

2.2. Samples. Concrete samples (100×100× 300mm) were
produced according to the mixing ratios given in Table 2,
where the fly ash replacement level (m) was either 0, 20, 35,
or 50 wt%. A maintenance period of over 90 days was used.
+ree samples of cement with each fly ash replacement ratio
were prepared for the uniaxial compression test and the
gradation loading creep test.

2.3. Characterization. +e strain gauge was mounted in a
procedure that involved of patching, grinding, cleaning, and
pasting steps (Figure 1). A strain gauge was mounted to each
sample on its two symmetrical sides. Uniaxial compression
testing was conducted before the stepwise creep loading test
to determine the conventional uniaxial compressive peak
strength of concrete with each fly ash replacement ratio
(Table 3). An electrohydraulic servocontrolled compression
testing machine was used (Changchun Kexin YAS-5000)
(Figure 2). +e gradation loading test method was used to
evaluate creep deformation, where the specimen was loaded
at a rate of 3 kN/s to 30% of its uniaxial compressive peak
strength, held for 30min, and unloaded. Stepwise com-
pression was followed where the load was increased by 10%
of the uniaxial compressive peak strength, held for 30min,
and unloaded. +e process was repeated until the specimen

failed. +e strain and stress were measured using the strain
gauges and pressure sensors.

Scanning electron microscopy (SEM) was used to ob-
serve fragments of the concrete samples (10×10×10mm) at
a consistent distance (about 10mm) from the concrete
surface (Figure 3). Analysis was conducted using the TES-
CAN VGEA3 SEM test system provided by the Civil
Structure Laboratory of Xuzhou Institute of Engineering.
Before observation, the samples were dried and sprayed with
gold (SBC-12 Ion Sputter Coater).

3. Results and Discussion

3.1. CreepDeformationunderGradationLoading. +e creep-
time (ε-t) curves of concrete with varying fly ash replace-
ment ratios under increasing stress revealed slightly different
behavior between the three samples for each fly ash re-
placement ratio (Figure 4). +is indicated that the results are
associated with a certain level of discreteness. +e creep
deformation exhibited three trends at the different stress
levels over time, namely, decelerating, isokinetic, and ac-
celerating creep. Decelerating creep was predominantly
observed at low stress levels, while isokinetic and acceler-
ating creep became dominant under higher stress just before
sample failure.

3.2. Uniaxial Compressive Peak Strength. +e conventional
uniaxial compression peak stress (σc0), creep peak stress (σc),
and drop ratio (r � (σc0 − σc/σc0)) of the fly ash concrete
with varying replacement ratios (m) are given in Table 2 and
Figure 5. +e uniaxial compression peak stress values ini-
tially increased and subsequently decreased with increasing
fly ash replacement. +us, the trend was fitted according to a
parabola, namely, σc0 � –154.47m2 + 68.83m+ 58.06, where
MPa is the unit of σc0. Specifically, σc0 � 58.1MPa atm� 0 wt
%; σc0 � 65.5MPa atm� 20 wt% (12.74% increase fromm� 0
wt%); σc0 � 63.4MPa at m� 35 wt% (9.12% increase from
m� 0 wt%); and σc0 � 53.8MPa at m� 50 wt% (7.40% de-
crease from m� 0 wt%). +us, the maximum uniaxial
compression peak stress was achieved in concrete with a fly
ash replacement ratio between 20 and 35 wt%, where the
fitted parabola indicated the value was 22.3 wt%.

+e creep peak stress exhibited a similar parabolic trend
with increasing fly ash replacement ratio and was fitted as
σc � –165.66m2 + 71.64m+ 50.93, where MPa is the unit of
σc. Specifically, σc � 50.5MPa atm� 0 wt%; σc0 � 60.3MPa at
m� 20 wt% (19.41% increase from m� 0 wt%);
σc0 � 53.8MPa atm� 35 wt% (6.53% increase fromm� 0 wt
%); and σc0 � 46.0MPa at m� 50 wt% (8.91 % increase from
m� 0 wt%). +us, the maximum creep peak stress was
achieved at a fly ash replacement ratio between 20 and 35 wt
%, namely, 21.6 wt% according to the fitted parabolic model.
+e conventional uniaxial compression peak stress and
creep peak stress values exhibited very similar parabolic
trends. +us, optimization of the fly ash concrete for a large
conventional uniaxial compression peak stress would si-
multaneously lead to a large creep peak stress.
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+e drop ratios were 13.08%, 7.94%, 15.14%, and 14.50%
at fly ash replacement ratios of 0, 20, 35, and 50 wt%. +us,
creep and fly ash replacement had a dual influence on the
conventional uniaxial compression peak stress. Creep
caused a reduction in uniaxial compression peak stress,
where a fly ash ratio of up to 21.6 wt% fly ash led to an
improvement in the uniaxial compression peak stress of
concrete. However, even the optimal level of 21.6 wt% did
not compensate for the negative influence of creep defor-
mation. When the fly ash replacement ratio was over 21.6 wt
%, its positive effect was weakened.

3.3. Creep Rate. Specific samples were selected for the
separation of the strain under varied stress levels, namely,
sample 1 for 0 wt% fly ash (Figure 4(a)), sample 2 for 20 wt%
fly ash (Figure 4(b)), sample 2 for 35 wt% fly ash
(Figure 4(c)), and sample 2 for 50 wt% fly ash (Figure 4(d)).
+e instant strain was deducted from the corresponding
stress level to give the creep strain-time (εcp-t) curves
(Figure 6). +e strain at concrete failure (accelerating creep
stage) was not calculated. Overall, the concrete exhibited
different creep strain-time curves under different stress
levels. Specifically, decelerating creep occurred under low
stress, resulting in a relatively small creep value. A rise in
stress level led to an increase in the creep value and creep
rate. At a certain point, often near the peak stress of the
concrete, decelerating and isokinetic creep was observed,
where the failure occurred once isokinetic creep began.

+e decelerating creep stage (Figure 7(a)) and the
subsequent decelerating/isokinetic creep stage (Figure 8(a))
presented in Figure 6 were used for exponential function
fitting in Figures 7(b) and 8(b), respectively, based on fitting
functions (1) and (2). +e creep rate (dεcp) was calculated
based on derivatization of the fitting parameters given in

Table 1: Chemical composition of the cementitious materials.

Materials SiO2 (%) Al2O3 (%) Fe2O3 (%) CaO (%) MgO (%) Na2O (%) K2O (%) SO3 (%)
Cement 21.6 4.13 4.57 64.44 1.06 0.11 0.56 1.74
Fly ash 54.9 25.8 6.9 8.7 1.8 0.3 0.1 0.6

Table 2: Mixing ratios of the concrete.

Fly ash content (wt%) Fly ash (kg/m3) Cement (kg/m3) Sand (kg/m3) Stone (kg/m3) Water-cement ratio Water (kg/m3)
0.0 0.0 453.0 740.0 1112.0 0.32 145.0
20.0 91.0 362.0 740.0 1112.0 0.32 145.0
35.0 159.0 294.0 740.0 1112.0 0.32 145.0
50.0 226.5 226.5 740.0 1112.0 0.32 145.0

Table 3: Creep peak stress (σc) and conventional uniaxial com-
pression peak stress (σc0) of concrete with different fly ash re-
placement ratios (m).

m (wt %) 0 20 35 50
Axial compression
test σc0 (MPa) 58.1 65.5 63.4 53.8

Gradation loading
creep test σc (MPa) 50.5 60.3 53.8 46.0

Drop ratio (r � (σc0 − σc)/σc0) 13.08% 7.94% 15.14% 14.50%

Original surface

Patching holes

Polished surface 

Attaching strain gauge

Original concrete samples Concrete samples for testing

Figure 1: Mounting of strain gauges on the concrete samples.
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Tables 4 and 5. +e fitted values were very similar to the
experimental values:

εcp � C1 + A1e
−t/B1 , (1)

εcp � C2 + A2t. (2)

+e creep rate-time (dεcp-t) curves for Figures 7(a) and
8(a) are given in Figures 9(a) and 9(b), respectively. +e
decelerating creep stage was associated with a gradual de-
crease in creep rate over time until reaching a rate of zero.
+e initial creep rate of the concrete with fly ash was sig-
nificantly smaller than that with no fly ash replacement.
However, this difference between the groups gradually de-
creased over time. +e decelerating/isokinetic creep stage
exhibited an initial decrease in creep rate over time that was
rapid in the concrete with fly ash replacement ratios of 0 and

50 wt% and relatively slow at 20 and 35 wt%. +e concrete
samples eventually entered the isokinetic creep stage near
the time of failure. +e 20 wt% fly ash concrete exhibited the
highest creep rate, followed by 35, 50, and 0 wt% (lowest),
where the creep rate at 50 and 0 wt% was very similar.

3.4. Accumulated Creep. +e accumulated creep (εcp+) was
calculated as the creep generated at a specific stress level (σsp)
plus the creep generated at all previous stress levels (Table 6
and Figure 10).+e accumulated creep of the concrete mixed
with fly ash increased with increasing stress, where two
stages were observed. +e accumulated creep increased
slowly as stress increased below 40MPa and began to rise
sharply as the stress exceeded 40MPa.

At stress below 40MPa, the accumulated creep values
were smaller in the concrete mixed with fly ash than the
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Figure 2: Electrohydraulic servocontrolled creep test system with the following components: (1) guide screw, (2) bearing plate, (3) strain
gauge, (4) concrete, (5) pressure transducer, (6) oil pump system, (7) cooling tower, (8) electric machinery, (9) track, (10) strain collection
device, (11) controller, (12) power device, (13) underground space, and (14) bearing plate.
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Figure 3: SEM analysis of the concrete samples. (a) Scanning electron microscope. (b) Samples for analysis. (c) Gold spraying equipment.
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concrete without fly ash. As the stress increased further,
significant variations in the accumulated creep were ob-
served among the various fly ash concrete groups, but the
values were consistently lower than that of concrete without
fly ash.

Fly ash replacement led to lower accumulated creep due
to the improved antideformation properties of the concrete,
where the degree of improvement was related to the fly ash
replacement ratio. Specifically, the maximum improvement
was observed at 20 wt% fly ash, after which it began to
decrease in the 35 and 50 wt% fly ash concrete. +e max-
imum accumulated creep of the concrete with 20 wt% fly ash
was 33% lower than that of the concrete without fly ash.
Similar results have been reported by Ghosh and Timusk
[20], Huang et al [21]. However, these studies were based on
short-term creep testing over a longer time. +erefore, the
accumulated creep values presented in this study can be used
as a reference for further research on the long-term creep
properties of concrete.

3.5. Failure Characteristics. +e macroscopic failure modes
of fly ash concrete due to short-term gradation loading
creep under uniaxial compression are shown in Figure 11.
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Figure 4: Creep-time (εcp-t) curves of concrete mixed with fly ash replacement ratios of (a) 0, (b) 20, (c) 35, and (d) 50 wt% during gradation
loading.
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Figure 5: Creep peak stress (σc) and conventional uniaxial com-
pression peak stress (σc0) of concrete with different fly ash re-
placement ratios.
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+e samples were largely intact after gradation loading
creep failure and exhibited an obvious fractured surface
with a few broken pieces. +e failure modes were pre-
dominantly either oblique section rupture failure, axial
direction separation failure, or combined failure. During
gradation loading creep testing, the samples exhibited
instant failure characterized by a clear loud sound and a
small number of broken pieces. +ese brittle rupture
characteristics led to difficulty in observing the generation
and evolution of cracks before failure.

SEM was used to evaluate the microscopic rupture
characteristics of the concrete samples with different fly
ash replacement ratios (Figure 12). Most of the fly ash
particles in the concrete with 20 and 35 wt% fly ash
participated in secondary hydration reflection, where the

fracture surface was flat and tight. +is microstructure
contributed to the superior performance compared to
concrete without fly ash. +e concrete with 50 wt% fly ash
exhibited unhydrated fly ash particles and a relatively
rough fracture surface.

SEM was used to evaluate the appearance of the
fractures in the concrete with varying fly ash replacement
ratios (Figure 13). +e concrete with no fly ash replace-
ment exhibited semispherical fracturing along the crystals
and step-form fracturing through the crystals. +ese are
brittle fracturing modes. +e concrete with 20 wt% fly ash
also exhibited brittle step-form fractures through the
crystals, while the 35 wt% sample exhibited both stacked-
form fracturing through the crystals and secondary cracks
through and along the crystals, both with brittle fracture
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Figure 6: Creep strain-time curves (εcp-t) of concrete with fly ash replacement ratios of (a) 0, (b) 20, (c) 35, and (d) 50 wt% under different
stress levels.
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Figure 7: Experimental and fitted creep-stain curves of concrete with various fly ash replacement ratios (m) during the decelerating creep
stage.
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Figure 8: Experimental and fitted creep-stain curves of concrete with various fly ash replacement ratios (m) during the decelerating/
isokinetic creep stage.

Table 4: Fitting parameters of concrete with various fly ash replacement ratios during the decelerating creep stage.

Parameter
Fly ash content (wt%)

0 (stress� 50.5MPa) 20 (stress� 53.6MPa) 35 (stress� 49.6MPa) 50 (stress� 44.9MPa)
A1 −44.91 −37.72 −26.76 −35.33
B1 566.60 746.85 358.96 646.67
C1 50.57 40.74 31.63 38.02

Table 5: Fitting parameters of concrete with various fly ash replacement ratios during the decelerating/isokinetic creep stage.

Parameter
Fly ash content (wt%)

0 (stress� 56.1MPa) 20 (stress� 60.3MPa) 35 (stress� 55.8MPa) 50 (stress� 50.5MPa)
A1 −16.60 −47.78 −48.36 −52.09
B1 49.32 456.68 361.45 175.40
C1 16.60 53.06 53.68 55.35
A2 0.047 0.018 0.018 0.031
C2 11.65 31.31 36.79 42.19
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Figure 9: Creep rate-time (dεcp-t) curves of concrete with various fly ash replacement ratios (m) during the (a) decelerating and (b) decelerating/
isokinetic creep stages.

Table 6: Accumulated creep (εcp+) of concrete with various fly ash replacement ratios (m) at different stress levels (σsp).

m� 0 wt% σsp (MPa) 16.8 22.4 28.0 33.7 39.3 44.9 50.5
εcp + (με) 9.0 21.6 35.9 56.9 80.8 144.8 207.4

m� 20 wt% σsp (MPa) 20.1 26.8 33.5 40.2 46.9 53.6 60.3
εcp + (με) 7.5 17.6 28.3 42.6 62.1 89.5 138.6

m� 35 wt% σsp (MPa) 18.6 24.8 31.0 37.2 43.4 49.6 55.8
εcp + (με) 8.6 16.7 26.3 39.9 58.8 80.2 140.5

m� 50 wt% σsp (MPa) 16.6 22.1 27.6 33.2 38.6 44.2 —
εcp + (με) 3.8 8.6 14.0 23.5 38.5 96.5 —
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Figure 10: Accumulated creep-stress (εcp+-σsp) curves of concrete with various fly ash replacement ratios (m).
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Figure 11: Failure modes of concrete with fly ash replacement ratios of (a) 0, (b) 20, (c) 35, and (d) 50 wt% under creep uniaxial
compression.
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Figure 12: Microscopic rupture characteristics of concrete with fly ash replacement ratios of (a) 0, (b) 20, (c) 35, and (d) 50 wt%.
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Figure 13: SEM images of the fracture morphologies of concrete with fly ash replacement ratios of (a) 0, (b) 20, (c) 35, and (d) 50 wt%.
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characteristics. +e concrete with 50 wt% fly ash under-
went brittle river-pattern fracturing through the crystals.
+us, all of the fracturing modes in the concrete with and
without fly ash replacement were cleavage fractures with
brittle characteristics.

4. Conclusions

+e mechanical properties of concrete related to short-term
gradation loading creep were evaluated at various fly ash
replacement levels (0, 20, 35, and 50 wt%) after 90 days of
curing. Creep has exhibited three main behaviors with time
under different stress levels, namely, decelerating, isokinetic,
and accelerating creep. +e creep rate of the concrete in-
creased with increasing stress levels, where the failure oc-
curred once isokinetic creep was reached.

+e peak stress of the concrete with fly ash replace-
ment during short-term gradation loading creep testing
exhibited a similar parabolic trend to that observed during
conventional uniaxial compression testing. +e peak
stress of the concrete with 0, 20, 35, and 50 wt% fly ash
during short-term gradation loading creep testing was
13.08%, 7.94%, 15.14%, and 14.50% lower, respectively,
than the peak stress recorded during conventional uni-
axial compression testing. +e accumulated creep values
reported in this study can be used as a reference value for
further studies on the long-term creep characteristics of
concrete.

+e microscopic failure characteristics of the fly ash
concrete during short-term gradation loading creep under
uniaxial compression were attributed to cleavage fractures
with brittle fracture characteristics, which was reflected in
the macroscopic failure form.
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A layered rock usually exhibits strong anisotropy due to its layered structure. In order to study the anisotropic effect on its static
and dynamic tensile properties, a medium strength anisotropy slate is chosen and tested in five groups of bedding plane dip angles.
,e dynamic tests were carried out by a split Hopkinson pressure bar (SHPB), and the failure process of rock samples is recorded
by a high-speed camera. ,e failure mode and strength characteristic of the slate are analyzed. ,e static test results show that
layered structure significantly affects the failure mode, and the influence of the bedding plane depends on the degree of anisotropy.
,e static and dynamic “tensile strength” exhibit the “U” type strength anisotropy. For samples in the same dip angle group, the
“tensile strength” shows clear dynamic strengthening effect, and the growth rate is most significant at θ� 45°.

1. Introduction

Due to the sedimentation and tectonic loading, many rocks like
slate, phyllite, schist, and gneiss, naturally exhibit regular layered
structures.,ese structures usuallymake the rockmaterials have
one dominant direction of planar anisotropy. In contrast to a
homogeneous rock mass, which has the same mechanical
properties in all directions, themechanical properties of a layered
rock mass change with the change in bedding direction [1].

Meanwhile, tensile strength is one of the most important
parameters of rock materials. Failure of brittle rock normally
initiates from tensile fracture due to its extraordinary lower
resistance to tension rather than to compression [2]. In
many engineering applications, parameters such as the
stability of the chamber excavation and hydraulic fracturing
largely depend on the tensile strength of the rock [3, 4].
,erefore, it is necessary to accurately determine the tensile
properties of the layered rock mass.

Various methods have been proposed for measuring the
tensile strength of rocks. Due to the difficulties associated
with experimentation in direct tensile tests, indirect methods
are widely used as the convenient alternatives to measure the
tensile strength of rocks, such as the Brazilian disc test, the
ring test, and the bending test [5, 6]. Among these indirect
test methods, Brazilian test, maybe the most popular one due
to its features of convenient specimen preparation and
experimental implementation. It has been recommended for
testing tensile strength of rock materials by the International
Society for Rock Mechanics (ISRM) in 1978 [7] and the
American Society for Testing and Materials (ASTM) [8].
,erefore, Brazilian test is chosen in this study. Brazilian
tests have been chosen by some researchers to investigate the
tensile properties of layered rock [9], such as Tavallali A,
André Vervoort on sandstone [10], Khanlari et al. on
sandstone [11], and Lee and Pietruszczak on slate and schist
[12].
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Researchers also have extended the Brazilian test to the
regime of dynamic testing [13]. ,e split Hopkinson pres-
sure bar (SHPB) is widely adopted to conduct the dynamic
Brazilian test to attain higher loading rates [14, 15]. Dai and
Xia conducted SHPB tests on Brazilian discs of Barre granite
to measure the anisotropy dynamic tensile properties [5].
Qiu et al. measured the dynamic tensile properties of phyllite
with the Brazilian test [16]. However, the dynamic tensile
property of layered rock mass still received limited attention.
It is thus necessary to investigate the static and dynamic
anisotropy tensile properties considering the bedding
directivity.

In this study, the static and dynamic tensile Brazilian
tests were conducted by a material testing machine and split
Hopkinson pressure bar (SHPB), respectively. Five groups of
medium strength anisotropy slate samples are tested with
different bedding dip angles (θ� 0°, 30°, 45°, 60°, and 90°).
,e crack process in SHPB is recorded with a high-speed
camera. ,en, the static and dynamic tensile properties and
failure modes are compared to investigate the effect of
anisotropy on the tensile properties.

2. Experimental Methods

2.1. Static and Dynamic Testing Facilities. A SANS material
testing machine is used to conduct the quasistatic tests, as
shown in Figure 1. ,e machine’s maximum static load is
±100 kN, and the loading measurement accuracy is ±0.5%.
,e test used a 0.05mm/min constant loading rate for all
samples. ,e “tensile strength” in the Brazilian test means
the maximum tensile stress at the center of the disc sample
when the sample lost its total bearing capacity. ,e term
“tensile strength” is set into quotation marks, because pure
tensile fracturing is observed only for special configurations
depending on the foliation-loading angle.Within this article,
independent on the observed fracture pattern, all evaluations
are performed according to the classical equation for Bra-
zilian tests, which assumes isotropic homogeneous material
[17]:

σt �
2Pc

πDL
, (1)

where Pc is the maximum loading value,D is the diameter of
the sample, and L is the thickness of the sample.

As shown in Figure 2, the dynamic test is conducted by
using a 50mm SHPB system comprising a 200mm striker
bar, a 1500mm incident bar, and a 1200mm transmission
bar. All the bars are made of 40 Cr alloy steel, with a Young’s
modulus of 240GPa, a P-wave velocity of 5400m/s, and a
density of 7810 kg/m3. A cone-shaped striker is used to
generate a half-sine incident wave and provide constant
strain rate loading until sample failure [18–21]. A Photron
Fastcam SA1.1 high-speed camera is utilized to monitor the
whole failure process of the samples. When the stress wave
generated by the punch reaches the strain gauge of the
incident rod, the high-speed camera linked with the oscil-
loscope is triggered and starts to record. ,e frequency band
range of the ultradynamic strain tester is 0∼1MHz. ,e

locations of the strain gauges mounted on the incident and
transmitter bars are both 1m away from the sample.

In the dynamic test, a rock sample is firstly placed be-
tween the incident bar and the transmission rod. ,en, the
gas pressure in the gas gun is set to 0.5MPa. ,e valve is
opened after the air pressure is stabilized; the gas pressure
pushed the bullet to impact the incident bar.,e uniform air
pressure can make the punch produce constant impact
velocity and obtain constant incident stress wave.

,e stress pulse information, including the incident
strain pulse εI, the reflected strain pulse εR, and the
trsansmitted strain pulse εT, is collected by the strain
gauges on the bars. Previously, studies show that two ends
of the disc sample can reach the stress equilibrium state
during the dynamic Brazilian test [22, 23]. ,erefore, the
equilibrium hypothesis can be introduced into the analysis
of the dynamic Brazilian splitting test result

εI(t) + εR(t) � εT(t). (2)

,us,

P(t) � EAεT(t), (3)

where A is the cross-sectional area of the incident rod and
the transmission rod (the diameter of the incident rod and
the transmission rod is d), and E is the elastic modulus of the
incident rod and the transmission rod.

,us, the dynamic tensile strength can be calculated
using

σt �
2P(t)max

π DL
, (4)

where P(t)max is the maximum load on the samples during
the dynamic Brazilian test.

,e energy of the incident strain pulse is as follows:

WI � AeCeE(   εI(t)
2dt, (5)

where Ae, Ce, and Ee are the cross-sectional area, the sonic
velocity, and Young’s modulus of the incident bar.

Figure 1: Static Brazilian test with the SANS material testing
machine.
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,e energy of the reflected strain pulse is as follows:

WR � AeCeE(   εR(t)
2dt. (6)

,e energy of the transmitted strain pulse is as follows:

WT � AeCeE(   εT(t)
2dt. (7)

,e energy absorbed by the rock sample [24] is as
follows:

WS � WI − WR − WT. (8)

2.2. Brazilian Disc Preparation. A layered slate is selected to
conduct the static and dynamic Brazilian test. In this test,
five groups of samples which contain different dip angles θ
(including 0°, 30°, 45°, 60°, and 90°) are prepared with a
diameter of 50mm and a thickness of 25mm, where the dip
angle θ is the angle between the orientation of layers and the
horizontal plane, as shown in Figure 3. In order to ensure the
reliability of the test results, the nonmetal ultrasonic detector
is used to test the wave velocity vp of the samples. ,e
samples with large difference in vp have been eliminated
before the tests. ,ree samples are prepared for each specific
dip angle.

3. Geological andMechanical Characteristics of
the Slate

,e studied slate was collected from Jiangxi Province,
China. A chemical composition analysis of the slate
yielded the following composition: 59.05%SiO2, 18.56%
Al2O3, 6.87%Fe2O3, 0.24% CaO, 1.84%MgO, 3.47% K2O,
and 2.03% Na2O. ,e slate is mainly composed of quartz,
chlorite, mica, feldspar, and dark minerals. ,is slate is
banded in appearance, and the bands have a width of
0.3∼0.7 mm.

Before the dynamic test, the uniaxial compressive
strength (UCS) (Table 1) of the slate was measured in a
uniaxial compression test with an Instron 1346. ,e samples
are prepared with a diameter of 50mm and a height of
100mm. ,e loading rate of the uniaxial compression test is
0.5MPa/s.

Referring to the definitions of Ramamurthy, the anisotropy
ratio (Rc) equation for transversely isotropic materials is as
follows [25]:

Rc �
σci(0)

σci(min)

, (9)

where σci(min) is the minimum compressive strength obtained
at different angles and σci(0) is the minimum compressive
strength of 0°.

According to the calculation results of formula (9), the
rock anisotropy can be determined by Table 2.

When the strength parameters in Table 1 are substituted
into equation (2), the resulting value is Rc � 2.42. ,erefore,
the slate can be classified as a rock with medium anisotropy.

4. Testing Results of Static Tensile Properties

Figure 4 shows the failure modes of slate samples with
different bedding dip angles under the Brazilian test.
However, the failure modes present in Figure 4 show that
samples under the bedding angle have not failed along the
loading direction, except for the specimen with bedding
angle of θ � 90°. Due to the influence of bedding plane, there
are three failure modes of slate samples: (1) along bedding
failure (θ� 45° and θ� 90°); (2) nonbedding failure (θ� 0°
and θ� 30°); and (3) mixed failure along bedding plane and
nonbedding plane (θ� 60°).

Figure 5 shows the distribution curve of “tensile
strength” of slate with different bedding dip angles. Figure 5
shows that the “tensile strength” decreases first and then
increases with the increase of bedding angle. It indicates that
the bedding plane has a significant influence on the “tensile
strength.” ,e variation trend of “tensile strength” with
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Figure 2: Dynamic Brazilian test with the SHPB system.
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bedding dip angle is like that of static uniaxial compressive
strength, which also belongs to a “U” type anisotropic curve.
,e difference between them is that the characteristic value
of “tensile strength” is more significant, which is
σt(0)/σt(90) � 2.07 and σt(0)/σt(min) � 3.52. Additionally, the
minimum value of “tensile strength” σt(min) is located at
θ � 45°, while the minimum value of uniaxial “tensile
strength” is located at θ � 60°.

5. Dynamic Tensile Properties of the Slate

Figure 6 shows the typical stress wave curves collected on the
incident bar and transmission bar in the dynamic Brazilian
test of the layered slate. According to the ISRM recom-
mended method, the stress balance between the two ends of
the sample is required to ensure the reliability of the test.

Figure 7(a)-7(e) shows the stress impulses at both ends of
the samples with different dip angles. ,e (In +Re) curve
plots the incident stress impulse plus the reflected stress
impulse and is approximately equal to the transmitted stress

impulse curve, indicating that a stress equilibrium is
achieved during the loading process, further verifying the
validity of the test results. Also, it means the bedding planes
have little effect on the stress balance of the samples in the
dynamic Brazilian test.

5.1. Dynamic Failure Mode of the Slate. Figure 8 shows the
failure process of specimens in the dynamic Brazilian test
under different dip angles. According to the relationship
between crack development and bedding planes, the failure
modes of specimens can be divided into four types: (1)
tensile splitting failure along bedding; (2) sliding failure
along bedding; (3) tensile splitting failure across bedding;
and (4) composite failure mode along and through bedding
simultaneously. At the same time, it can be seen from the
figure that the failure modes of samples under different dip
angles are different.,erefore, the failure mode and cracking
process are summarized as follows:

,e whole cracking process of all samples can be
concluded as follows: the impact load just reaches the left
end of the sample; the sample begins to crack; the main
crack develops, and the sample finally fails.

When the sample is θ � 0°, the loading direction is
perpendicular to the bedding plane. At this time, the
specimen is destroyed through the bedding plane at both
ends of the loading. Both ends of the loading crack almost at
the same time are spread through the edge of the specimen.
,ere is no through crack between the two ends of the
specimen, only the local failure near the loading end.

When the sample is θ� 30°, the crack mainly develops
along the bedding plane to the edge of the specimen at the
loading end. At the other end, the crack develops perpendicular
to the bedding plane at first, and then, it turns to develop along
the bedding direction. Finally, the crack develops downward
perpendicular to the bedding plane, the crack is S-shaped and it
connects both ends of the sample.

Layered
slate

z

x

y

(a)

50mm

Pc

θ

(b)

Figure 3: Brazilian test sample preparation.

Table 1: Uniaxial compressive strength.

θ 0° 30° 45° 60° 90°

UCS (MPa) 167.29 79.29 73.31 69.01 147.25

Table 2: Classification of transversely isotropic materials based on
the strength anisotropy parameters.

Range Class
1.0<Rc ≤ 1.1 Semi-isotropic
1.1<Rc ≤ 2.0 Low anisotropy
2.0<Rc ≤ 4.0 Medium anisotropy
4.0<Rc ≤ 6.0 High anisotropy
6.0<Rc Extremely high anisotropy
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When the specimen is θ� 45° and θ � 60°, the sample is
mainly failed along the bedding plane. In the process of
dynamic loading, cracks along the bedding plane appear at
the loading end of the sample, and the sample is destroyed
rapidly. ,ere is only one main crack along the bedding
plane under the dip angle.

When the specimen is θ� 90°, the loading direction is
parallel to the bedding plane of the specimen. ,e failure

process of the specimen is cracking along the bedding plane,
and the failure mode is typical tensile splitting failure along
the bedding plane. Under this bedding angle, all cracks are
along the bedding plane. During the loading process, the
main crack firstly appears at the center of the sample and
then develops at the both ends.

Figure 9 shows the ratio of crack length along bedding to
total crack length under each dip angle. ,e ratio increases
rapidly with the increase of the bedding angle and only slightly
decreases when it is 60° to 90°.With the increase of the bedding
angle, the influence of the bedding surface on the impact
splitting failure of the specimen is prominent, especially when it
rises to 60°, and the specimen is mainly sliding along the
bedding plane, which is generally a single crack. However,
during the crack development process of 90°, some inclined
cracks appear at both ends of the specimen, which leads to a
decrease in the ratio.

5.2. Dynamic “Tensile Strength” Characteristic. Table 3 lists
the measured dynamic “tensile strength” of the layered slate
under each dip angle, including the loading rate [26] and
energy absorption. ,e average “tensile strength” varies with
dip angles, while the energy absorption is also varying with dip
angles. ,e energy absorption value represents the new surface
area of cracks generated during the dynamic test [27]. ,e
energy absorption of slate is highest when θ� 30° and the
lowest at θ � 45° under conventional impact Brazilian splitting.
,e average value of dynamic “tensile strength” at each bedding
dip angle is presented in Figure 10. ,e results show that the
dynamic average “tensile strength” decreases first and then
increases with the increase of the dip angle. It is also a typical
U-type anisotropic curve.,emaximum andminimum values
of average dynamic “tensile strength” appear at θ� 0° and
θ� 60°, respectively.

6. Discussion

6.1. Static Brazilian Test. ,e fracture toughness anisotropy
coefficient is adopted to evaluate the effect of rock anisotropy
on the failure mode of the Brazilian disc sample [28]. ,e
anisotropy degree of splitting strength αt is defined as the
ratio of the maximum “tensile strength” to the minimum
“tensile strength”,

σt �
σtmax

σtmin
, (10)

where σtmax is the maximum “tensile strength” and σtmin is
the minimum “tensile strength”.

(a) (b) (c) (d) (e)

Figure 4: Failure mode of slate in the Brazilian test.
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Figure 5: “Tensile strength” curve of the layered slate with different
dip angles.
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Figure 7: Stress equilibrium check for each dip angle. (a) θ� 0°, (b) θ� 30°, (c) θ� 45°, (d) θ� 60°, and (e) θ� 90°.
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Figure 8: Typical failure modes of samples with different dip angles. (a) θ� 0°, (b) θ� 30°, (c) θ� 45°, (d) θ� 60°, and (e) θ� 90°.
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,e “tensile strength” anisotropy measured of this slate is
αt� 3.52. As shown in Figure 11, Tan et al. studied the failure
mode of sandstone under different dip angles by the Brazilian
test [17]. It can be seen from the figure that the sandstone
bedding plane has little influence on its failure mode, and the
main crack cracking along the loading direction appears in the
samples, which is mainly due to the quasi-isotropic rock
(αt� 1.03). ,erefore, the failure mode of the transversely iso-
tropic rock under the Brazilian test depends not only on the
influence of the bedding plane but also on the anisotropy of the
sample. Table 4 statistics some test results of several layered rocks
measured by the Brazilian test. It can be concluded that with the
increase of anisotropy of splitting “tensile strength”, the influ-
ence of bedding plane on its failure mode also increases.

6.2. Comparative Analysis of Dynamic and Static Test Results.
Figure 12 shows the average value of static/dynamic “tensile
strength” under different dip angles. ,e “tensile strength”
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Figure 9: Ratio of bedding crack length to total crack length.

Table 3: Dynamic Brazilian test results of the slate.

θ No. vp (km/s) σt,d (MPa) Loading rate (GPa/s) Energy absorption

0°
0–1 5.43 31.15 955 11.49
0–2 5.52 31.01 890 11.91
0–3 5.76 27.48 936 11.79

30°
30–1 5.78 25.53 1117 14.64
30–2 5.55 22.74 1034 13.18
30–3 5.39 20.34 1030 13.20

45°
45–1 5.55 20.61 1050 5.96
45–2 5.50 11.3 927 5.64
45–3 5.33 10.81 986 7.18

60°
60–1 5.79 14.59 979 8.05
60–2 5.39 8.20 1012 10.61
60–3 5.48 12.52 998 8.92

90°
90–1 5.39 15.96 986 13.29
90–2 5.62 14.25 1000 11.99
90–3 5.43 14.70 1004 12.10
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Figure 10: Dynamic “tensile strength” curve of the layered slate
under different dip angles.
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curve of these two types of tests first decrease and then
increase with the increase of the dip angle. Figure 12 also
shows that significant strain rate strengthening effect can be
observed in Brazilian tests at each dip angle. Although static
and dynamic “tensile strength” distribution are both typi-
cally “U” type, there are still some differences between the
dynamic and static anisotropy curves. ,e main difference is
the minimum “tensile strength” obtained by the static tests is
located at θ � 45°, while the dynamic tests is located at θ � 60°.

In order to further study the difference between the static
and dynamic “tensile strength” of the slate, DIF (dynamic
increase factor) values [29] of the test results are calculated.
In this study, the factor is the ratio of dynamic and static
“tensile strength”:

DIF �
σt,d

σt

, (11)

where σt,d is the dynamic “tensile strength” and σt is the
static “tensile strength.”

,e calculated DIF values are listed in table 5. It can be
seen from the figure that the strength growth rate of the two
tests increases with the increase of bedding dip angle from
θ� 0° to θ� 45° and then decreases rapidly at θ� 60°. ,e
growth rate of the conventional Brazilian test with θ� 90°
was the same as that of θ� 60° and θ � 0°. Considering the
growth rate of “tensile strength” of the two tests, the dip
angle of bedding plane has a significant effect on the growth
rate. Under the same loading level, the strength growth of
the Brazilian splitting test is the most significant when θ� 45°
and the slowest at θ� 60°. ,erefore, according to the above
conclusions, choosing reasonable impact loading angle in
the process of rock drilling and blasting is conducive to
improve energy utilization rate and rock breaking efficiency,
which is of great significance in underground engineering
construction.

7. Conclusion

In this study, the static and dynamic tensile properties of the
layered slate are studied by Brazilian tests. A medium
strength anisotropy slate is cored and tested in five groups of
samples with different bedding dip angles. ,e static and
dynamic mechanical properties and failure modes of the
slate under different dip angles are obtained.

(1) ,e failure mode of the static Brazilian test is
generally sliding failure along the bedding plane at
θ� 45° and θ� 60°. ,e anisotropy of the slate
(αt � 3.52) has clear influence on the failure mode.
,e failure mode of the layered rock is affected by
two factors, the bedding structure and the an-
isotropy ratio.

(a) (b) (c)

Figure 11: Failure mode of sandstone with dip angles of 15°, 45°, and 90° [10].

Table 4: Different rock anisotropy and failure modes.

Types αt σtmax/θ σtmin/θ
Effect of bedding

plane
Sandstone [17] 1.22 4.14/30° 3.39/0° Relatively low
Marble [17] 2.04 17.66/0° 8.67/90° Low
Sandstone [17] 2.88 16.75/0° 5.80/90° Medium
Slate 3.52 17.24/0° 4.90/45° High
Slate [17] 4.09 15.56/0° 3.80/75° High

Dynamic Brazilian test
Static Brazilian test
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Figure 12: Comparison of dynamic and static “tensile strength”
under different dip angles.

Table 5: Dynamic “tensile strength” DIF value of the slate.

θ DIF
0° 1.79
30° 2.42
45° 3.01
60° 1.83
90° 1.86
Average 2.18
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(2) ,e slate shows significant “tensile strength” an-
isotropy under the static and dynamic Brazilian tests.
,e “tensile strength” first decreases and then in-
creases with the increase of the bedding dip angle,
which is typically “U” type strength anisotropy. ,e
main difference between the two is that the mini-
mum value appears at the position of the bedding dip
angle. ,e minimum value under static condition is
located at θ� 45° while in dynamic condition, it is
located at θ� 60°.

(3) ,e dynamic strengthening effect is significant for
samples in the same dip angle. Under the similar
loading rate, the orientation of the bedding plane has
a significant effect on the “tensile strength” growth,
which is most significant when θ� 45°.
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,e rockmass failure induced by high in-situ stresses during the excavation of deep diversion tunnels is one of the key problems in
the construction of the Jinping II Hydropower Station. Based on the results of acoustic wave tests and rockburst statistical analysis
conducted, this study focuses on the excavation damaged zone (EDZ) and rockburst events in the Jinping II diversion tunnels
excavated using the tunnel boring machine (TBM) method and the drilling-blasting method. ,e unloading failure mechanism
and the rockburst induced by the two different excavation methods were compared and analyzed. ,e results indicate that, due to
the different stress adjustment processes, the degree of damage to the surrounding rock mass excavated using the drilling-blasting
method wasmore serious than that using the TBMmethod.,e EDZ induced by the TBMwas usually distributed evenly along the
edge of the excavation surface. While, the drilling-blasting method was more likely to cause stress concentration, resulting in a
deeper EDZ in local areas. However, the TBM excavation method can cause other problems in high in-situ stress areas, such as
strong rockbursts. ,e drilling-blasting method is more prone to structural controlled failure of the surrounding rock mass, while
the TBM method would induce high stress concentration near the edge of excavation and more widely distributed of stress
adjustment induced failure. As a result, the scale and frequency of the rockburst events generated by the TBM were significantly
greater than those caused by the drilling-blasting method during the excavation of Jinping II diversion tunnels. ,e TBMmethod
should be used carefully for tunnel excavation in high in-situ stress areas with burial depths of greater than 2000m. If it is
necessary to use the TBM method after a comprehensive selection, it is suggested that equipment adaptability improvement,
advanced prediction, and prediction technology be used.

1. Introduction

,e excavation of tunnels would cause stress redistribution
and concentration, unloading rebound in the surrounding
rock mass, and the initiation and propagation of micro-
cracks, which usually resulted in the excavation damaged
zone (EDZ) or rockburst [1]. ,e EDZ significantly influ-
ences the overall stability of tunnels and increases the
probability of failure in the underground caverns [2, 3].
Many scholars have conducted research on this. ,e tests

conducted by the Canadian Energy Corporation’s (AECL)
underground laboratory (URL) show that failure occurred in
the surrounding rock within 0.5m of the excavation range,
and the elastic modulus of the surrounding rock within 2m
decreased by 10–20GPa [4]. Wu et al. proposed a rela-
tionship between the unloading strain and the cumulative
crack opening displacement [5]. Maxwell et al. conducted
tests at the URL and found that the wave speeds in the
sidewall, crown, and bottom of the tunnel were reduced, and
they tried to use the microvelocity to excavate the
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surrounding rock damage zone [6]. Jiang et al. proposed an
intelligent optimization method for the excavation of the
cavern, which greatly reduced the total damage area and the
brittle failure of the surrounding rock [7]. By studying the
time-varying damage to the rocks, a new damage visco-
elastic-plastic model was proposed, which provides a the-
oretical basis for the restoration of damaged rocks [8].

Different excavation methods cause different cate-
gories and amounts of rock damage. Sato used the arm-
type roadheader to study the disturbance of the sur-
rounding rock and found that the width of the EDZ in soft
tertiary sedimentary rocks is 0.3 m, which is smaller than
that caused by the drilling-blasting method. ,is method
can effectively limit the degree of damage to the sur-
rounding rock [9]. Barton studied the relationship be-
tween the efficiency of the TBM and the drilling-blasting
methods for different rock qualities [10]. More studies
have found that the drilling-blasting method is more
prone to structural plane failure, while the TBM method
is more possible to concentrated, the displacement and
plastic zone are distributed more widely, and the sec-
ondary failure length is larger [11–13].

Rockburst is another important problem in the ex-
cavation of deeply buried surrounding rock with a high
in-situ stress. Jiang et al. studied the rockburst phe-
nomenon using the numerical simulation method and
developed a new local energy release rate (LERR) index,
which can satisfactorily predict the depth of the outburst
pit and the intensity of the rockburst, providing a new
method to evaluate the rockburst orientation in deep
underground projects [14]. Zhuang et al. conducted real-
time monitoring of microvibration events and rockburst
during the TBM excavation of Jinping II diversion tunnel
1# and found that the top guide tunnel excavation method
can effectively reduce the risk of rockburst during TBM
tunnel excavation [15]. It was found that the unloading
rate has an important influence on the degree and failure
models of rockburst during the excavation [16–18]. When
the unloading rate is high (excavation by the drilling-
blasting method), the rock is prone to strainburst. On the
other hand, as the unloading rate decreases (such as
excavation by the TBM method), the failure mode
changes from strainburst to spalling [19–22].

,e Jinping II Hydropower Station has the largest di-
version tunnel group in the world, which is quite repre-
sentative in underground engineering in southwest China.
During the excavation period of diversion tunnels, the
drilling and blasting method and the TBM method were
adopted simultaneously, which makes it possible to compare
the quality of unloading rock mass between the two
methods. In this study, the Jinping II diversion tunnels were
taken as an example. Based on the results of the field acoustic
tests and the investigation of rockburst events, this study
compared the unloading damage to the surrounding rock
mass caused by the drilling-blasting method and the TBM
method during the excavation of a deeply buried tunnel
under high in-situ stress. ,e impacts of the two excavation
methods on the surrounding rock mass in a high in-situ
stress environment were also studied, providing information

on the most suitable methods for the excavation of the
deeply buried long diversion tunnels in southwestern China,
especially in the plateau area.

2. Project Background

,e Jinping II Hydropower Station is located on the Yalong
River, Sichuan Province, southwestern China (Figure 1).,e
station makes use of the natural drop at the river bend to
generate electricity using a group of inlet tunnels cut into the
bend [23]. ,e project is mainly composed of a headwork
sluice dam, a diversion system, and an underground pow-
erhouse. ,e diversion system includes 4 parallel diversion
tunnels crossing Jinping Mountain, with an average length
of 16.7 km, from the water inlet to the upstream surge
chamber. ,e distance between the tunnels is 60m, and the
direction of the tunnel axes is N58°W. ,e slope of the
diversion tunnels is as gentle as 3.65%, and the elevation
ranges from 1618.00m at the bottom of the inlet to
1564.70m at the upstream surge chamber.

2.1. Geological Conditions. ,e engineering area of the
Jinping II Hydropower Station is geotectonically located in
the southeastern part of the Songpan Ganzi geosynclinal fold
belt. Under the control of the NWW-SEE directional stress
field, a series of nearly N-S trending compressional or
compression-shear faults with high dip angles and close
complex folds were formed, accompanied by NWW-
trending tensile or tensional-shear faults. From east to west,
the diversion tunnel passes through the Yantang Formation
marble (T2y), the Baishan Formation marble (T2b), the
Upper Triassic sand slate (T3), the Heterogonne Formation
marble (T2z), the Lower Triassic chlorite schist, and the
metamorphic medium fine sandstone (T1). ,e dip of the
strata is steep, and the strike is in accordance with the di-
rection of the main structural line (Figure 2(a)). ,e sur-
rounding rock mass is hard and brittle. A hydro-electric
surrounding rock classification standard (HC) was used to
classify the surrounding rocks, according to the standard of
code for water resources and hydropower engineering
geological investigation (GB50287-99) [24]. ,e rock mass
surrounding the Jinping II diversion tunnel area is mainly
classified as type III and type II, accounting for 53.5% and
37.5%, respectively. ,e type IV and V surrounding rock
masses are less abundant, accounting for 8.1% and 0.9%,
respectively. Among them, the percentage of the degraded
types (IIb, IIIb, IVb, and Vb) of surrounding rock masses
resulting from rockburst is 19.8%, 7.2%, 5.4%, and 0.9%,
respectively. In general, the NNE-trending bedding joints
and the EW-trending tensional-shear joints are mostly well
developed, with the former being mostly closed and the
latter being mostly open. ,e joints are parallel, and their
spacing increases with burial depth, but they are mostly
20–40 cm apart. ,e steep joints have dip angles of 60–84°.
,e joints are slightly open and mostly filled with calcium
cement.

,e crust in the engineering area has been uplifted
rapidly for a long time, while the Yalong River cuts down
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sharply through the high mountain, deep valleys, and steep
slopes. ,is area has experienced rapid changes in topog-
raphy, and thus, a large amount of energy has been stored at
depth. After the rapid uplift of the crust, some of the energy
was released through denudation, but the remaining energy
is difficult to release. ,erefore, this area is a stress con-
centration area with a huge reserve of elastic energy. Most of
the diversion tunnels have burial depths of 1500–2000m,
and the largest depth is 2525m. According to the inversion
regression analysis of the 3D initial stress field in the en-
gineering area, the in-situ stress is dominated by

gravitational stress, and the maximum and minimum
principal stresses are 70.1MPa and 30.1MPa, respectively.
An investigation of the in-situ stress distribution along the
axis was carried out in the traffic tunnel parallel to the di-
version tunnel. According to the results, the peak value of
the maximum principal stress occurs about 9 km away from
the inlet where the burial depth is largest (Figure 2(b)). As
the curve of the maximum principal stress in Figure 2(b)
shows, the maximum principal stress is generally consistent
with the change in the burial depth of the diversion tunnels.
Under the influence of a high in-situ stress, many rockburst
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(b) maximum principal stress along the axis of traffic tunnel A.
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events occurred during the excavation of the traffic tunnel
[25].

Due to the steep valley slopes, steeply dipping rock strata,
and strong unloading of the surface rock mass, the
unloading fractures in the engineering area are generally
prone to forming original structural fractures and bedding
fractures with steep dip angles. Based on the existing cave
exploration results, in the studied tunnel section, the hor-
izontal depth (the distance from the tunnel to the slope
surface in the horizontal direction) of the strong unloading
zone is less than 154m and that of the weak unloading zone
is 135–163m.,e in-situ stress around the diversion tunnels
is high, and a large amount of strain energy is stored in the
surrounding rock mass as a result of long-term geological
processes. Under these conditions, tunnel excavation leads
to the instantaneous release of stress, which can cause se-
rious unloading deformation and damage to the sur-
rounding rock mass.

2.2. Construction. A construction scheme combining the
drilling-blasting method and the TBM method was adopted
for the excavation of the diversion tunnels. Specifically, the
eastern section of diversion tunnel 1# (stake from K15 + 795
to K9 + 936m) and the eastern section of diversion tunnel 3#

(stake from K15+ 903 to 9 + 607m) were excavated using a
TBM, while the rest of the tunnels were excavated using the
drilling-blastingmethod.,e section excavated using a TBM
was circular, with a diameter of 12.4m. ,e diameter of the
tunnel section containing a concrete lining was 11.2m, and
the flow velocity was 4.72m/s. ,e tunnel section excavated
using the drilling-blasting method is horseshoe-shaped, with
a diameter of 13m. ,e diameter of the section containing a
concrete lining is 11.8m, and the flow velocity is 4.11m/s.
,e diameter of the section supported by shotcrete and
bolting is 12.6m, and the flow velocity is 3.77m/s (Figure 3).

,e TBM used in diversion tunnel 1# was a 410–319 open
type TBM manufactured by Robbins, USA. ,e cutter is flat
and straight with a diameter of 17″ and 19″, and it has a high
rock-breaking efficiency and a good abrasive resistance. ,e
spacing between the central cutters is 100mm, and that
between the panel cutters is 86.5mm, which is a universal
cutter spacing. ,e support system of the TBM is divided
into three zones (L1, L2, and L3). L1 is the emergency safety
support zone where bolting, bar-mat reinforcement, steel
arches, steel tiles, and shotcrete are used. L2 is the main
support zone where bolting and shotcrete are used. L3 is the
reinforcing support zone where shotcrete is used. ,e TBM
used in diversion tunnel 3# was an open type TBM man-
ufactured by Herrenkmecht, Germany. As with the Robbins
410–319, this TBM also has a straight, flat cutter with a
diameter of 19″, and the support system also has three zones.
However, the powers and lengths of the two TBMs are
different [26].

3. Unloading Damage Analysis

3.1. Detection of the Excavation Damaged Zone in the Sur-
roundingRockMass. In order to study the quality of the rock

mass surrounding the diversion tunnels during the exca-
vation using the TBM or drilling-blasting method and to
analyze the excavation damaged zone depth of the rock
mass, the acoustic wave detection method was implemented.
,e acoustic wave detectionmethod is based on the theory of
elastic wave propagation in a solid medium. By means of
manual shaking, sound waves are induced in the medium,
and the modulated sound waves are received at a distance. In
addition to determining the physical properties, this method
can be used to confirm the excavation damaged zone (EDZ)
after observing and analyzing the velocity along the test hole
[1, 5, 27]. ,e wave velocity decreases with increasing
acoustic impedance and crack development, and it increases
with increasing rock mass stress and density [28]. ,e EDZ
in the surrounding rock was acquired by the measured
longitudinal wave velocity of the acoustic wave and the
drawn Vp-L curve (the relationship curve between acoustic
wave velocity and borehole depth). According to the stan-
dard for construction technical specifications on rock-
foundation excavating engineering of hydraulic structures
(DL/T5389-2007), the range of the EDZ is determined based
on the variation characteristics of the Vp-L curve (from
orifice to the mutation point of the first wave velocity) [29].
,e monitoring section of the surrounding rock was
arranged at intervals of 50m in each tunnel section, and the
acoustic wave velocities of the rock mass surrounding the
tunnels were determined within a certain depth range
(generally no less than 3 times the tunnel’s diameter). In
each section, 3–8 testing holes were arranged in the crown,
left and right arches, and sidewalls (as shown in Figure 4).
,e diameter of the testing holes was 50–60mm, and their
depth was controlled to no less than 40m. Due to the large
diameter of the diversion tunnel and the deep drilling depth,
it was difficult to ensure that each group of boreholes was
parallel, and thus, the test accuracy of the transonic wave
method cannot be guaranteed. ,erefore, the thickness of
the EDZ in rock mass surrounding the tunnel was measured
using the single-hole acoustic testing method. ,e test in-
strument was an RS-ST01C type acoustic wave meter
produced by the Wuhan Yanhai Company, China, which
uses one shot and two receivers and makes continuous
observations along the whole wall from bottom to top. ,e
single-hole acoustic wave measuring point spacing was
controlled at no more than 20 cm, and the measuring point
spacing, which was within 10m of the test hole, was 10 cm.

3.2. Comparative Analysis of the EDZ Caused by the TBM or
Drilling-Blasting Method. ,e excavation of the water di-
version tunnel led to the relaxation of the radial stress and
induced new cracks, and this state reduces the acoustic wave
velocity of the surrounding rock. Two typical acoustic wave
curves for a section of K16 + 500m in water diversion
tunnels 1# and 2# are shown in Figure 5. As can be seen, in
the K16 + 500m section of water diversion tunnel 1#, the
acoustic wave curve exhibits a step-like pattern. Near the
edge of the excavation, the rock mass was highly damaged,
and the acoustic wave velocity was as low as 1970m/s. As the
test hole depth increased, the disturbance of the surrounding
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rock decreased, and the acoustic wave velocity gradually
increased. At a depth of 1.8m, the acoustic wave velocity
reached 6100m/s, and the surrounding rock was relatively
complete. After this, the acoustic wave velocity changed
little. Similarly, the acoustic wave curve for section
K16 + 500m in water diversion tunnel 2# also exhibited a
step-like curve. ,e volatility increased with increasing test
hole depth, and finally, it reached a relatively stable value at a
depth of 2.2m. According to the test standard, the depths of
the EDZs in section K16 + 500m of water diversion tunnels
1# and 2# are 1.8m and 2.2m, respectively.

In order to further illustrate the different effects of the
TBM method and the drilling-blasting method on the
unloading damage to the rock mass surrounding the di-
version tunnels, the acoustic wave velocities in the sur-
rounding rock mass near three typical test sections
(K14 + 500m, k15 + 200m, and k15 + 600m) of water di-
version tunnels 1#–4# were acquired. ,e results are shown
in Figure 6. As can be seen, the depths of the EDZs were
usually 1–4m. Near the K14 + 500m section, the maximum
depths of the EDZs in water diversion tunnels 1#–4# are
2.6m, 2.8m, 3.0m, and 3.2m, respectively; and the average
depths of their EDZs are 1.88m, 2.53m, 2.44m, and 1.8m,
respectively (Figures 6(a)–6(d)). ,e tested depths of the
EDZs in the surrounding rock mass near sections
K15 + 200m and K15 + 600m are similar. ,e average depth
of the EDZ for rock mass excavated by the TBM (1# and 3#
water diversion tunnels) is 1.82m, about 6.67% less than that
of rock mass excavated by the drilling-blasting method with
the average depth of the EDZ of 1.95m (2# and 4# water
diversion tunnels). ,is indicates that the unloading damage
in the rock mass caused by the TBM method (water di-
version tunnels 1# and 3#) is lighter than that caused by the
drilling-blasting method (water diversion tunnels 2# and 4#).
Furthermore, it can be seen that the EDZs in the sur-
rounding rock mass caused by the drilling-blasting method
(water diversion tunnels 2# and 4#) are significantly greater
in the left and right arch foots than those in the crown and
sidewalls (e.g., Figures 6(d), 6(j), and 6(l)), and the deepest
EDZ reached 4.8m, while those caused by the TBM method
(water diversion tunnels 1# and 3#) are evenly distributed
along the edge of the excavation surface. ,is indicates that
the use of the drilling-blasting method is more likely to cause
stress concentration in the local area of the tunnel (usually
the arch foot), resulting in a deeper EDZ.

3.3. Mechanism Analysis. According to the comparative
analysis of the EDZs caused by the TBM and drilling-
blasting methods, the degrees of damage to the surrounding
rock mass caused by the drilling-blasting method are more
serious than those caused by the TBM method. Since the
water diversion tunnels of 1#∼4# were arranged in parallel
from north to south successively with a relatively shorter
spacing of 60m (Figure 3). ,eir geological conditions are
basically the same between one another. ,e difference is
mainly due to the different stress adjustment processes in the
surrounding rock mass caused by the different excavation
methods.

As shown in Figure 7(a), before the excavation of the
diversion tunnel, the natural rock mass is usually in a state of
three-dimensional compression. During the excavation
process, the initial geometry of the rock mass is changed by
the TBM or drilling-blasting method. ,e stress constraint
on the surrounding rock mass is quickly removed, the stress
state changes from a triaxial stress state to a high biaxial
stress state (radial stress σ3 ≈ 0), and the tangential stress σ1
is concentrated at the edge of the excavation surface. For the
different disturbance modes of the surrounding rock mass,
the different changes in the stress state lead to different
rebound deformations of the excavation surface in different
depth ranges, which causes the surrounding rock mass to
produce tensile stress parallel to the unloading deformation
direction. ,ere are microcracks, microdefects, and/or
microholes in the rock mass, which are the most concen-
trated areas of the unloading differential deformation, and
the tensile stress is concentrated after the excavation dis-
turbance. ,is increases the shear stress in the stress con-
centration areas, such as at the crack tips, and the stress field
changes accordingly from a compressive shear stress state to
a tensile shear stress state. After the unloading differential
deformation reaches a certain degree, the radial stress σ3
transforms into tensile stress. It is under the action of this
combined tension shear stress that the microcracks in the
surrounding rock continue to expand and penetrate,
reflecting the unloading damage of the surrounding rock
mass.

As shown in Figures 7(b) and 7(c), different excavation
methods would induce different categories and amounts of
EDZs. As for the drilling-blasting excavation method, the
cracks preferentially expand in the direction of the line
connecting the blast holes, the rock fragments fall away,
forming a new excavation face, and the unloading process
occurs. In a short period of time, the radial stress of the
original rock mass is relieved, leading to the over relaxation
of the surrounding rockmass.,e release of the deformation
energy in a short period of time leads to serious rebound
deformation and strong stress concentration in the arch
foots, inducing deep EDZs in the local areas. In contrast, as
for the TBM excavation method, the cutterhead penetrates
into the rock mass under the action of thrust, forming a high
stress crushing area and radial cracks at the tool’s tip and
sides. Under the action of torque, the cutterhead expands the
crushing area, causing the crack to expand and form rock
fragments, which causes little disturbance of the sur-
rounding rock. ,e deformation energy stored in the rock
mass can be released gradually, and the stress-strain curve of
the surrounding rock is smooth. Since the stress adjustment
lasts for a long time, the stress concentration is relieved, and
the unloading damage is relatively small.

4. Rockburst Analysis

Due to the large burial depth, high in-situ stress, and the
hard and relatively complete rock mass, rockburst is very
prominent during excavation. During the construction
process, the relevant data for the rockbursts in diversion
tunnels 1#–4# were collected over time, providing a basis for
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Figure 3: Construction design drawing of Jinping II diversion tunnels: (a) excavation sections of the diversion tunnel by the TBM or
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tunnel excavated by drilling and blasting.
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the analysis of the rock mass failure caused by the different
excavation methods.

4.1. Rockburst Failure Analysis. ,e rock mass failure in-
duced by the high in-situ stresses during the excavation of
deep diversion tunnels is one of the key problems faced in

the construction of the Jinping II Hydropower Station. It not
only threatens the safety of the workers but also seriously
affects the construction process. Based on a large amount of
survey data from the construction site, the types, scale, and
failure mechanism of the rockburst events that occurred
during the excavation process of the diversion tunnels 1#–4#
(excavated by using TBM method or drilling-blasting
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method) were studied. Figure 8 shows several typical types of
rockburst failure that occurred during the excavation.
Figure 8(a) shows the extrusion and slabbing of the left arch
foot of diversion tunnel 1# (section k14 + 318–328m).
Slabbing caused by the stress concentration was also ob-
served on the right arch foot of diversion tunnel 4# (section
k13 + 255–270m) (Figure 8(b)). Figure 8(c) shows the
folding and belling of the rock mass of the left sidewall of
diversion tunnel 1# (section k14 + 789–800m). In addition,
structural plane controlled failure occurred on the right arch
of diversion tunnel 2# (section k14 + 580m) (Figure 8(d)).

Rockburst is a common failure phenomenon that occurs
during the excavation of the surrounding rock mass in high
ground stress tunnels. Many scholars have provided dif-
ferent explanations for the different types of rockburst
failure. Hoek et al. reported that rockburst is the result of the
shear failure of the rock mass surrounding a tunnel in a high
ground stress area [30]. Russenes believed that rockburst is a
rock failure behavior that is accompanied by sound and
produces flaking or even ejection, forming a new structural
plane [31]. Ortlepp et al. expounded the occurrence and
failure mechanism of rockbursts and pointed out that the
occurrence and failure mechanism may be different for
different source types [32]. Xu et al. pointed out that the

model for rockburst energy accumulation, dissipation, and
rock fracturing depends on the comprehensive action of the
rock mass structure, its nature, the geological structure, and
hydrogeology [33].

,e mechanical process of extrusion and slabbing is
shown in Figure 9(a). At the moment of tunnel excavation,
the radial stress within the surrounding rock mass near the
edge of the excavation surface decreases, and the tangential
stress increases simultaneously, so it is basically in a biaxial
stress state. In this stress state, the surrounding rock mass
rebounding deforms toward the free face. ,e sudden
unloading and differences between rebound lead to tension
stress concentrated at the tips of the pre-existing microcrack
in near surface surrounding rock mass and which induces
tensile fractures parallel to the direction of the tangential
stress. ,ose tensile fractures separate the rock mass into a
potential shear deformation body roughly parallel to the
tunnel wall [1, 3, 34]. ,e deformation body is mainly af-
fected by the tangential force at both ends and the radial
support force of the parent rock mass. With the gradual
increase in the tangential stress, the deformation body
continuously accumulates elastic strain energy and gradually
deforms toward the center of the tunnel. When the strain
energy reaches a certain value, the occlusion and friction
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Figure 7: Unloading failure mechanism by different excavation methods: (a) unloading and failure process during the excavation, (b) the
EDZ induced by the TBM, and (c) the EDZ induced by drilling-blasting.
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between the deformation body and shear plane in the parent
rock mass exceed the shear strength, and dynamic instability
is caused by a small disturbance. ,e elastic strain energy
accumulated in the deformation body is released instanta-
neously, and rockburst occurs.,is type of rockburst is often
accompanied by a crisp sound, and the rockmass that breaks
of is mainly platelike.

,e failure process of folding and belling is similar to the
mechanical process of extrusion and slabbing failure
(Figure 9(b)). However, extrusion and slabbing failure
usually occur in the relatively complete areas of the sur-
rounding rock mass, while folding and belling usually occur
in surrounding rock masses with developed structural
surfaces (such as J2 developed in the upper arch shoulder

Sabbling

(a)

σ

σ

(b)

Folding and bellying

σ

σ

(c)

Rock burst
controlled by

structure planes
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Figure 8: Typical rock burst failures during the excavation process of 1#∼4# diversion tunnels: (a) extrusion and slabbing on the left arch foot
of 1# diversion tunnels (section k14 + 318∼328), (b) slabbing caused by stress concentration on the right arch foot of 4# diversion tunnels
(section k13 + 255∼270), (c) folding and belling on the left sidewall of 1# diversion tunnels (section k14 + 789∼800), and (d) structure planes
controlled failure on the right arch of 2# diversion tunnels (section k14 + 580).
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Figure 9: Failure mechanisms of typical rock bursts: (a) extrusion and slabbing, (b) folding and belling, and (c) structure planes controlled
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Advances in Civil Engineering 9



with the dip of 10°–25° and the dip direction of 190°–210°),
and the failure of the rock mass is usually flaked or thin-
plated shape. In addition, the scale and depth of extrusion
and slabbing failure are usually larger than those of folding
and belling failure. As shown in Figure 9(c), the structural
plane controlled failure usually occurs in the area where the
structural plane is relatively well developed.,e rock mass is
cut into relatively independent blocks by the crossing
structural planes J3 and J4 developed in the downstream arch
shoulder. After the excavation of the surrounding rock mass,
a free surface is formed, and collapse occurs under the action
of gravity and unloading deformation.,is type of rockburst
is usually accompanied by a small dull sound or no sound,
and the damaged rock mass is usually blocky.

In addition, there is a link between the EDZ and
rockburst. In general, the occurrence of rockburst events is
directly related to the continuous relaxation and diffusion in
the loose zone. As shown by the results of the acoustic wave
test and by the results of the statistical data analysis, the
average relaxation depths in tunnels 2# and 4# (excavated by
drilling-blasting) were 7.2% and 8.2% larger than those in
tunnels 1# and 3# (excavated by the TBM), respectively.
However, the size of the medium rockburst caused by the
TBM method was 2.16 times larger than that caused by the
drilling-blasting method, and the size of the minor rockburst
caused by the TBM method was 2.28 times larger than that
caused by the drilling-blasting method. ,e larger the range
of the EDZ, the smaller the rockburst. ,is indicates that the
cumulative effect of the stress in the surrounding rock
caused by TBM excavation is greater than the diffusion effect
of the loose zone during excavation.

4.2.ComparativeAnalysis of theRockburstsCausedbyTBMor
the Drilling-Blasting Method. In order to further study the
relationship between rockbursts and the different excavation
methods, the rockburst events occurring between section
K12 + 000m and section K16 + 000m in diversion tunnels
1#–4# were recorded and analyzed. As shown in Table 1,
according to the rockburst classification standards in GB
50487-2008, rockbursts are divided into four categories:
slight, medium, strong, and extremely strong [35]. ,e
sections in which the rockbursts occurred and the pro-
portion of the different categories of rockburst during the
excavation of diversion tunnels 1#–4# between section
k12 + 000m and section k16 + 000m are shown in Figures 10
and 11.

As shown in Figures 10 and 11, the medium rock-
bursts mainly present structural plane controlled failure
modes or extrusion and slabbing failure modes. A total of
194m (53m in tunnel 1# and 141m in tunnel 3#) of the
TBM excavated tunnels experienced medium rockbursts,
accounting for 4.86% of the total tunnel length, while
90 m (21m in tunnel 2# and 69m in tunnel 4#) of the
drilling-blasting excavated tunnels experienced medium
rockburst, accounting for 2.26% of the total tunnel
length, with the former being 2.16 times larger than the
latter. In terms of slight rockbursts, folding and belling
failure and extrusion and slabbing failure are the major

modes. A total of 758 m (435m in tunnel 1# and 323m in
tunnel 3#) of the TBM excavated tunnels experienced
slight rockbursts, accounting for 18.95% of the total
tunnel length, while 333m (220m in tunnel 2# and 113m
in tunnel 4#) of the drilling-blasting excavated tunnels
experienced slight rockbursts, accounting for 8.33% of
the total tunnel length, with the former being 2.28 times
larger than the latter. In terms of strong rockbursts, only
5 events (2 in tunnel 2#, 1 in tunnel 1#, and 2 in tunnel 2#)
were observed in the 4 tunnels, and they did not follow an
obvious statistical rule.

Based on the above statistical analysis, in terms of
rockbursts of the same category and characteristics, the
number and scale of rockbursts in the tunnel sections ex-
cavated using the TBM method were greater than those in
the tunnel sections excavated using the drilling-blasting
method. Furthermore, the rockbursts have the following
characteristics. Slight rockbursts are more common, and the
probability, scale, and intensity of the rockbursts gradually
increased as the burial depth of the surrounding rock mass
increased. ,e rockbursts mostly occurred in the arch foot,
followed by the crown of the surrounding rock mass. During
the excavation of the tunnel section with burial depths of
greater than 1000m, the occurrence of peeling and rock-
bursting was relatively serious. ,e plate cracking often
occurred in the surface layer of the surrounding rock mass,
and a small amount of ejection with a depth of 0.5–1m
occurred, accompanied by a crisp sound. When the burial
depth was greater than 1500m, strong ejection occurred,
with a depth of 1–3m, and it developed deep into the
surrounding rock mass. When the burial depth was greater
than 2000m, large-scale rockbursts and high stress-induced
collapse were more likely to occur, with strong vibrations
and a dull sound. ,e influence depth was greater than 3m,
which poses a serious threat to TBM excavation and even
destroys equipment and engineering structures.

5. Discussion

At present, the drilling-blasting and TBM are the main
methods of excavating underground caverns. Compared
with the drilling-blasting method, the TBM method causes
fewer disturbances to the surrounding rock, the degree of
damage to the surrounding rock caused by the TBMmethod
is relatively low, and the unloading depth is smaller. ,e
sections excavated using the TBM method are smooth, the
quality of the formed surrounding rock mass is high, and the
amount of support is reduced. Excavation using the TBM
method can be carried out continuously when the long-
distance construction is conducted under stable surround-
ing rock conditions.,e construction speed is faster, and the
construction period can be shortened, reducing the cost of
the project. For super long and deeply buried tunnels
extending for long distances through mountains, in which
the construction adit is difficult to arrange and the layout
cost is high, the TBM method is usually preferred since the
drilling-blasting method has difficulty meeting the needs of
the construction project. Furthermore, reducing the layout
of the construction adit can reduce the disturbance to the
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original ground, which is conducive to environmental
protection. ,erefore, over the past 30 years and especially
the last 10 years, TBM technology has developed rapidly in
China.

However, in high in-situ stress areas, the TBM exca-
vation method may cause other problems, such as strong
rockbursts. ,e construction practice of Jinping II Hydro-
power Station diversion tunnels shows that, although the

TBM method causes fewer disturbances to the surrounding
rock and resulting a lower EDZ, the unloading rate of
surrounding rock is also relatively small [17], which avoids
serious brittle failure, but the stress is not released in time,
which would induce high stress concentration near the edge
of excavation and causing wider rockburst events than that
using the drilling-blasting method.,ere were 15 rockbursts
with a cumulative section length of 496m and 17 rockbursts

Table 1: Classification of rockbursts [31].

Rock burst grading Main phenomena and lithologic conditions Rc/σm

Slight rockburst (class I) Rockbursts occur sporadically in the surface layer of surrounding rock, generally affecting the depth
of 0.1–0.3m, which has little impact on the construction. 4–7

Medium rockburst (class II)
,e phenomenon of surrounding rockbursts ejection is obvious, there is a bullet-like shooting clear
burst sound with a certain duration, and the damage range is large with the general impact depth of

0.3–1m, which has a certain impact on the construction.
2–4

Strong rockburst (class III)

Large bursts of surrounding rock occur, resulting in strong ejection with the phenomena of rock
block catapulting and rock powder spraying and which lasts for a long time. ,e damage range and
lumpiness are larger, generally affecting the depth of 1–3meters, which has a great impact on the

construction safety.

1–2

Extremely strong rockburst
(class IV)

Rock burst occurred in the large area of the surrounding rock mass, and large rock brocks were
ejected violently with strong vibration and crosstalk. ,e damage develops rapidly to the deep,
which general influences more than 3m, and even the whole tunnel is destroyed. ,is seriously

affects the construction safety.

<1

Notes: Rc/σm is the rock mass strength/stress ratio, where Rc is the saturated uniaxial compressive strength of rock mass and σm is the maximum stress in the
surrounding rock mass.
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with a cumulative section length of 464m in sections
K12 + 000m and 16 + 000m of diversion tunnels 1# and 3#,
respectively. ,e number and scale of rockbursts were larger
than in the corresponding drilling-blasting excavation
tunnel sections in diversion tunnels 2# and 4#. ,e results
indicated that the drilling-blasting method is more prone to
structural controlled failure of the surrounding rock mass,
while the TBMmethod would cause more evenly of the EDZ
and more widely distributed of stress adjustment induced
failure.

,e rockbursts led to uneven palm surfaces that dam-
aged the tools of the cutter and the extruding shield of the
TBM, resulting inmachine clamping and large-scale collapse
damaged to the body of the machine. ,is resulted in only
14% and 18% of the effective time being used during the
TBM excavation of diversion tunnels 1# and 3# (Figure 12).
,is reduced the equipment utilization rate and the average
tunneling speed. A total of 5859m and 6296m were exca-
vated by the TBM in 25 and 29 months in diversion tunnels
1# and 3#, respectively. ,e average tunneling advance rate
was 234.4m/month and 217.1m/month, respectively, and
the maximum monthly advance rate was 563m and 671m,
respectively. ,e equipment utilization rate and the tun-
neling advance rate were far lower than those for similar
projects conducted during the same period, e.g., the max-
imum monthly and daily advance rates of the TBM exca-
vation of the Dahuofang diversion tunnel were 1111m/
month and 63.5m/day, respectively, and this utilization rate
of the tunneling operation reached 40% [36]. ,e average
monthly advance rates of the 4 units used in the Northwest
Liaoning Water Supply Project were 622m/month, 624m/
month, 639m/month, and 646m/month, and the equipment
utilization rate exceeded 40% [37].

According to the above analysis and construction
practices, the TBM method should be carefully considered
for tunnel excavation in high stress areas with burial depths
of greater than 2000m. If the TBM method is selected after
comprehensive comparison and selection, the following
measures are suggested. (1) ,e open type TBM support
equipment should be improved, personnel protection
measures should be provided, bolt support of the exposed

surrounding rock should be provided as soon as possible,
and the equipment should be maintained in a timely
manner. (2) Comprehensive rockburst prediction should be
carried out by means of microseismic monitoring posi-
tioning prediction technology and surrounding rock
property prediction. (3),e pilot tunnel should be excavated
using the drilling-blasting method to release the rock mass’s
stress in advance in the sections with the potential for ex-
tremely strong rockbursts. (4) Strong support or systematic
support measures should be used.

6. Conclusions

In this study, by comparing the EDZ and rockburst of the
surrounding rock mass in the Jinping II diversion tunnels
excavated using the TBM and drilling-blasting methods, the
unloading failure process and the rockburst mechanism are
analyzed. ,e following conclusions were reached:

(1) Both the TBM and the drilling-blasting method
induced the EDZ during the tunnel excavation.
However, due to the different stress adjustment
processes in the surrounding rock mass, the degree
of damage to the surrounding rock mass caused by
the drilling-blasting method was more serious than
that caused by the TBM method.

(2) ,e EDZ induced by the TBM method was usually
distributed evenly along the edge of the excavation
surface, while the drilling-blasting method was more
likely to cause stress concentration, resulting in a
deeper EDZ in local areas.

(3) ,e drilling-blasting method is more prone to
structural controlled failure of the surrounding rock
mass, while the TBM method would induce high
stress concentration near the edge of excavation and
more widely distributed of stress adjustment induced
failure. As a result, the scale and frequency of the
rockbursts caused by the TBM method were sig-
nificantly greater than those caused by the drilling-
blasting method during the excavation of deeply
buried tunnels with high in-situ stresses.
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(4) ,e TBMmethod should be used carefully for tunnel
excavation in high in-situ stress areas with burial
depths of greater than 2000m. If it is necessary to use
the TBM method after a comprehensive selection, it
is suggested that equipment adaptability improve-
ment, advanced prediction, and prediction tech-
nology be used.
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In the coal and rock dynamic disasters, such as the rock burst, dynamic load damage often acts simultaneously on the combined
coal and rock mass. Based on the split-Hopkinson pressure bar (SHPB) test of the combined coal and rock with a bullet velocity of
4.590–8.791m/s, the numerical model of four kinds of combined coal and rock with different sandstone-coal-sandstone ratios,
including 1 :1 :1, 2 :1 :1, 1 :1 : 2, and 1 : 2 :1, is investigated. A finite element software (LS-DYNA) and the Holm-
quist–Johnson–Cook (HJC) constitutive model of rock are employed in these regards. .e stress waveform, the oscillation
phenomenon of stress wave, and the damage process of the specimen in the impact test of the composite coal and rock are studied.
.e obtained results show that the compression-shear failure is the main failure mode of the coal body and the tensile failure of the
sandstone along the axial direction in the composite coal-rock specimens. Moreover, it is found that combination of coal and rock
samples is mainly destroyed by the coal body, which has no correlation with the impact speed and combination mode. Finally,
numerical simulation about Hongling coalmine extralarge tunnel malfunction is carried out. Obtained results showed the
protruding and stress change processes of the coal seam of the tunnel exposing. It is found that the simulation results are in an
excellent agreement with those from the field investigation. .e present study may provide a reference for further understanding
the mechanism of the coal and rock dynamic disasters, such as the rock burst.

1. Introduction

Studies show that as the coal mining depth increases, the
geostress and gas pressure increase significantly, and the
geological occurrence becomes very complicated. Moreover,
the coal-rock dynamic disasters, such as the impact pressure
and coal and gas outburst, increase [1]. .e coal seams are
deposited underground in the form of coal-rock interbeds
[2]. However, these seams are not separately distributed, and
they may be connected to each other. Investigating different
miningmethods for various working conditions showed that
the coal body itself is destroyed during the mining process,
and the rock mass adjacent to the top and bottom plates is
damaged. It is found that this results in the overall instability
of the coal-rock interbed [3]. .erefore, the interaction

between rocks and coal seams should be considered during
the mining process [4]. In recent years, studying the dy-
namic and static mechanical parameters of the combined
coal-rock has been widely concerned by many researchers.
Liu et al. [5] carried out uniaxial compression experiments
on 13 coal-rock combinations and found that the com-
pressive strength of coal samples increases as the rock
strength increases while it decreases as the coal-rock height
ratio increases. Guo et al. [6] found that the tensile strength
of the layer-crack structure decreases as the fissure length (or
width) increases through uniaxial compression and Bra-
zilian tests. Chen et al. [7] conducted an experiment on the
deformation and destruction behavior of coal-rock com-
binations under the uniaxial compression. .ey found that
mechanical properties and deformation-destructive
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characteristics of the coal-rock composites are mainly de-
pend on the coal composition and its percentage in the coal-
rock. Gong et al. [8] studied the effect of low loading rate on
the mechanical behavior of coal-rock combined body.
Moreover, Gong et al. [9] used a split-Hopkinson pressure
bar (SHPB) device to perform high strain rate dynamic
compression tests on a variety of coal-rock combinations.
.ey showed that the dynamic stress-strain curve of the
coal-rock has double peak characteristics in the high loading
rates. Zhao et al. [10] employed the FLAC3D software to
simulate and study the damage evolution of the coal-rock
with different combinations. .ey found that the overall
damage rate increases as the coal seam thickness increases.
Furthermore, Fu et al. [11] employed the RFPA 2D software
to numerically investigate the mechanical properties and
acoustic emission characteristics of coal-rock under different
confining pressures and dip angles. .ey concluded that the
stress-strain curves of different coal-rock combinations are
similar, and the peak strength is close to the uniaxial
compressive strength of the coal. Reviewing the literature
indicated that majority of studies on the mechanical char-
acteristics of the coal-rock with different combinations are
focused on static or slow loading conditions [5–11]. In other
words, the dynamic mechanical properties of coal-rock with
different combinations under the impact loading have not
been deeply studied yet.

Recently, the SHPB has been widely used for studying
the dynamic mechanical properties of materials [12] and has
achieved reasonable results in soft materials [13, 14], metallic
materials [15, 16], and brittle materials [17, 18]. .e im-
proved SHPB test device can be utilized to study the dynamic
mechanical properties of materials for different conditions
[19, 20]. Doan and Billi [21] investigated the high strain rate
behavior of unconfined Carrara marble through a set of
experiments with a split-Hopkinson pressure bar. Zhang
et al. [22] made discussion and comparisons on the dynamic
fracture processes and specimen fragments in the clay brick
to explain the dynamic enhancement in brick mechanical
properties. Gong et al. [23] obtained the effects of high strain
rates and low confining pressures on the dynamic me-
chanical properties of sandstone experimentally with a
modified triaxial SHPB system. However, due to the limi-
tations in test equipment and experimental methods, there
are not enough experimental research studies on the impact
damage of the coal and rock. On the contrary, numerical
methods can resolve the problems. .rough numerical
simulation, the stress and strain variations inside the coal-
rock can be calculated. .erefore, the propagation and
damage characteristics of stress waves in the coal and rock
can be analyzed, and the limitations in the laboratory
analysis of the dynamic load are covered. Holmqusist et al.
[24] proposed the Holmquist–Johnson–Cook (HJC) con-
stitutive model for the concrete and rock under high strain
rate and large deformation problems. .e HJC model has
been used for dynamic failure analysis of the coal and rock,
and it has achieved satisfactory results [25, 26] considering
the mechanical similarity between the coal and rock and the
ordinary rock and concrete materials. .ey utilized the
concrete HJC constitutive model to investigate coal samples

and simulated the damage process of coal samples under
different impact velocities. .ey showed that the numerical
results are in a good agreement with those from the ex-
periment. Li et al. [26, 27] used the HJC constitutive model
and commercial finite element software, called LS-DYNA, to
numerically investigate the coal-rock SHPB test and the
coal-rock SHPB passive confining pressure test. .ey found
that the simulation results have a good similarity with the
experimental results.

In order to explore the evolution law of the combined
impact damage of the coal-rock, it is intended to perform the
SHPB test for different coal-rock combination ratios, in-
cluding 1 :1 :1, 2 : 1 :1, 1 :1 : 2, and 1 : 2 :1. Moreover, the LS-
DYNA finite element analysis software and the HJC con-
stitutive model are employed to construct the damage
evolution and dynamic fracture process of the combined
coal-rock in the dynamic impact test. .en, the feasibility
and effectiveness of the HJC constitutive model will be
verified by comparing the numerical simulation results with
those from the experimental results. Because the previous
research on the dynamic mechanical characteristics of
combined coal-rock under impact load has not been carried
out in depth, this paper studies the dynamic characteristics
of coal-rock samples under instantaneous impact failure by
taking the actual coal-rock composite structure under the
impact load as the research object and further verifies with
the actual case, so as to further study the dynamic me-
chanical characteristics. It is intended to provide an ex-
perimental basis for further understanding the occurrence
mechanism of the coal-rock dynamic disasters, such as the
rock burst, coalmine rock disaster monitoring, and early
warning, which is of great significance from safety points of
view.

2. SHPB Test Device

.e combined coal-rock dynamic impact test is completed
with the SHPB testing device of the China University of
Mining and Technology (Beijing). It should be indicated that
the SHPB device consists of a striker (bullet), an incident bar,
and a transmission bar. .is test device uses a special shaped
double-cone spindle with a total length of 540mm, where
the cone ratio of the bullet is 310 :100 :130 [28]. .e ap-
proximately half-sine loading wave was generated by the
spindle-shaped bullet, which has been suggested as the ideal
loading waveform for SHPB testing device [29, 30]. It should
be indicated that this shape of the loading wave is more
suitable for the dynamic test of the coal-rock brittle materials
[31]. .e specific size of the bullet is shown in Figure 1.

In the experiment, the “top-coal-base” composite coal-
rock sample MY1–MY23 was produced. It should be in-
dicated that the MY6 test failed. A total of 22 impact
compression tests are carried out in the present study, with
sample height ratios of 1 :1 :1 (MY1–MY5), 2 :1 :1
(MY7–MY12), 1 :1 : 2 (MY13–MY18), and 1 : 2 :1
(MY19–MY23). In order to minimize the inertia effect of the
test piece and satisfy the internal stresses, it is assumed that
all samples are uniform [32]. According to the best aspect
ratio calculation recommended by Davies and Hunter [33],
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the diameter, length, and the aspect ratio of the coal-rock
cylindrical specimen are set toD� 75mm, L� 40mm, and L/
D� 8/15, respectively [26]. Moreover, in order to reduce the
influence of the interface friction during the test, the Vas-
eline lubrication is applied between the elastic bar and the
test piece interface [34]. Figure 2 shows configurations of
different experimental combined coal-rock samples.

Combined with the physical parameters of the actual
pressure bar, both the incident bar and the transmission bar
adopt a linear elastic model of steel material, where the
diameter, length, and density are 75mm, 2000mm, and
ρ� 7800 kg/m3, respectively. Moreover, the elastic modulus
and Poisson’s ratio are E� 206GPa and ]� 0.36, respec-
tively. Finally, the impact velocity v is 4.590 to 8.791m/s, and
the specific experimental data are shown in Table 1 [31].

3. Material Model and Parameter Selection

3.1.HJCDynamic ConstitutiveModel. As shown in Figure 3,
the HJC constitutive equation uses a three-stage polynomial
equation of state to describe the relationship between the
coal-rock pressure (p) and the volumetric strain (μ), in the
elastic phase (OA segment), plastic phase (AB segment), and
the dense compaction phase of the material (BC segment)
[24]. .ese phases are described in the following:

(1) Elastic phase (pw <pc): the hydrostatic pressure (pw)
of the material has linear correlation with the vol-
umetric strain (μ) of the material:

pw � Keμ, (1)

where Ke � R’
c/3(1 − 2]) and ] are the bulk modulus of the

material and Poisson’s ratio of the coal sample, respectively
[31].

(2) Plastic phase （pc ≤pw ≤pl）: in this phase, the
hydrostatic pressure is calculated from the following
equation:

pw � pl +
pl − pc(  μ − μl( 

μl − μc( 
 , (2)

where μl, μc, and pl are the compacted volume strain cor-
responding to the compaction pressure, crushed volume
deformation of the material during the uniaxial compres-
sion, and the compaction pressure, respectively.

In the unloading section, the governing equations are

pw − pmax � (1 − F)Ke + FK1  μl − μmax( ,

F �
μl − μmax( 

μl − μc( 
 ,

(3)

where K1 denotes the plastic bulk modulus. Moreover, pmax
and μmax are the maximum volume pressure and volume
strain achieved before unloading, respectively [24].

(3) Completely compact phase (pw >pl): in the loading
section, the hydrostatic pressure is calculated as

pw � k1μ + k2μ
2

+ k3μ
3
,

μ �
μ − μl( 

1 + μl( 
 ,

(4)

where k1, k2, and k3 are constants and μ is the corrected
volume strain.

In the unloading section,

pw − pmax � k1 μ − tμmax( . (5)

.eHJC constitutivemodel uses the dynamic damage factor
D to describe the damage of the material, which is expressed as
the cumulative plastic strain and the volumetric strain:

D � 
ΔεP + ΔμP

εf
p + μf

p

,

εf
p + μf

p � D1 P
∗

+ T
∗

( 
D2 ,

(6)

where Δεp and Δμp are the equivalent plastic strain incre-
ment and plastic volume strain increment, respectively.
Moreover, εf

p and μf
p are the equivalent plastic strain and

plastic volume strain of the fracture under normal pressure,
respectively. Furthermore, p∗, s, and T∗ are the standardized

(a) (b)

Figure 1: Experimental spinning cone bullet: (a) spindle-shaped bullet; (b) spindle-shaped bullet model.
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hydrostatic pressure and the maximum tensile strength of
coal and rock masses, respectively. Finally, D1 and D2 are
damage constants [27].

3.2. Determination of Parameters of the Combined Coal-Rock
HJC Material Model

3.2.1. Determination of Parameters of Common Coal
Materials. In the LS-DYNA software, the HJC constitutive
model is defined as the “∗mat_johnson_holmquist_concrete,”
which has 21 parameters. It should be indicated that model
parameters of the coal material are selected in accordance
with the Xie Beijing experiment [25]. Table 2 shows the se-
lected parameters.

3.2.2. Determination of Rock Material Parameters.
Because the stress-strain curve of sandstone and coal is very
different [35], the relevant literature parameters were con-
sulted to establish the sandstone material model [36]. It is
intended to investigate the influence of the combination type
and impact velocity changes in the simulation results. .e

Table 1: Affecting statistics.

Velocity
(]/m·s−1）

Specimen
number

Specimen sizeD× L
(mm×mm）

Sandstone: coal:
sandstone

combination ratio

Maximum strain
rate (_εmax/s

−1）
Destructive

strain (εb/10−3）
Σmax
(Mpa） Destruction

5.008 MY1 75× 40 1 :1 :1 126.97 10.2 12.70 Broken
5.712 MY2 75× 40 1 :1 :1 143.98 14.2 18.23 Broken
6.371 MY3 75× 40 1 :1 :1 162.56 12.2 21.98 Broken
6.754 MY4 75× 40 1 :1 :1 170.66 13.3 25.21 Broken
7.222 MY5 75× 40 1 :1 :1 173.48 16.4 30.06 Broken
4.590 MY12 75× 40 2 :1 :1 110.41 12.4 8.65 Broken
5.062 MY11 75× 40 2 :1 :1 121.93 10.7 10.64 Broken
6.136 MY10 75× 40 2 :1 :1 150.53 10.4 19.24 Broken
6.205 MY9 75× 40 2 :1 :1 150.07 9.8 24.43 Broken
7.165 MY8 75× 40 2 :1 :1 174.26 14.0 19.69 Broken
7.671 MY7 75× 40 2 :1 :1 184.01 16.3 35.28 Broken
6.660 MY13 75× 40 1 :1 : 2 158.03 10.3 32.25 Broken
7.140 MY14 75× 40 1 :1 : 2 179.00 10.5 11.78 Broken
7.584 MY15 75× 40 1 :1 : 2 178.48 12.9 36.46 Broken
8.093 MY16 75× 40 1 :1 : 2 195.49 10.4 17.75 Broken
8.022 MY17 75× 40 1 :1 : 2 186.91 14.2 43.24 Broken
8.791 MY18 75× 40 1 :1 : 2 192.42 11.8 23.34 Broken
5.880 MY23 75× 40 1 : 2 :1 149.79 9.0 15.10 Broken
6.508 MY19 75× 40 1 : 2 :1 162.62 8.0 15.30 Broken
7.054 MY20 75× 40 1 : 2 :1 171.24 13.5 14.02 Broken
7.465 MY21 75× 40 1 : 2 :1 182.30 12.4 22.41 Broken
8.200 MY22 75× 40 1 : 2 :1 192.42 14.0 27.10 Broken

(a) (b)

(c) (d)

Figure 2: Configurations of different experimental coal-rock combination samples: (a) 1 : 1 : 1 (MY1–MY5); (b) 2 : 1 : 1 (MY7–MY12);
(c) 1 : 1 : 2 (MY13–MY18); (d) 1 : 2 : 1 (MY19–MY24).

p

pl

pc

μc μl μO

A

B

C

Figure 3: Pressure-volumetric strain curve of the HJC model.
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sandstone material parameters of the selected HJC consti-
tutive model are shown in Table 3.

3.3. Establishment of the Finite ElementModel. According to
the actual size of the test, the bullet, pressure bar, and three-
dimensional solid elements of the combined coal-rock
specimen (Solid164) are established. Considering the
structure symmetry, only a quarter of the test device and the
test piece are modeled. .en, the model is meshed, and the
bullet and the input and transmission bars are divided into
20 parts in the radial direction, 54 pieces in the axial di-
rection of the bullet, and 200 parts in the axial direction of
the incident and transmission bars. Moreover, the bullet and
the pressure bar are divided into 1 part per 10mm in the
axial direction. In order to reflect the impact damage process
of the combined coal-rock specimens more directly, the
combined coal-rock specimens are finely meshed so that the
combined specimens are divided into 20 parts in radial
directions and the axial direction is divided into 1mm long
each, as shown in Figure 4. .e bullet and the incident bar
are in automatic contact with the surface and the erosion
contact between the pressure bar and the test piece. By
neglecting the friction between the contact surfaces, the
contact algorithm of the penalty function is used to reduce
the hourglass effect. It should be indicated that the value of
the contact stiffness penalty function factor (f ) is set to 2
[24]. Based on the actual SHPB test, the simulation is
performed by applying the loading speed to the bullet di-
rectly. Due to the short length of rods and the combined
coal-rock specimens in the SHPB test, the attenuation of the
stress waves in the rod and the specimen is ignored in the
simulation [37].

4. Numerical Simulation Results and Analysis

4.1. Waveform of Stress Waves. In this section, the stress
waveform results of the combined coal-rock under some
typical speeds are presented. Figure 5 shows the measured
and simulated stress waveform curves at the middle of the
incident and transmission bars at different speeds, including
5.008m/s (combined coal MY1), 7.671m/s (combined coal
MY7), 6.660m/s (combined coal-rockMY13), and 5.880m/s
(combined coal-rock MY23).

Figure 5 shows good consistency between simulated and
measured stress waveform trends. It is observed that the
incident wave grows in a stepwise manner. Focusing on the
incidence wave, the measured peak values of the incidence
wave at the four bullet speeds in the experiment are 101.96,
164.94, 133.46, and 132.26MPa, respectively; the simulated
peak values of the incidence wave measured by the corre-
sponding four bullet speeds are 104.35, 165.10, 139.15, and
131.82MPa, respectively. It is found that the peak value of

the simulated incidence wave is slightly higher than the peak
value of the measured incidence wave, and there is little
discrepancy between the two values. Since the propagation
of the experimental stress wave in the bar decreases with
time, the stress wave in the numerical simulation does not
decrease. When the wave reaches interface between two
different impedances, the wave reflection and transmission
occur at the interface. When the stress wave reaches the
transmission bar, it passes through three sections with
different wave impedances and the incident wave reflection
causes it to rise in three steps. However, the measured in-
cident wave does not exhibit a stepwise growth because the
stress-strain acquisition rate is low. Moreover, the end faces
of the bars are flat in the numerical simulation, and the
combined coal and rock specimens in the experiment in-
evitably have defects. .is results in loss of stress wave
during the wave propagation. Because of the nonuniformity
in the coal-rock, the stress waveform in the experiment is
different from that of the numerical simulation in terms of
incident and reflected wave width and rise. Numerical
simulation of the stress waveform is also associated with a
certain oscillation phenomenon. However, the stress
waveform distributions obtained from the numerical sim-
ulation and experiment are consistent with the overall trend
of transmission wave rise. .ere are a lot of microcracks and
micropores in the combined coal-rock, which will produce
significant evolution damage under impact load, especially
under the condition of medium and high strain rate. And the
internal material of the combined coal-rock is not uniform.
.ese factors make the stress-strain curve in Figure 6
fluctuate, but Figure 6 shows good consistency between
simulated and measured stress-strain waveform trends.
Because the simulation is carried out under ideal conditions,
there are some differences due to small external interference.
Although the simulated and measured values are slightly
different, there are only minor differences. .erefore, the
numerical simulation results can replace the experiments,
which can be used to test and analyze the dynamic test of the
combined coal-rock.

4.2. Dynamic Stress Equilibrium Curves. In order to obtain
effective test data, the stress balance at both ends of the
sample is achieved during the test, as shown in Figure 7.

Figure 7 shows the dynamic stress balance curves of the
four specimens at the corresponding bullet speed..e stress-
time curve of the interface between the incident rod and the
sample (incident + reflection in the figure) is calculated from
the incident signal plus the reflected signal; the stress-time
curve of the interface between the transmission rod and the
sample (transmission in the figure) is calculated by the
transmission signal. It can be seen from the figure that the

Table 2: Input parameters of the HJC model for the ordinary coal material.

ρ0(kg/m3) G(Pa) fc(Pa) A B C N Smax D1 D2 εfmin
1352 5.8E8 9E6 0.4 0.7 0.005 0.5 7.0 0.027 1.0 0.01
T(Pa) pc(Pa) μc pl(Pa) μl k1(Pa) k2(Pa) k3(Pa) _ε0 fs

1.86E6 3E6 8E−4 1E9 0.12 85E9 −17E10 208E9 60 0.04
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Table 3: Input parameters of the HJC model for sandstone material.

ρ0(kg/m3) G(Pa) fc(Pa) A B C N Smax D1 D2 εfmin
2400 1.5E8 48E6 0.79 1.6 0.007 0.61 7.0 0.04 1.0 0.01
T(Pa) pc(Pa) μc pl(Pa) μl k1(Pa) k2(Pa) k3(Pa) _ε0 fs

4E6 16E6 0.001 0.8E9 0.1 85E9 −17E10 208E9 60 0.01

(a) (b)

(c) (d)

Figure 4: Configuration of the bar and sample grid: (a) 1 :1 :1; (b) 2 :1 :1; (c) 1 :1 : 2; (d) 1 : 2 :1.
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Figure 5: Continued.
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Figure 5: Stress waves of the incident bar and transmission bar at different bullet speeds: (a) 5.008 (m/s); (b) 7.671 (m/s); (c) 6.660 (m/s);
(d) 5.880 (m/s).
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Figure 6: Stress-strain curve: (a) measured; (b) simulated.
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Figure 7: Dynamic stress equilibrium curves: (a) bullet speed� 5.008 (m/s); (b) bullet speed� 7.671 (m/s); (c) bullet speed� 6.660 (m/s);
(d) bullet speed� 5.880 (m/s).
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stress balance of each sample is relatively good in the whole
loading process.

4.3. Analysis of the Failure Process of the Combined Coal and
Rock. High-speed photography is utilized to capture the
failure process of the combined coal-rock SHPB test.
Moreover, the impact process of the combined coal-rock is
analyzed and compared with the simulated combined coal-
rock failure process, as shown in Figure 8.

Figure 8(a) indicates that, for the combined coal-rock of
1 :1 :1 affected at a speed of 5.008m/s, the stress waves reach
the sample at t� 395.96 μs and the coal is damaged by the
compression shearing. When t� 545.9 μs, the rear end of the
sandstone is subjected to the axial and tensile cracking and
the damage is completed at t� 800.94 μs. During the whole
test, the coal edge is sprayed in the radial direction, while the
sandstone is maintained a certain degree of integrity. It
should be indicated that this situation is in good agreement
with the actual test process. Figure 8(b) indicates that, for the
2 :1 :1 combined coal-rock with an impact velocity of
7.671m/s, the stress waves reach the sample at t� 398.93 μs
and the coal is damaged by the compression and shear.
When t� 434.96 μs, the sandstone is subjected to the axial
and tensile cracking and damage is completed at
t� 788.97 μs. .roughout the experiment, the edge of the
coal is sprayed radially along the compression shear, while
the sandstone is maintained in a good integrity. In the actual
experimental failure process, the sandstone instability
produces radial cracks at the front end. Simulation result
indicates that the rear sandstone creates radial cracks. .e
analysis shows that the front-end sandstone has cracks and
creates radial cracks, when it is subjected to impact loads.
Furthermore, Figure 8(c) shows that, for the 1 :1 : 2 com-
bined coal-rock with an impact velocity of 6.660m/s, the
stress waves reach the sample at t� 392.92 μs and the coal is
damaged by compression shearing. When t� 431.99 μs, the
rear end sandstone is subjected to the axial cracking and
tensile cracking and the damage is completed at t� 761.98 μs.
During the whole test, the edge of the coal is sprayed radially
in the radial direction, while the sandstone is maintained in a
good integrity. .is condition is in a good agreement with
the actual experimental failure process. Finally, Figure 8(d)
illustrates that, for the 1 : 2 :1 combination coal-rock with an
impact velocity of 5.880m/s, the stress waves reach the
sample at t� 389.99 μs and the coal is damaged by the
compression shearing. When t� 404.99 μs, the rear end
sandstone is subjected to the axial and tensile cracking and
the damage was completed at t� 779.94 μs. During the test,
the edge of the coal is sprayed radially in the radial direction
and the sandstone is maintained in a certain degree of in-
tegrity. Due to the equipment failure, the experimental
process cannot be captured in this case. In addition, due to
parameter settings, some element failures are lost and can be
further simulated and verified later.

It is observed that, in the combined coal-rock SHPB
impact test, the coal body first suffers damage and the
sandstone produces the tensile damage. .ese damages are
mainly caused by the coal body damage and have no clear

correlation with the impact speed and the combination
mode. .e main failure modes of coal bodies are com-
pression and shear failure, and the failure modes of sand-
stone are tensile failure along the axial direction.
Furthermore, the edge of the coal is sprayed radially in the
radial direction. It is found that the greater the impact
velocity, the more severe the damage. Tensile damage occurs
in the back-end sandstone, and the front sandstone still
maintains good integrity.

5. Case Simulation

Shenling Group Hongling coalmine is located in Nanhong
Village, Honglingbao Town, Sujiatun District, Shenyang
City..e coalfield strata of theminefield are intercontinental
sediments of sea and land, and the lithology is composed of
sandstone and mudstone interbeds. .e average dip angle of
the coalfield in the minefield is 30°. It should be indicated
that the Hongling coalmine is a mine with coal and gas
outburst. .e mine development method is a multilevel
partitioning method for the main well. .e ventilation
method is the central diagonal type. .e coal is mined by the
blasting method, and the punching and blasting technique is
utilized for the excavation. Over the years, there have been
more than 140 coal and gas outburst accidents in the
Hongling coalmine, including 15 accidents caused by the
coal seam of tunnel exposing (more than 10% of total mine
accidents). Moreover, among 55 casualties of the Hongling
coalmine, 43 miners died in the coal seam of tunnel ex-
posing, which accounts for almost 80% of the total casualties,
due to outstanding accidents. Moreover, the largest coal and
gas outburst in the Hongling coalmine was a prominent
accident that occurred after the 12th coal seam of the tunnel
exposing on June 20, 1996. .e outstanding coal volume is
5390 t, which is a large-scale prominent. .e forehead coal
seam is 4.2m thick, and the inclination angle is 37° [38].
Figure 9 shows a cross-sectional view of the coal and gas
outburst accidents.

5.1.Numerical SimulationModel. Taking the largest coal and
gas outburst in the Hongling coalmine as an example, Ansys
and LS-DYNA finite element software are used to visualize
the stress distribution law for the surrounding rocks during
the outburst process. .e length, width, and height of the
calculation model are set to 50m, 3m, and 50m, respec-
tively. Moreover, the thickness of the coal seam and the
inclination angle are set to 5m and 30°, respectively. Fig-
ure 10 indicates that the roadway is 40m long, 3m wide, and
3m high. .e left- and right-side boundaries of the model
are constrained by the X-direction, while the bottom
boundary is confined to the Y-direction..e applied ground
stress to the model is obtained by the field measurement..e
initial horizontal direction ground stress is σ � 18MPa.

5.2. Variation Law of the Outburst Stress Field. In under-
ground explosive operations, the shock wave generated by the
blasting transmits the large amount of the blasting energy to the
surrounding area. In severe cases, this energy can cause
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Figure 8: Continued.
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protrusion in the process of the coal seam of the tunnel ex-
posing. .e stress wave disturbance caused by the excavation
blasting is also simplified into a semisinusoidal pulse. .e
dynamic stress-strain curve obtained by the coal-fired SHPB
test is taken as the maximum peak of the half-sinusoidal pulse
amplitude of 20MPa. .e constitutive parameters of coal
materials and sandstone are presented in Tables 2 and 3,

respectively. .e numerical simulation is used to realize the
visualization of the prominent dynamic disasters of the coal
seam of the tunnel exposing. .e obtained results from the
numerical simulation are shown in Figure 11.

Figure 11 shows the variation in the coal seam stress of
the tunnel exposing. It is observed that when t� 2.8 μs, the
disturbing stress wave contacts the coal seam and the coal
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Figure 8: Dynamic change process under coal impact damage: (a) bullet speed� 5.008 (m/s); (b) bullet speed� 7.671 (m/s); (c) bullet
speed� 6.660 (m/s); (d) bullet speed� 5.880 (m/s).
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Figure 10: Numerical model of the process of the coal seam of the tunnel exposing.
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Figure 11: .e process of the coal seam of the tunnel exposing: (a) t� 2.8 (μs) (pressure: Min�-4e-05, at elem. #25761; Max�0.00815452, at
elem. #32265); (b) t� 14.8 (μs) (pressure: Min�-4e-05, at elem. #25765; Max�0.000868713, at elem. #29220); (c) t� 38.8 (μs) (pressure:
Min�-4e-05, at elem. #24173; Max�0.000207775, at elem. #25776); (d) t� 56.9 (μs) (pressure: Min�-4e-05, at elem. #23472;
Max�0.000219299, at elem. #25776); (e) t� 116.8 (μs) (pressure: Min�-4e-05, at elem. #24387; Max�0.000138914, at elem. #25768); (f )
t� 218.9 (μs) (pressure: Min�-4e-05, at elem. #24171; Max�0.000118043, at elem. #25768).

12 Advances in Civil Engineering



seam begins to crack. Moreover, it is found that when
t� 14.8 μs, the coal seam is destroyed by the compressive
stress wave. As the compressive stress wave continues to
expand deep inside the coal seam, the crack gradually ex-
pands, the coal seam is notched at t� 38.8 μs, and the stress
propagates in the rock stratum in three directions. When
t� 116.8 μs, the gap size generated by the coal seam de-
creases, and then, it increases with the stress waves trans-
mission. Finally, when t� 218.9 μs, a large cavity is formed
deep in the coal seam with the increase in the notch.

Figure 11 indicates that the coal seam and the sur-
rounding rock mass are in a weak equilibrium state, when
the coal is uncovered. It is found that the disturbance
caused by the excavation blasting, instantaneously, de-
stroys the equilibrium state, and the coal body loses the
lateral support. It should be indicated that the strength of
the coal body is much lower than the strength of the rock
mass. .erefore, in the coal body near the exposed surface,
microrupture occurs due to the unloading action. With the
expansion of the microfracture in the coal body, the high-
stress zone advances to the deep part of the coal body and
the elastic potential in the coal seam is immediately re-
leased. Coal is thrown toward the roadway under the
crustal stress, and it is called coal outburst. .en, when the
stress of coal and rock returns to the equilibrium state, the
appearance of coal outburst stops. It is observed that the
obtained outburst shape by the simulation results (Fig-
ure 11) agrees well with the results of the field investigation
after the outburst (Figure 9). Furthermore, it is found that
the bursting hole has a small cavity and the bursting hole
expands along the interface between the coal body and the
top and bottom plates in the horizontal and uphill
directions.

6. Conclusions

In the present work, the constitutive model of the rock
coal HJC is applied in the finite element software (LS-
DYNA) to simulate the combined coal-rock SHPB test.
.e stress wave oscillation phenomenon and damage
process of the specimen during the impact test of the
combined coal-rock are simulated to construct the stress
waveform. .e present study shows that the simulation
results have good similarity with those from the experi-
ment. It is concluded that the parameters for the simu-
lation are properly selected. Furthermore, the conclusions
of this study are as follows:

(1) .e failuremode of the coal body is mainly due to the
compression and shear failure. .e failure mode of
the sandstone is mainly originated from the tensile
failure along the axial direction, which is mainly
caused by the coal body damage. It is found that this
failure does not have clear correlation with the
impact velocity and material combination.

(2) During the destruction process, the edge of the coal
is sprayed radially in the radial direction. It is found
that the greater the impact velocity, the more severe
the damage, while the sandstone remains intact.

(3) Comparing the simulation results with the experi-
mental results, the HJC constitutive model of coal
and rock can reproduce the dynamic process of coal
and rock under impact.

(4) .e dynamic constitutive model parameters of the
coal and sandstone HJC are applied to the numerical
simulation model of the coal seam of the tunnel
exposing. Processes of the coal protruding and the
stress change are presented. It is found that the
simulation results are in a good agreement with the
results of the on-site investigation after the outburst.
.ese results are important for further under-
standing themechanism of the protruding coal in the
coal seam of the tunnel exposing.
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In order to overcome the disadvantage of traditional joint fabrication method—inability to reproduce the rough surfaces of
practical rock joints—3D-printing technology was applied to restructure five kinds of rough joint according to the failure surface
formed by the triaxial prepeak unloading test in this study. And uniaxial compression test was carried out on the rock-like
specimens containing closed 3D-printing rough joint to study the effects of joint inclination and joint length on the mechanical
properties (peak strength, peak strain, elastic modulus, and secant modulus), cracking process, and failure modes. Besides, digital
image correlation (DIC) method and acoustic emission (AE) system are used to investigate the whole evolution process of strain
fields and crack propagation during loading. It is found that the mechanical parameters decrease first and then go up as the joint
inclination increases, while presenting a continuous downward trend with the increase of joint length. Inclination of 45° and the
larger joint length bring more extensive reduction to mechanical properties of specimens. Specimens exhibit typical brittle failure
characteristics. -e failure mode of specimens affected by different joint inclination is tension-shear failure. And the joint scale
rises; the failure mode of specimens changes from tensile failure to shear failure. Larger joint scale results in the longer prepeak
fluctuation phase on axial stress-strain curves and more dispersed distribution of high-value AE counts.

1. Introduction

Natural rock, a complex geological medium, contains a great
quantity of flaws (fissures, joints, holes, and weak surfaces)
formed by a series of geological processes.-e failure of rock
under external loading is significantly affected by these pre-
existing defects, from which the tensile cracks initiate [1–5].
-erefore, investigations on the fracture behaviors and re-
lated mechanical parameters of rock or rock-like specimen
containing open or closed flaw play a significant role in
ensuring the stability and security of practical rock engi-
neering, such as underground engineering, dam base rock
engineering, and high slope rock engineering, etc.

Many experimental works have been done to study the
mechanical parameters, cracks initiation, propagation, and
coalescence of pre-cracked specimens [6–10]. Zhu et al. [11]
studied the variations in mechanical parameter and failure

mode of sandstone specimens containing arc fissures based
on the uniaxial compression experiments, which found that
the degradation of the bearing capacity and the number of
cracks that appear during the sandstone loading process
decrease as the arc angle of the fissure increases. By com-
bining numerical simulation and mechanical test results, the
individual influence of three parameters (joint location, joint
orientation, and trace length) on the compression strength
of specimens has been explored by Xu et al. [12]. Wong and
Einstein [13] identified seven types of cracks (three types of
tensile cracks, three types of shear cracks, and a mixed
tensile-shear crack) of tested gypsum and Carrara marble
specimens under uniaxial compression based on their ge-
ometry and propagation mechanism. Uniaxial compression
test was also carried out on the cuboid sandstone specimens
containing single open fissure to investigate the effects of
fissure angle and length on mechanical parameters and AE
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behaviors of sandstone specimens by Yang and Jing [14], in
which the other two types of cracks (lateral crack and far-
field crack) were pointed out. -e effects of the combination
of a single hole and an inclined fissure on the sandstone
specimens were investigated by Yin et al. [15], in which a
high-speed camera was used to capture the whole defor-
mation process so as to analyze the relation between axial
stress-strain curve and the real-time crack coalescence.

In addition to the natural rock mentioned above, the
rock-like materials, which have similar basic mechanical
properties to real rock, have been widely used to explore the
initiation, propagation, and coalescence behavior of cracks
[16–22]. -e gypsum specimens with three and sixteen flaws
were made to investigate the crack coalescence under uni-
axial compression by Sagong and Bobet [23], which pointed
out that the wing cracks are in a stable manner, while
secondary cracks are likely to exhibit unstable propagation.
Ma et al. [24] studied the crack growth features of kinked
fissures in the photosensitive resin material based on 3D-
printing technology. -e results showed that the tensile
crack propagation of wing crack is the main cause of failure
of the antisymmetric kinked crack. After the investigation on
the compressive failure process of rock-like specimens
containing two X-type flaws, Zhang et al. [25] found that the
flaws tend to coalesce by cracks emanating from flaw tips
along a potential path that is parallel to the maximum
compressive stress direction. By comparing the experimental
results of uniaxial compression test on the gypsum speci-
mens with open and closed flaws, Park and Bobet [26]
demonstrated the development manner and corresponding
influencing factors of three types of cracks (wing cracks,
coplanar cracks, and oblique secondary cracks). And sig-
nificantly, it is concluded that the main difference between
experimental results from open and closed flaws appears to
be the quantity in the initiation stress, but not the funda-
mental fracture mechanisms and principles, which bridges
the connection between the analyses on open flaws and
closed flaws.

However, to sum up, the methods used in most related
studies to prefabricate rock joints can be divided into two
categories: (1) high-pressure hydraulic cutting and (2) in-
sertion of mica, paper, and thin steel disc. An obvious
disadvantage led by these conventional artificial methods is
the inability to simulate the rough surfaces of practical rock
joints. But with the development of industrial
manufacturing, the combination of 3D scanning and 3D-
printing technology is likely to be the great solution to this
issue for its application on the replication of internal defects
and fabrication on geological material [27, 28]. Furthermore,
in the geotechnical field, by combination with the digital
speckle correlation method (DSCM), the crack propagation
evolution and the failure mode of tested specimens can be
further explored [29]. Otherwise, glass, resin, barite, gyp-
sum, and cement were commonly used in the previous
fabrication of rock-like specimens [30–35]. But the use of
resin or glass may lead to the loss of friction enhancement
effect on the fracture surface compared to natural rock
masses [36]. -ough the mixture of the gypsum or ordinary
cement and fine sand may achieve the friction effect, the

limited bond strength of these specimens results in the
difficulty in matching up the bearing capacity of real rocks
and the relatively larger deformation under the action of
external force. -erefore, in this study, high-strength
Portland cement as well as the quartz powder was chosen to
prepare the rock-like specimens. More significantly, based
on the quantitative data obtained from the measurement
towards the experimental failure surface of sandstone by
three-dimensional scanning system, the rough joints were
fabricated by the use of the 3D-printing technology.
-e fracture behaviors of rock-like material with closed
3D-printing rough joint with different joint inclinations
and joint lengths under uniaxial compression were
investigated.

2. Experimental Method

2.1. Properties of SandstoneMaterial. -e sandstone material
chosen for the experiments in this study was directly col-
lected from the same working face in kilometer-depth
Kouzidong coal mine, Anhui Province, China. -e sand-
stone block was maintained with good integrity with no
surface texture visible to naked eyes. According to the results
of x-ray diffraction (XRD) (Figure 1(a)), the mineral
compositions of tested sandstone mainly are quartz, feld-
spar, zeolite, and calcite. And by means of scanning electron
microscope (SEM), it can be found that the chosen sand-
stone shows flat blocky crystalline structure under micro-
scopic observation, as shown in Figure 1(b). Moreover, basic
measurement and conventional triaxial compression test
were conducted on the well-processed cylindrical sandstone
specimens, to obtain the physical and mechanical properties
of the sandstone, respectively. As shown in Table 1, the
density, compressive strength, elastic modulus, tensile
strength, cohesion, and internal friction angle of the
sandstone specimens are 1.95 g/cm3, 98.1MPa, 13.5 GPa,
8.9MPa, 31.58MPa, and 27.33°, respectively.

2.2. Design and Preparation for the Rock-like Specimens
Containing Closed 3D-Printing Rough Joint. -e flow chart
of the whole experimental program is shown in Figure 2.

To simulate the stress concentration and unloading effect
during the process of excavation of underground engi-
neering, the conventional triaxial prepeak unloading test was
carried out with the confining pressure setting of 30MPa on
the well-processed cylindrical sandstone specimens to ob-
tain the failure mode of specimen [37], as shown in
Figure 3(a). Quantitative spatial coordinate data of the
fracture plane was obtained by three-dimensional scanning
system [38]. In order to ensure the accuracy, the spatial
coordinate data was imported into the software MATLAB
for surface fitting and 3D modeling (Figure 3(b)). A rect-
angular area 40.0mm long and 30.0mmwide was selected as
research area (Figure 3(c)). A series of diminished areas with
a fixed aspect ratio (4 : 3) within the research area were
selected as prototypes for the rough joint fabrication
(Figures 3(c)–3(g)). -e above five kinds of 3D rough joint
models were imported to a SLA660 3D printer with the high
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printing accuracy of 0.05mm. Under high-intensity laser
irradiation, photosensitive resin, the raw material for 3D-
printing, was shaped and solidified into a single-layer surface
with the thickness of 0.05mm. With the accumulation of
surface layers, the complete 3D-printing rough joint with the
thickness of 0.5mm was finished.

To match up the hard brittleness of sandstone, high-
strength Portland Cement (Type 62.5) supplied by Zhon-
glian Cement Co., Ltd. in Xuzhou, Jiangsu Province, China,
was selected as the cementing material. Besides, the quartz
powders purchased from FuhongMineral Products Co., Ltd.
in Shanxi Province, China, with high hardness and chemical

stability, were chosen as the main component to improve the
properties of products. Specimens were made of cement,
quartz powder, and water with a suitable volume mixture
ratio of 1 : 0.8 : 0.35.-e physical andmechanical parameters
of rock-like material are presented in Table 1. -e density,
compressive strength, elastic modulus, tensile strength,
cohesion, and internal friction angle of the rock-like spec-
imens are 2.07 g/cm3, 100.3MPa, 11.8GPa, 6.8MPa,
30.11MPa, and 23.87°, respectively, which are close to those
of sandstone. As shown in Figure 4, samples are fabricated in
the following steps. First, each 3D-printing rough joint was
fixed inside a mold by four rigid filaments, one end of which
was tied to a corner of joint and the other end was pulled out
along the hole and fixed, as shown in Figures 4(a) and 4(b).
-en, the cement pastes were prepared by pouring the
weighed cement, quartz powder, and water into a container
and stirring at 2000 rpm for 10 minutes under an electric
blender. Next, after pouring the fresh pastes carefully into
the molds, the whole system was vibrated to release residual
air bubbles. Afterwards, specimens were placed for 24 hours
and then demoulded and cured at a constant temperature of
20°C and humidness of 95% for 28 days in total. Finally,
specimens were dried in natural state and polished
smoothly.

As shown in Table 2, two set of specimens, a total of 16,
were fabricated:

(1) From T30-1 to T90-2: specimens containing 3D-
printing rough joints with the same fixed size of
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Figure 1: (a) XRD and (b) SEM results of sandstone in this research.

Table 1: Physical and mechanical parameters of sandstone and rock-like material.

ρ (g/cm3) σc (MPa) Ea (GPa) σt (MPa) c (MPa) φ (°)
Sandstone 1.95 98.1 13.5 8.9 31.58 27.33
Rock-like material 2.07 100.3 11.8 6.8 30.11 23.87
Note: ρ indicates the density, σc indicates the compressive strength, Ea indicates the elastic modulus, σt indicates the tensile strength, c indicates the cohesion,
and φ indicates the internal friction angle.

Triaxial prepeak unloading tests 
on sandstonespecimens

3D scanningtests on fracture 
surfaces

Fabrication of rough joints by 3D
printing technology

Specimens containing closed 
3D-printing rough joint

Preparation of rock-like material, 
simulating the origin sandstone

Uniaxial compression test AE systemDIC method

Figure 2: Test procedure.
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40.0mm× 30.0mm, but different inclination angles,
i.e., 30°, 45°, 60°, and 90°, were prepared to investigate
the effects of joint inclinations on specimens.

(2) From S1-1 to S4-2: specimens containing 3D-printing
rough joints with the same inclination angle of 60°, but
different joint size, i.e., 35.6mm× 26.7mm, 30.6mm×

22.9mm, 27.1mm× 20.3mm, and 20.0mm× 15.0mm,
were made to study the influences of joint lengths on
specimens, as shown in Figures 3(d)–3(g).

2.3. Testing Procedure. -e uniaxial compression test was
carried out on all the specimens containing closed 3D-
printing rough joint by using the MTS 816 rock mechanics
servo-controlled testing system, as shown in Figure 5. -e
maximum loading capacity of the system was 1459 kN. -e
displacement-controlled mode with the loading rate of
2.5×10−3mm/s was chosen in this test. Besides, an AE
system was used to collect the internal signals of samples,
and a digital photogrammetric system was used to monitor
the strain variation of samples.

Before the test, the speckles were artificially fabricated
on the specimens to improve the surface resolution of the
specimens and facilitate the collection of experimental
data. And the AE sensor was mounted on the specimens’
surface to collect the acoustic signal in the testing process.
Besides, a layer of Vaseline was coated evenly at both ends
of specimens to reduce the friction between the end of the
specimen and the indenter so as to ensure the accuracy of
the test results. During the whole loading process, the
axial load and displacement of the specimen were si-
multaneously recorded by the testing system. And, two
high-definition cameras mounted on the same horizontal
plane with a customized tripod were used to capture real-
time photos for cylindrical testing specimens. In this way,
the three-dimensional position was recovered according
to the principle of the binocular stereovision technique
[39]. After the test, the collected photos were analyzed by
a DIC system to convert surface data into plane strain

field so as to investigate the deformation behaviors of the
specimens.

3. Experimental Results and Discussion

3.1. Uniaxial Stress-Strain Curves of Specimens with Different
Rough JointGeometries. Typical axial stress-strain curves for
specimens containing rough joints with different joint in-
clinations and joint lengths under uniaxial compression are
presented in Figure 6, from which it can be clearly seen that
joint inclination and joint length have substantial impact on
the strength and deformation behaviors of specimens under
uniaxial compression.-e axial stress of all tested specimens
plunges to nearly zero after the peak stress, exhibiting typical
brittle failure characteristics. -e axial stress-strain curves of
rock-like material specimens containing rough joint can be
approximately divided into four states, i.e., compaction,
elastic deformation, crack growth, and propagation and
ultimate fracture. Next, the axial stress-strain curves of
tested samples will be analyzed in detail from these four
stages:

(1) Compaction: at this stage, axial stress-strain
curves of specimens with different rough joint
geometries present downward concaves, the axial
stress increasing slower than the axial strain.
-ese nonlinear behaviors are due to the fact that,
at the very beginning of the test, the axial de-
formation of samples led by machine loading
mainly results in the closure of some pre-existing
micro-fissures and pores inside the specimens
rather than the internal extrusion of ideal elastic
continuum. Moreover, at this stage, all the axial
stress-strain curves of samples are almost iden-
tical, meaning that the rigidity of samples has
great consistency. And the different joint geom-
etries have little effect on the mechanical prop-
erties of specimens in this stage.

(2) Elastic deformation: when higher loading level is
applied to samples, the axial stress-strain curves of
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compacted specimens become linear, entering the
stage of elastic deformation, in which the relation
between axial stress and axial strain satisfies
Hooke’s law. However, unlike the compaction
stage, the curves of specimens with different joint

geometries begin to separate from each other and
show various slopes, especially in Figure 6(a),
demonstrating that the differences in inclination
and length of rough joints begin to affect the
stress-strain behaviors of specimens.

Table 2: Size and basic setup of specimens and closed rough joint.

No. d (mm) h (mm) Inclination α (°) Joint length l (mm) Joint width w (mm) w/l
T30-1 50.24 100.21 30 40.0 30.0 0.75
T30-2 50.37 100.10 30 40.0 30.0 0.75
T45-1 50.38 98.33 45 40.0 30.0 0.75
T45-2 50.58 98.83 45 40.0 30.0 0.75
T60-1 50.16 100.43 60 40.0 30.0 0.75
T60-2 50.50 100.23 60 40.0 30.0 0.75
T90-1 49.99 100.17 90 40.0 30.0 0.75
T90-2 50.32 99.73 90 40.0 30.0 0.75
S1-1 49.92 97.29 60 20.0 15.0 0.75
S1-2 50.44 100.74 60 20.0 15.0 0.75
S2-1 50.52 100.00 60 27.1 20.3 0.75
S2-2 50.40 98.92 60 27.1 20.3 0.75
S3-1 49.65 100.00 60 30.6 22.9 0.75
S3-2 50.32 98.56 60 30.6 22.9 0.75
S4-1 50.52 98.77 60 35.6 26.7 0.75
S4-2 50.49 97.42 60 35.6 26.7 0.75
d: diameter of specimen; h: height of specimen.

Rough joint
α

(a) (b) (c)

(d)

Figure 4: (a) Schematic diagram and (b) actual image of rough joint setting inside specimens, (c) specimens casting, and (d) finished
products.
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(3) Crack growth and propagation: in this stage, the axial
stress-strain curves generally present nonlinear rising
behavior with fluctuation. Stress level reaches the
threshold of wing crack and even the secondary crack.
Unlike the stable manner of wing tensile cracks, sec-
ondary cracks exhibit unstable propagation followed by
the crack coalescence, resulting in the drop of axial
stress, which can be clearly seen in the curves of sample
α� 45°, sample α� 60°, sample l� 20.0mm, and sample
l� 35.6mm.-edevelopment of cracks does not lead to
the thorough fracture in this stage, which can be
explained by the effective resistance structure formed by
stress redistribution.

(4) Ultimate fracture: in this stage, macroscopic cracks
come out, followed by the extensive surface spalling
and brittle fracture, which leads to the plunge of axial
stress to approximately 10MPa, the residual stress.

3.2. Effect of Rough Joint Geometries on Mechanical Param-
eters of Specimens. -e influence of inclination angle and
length of rough joints on mechanical parameters of the
specimens containing rough joint under uniaxial com-
pression is shown in Figures 7 and 8, respectively. And the
four mechanical parameters are, respectively, defined as
follows. -e σ1p and ε1p are described as the peak strength
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MTS 816 loading 
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Specimen

Figure 5: Testing system.
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Figure 6: Stress-strain curves of specimens containing rough joint with different (a) joint inclinations and (b) joint lengths.
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and peak strain, respectively. Es and Ec represent the elastic
modulus and secant modulus, respectively.

From Figures 7 and 8, it is clear that, with joint incli-
nation increases, four mechanical parameters all experience
a deterioration and then go up, while there is continuous
negative correlation between joint length and mechanical
parameters. As the inclination increases from 30° to 45°, peak
strength, peak strain, elastic modulus, and secant modulus
descend from 60.34MPa, 0.91× 10−2, 9.68GPa, and
6.57GPa, to 52.58MPa, 0.87×10−2, 7.42GPa, and 4.95GPa,
with the reduction extents of 12.8%, 4.3%, 23.3%, and 24.6%,
respectively, reaching the bottom at the inclination angle of
45°. After that, from 45° to 90°, they rise to 76.68MPa,
0.93×10−2, 10.21GPa, and 7.05GPa, respectively, increased
by 45.8%, 6.8%, 37.6%, and 42.4%. However, with the in-
creasing joint length from 2.0 to 4.0 cm, peak strength, peak
strain, elastic modulus, and secant modulus generally

experience the trend of continuous decline from 89.53MPa,
1.05×10−2, 9.97GPa, and 7.64GPa, to 60.33MPa,
0.92×10−2, 7.60GPa, and 5.87GPa, with the reduction
extents of 32.6%, 12.3%, 23.7%, and 23.1%, respectively.

From the analysis above, it can be concluded that 45°
inclination and larger length of rough joints brings more
extensive reduction to four mechanical parameters of spec-
imens. Moreover, among all the inclination angles tested,
samples with inclination angle of 90° exhibit the best me-
chanical behaviors, which may result from the great situation
of crack growth and propagation. Remarkably, according to
Figures 7(c) and 8(c), elastic modulus of samples changes a lot
versus the inclination of rough joint, while there is an obvious
stable state on the elastic modulus from l� 2.00 cm to
l� 3.56 cm, with little reduction, which indicates that the joint
inclination has more significant impact than joint size on the
elastic deformation state of samples.
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Figure 7: Effects of joint inclination on (a) peak strength, (b) peak strain, (c) elastic modulus, and (d) secant modulus of specimens,
respectively (l� 40.0mm).
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In general, the change in joint length will lead to the
differences in joint roughness. -ree parameters, i.e.,
asperity’s height, slope angle, and aspect, can be used to
determine and visualize the three-dimensional joint
roughness degree under different normal stresses and shear
displacements [38]. Here, the three-dimensional surface of
the fracture surface was discretized into a series of
mesoscopic planes to analyze. Asperity’s height represents
the height with respect to the surface average height. -e
plane inclination angle with respect to the horizontal plane
is defined as slope angle. And the aspect can be described as
the angle between the projection of the normal vector of
mesoscopic plane on horizontal plane and the north di-
rection. Figure 9 presents the standard deviations (StDev)
of asperity’s height, slope angle, and aspect. With the rise of
joint length, StDev of asperity’s height and slope angle
exhibit similar rising trend with increasing growth rate,

while the StDev of slope increases with decreasing growth
rate. -ree exponential functions were used to make a great
description to the connection between joint roughness
coefficients and joint length, with the fitting coefficient R2

ranging from 0.9246 to 0.9885.

3.3. Evolution Process of Specimens Containing Closed 3D-
Printing Rough Joint

3.3.1. Strain Field and AE Behaviors of Specimens with
Different Joint Inclinations. -e strain field results of
specimens containing closed 3D-printing rough joint with
different joint inclinations are presented in Figure 10. To-
tally, five moments when the loading levels, respectively,
reach 10%σ1p, 40%σ1p, 80%σ1p, 95%σ1p, and σ1p are in-
vestigated for each specimen. In general, specimens with
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Figure 8: Effects of joint length on (a) peak strength, (b) peak strain, (c) elastic modulus, and (d) secant modulus of specimens, respectively
(α� 60°).
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Figure 9: Relations between joint length and standard deviations of (a) asperity’s height, (b) slope, and (c) aspect, respectively.
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Figure 10: Continued.
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different joint inclinations exhibit brittle failure character-
istics. At the low stress level of 10%σ1p and 40%σ1p, strain is
very small with a relative random distribution. -e variations
on strain fields reflect the stress redistribution, which enables
specimens to maintain structural stability with increasing stress.
When the stress level reaches 80%σ1p, the slit-shaped green areas

with large strain values appear, which indicates the occurrence
of obvious weak zones or even themicrocracks on the surface of
specimens. When the axial stress increases to 95%σ1p, these
areas turn red with larger size. It means that cracks propagate
and coalesce, and finally the fully developed macrocracks are
formed, followed by the ultimate fracture of specimens.
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Figure 10: Evolution process of strain fields of specimens containing closed 3D-printing rough joints with different joint inclinations under
uniaxial compression (l� 40.0mm). (a) Specimen T30-2# (α� 30°), (b) specimen T45-2# (α� 45°), (c) specimen T60-2# (α� 60°), and (d)
specimen T90-1# (α� 90°).
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Crack characteristic is a great way to understand the
failure mode of specimens [13, 14, 40, 41]. As the joint
inclination increases from 30° to 90°, both tensile crack and
shear crack can be found on the surface of specimens. For
the specimen T30-2# (α� 30°), Positions 1 and 2 marked by
the black circles in Figure 10(a) are typical tensile cracks. It
can be clearly seen that, after initiating at the stress level of
80%σ1p, the tensile crack continuously propagates along the
direction of maximum compression. -e position parallel to
the stress direction and the stable expansion manner make
the tensile crack not cause sudden and serious deterioration
of the compression strength of the specimen [26]. Its coa-
lescence with the shear crack (Position 3) and the form of
through crack make the specimen finally loss its bearing
capacity thoroughly. Specimens T60-2# (α� 60°) and T90-1#
(α� 90°) have the similar tension-shear failure mode with
specimen T30-2# (α� 30°). It is worth mentioning that
specimen T45-2# (α� 45°) has obviously more complex
stress state and distribution, compared to the specimens
with other joint inclinations. At the stress level of 95%σ1p,

the number of slit-shaped stress concentration areas reaches
six, two times that of specimen T30-2#. Besides, the incli-
nation of 45° may make it easier to formmore unstable shear
zones and shear damage, resulting in serious decline of
bearing capacity [42, 43]. -is finding is consistent with the
result of mechanical tests that the joint inclination of 45°
makes the greatest reduction on themechanical properties of
rock-like specimens containing closed 3D-printing rough
joint with different joint inclinations.

-e AE behaviors of specimens affected by different joint
inclinations of 3D-printing rough joint are shown in Fig-
ure 11. -e AE behaviors can be approximately divided into
two periods: quiet period and active period. At the quiet
period, almost no large AE counts are collected and the
accumulative counts present slow increase. By contrast, at
the active period, several large values of AE counts appear
along with the surge of accumulative counts. Take the
specimen T45-2# (α� 45°, l� 40.0mm) as an example; at the
stress level of 10%σ1p and 40%σ1p, during the compaction
and crack propagation states, only little AE signal is collected
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Figure 11: AE curves of specimens containing rough joint with different joint inclinations, i.e., (a) specimen T30-2# (α� 30°, l� 40.0mm),
(b) specimen T45-2# (α� 45°, l� 40.0mm), (c) specimen T60-2# (α� 60°, l� 40.0mm), and (d) specimen T90-1# (α� 90°, l� 40.0mm) under
uniaxial compression.
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Figure 12: Continued.
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and the accumulative counts increase slowly. -e AE be-
haviors stay in the quiet period. Correspondingly, no large
strain area appears in the strain field at the stress level of
10%σ1p and 40%σ1p. However, at the stress level between
80%σ1p and σ1p, the AE enters the active period with a great
amount of the large AE counts collected. -e accumulative
counts boost from 2.3×105 to 5.2×105 with the extent of
126%. Correspondingly, weak zones with large strain can be
clearly seen in the strain fields of 80%σ1p, 95%σ1p, and σ1p.

3.3.2. Strain Field and AE Behaviors of Specimens with
Different Joint Scales. -e variations on strain fields of
specimens versus the joint length are shown in Figure 12. In
general, specimens with different joint scales exhibit brittle
failure characteristic. Until the strain values reach 80%σ1p, the
large strain areas appear, followed by the quick failure. As the
joint length increases from 20.0mm to 40.0mm, the failure
mode of specimens changes from tension failure to shear failure.
When l� 20.0mm (specimen S1−1#) and l� 27.1mm (speci-
men S2−1#), the type of cracks is tensile crack. Tensile crack
exhibits the propagation characteristics of extending to the
upper and lower ends of the specimen, along the vertical di-
rection (loading direction). -ere is no obvious crack

coalescence on the surface of specimens. For specimen S3−2#
(l� 30.6mm), the far-field crack appears at the stress level of
80%σ1p. When the stress level reaches 95%σ1p and σ1p, the
coalescence between tensile crack and far-field crack occurs on
the surface of specimen. When l� 35.6mm (specimen S4−1#)
and l� 40.0mm (specimen T60−2#), the shear cracks appear on
the surface at 80%σ1p and then continue to propagate and
coalesce until the ultimate failure. -e change of failure mode
from tension failure to shear failure may result from the de-
crease of effective bearing area caused by the increasing joint
scale. And the unstable manner of shear crack leads to the
greater deterioration of mechanical properties, which is con-
sistent with the analysis in Section 3.2.

-e AE behaviors of specimens containing rough joint with
different joint lengths are displayed in Figure 13. It can be seen
that, when the joint length is small from 20.0mm to 30.6mm
(specimen S1−1#, specimen S2−1#, and specimen S3−2#), the
prepeak fluctuation phase of axial stress-strain curves is rela-
tively short, and correspondingly, the high AE counts are ex-
tremely concentrated. However, as the joint length increases to
35.6mm and 40.0mm (specimen S4−1# and specimen
T60−2#), the prepeak fluctuation phase of axial stress-strain
curves become longer, and the distribution of AE signals be-
comes dispersed. It can be explained by the findings from strain
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Figure 12: Evolution process of strain fields of specimens containing closed 3D-printing rough joints with different joint lengths under
uniaxial compression (α� 60°). (a) Specimen S1-1# (l� 20.0mm). (b) Specimen S2-1# (l� 27.1mm). (c) Specimen S3-2# (l� 30.6mm).
(d) Specimen S4-1# (l� 35.6mm). (e) Specimen T60-2# (l� 40.0mm).
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field and crack characteristic above. For specimens with small
joint length (specimen S1−1#, specimen S2−1#, and specimen
S3−2#), the types of crack are tensile crack and far-field crack.

-e expansion of these cracks is relatively stable, avoiding
sudden and large deterioration of the bearing capacity of
specimens. However, for specimens with large joint length
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Figure 13: AE curves of specimens containing rough joint with different joint lengths, i.e., (a) specimen S1-1# (l� 20.0mm, α� 60°), (b)
specimen S2-1# (l� 27.1mm, α� 60°), (c) specimen S3-2# (l� 30.6mm, α� 60°), (d) specimen S4-1# (l� 35.6mm, α� 60°), and (e) Specimen
S5-2# (l� 40.0mm, α� 60°) under uniaxial compression.

14 Advances in Civil Engineering



(specimen S4−1# and specimen T60−2#), the occurrence of
shear cracks makes the active period of AE behaviors and
prepeak fluctuation phase of axial stress-strain curves longer. It
is worth noting that, for specimen S3−2#, the high AE counts
collected at around 360s may result from the coalescence of
tensile crack and far-field crack inside the specimen.

4. Conclusions

-e uniaxial compression test was carried out on rock-like
specimens containing closed 3D-printing rough joint with dif-
ferent joint inclinations and joint scales. Meanwhile, DICmethod
andAE system are applied tomonitor and analyze the strain fields
and AE behaviors of specimens, respectively. -e main conclu-
sions are obtained, as follows:

(1) Joint inclination and joint scale have a significant impact
on the mechanical properties of rock-like specimens
containing closed 3D-printing rough joint. As inclination
increases from30° to 90°, peak strength, peak strain, elastic
modulus, and secantmodulus all present decreasing trend
first and then increase, reaching the bottom at inclination
of 45°. Otherwise, when joint length rises from 20.0mm
to 40.0mm, all these four mechanical parameters exhibit
continuous decline.-e inclination of 45° and larger joint
scale bring more extensive reduction to the mechanical
properties.

(2) As the joint inclination increases from 30° to 90°, the
main failuremode of specimens is tension-shear failure.
-e joint inclination of 45° leads to more complicated
stress state and internal shear slip, further resulting in a
significant decrease in mechanical properties.

(3) When the joint scale increases from 20.0mm to 40.0mm,
the failuremode of specimens changes from tensile failure
to shear failure. Larger joint scale results in the longer
prepeakfluctuationphase on axial stress-strain curves and
more dispersed distribution of high-value AE counts.

(4) In addition to the joint inclination and joint scale,
joint roughness coefficient (JRC) of the 3D-printing
rough joint may also have an impact on the me-
chanical properties and failure mode of specimens.
And the shear damage is a great point that can be
used in the analysis on failure characteristics. -ese
will be investigated in detail in the future study.

Data Availability

-e original data used to support the findings of this study are
available from the corresponding author (hjsu@cumt.edu.cn)
upon request.

Conflicts of Interest

-e authors declare that they have no conflicts of interest.

Acknowledgments

-is study was financed by the National Natural Science
Foundation of China (Nos. 42077240, 51704279, 51904290,

and 51734009) and the Natural Science Foundation of
Jiangsu Province of China (No. BK20170270).

References

[1] A. Bobet, “-e initiation of secondary cracks in compression,”
Engineering Fracture Mechanics, vol. 66, no. 2, pp. 187–219,
2000.

[2] Y. P. Li, L. Z. Chen, and Y. H. Wang, “Experimental research
on pre-cracked marble under compression,” International
Journal of Solids and Structures, vol. 42, no. 9-10, pp. 2505–
2516, 2005.

[3] R. H. C. Wong, C. A. Tang, K. T. Chau, and P. Lin, “Splitting
failure in brittle rocks containing pre-existing flaws under
uniaxial compression,” Engineering Fracture Mechanics,
vol. 69, no. 17, pp. 1853–1871, 2002.

[4] H. Haeri, K. Shahriar, M. F. Marji, and P. Moarefvand, “On
the strength and crack propagation process of the pre-cracked
rock-like specimens under uniaxial compression,” Strength of
Materials, vol. 46, no. 1, pp. 140–152, 2014.

[5] S. Q. Yang, Y. H. Dai, L. J. Han, and Z. Q. Jin, “Experimental
study on mechanical behavior of brittle marble samples
containing different flaws under uniaxial compression,” En-
gineering Fracture Mechanics, vol. 76, no. 12, pp. 1833–1845,
2009.

[6] P. S. Steif, “Crack extension under compressive loading,”
Engineering Fracture Mechanics, vol. 20, no. 3, pp. 463–473,
1984.

[7] Y.-H. Huang and S.-Q. Yang, “Mechanical and cracking
behavior of granite containing two coplanar flaws under
conventional triaxial compression,” International Journal of
Damage Mechanics, vol. 28, no. 4, pp. 590–610, 2019.

[8] H. Lee and S. Jeon, “An experimental and numerical study of
fracture coalescence in pre-cracked specimens under uniaxial
compression,” International Journal of Solids and Structures,
vol. 48, no. 6, pp. 979–999, 2011.

[9] A. M. Ferrero, M. Migliazza, R. Roncella, and G. Tebaldi,
“Analysis of the failure mechanisms of a weak rock through
photogrammetrical measurements by 2D and 3D visions,”
Engineering Fracture Mechanics, vol. 75, no. 3-4, pp. 652–663,
2008.

[10] S.-Q. Yang, Y.-H. Huang, P. G. Ranjith, Y.-Y. Jiao, and J. Ji,
“Discrete element modeling on the crack evolution behavior
of brittle sandstone containing three fissures under uniaxial
compression,” Acta Mechanica Sinica, vol. 31, no. 6,
pp. 871–889, 2015.

[11] D. Zhu, H. W. Jing, Q. Yin, Y. J. Zong, and X. L. Tao, “Ex-
perimental study on mechanical characteristics of sandstone
containing arc fissures,” Arabian Journal of Geosciences,
vol. 11, no. 20, Article ID 637, 2018.

[12] T. Xu, P. G. Ranjith, P. L. P. Wasantha, J. Zhao, C. A. Tang,
and W. C. Zhu, “Influence of the geometry of partially-
spanning joints on mechanical properties of rock in uniaxial
compression,” Engineering Geology, vol. 167, pp. 134–147,
2013.

[13] L. N. Y. Wong and H. H. Einstein, “Systematic evaluation of
cracking behavior in specimens containing single flaws under
uniaxial compression,” International Journal of Rock Me-
chanics and Mining Sciences, vol. 46, no. 2, pp. 239–249, 2009.

[14] S.-Q. Yang and H.-W. Jing, “Strength failure and crack co-
alescence behavior of brittle sandstone samples containing a
single fissure under uniaxial compression,” International
Journal of Fracture, vol. 168, no. 2, pp. 227–250, 2011.

Advances in Civil Engineering 15

mailto:hjsu@cumt.edu.cn


[15] Q. Yin, H.-W. Jing, and T.-T. Zhu, “Experimental study on
mechanical properties and cracking behavior of pre-cracked
sandstone specimens under uniaxial compression,” Indian
Geotechnical Journal, vol. 47, no. 3, pp. 265–279, 2016.

[16] M. M. Kou, X. R. Liu, S. D. Tang, and Y. T. Wang, “3-D X-ray
computed tomography on failure characteristics of rock-like
materials under coupled hydro-mechanical loading,” 8eo-
retical and Applied Fracture Mechanics, vol. 104, Article ID
102396, 2019.

[17] P. Feng, F. Dai, Y. Liu, N. Xu, and P. Fan, “Effects of coupled
static and dynamic strain rates on mechanical behaviors of
rock-like specimens containing pre-existing fissures under
uniaxial compression,” Canadian Geotechnical Journal,
vol. 55, no. 5, pp. 640–652, 2018.

[18] J.-W. Fu, S.-L. Liu, W.-S. Zhu, H. Zhou, and Z.-c. Sun,
“Experiments on failure process of new rock-like specimens
with two internal cracks under biaxial loading and the 3-D
simulation,” Acta Geotechnica, vol. 13, no. 4, pp. 853–867,
2018.

[19] S. Zhu, Z. H. Luo, Z. D. Zhu, Y. F. Gao, and N. Wu,
“Construction of three-dimensional crack calculation method
for transparent rock-like materials based on stereo vision
principle,” Advances in Civil Engineering, vol. 2019, Article ID
2021092, 13 pages, 2019.

[20] W. Yang, G. Li, P. Ranjith, and L. Fang, “An experimental
study of mechanical behavior of brittle rock-like specimens
with multi-non-persistent joints under uniaxial compression
and damage analysis,” International Journal of Damage Me-
chanics, vol. 28, no. 10, pp. 1490–1522, 2019.

[21] W. H. Tan and P. F. Wang, “Experimental study on seepage
properties of jointed rock-like samples based on 3D printing
techniques,” Advances in Civil Engineering, vol. 2020, Article
ID 9403968, 10 pages, 2020.

[22] T. L. Han, J. P. Shi, and Y. S. Chen, “Mechanical charac-
teristics and failure characteristics of jointed rock under axial
unloading and radial unloading,” Advances in Civil Engi-
neering, vol. 2020, Article ID 8812621, 15 pages, 2020.

[23] M. Sagong and A. Bobet, “Coalescence of multiple flaws in a
rock-model material in uniaxial compression,” International
Journal of Rock Mechanics and Mining Sciences, vol. 39, no. 2,
pp. 229–241, 2002.

[24] G.Ma, Q. Dong, and L.Wang, “Experimental investigation on
the cracking behavior of 3D printed kinked fissure,” Science
China Technological Sciences, vol. 61, no. 12, pp. 1872–1881,
2018.

[25] B. Zhang, S. C. Li, X. Y. Yang et al., “-e coalescence and
strength of rock-like materials containing two aligned X-type
flaws under uniaxial compression,” Geomechanics and En-
gineering, vol. 17, no. 1, pp. 47–56, 2019.

[26] C. H. Park and A. Bobet, “Crack coalescence in specimens
with open and closed flaws: a comparison,” International
Journal of Rock Mechanics and Mining Sciences, vol. 46, no. 5,
pp. 819–829, 2009.

[27] W. L. Tian, S. Q. Yang, Z. L. Hu, and J. W. Lu, “Experimental
study of the mechanical behavior of unfilled rough jointed
specimens under uniaxial compression,” Arabian Journal of
Geosciences, vol. 13, Article ID 164, 2020.

[28] Q. Jiang, X. Feng, Y. Gong, L. Song, S. Ran, and J. Cui,
“Reverse modelling of natural rock joints using 3D scanning
and 3D printing,” Computers and Geotechnics, vol. 73,
pp. 210–220, 2016.

[29] L. Song, Q. Jiang, Y.-E. Shi et al., “Feasibility investigation of
3D printing technology for geotechnical physical models:

study of tunnels,” Rock Mechanics and Rock Engineering,
vol. 51, no. 8, pp. 2617–2637, 2018.

[30] E. Hoek and Z. T. Bieniawski, “Brittle fracture propagation in
rock under compression,” International Journal of Fracture,
vol. 1, no. 3, pp. 137–155, 1965.

[31] E. G. Bombolakis, “Photoelastic study of initial stages of brittle
fracture in compression,” Tectonophysics, vol. 6, no. 6,
pp. 461–473, 1968.

[32] C. H. Park and A. Bobet, “Crack initiation, propagation and
coalescence from frictional flaws in uniaxial compression,”
Engineering Fracture Mechanics, vol. 77, no. 14, pp. 2727–
2748, 2010.

[33] L. N. Y. Wong and H. H. Einstein, “Crack coalescence in
molded gypsum and carrara marble: part 2-microscopic
observations and interpretation,” Rock Mechanics and Rock
Engineering, vol. 42, no. 3, pp. 513–545, 2009.

[34] J. Jin, P. Cao, Y. Chen, C. Pu, D. Mao, and X. Fan, “Influence
of single flaw on the failure process and energy mechanics of
rock-like material,” Computers and Geotechnics, vol. 86,
pp. 150–162, 2017.

[35] O. Mughieda and A. K. Alzo’ubi, “Fracture mechanisms of
offset rock joints-a laboratory investigation,” Geotechnical
and Geological Engineering, vol. 22, no. 4, pp. 545–562, 2004.

[36] P. Cao, T. Liu, C. Pu, and H. Lin, “Crack propagation and
coalescence of brittle rock-like specimens with pre-existing
cracks in compression,” Engineering Geology, vol. 187,
pp. 113–121, 2015.

[37] D. Li, Z. Sun, T. Xie, X. Li, and P. G. Ranjith, “Energy
evolution characteristics of hard rock during triaxial failure
with different loading and unloading paths,” Engineering
Geology, vol. 228, pp. 270–281, 2017.

[38] M. Sharifzadeh, Y. Mitani, and T. Esaki, “Rock Joint Surfaces
Measurement and analysis of aperture distribution under
different normal and shear loading using GIS,” Rock Me-
chanics and Rock Engineering, vol. 41, no. 2, pp. 299–323,
2008.

[39] Z. Z. Tang, J. Liang, Z. Z. Xiao, C. Guo, and H. Hu, “-ree-
dimensional digital image correlation system for deformation
measurement in experimental mechanics,” Optical Engi-
neering, vol. 49, no. 10, Article ID 103601, 2010.

[40] R. H. Cao, P. Cao, H. Lin, X. Fang, C. Y. Zhang, and T. Y. Liu,
“Crack initiation, propagation, and failure characteristics of
jointed rock or rock-like specimens: a review,” Advances in
Civil Engineering, vol. 2019, Article ID 6975751, 31 pages,
2019.

[41] C. Wu, F. Gong, and Y. Luo, “A new quantitative method to
identify the crack damage stress of rock using AE detection
parameters,” Bulletin of Engineering Geology and the Envi-
ronment, 2020.

[42] E. Z. Lajtai, “Brittle fracture in compression,” International
Journal of Fracture, vol. 10, no. 4, pp. 525–536, 1974.

[43] Q. Jiang, B. Yang, F. Yan, C. Liu, Y. G. Shi, and L. F. Li, “New
method for characterizing the shear damage of natural rock
joint based on 3D engraving and 3D scanning,” International
Journal of Geomechanics, vol. 20, no. 2, pp. 1–15, 2020.

16 Advances in Civil Engineering



Research Article
Research on Fault Activation Law in Deep Mining Face and
Mechanism of Rockburst Induced by Fault Activation

Lyu Pengfei ,1 Bao Xinyang,2 Lyu Gang,2 and Chen Xuehua3

1Mining Research Institute, Inner Mongolia University of Science and Technology, Inner Mongolia Autonomous Region 014010,
Baotou, China
2Shenyang Coking Coal Co., Ltd., Hongyang No.3 Coal Mine, Dengta, Liaoning 111300, China
3College of Mining, Liaoning Technical University, Fuxin, Liaoning 123000, China

Correspondence should be addressed to Lyu Pengfei; 2018930@imust.edu.cn

Received 21 July 2020; Revised 15 October 2020; Accepted 13 November 2020; Published 30 November 2020

Academic Editor: Fengqiang Gong

Copyright © 2020 Lyu Pengfei et al. -is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

To effectively monitor and control the severe mining-induced rockburst in deep fault area, the fault activation law and the
mechanical essence of rockburst induced by crossing fault mining were studied through theoretical analysis, microseismic
monitoring, field investigation, and other methods; numerical simulation was employed to verify the obtained fault activation law
and the mechanical nature. First, the distribution of microseismic sources at different mining locations and the fault activation
degree were analyzed. According to the microseismic frequency and the characteristics of the energy stage, the fault activation
degree was divided into three stages: fault stress transfer, fault pillar stress behavior, and fault structure activation. It was
determined that the impact disaster risk was the strongest in the stage of the fault pillar stress behavior. Based on the periodic
appearance law of microseisms in fault area, three types of conceptual models of fault-type rockburst were proposed, and the
rockburst carrier system model of “roof-coal seam-floor” in the fault area was established. -e mechanical essence of fault-type
rockburst was obtained as follows: under the action of fault structure, the static load of the fault coal pillar was increased and
superimposed with the active dynamic load of the fault, leading to high-strength impact disaster. Finally, the prevention and
treatment concepts of fault-type rockburst were proposed. -e monitoring and prevention measures of fault-type rockburst were
taken from two aspects: the monitoring and characterization of fault rockburst and weakening control of the high static load of the
fault coal pillar and dynamic load of fault activation. -e proposed concepts and technical measures have been verified in the
working face 14310 of Dongtan Coal Mine with sound results. -e research results have a guiding significance for the prevention
and control of rockburst in a similar mining face under crossing fault mining.

1. Introduction

By 2019, 187 coal mines in China have been identified as
being at risk of rockburst, and 17 mines distributing in 26
provinces have experienced rockburst hazards. Rockburst
has become a key problem threatening coal mine safety
[1, 2]. Mines with the proneness of rockburst are usually
characterized by the large depth of coal seams, large coal
thickness, complex structure, and hard roof [3–6]. In the
tectonic zone, the elastic-plastic deformation energy of coal
and rock mass is unevenly distributed. In the stress con-
centration area, affected by the mining activities, the energy
of coal and rock can be released suddenly, leading to the

rockburst [7, 8]. Moreover, the collapsing force of the rock
induced by fault activation is much greater [9]. Figure 1
shows the actual situation after the fault-type rockburst
hazard.

Faults and joints widely exist in underground rock mass
and directly affect the macromechanical properties of rock
mass, such as load resistance, deformation capacity, and
shear strength [10, 11]. When faults are encountered in the
mining face, the stress distribution and surrounding rock
failure are different from those in the conventional working
face. -ere is no fixed low in stress accumulation and energy
release of the working face affected by fault mining acti-
vation, and the sudden release of energy can easily cause the
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impact instability of coal and rock mass and even lead to
impact disaster.-erefore, accurately grasping the activation
law of the mining-induced fault is the necessary premise for
the prevention and control of fault-type rockburst.

At present, the theoretical model, field monitoring,
numerical simulation, and test method are mainly used in
the research on the law of mining-induced fault activation
and the rockburst-induced mechanism. For theoretical
models, many mechanical models and discriminant criteria
have been established, such as the rockburst stick-slip in-
stability criterion [12], fault disturbance response instability
criterion [13], instability model of the coal rock dynamic
system in the structural area [14], and impact instability
model of the fault coal pillar [15]. In terms of the rock test
and numerical simulation, Si et al. [16] studied the influence
of the unloading rate on the occurrence mechanism of
rockburst through the triaxial compression test of granite. It
was found that under the same surrounding rock pressure,
the lower unloading rate was conducive to improving the
peak strength of rock and the accumulation of elastic energy,
while the existence of the fault in mining face hindered the
stress transmission; then, the unloading rate of coal and rock
mass was reduced. As a result, the rockburst in a higher
intensity can be induced. -rough the granite triaxial
compression test, Gong et al. [17] also analyzed the fracture
evolution process of the prefabricated granite specimen
under different three-dimensional stress conditions. -e
results showed that when the vertical stress was constant and

the horizontal stress increased, the fracture strength of the
specimen increased obviously; however, when the fault was
formed, large horizontal stress was easily accumulated near
the fault. As a result, the stress condition of rockburst was
undoubtedly worsened, and the strength of rockburst in the
fault area was larger. Manouchehrian et al. [18] discussed the
influence of fault size, dip angle, and direction on tunnel
rock failure by using heterogeneous explicit program soft-
ware Abaqus2D and confirmed the fault action conditions in
the process of rockburst through numerical inversion of
actual rockburst cases. Based on the numerical calculation
results of FLAC3D, Jiang et al. [19, 20] and Wang et al.
[21, 22] analyzed the influence of fault dip angle and mining
direction on fault activation and obtained the movement
characteristics of the hard and thick roof in the fault area and
the occurrence law of rockburst. Luo et al. [23] simulated
and analyzed the evolution law of the stress field and dis-
placement field of the deep working face adjacent to the
fault. When a working face with a thickness of 5m was 35m
away from the fault, the maximum fault activation strength
was obtained. In terms of field monitoring, Michael et al.
[24] captured the precursor information of fault rockburst
by using microseismic monitoring and considered that the
surrounding rock often experienced 3–5 days of the energy
storage period before the occurrence of rockburst. Ma et al.
[25] studied the influence of fault activation on the vertical
zoning of overlying strata based on microseismic moni-
toring and stress inversion. He et al. [26, 27] analyzed the law

(a) (b)

(c) (d)

Figure 1: Damaged condition of rockburst hazards. (a) Shearer collapsed. (b) Pillar bent. (c) Floor plucked. (d) Broken coal in roadway.
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of dynamic load release in the fault activation combined with
microseismic and stress data and established the evaluation
method of fault rockburst.

-e above studies mainly focus on fault activation and
the occurrence of rockburst in the working face adjacent to
the fault. -e stress evolution and vibration energy release
characteristics of fault planes are mainly analyzed. However,
research on the fault activation process caused by the
crossing fault mining in deep thick-coal seam and the
mechanical nature of rockburst has been rarely performed.
Based on the mining crossing NF6 fault in working face
14310 of Dongtan Coal Mine, theoretical analysis, micro-
seismic monitoring, and numerical simulation were per-
formed in this paper. -e fault activation, vibration energy
release, and rock stress evolution law during the crossing
fault mining were analyzed, and the near-fault coal rock
system model of coal seam-roof-floor was established to
reveal the nature of rockburst induced by fault activation.
-is study provides the guidance for the prevention and
control of rockburst in the crossing fault mining.

2. Microseismic Behavior Law of Crossing
Fault Mining

2.1.Overviewof theWorkingFace. -eworking face 14310 of
Dongtan Coal Mine was located in the north of the No.14
mining area in Yanzhou, China. Working face 14310 was
adjacent to the goaf on the one side and solid coal in the
other side. No.3 coal seam was mined in the working face.
-e coal seam structure was simple; the thickness was
7.4–10.2m, with an average of 9m; the strike length was
991m; the inclined width was 263m; the coal seam dip angle
was 0–6°, with the average of 3°; the buried depth of coal
seam was 582–615m, with an average of 605m. -e fully
mechanized sublevel caving technology was used for the
mining.-eNF6 normal fault was developed along with coal
seam tendency and 629m away from the open-off cut in the
middle of the working face. -e exposed drop of the
headentry was 2.8m with an inclination of 57°, and the
exposed drop of the tailentry was 3.4mwith an inclination of
65°, as shown in Figure 2. -e fault ran through the whole
working face along the strike with a large drop. Empirically,
when the mining was advanced close to the fault, the ground
pressure within 150m before and after the fault was strong,
and the dynamic phenomena such as spalling and roof fall
were easy to occur.

2.2. Microseismic Source Distribution Law in Mining. -e
microseismic system was installed in working face 14310 to
effectively capture the information of surrounding rock
fracture and fault activation. A group of geophones with a
frequency of 30–2000Hz were arranged at an interval of
50m from the open-off cut in the headentry and tailentry of
the working face, as shown in Figure 2. More than 6 geo-
phones were used to ensure the effective monitoring of the
movement of surrounding rock at the same time.

-e microseismic sources were monitored during the
mining period from 300m to −50m from the fault in

working face 14310 and projected horizontally on the plane,
as shown in Figure 3 (due to a large number of microseisms,
only microseisms with energy greater than 100 J were dis-
played). As shown in Figure 3(a), when the coal wall was
268m–178m away from the fault, the seismic source dis-
tribution was consistent with that without the fault in front
of the working face, that is, low-energy microseisms
accounted for the majority in front of the working face front
and goaf. -e seismic source distribution was 81m outside
the transportation roadway of the working face, 104m
outside the tailgate, and 139m in front of the working face.
-ere was no seismic source near the fault, indicating that
the mining fault in this stage has not been activated. As
shown in Figure 3(b), when the coal wall was 178m–155m
away from the fault, low-energy microseisms occurred near
the fault, and the seismic source position was on the fault
plane. In addition, a small amount of fault mud gushed from
the fault during the field investigation. It indicates that the
fault has begun to activate under the influence of mining, but
the activation degree was not significant. As shown in
Figure 3(c), when the coal wall was 155m–62m away from
the fault, there were microseisms on the hanging wall and
footwall of the fault and the fault surface. -e frequency and
energy of microseisms near the fault increased, and there
were four microseisms with an energy greater than 5×104 J.
It indicates that the fault was in continuous activation, and
the activation degree was gradually intensified. In addition,
the advanced influence range of normal mining in working
face 14310 was 139m, and when there was a fault in front of
the coal wall, the advanced influence range was 196m. -e
source points farthest from the working face in Figures 3(a)
and 3(c) were generated when the working face was mined to
the green straight line position.-us, the advanced influence
range of the working face was the distance from the green
straight line to the farthest focal point. When the fault was
formed, a large amount of tectonic stress (mainly horizontal
stress) accumulated on both sides of the fault. Under the
disturbance of mining, the fault stress had a sudden change
(the release of tectonic stress). Under the superposition of
mining stress, the possibility of inducing rockburst was
further increased. As shown in Figure 3(d), when the coal
wall was 62m–18m to the fault, a large number of mi-
croseisms appeared near the fault, and the proportion of
high-energy microseisms increased significantly. It indicates
that the activation degree of the fault increased again. -e
same conclusion was also obtained from the monitoring
results of borehole stress at 4.5m away from the fault in the
tailentry, as shown in Figure 4. During the four consecutive
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Figure 2: Plane figure of working face 14310.
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Figure 3: Continued.
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days (from August 3 to August 6), the fluctuation of
borehole stress data was extremely strong, and the phe-
nomenon of sudden increase and drop of stress was sig-
nificant, which was also the result of unbalanced release of
fault activation stress. At this stage, the fault was close to the
coal wall, among which the rock mass acted as the coal pillar
due to the cutting effect of the fault. -e rotary subsidence of
overlying strata compressed the fault coal pillar and induced
a large number of and high-energy microseisms, which
greatly increased the possibility of rockburst. As shown in
Figure 3(e), when the coal wall was 18m–0m to the fault, the
high-energy microseisms decreased, but there were still 8
high-energy microseisms (in coal mine engineering practice,
microseisms with energy greater than 5×104 J were often
referred to as high-energy microseisms), and all the sources
were near the fault plane. -is is because the working face
was close to the fault, and the fault has been activated for a
long time. Under the influence of mining, the relative

movement trend of the hanging wall and footwall of the fault
increases, which may induce the rockburst. As shown in
Figure 3(f ), when the working face passed through the fault
of 0–16m, the frequency and energy of microseisms de-
creased significantly; there were three high-energy micro-
seisms, which may be caused by the residual stress of fault
activation. As shown in Figure 3(g), when the working face
passed through the fault of 16–51m, the microseisms
returned to be normal, and the safe crossing fault mining has
been realized in the working face.

2.3. PeriodicAppearance LawofMicroseisms. Figure 5 shows
the microseismic periodic curve of working face 14310. It
can be seen that the frequency and energy amplitude of
microseisms has a significant stage change. Based on this,
fault activation can be divided into three stages: (1) fault
stress transfer: due to the large tectonic stress near the fault,
when the working face was far away from the fault
(155m–62m), the tectonic stress mainly composed of
horizontal stress was gradually released and transferred.
Under the influence of mining, the stress of coal and rock
mass between the working face and the fault accumulated,
and the frequency and energy amplitude of microseisms
increased compared with normal mining. In this stage, the
frequency and energy of microseisms fluctuated to a certain
extent, but they were still dominated by small-energy mi-
croseisms. -erefore, the fracture of the coal and rock at this
stage belonged to the microfracture. (2) Fault pillar stress
behavior: the distance between the fault and working face
decreased with the mining (62m–18m). In addition, the
fault cutoff the continuity of the coal seam and roof, and the
fault pillar was formed. Under the joint action of mining,
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Figure 3: Microseismic distribution in working face 14310 (June 20 to August 20). (a) -e distance between the working face and fault is
268m–178m. (b) -e distance between the working face and fault is 178m–155m. (c) -e distance between the working face and fault is
155m–62m. (d) -e distance between the working face and fault is 62m–18m. (e) -e distance between the working face and fault is
18m–0m. (f ) -e distance between the working face and fault is 0m–16m. (g) -e distance between the working face and fault is
16m–51m. (h) Legend.
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fault activation, and fault pillar, yield failure occurred and
large energy was released. -erefore, the frequency and
energy amplitude of microseisms significantly increased
compared with that in the stage of fault stress transfer, and
the impact risk was increased. In addition, the frequency and
energy of microseisms increased sharply and decreased
sharply. For example, the frequency and energy of micro-
seisms on July 30 were greatly reduced and then increased
again. It is speculated that the energy storage of coal and rock
mass often occurred before the high-energy microseisms. (3)
Fault structure activation: when the working face was close
to the fault (18m–0m), the movement of the fault plane was
enhanced under the long-term activation. -e support
pressure transmitted to the fault planes overlapped with the
tectonic stress near the fault, which may overcome the
friction resistance of the fault planes, and the hanging wall
and footwall of the fault were forced to move relatively. -e
microseismic frequency and energy amplitude were me-
dium, and the instability tended to increase. -is may be
caused by the friction and sliding of local coal and rock mass
due to the serious activation of fault structure. -e daily
average vibration frequency and daily vibration energy of the
three stages were compared as follows: 55 and 17918 J in the
stage of fault stress transfer, 85 and 44382 J in the stage of
fault pillar stress behavior; and 66 and 34507 J in the stage of
the fault structure activation stage.-erefore, the strength of
the induced rockburst in the three stages was ranged in the
descending order: fault pillar stress behavior, fault structure
activation, and fault stress transfer. -is finding can be used
to guide the investment in the prevention and control of
rockburst.

2.4. Fault Activation Correlation and Its Influencing Factors.
In the previous study, Zhu et al. [28] found that FL37 normal
fault passed through coal seam and was 625m away from the
open-off cut in the middle part of working face 2301N
(adjacent to the goaf, the width of the coal pillar was 3.5m)
in Xinjulong Coal Mine of Heze, China.-is fault had a drop
of 5-6m. -e coal thickness of the working face was 9.2m,
the dip angle was 3°, the buried depth was 760m, and the
roof was composed of siltstone with a thickness of 9.5m.
Affected by the syncline structure, the horizontal tectonic

stress of the Xinjulongminefield was large, and the abutment
stress was 37.6MPa. -e results of microseismic monitoring
showed that the maximum activation distance of FL37 fault
was 275m. In other studies, Jiang et al. [29] reported that
NH72 normal fault existed in working face 1409 (adjacent to
the goaf, sectional coal pillar width of 5m) in Huafeng Coal
Mine, Xinwen, China.-e drop of fault was 3.1m–5.7m, the
coal thickness of the working face was 6.2m, the dip angle
was 7°, and the buried depth was 900m. -e coarse-grained
sandstone and mudstone were interbedded in the roof with
high hardness. -e results of microseismic monitoring
showed that the maximum activation distance of the NH72
fault was 350m.

-e working face 14310 of Dongtan Coal Mine was also
adjacent to the goaf, and the width of the coal pillar was
3.5m, which had similar features as the above working face.
-e drop of the NF6 fault was 2.8m–3.4m, the coal
thickness of the working face was 9m, the dip angle was 3°,
and the buried depth was 605m. -e roof was composed of
siltstone and medium-grained sandstone with a thickness of
more than 20m. Microseismic monitoring results showed
that the maximum activation distance of the NF6 fault was
178m. Comparing the fault activation laws of Dongtan Coal
Mine and Xinjulong Coal Mine, it can be seen that the
mining depth and fault drop of Xinjulong Coal Mine were
larger than those of Dongtan Coal Mine, and other factors
were similar. It indicates that fault activation was affected by
fault drop and buried depth of coal seams (expressed as in
situ stress). -rough the comparison of fault activation law
in the twomines, the mining thickness of working face 14310
in Dongtan Coal Mine was larger than that in working face
1409 of Huafeng Coal Mine, and the fault drop difference
between the two working faces was not obvious. However,
the fault activation distance of Dongtan Coal Mine was
172m smaller than that of Huafeng Coal Mine. Although the
fault drop and mining depth of 1409 working face in
Huafeng Coal Mine were larger than those in working face
14310 of Dongtan Coal Mine, there may be other factors
affecting the fault activation, such as the hardness and
structure of roof and floor strata. Huafeng Coal Mine was a
typical “three hard” (hard coal seam, hard roof, and hard
floor) strata structure. -e roof was a huge thick con-
glomerate. When the fault was formed, the thick and hard
bedrock can accumulate more tectonic stress. Under the
influence of mining, the stress release intensity of the fault
was large, resulting in the maximum fault activation dis-
tance. -rough the comparison, except for the thickness of
the coal seam and roof strata structure, other conditions
were similar in Xinjulong Coal Mine and Huafeng Coal
Mine. However, the fault activation distance of the Xinju-
long Coal Mine was 75m, which was smaller than that of the
Huafeng Coal Mine. It indicates that the mining thickness of
coal seam also has a certain influence on fault activation. In
conclusion, the maximum activation distance of the mining-
induced fault is affected by many factors, such as roof
structure, coal thickness, fault drop, and mining depth. -e
influence degree of each factor on fault activation needs to be
studied, and it is speculated that roof structure has a greater
influence on fault activation.
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Figure 5: Stage curve of microseisms in fault-crossing mining.
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3. Stress Evolution Law of Rock Mass under
Crossing Fault Mining

3.1. Establishment of the Numerical Model. -e evolution
law of stress and displacement of rock mass adjacent to the
fault can effectively reflect the activation characteristics of
fault structure [30]. In this section, the activation char-
acteristics of the fault were analyzed according to the
evolution law of fault stress and displacement field at
different advancing positions, and the accuracy of the
microseismic monitoring results in the previous section
was verified. Based on the mining in working face 14310
crossing the NF6 fault, FLAC 3D software was used to
establish the numerical model. -e size of the model was
502.9m (length) × 360m (width) × 140.5m (height). -e
fault plane was simulated by the contact surface, and both
sides of the contact surface were allowed to squeeze and
stagger. -e fault dip angle was set at 60°, and the drop was
3.2m. -e four sides and the bottom of the model were
fixed constraints. -e top of the model was applied with a
uniform load of 11.5MPa. -e horizontal stress of 9.5MPa
and 19.5MPa was applied in X and Y directions, respec-
tively. -e Mohr–Coulomb yield criterion was used for the
calculation. In the establishment of the model, some thin
strata were incorporated. Table 1 shows the physical and
mechanical parameters of surrounding rock, and Figure 5
shows the detailed model. Before calculation, three stress
and displacement monitoring points were set on the fault
plane in the middle of the Y-axis of the model. Precisely,
there were two roof monitoring points with a vertical
distance of 30m (monitoring point a) and 10m (moni-
toring point B) to the coal seam, and one bottom plate with
a vertical distance of 10m (monitoring point C) to the fault.
Figure 6 shows the established numerical model.

3.2. Results and Discussion. Figure 7 shows the abutment
stress evolution in the middle of the working face from 60m
to −40m from the fault, and the positive and negative values
represent the distance from the coal wall to the fault and
passing through the fault. When the coal wall was 60m away
from the fault (Figure 7(a)), the fault has been activated, but
the stress concentration was not high, and the hanging wall
stress distribution was not affected; when the coal wall was
40m away from the fault (Figure 7(b)), the vertical stress of
the fault pillar and fault plane increased, and the stress
isoline was distributed along the fault plane. It indicates that
the fault plane has cutoff the stress transmission to a certain
extent, showing the significant blocking effect of the stress.
-is phenomenon still existed in subsequent mining
(Figures 7(c)–7(f)). When the coal wall was 20m away from
the fault (Figure 7(c)), the stress in the fault pillar increased
again. -is indicates that both fault activation and roof
gravity have a great influence, which is consistent with the
results of microseismic monitoring. When the working face
was advanced through the fault (Figure 7(d)), the stress
concentration near the fault decreased, and the fault pillar
disappeared, and the fault stress was released to a large
extent. After the working face was advanced through the

fault (Figures 7(e) and 7(f )), the stress distribution gradually
returned to normal and the rockburst risk decreased.

Figure 8 shows the vertical stress and displacement curve
of monitoring points when the working face was advanced to
different positions. It can be seen that both stress and dis-
placement increased significantly after the working face was
advanced to 60m from the fault. It indicates that the fault
activity was obviously enhanced at this time, which is
consistent with the results of microseismic monitoring (in
actual mining, a large number of high-energy microseisms
appeared near the fault after the working face was 62m away
from the fault). In addition, the stress and displacement of
monitoring points in the roof were more significant than
that in the floor, indicating that the mining activation degree
of the roof was greater than that of the floor. When the
working face was about 20m away from the fault, the stress
value of the monitoring point reached the maximum, and
the displacement change rate (displacement curve slope)
also reached the maximum synchronously. It indicated that
the fault activation degree was the largest at this moment.
After the working face passes through the fault, the stress
and displacement of the monitoring point gradually tended
to be stable, and the impact risk was reduced.

4. Mechanism of Rockburst Induced by
Fault Activation

4.1. ConceptualModel. -e fault is the product of geological
movement. When the fault is formed, a large amount of
tectonic stress which is mainly composed of horizontal stress
accumulates in the hanging wall and footwall. When the
fault is not affected by mining, the fault is in a mechanical
equilibrium state. After the fault activation, the stress is
released and superimposed with the mining stress.
According to the periodical appearance law of microseisms
in the working face and the summary of field investigation,
three conceptual models are proposed for the mechanism of
rockburst induced by fault activation in different stages, as
shown in Figure 9.

(1) Model A: As shown in Figure 9(a), in the stage of the
fault stress transfer, under the influence of mining,
the fault is activated, and the accumulated horizontal
stress near the fault is forced to transfer to themining
space. -e strength of fault stress transfer is con-
trolled by mining intensity, coal seam thickness, and
fault mechanical properties. Fault stress is mostly
transferred in the form of dynamic load and
superimposed with the advance support pressure of
the working face, which may trigger burst failure of
rock mass in the local and critical stable state. In this
stage, the distance between the working face and the
fault is relatively far, and the fault stress transfer is
accompanied by a certain degree of attenuation, so
the strength of rockburst is usually small, and the
location of rockburst mostly occurs in the peak stress
area in front of the working face.

(2) Model B: As shown in Figure 9(b), in the stage of
fault pillar stress behavior, the fault pillar is formed
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due to the fault cutting off the continuity of the coal
seam and roof and floor. Under the double action of
rotary subsidence of the roof rock and advance
support pressure, the static load stress of the fault
pillar is highly concentrated. With the continuous
decrease in the width of the fault pillar, the accu-
mulated elastic energy in the coal pillar is much
greater. At this time, the dynamic load of fault ac-
tivation is superimposed with accumulated elastic
energy. Under the influence of multiple factors, the
fault pillar is prone to rockburst with a large damage
degree. -erefore, this stage is the key to fault
rockburst prevention and control.

(3) Model C: As shown in Figure 9(c), in the stage of
fault structure activation, the distance between the
fault and the working face is small. In addition, the
fault has experienced long-term activation, the
sliding property of the cross-section is enhanced, and
the relative movement trend of the hanging wall and
footwall of the fault increases under the action of
roof pressure, resulting in the increasing risk of
rockburst. In this stage, the rockburst strength is
larger than that in the stage of the fault stress transfer
and is smaller than that in the stage of the fault pillar
stress behavior. -e location of rockburst mostly
occurs near the fault.

4.2. Mechanical Mechanism. According to the conceptual
model of rockburst induced by fault activation, the rockburst
carrier systemmodel of “roof-coal seam-floor” near the fault
was established, as shown in Figure 10. When coal seam is
mined near the fault, the fault pillar bears the high static
load, and its stress-strain relationship is described by the
curve on the right side in Figure 10. Meanwhile, the roof and
floor are regarded as complete surrounding rock, and its
stiffness and strength are far greater than that of coal seam,
and its load-bearing stress-strain relationship is described by
the curve on the left side of Figure 10.

Under the action of the static load (σs), when the coal
seam in the postpeak stage (DE) produces strain increment
Δε2, the corresponding strain increment Δε1 in surrounding
rock of the roof and floor is

Δε1 �
k2

k1
Δε2, (1)

where k1 is the prepeak loading stiffness of surrounding
rock, and k2 is the postpeak unloading stiffness of coal seam.

-erefore, the total strain increment Δε of the roof-coal
seam-floor system is as follows:

Δε � Δε1 + Δε2 �
k1 + k2

k1
Δε2. (2)

Among them, the ratio of coal seam strain increment to
system overall strain increment is

Δε2
Δε

�
k1

k1 + k2
. (3)

When k1 + k2 � 0, the stress state of the coal rock cor-
responds to point S1 in Figure 10. At this time,
Δε2/Δε⟶∞, and the rockburst is started. As the coal
impact damage gradually decreases, the roof-coal seam-floor
system gradually reaches a new balance, corresponding to
point S in Figure 10. Finally, the rockburst process ends.

-e energy forms in the abovementioned impact process
include the consumption of energy by coal seam before the
burst (UC

DB), the consumption of elastic energy stored in coal
seams during the burst process (UC

D D), the consumption of
the elastic energy released by coal seam to surrounding rock
during the burst process (UR

D D), the residual elastic energy
released by the system during the burst process (UR), the
elastic energy released by surrounding rock during the burst

Table 1: Physical and mechanical parameters of surrounding rock.

Location Lithology -ickness
(m)

Shear modulus
(GPa)

Bulk modulus
(GPa)

Density
(kg ·m−3)

Cohesion
(MPa)

Internal friction
angle (°)

Main roof Medium-grained
sandstone 48.74 13.12 15.71 2500 5.4 35

Immediate
roof Siltstone 21.67 4.64 4.38 2600 1.1 33

Working face Coal seam 9.00 0.38 0.55 1350 0.9 29
Immediate
floor

Medium-grained
sandstone 21.59 13.12 15.71 2500 5.4 35

Main roof Coarse-grained
sandstone 39.50 15.65 19.24 2700 6.5 37

The NF6 fault

Coal seam
Immediate floor
Main floor

Main roof
Immediate roof

502.9m
360m

14
0.

5m

Figure 6: Numerical simulation model.
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process (UR
E), and the residual elastic performance stored in

coal seam after the burst process (UE).
When the rockburst carrier system of “roof-coal seam-

floor” near the fault is superimposed with the dynamic load
of fault activation (σd), compared with the impact energy
release (UR) under the static load, the energy release (ΔUR)
increases, as shown in Figure 10. At this time, it is equivalent
to that the stiffness of surrounding rock is reduced from k1 to
k1′, and the starting position of impact is advanced from S1 to
S2. In addition, the dynamic loading mode of fault activation
is equivalent to cyclic loading and unloading, leading to
permanent deformation of the coal body. -erefore, when
the action time of dynamic loading is long enough, for the
coal in the stress state S2′ under the superimposed dynamic
loading, the impact condition similar to the stress state of S2

under the static loading can be started. In a word, the
mechanism of fault rockburst can be summarized as the
superposition of the high static load of the fault pillar and
dynamic load of fault activation. -e high static load of the
fault pillar is caused by the action of the advanced pressure
and roof structure.

5. Monitoring and Prevention of Rockburst
Induced by Fault Activation

5.1. Monitoring and Prevention Measures. According to the
fault activation mechanism, the monitoring and prevention
of fault rockburst should be carried out from the monitoring
and characterization of fault rockburst and attenuation of
the high static load of the fault pillar and dynamic load of
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fault activation. To monitor the static load of the fault pillar,
the stress and fracture information between the fault and
working face can be directly obtained by the drilling cuttings
method, borehole stress, microseismic monitoring, surface
displacement, and other conventional methods; roof
movement and overlying rock structure evolution infor-
mation can be inferred by using support working resistance
monitoring, and coal pillar static load information under the
coupling effect of the fault and roof structure can also be
obtained indirectly. To monitor the dynamic load of fault
activation, the microseismic monitoring method is mainly
used. Large diameter borehole pressure relief, deep hole
pressure relief blasting, and roadway reinforcement support
can be used to prevent and control high static load of the
fault pillar. To prevent and control the dynamic load of fault
activation, methods such as large diameter borehole pressure
relief and water injection can be used to directly reduce the
cohesive force and friction angle of the fault plane, so as to
weaken the release strength of the dynamic load of fault
activation. Besides, the mining speed of the working face can
be controlled to reduce the intensity of fault disturbance. In
addition, reinforcement support is also an effective in situ
anti-impact method, which can provide higher lateral
constraints for the roadway side and improve the com-
pression strength and anti-impact ability of coal in the fault
area. Based on the above concept and technology of erosion
prevention, a microseismic system was installed before the
mining of working face 14310 to monitor the fracture in-
formation of surrounding rock during the mining, and the
following prevention measures were implemented.

5.1.1. Coal Seam Water Injection. Before mining, six water
injection drilling fields were arranged in roadways with a
spacing of 90m. Six boreholes were arranged in a single row
along the coal seam in a radial manner. -e horizontal angle

of the boreholes was 25°, the depth of the boreholes was
75m, the diameter of the boreholes was 100m, the high-
pressure water injection pressure was 16MPa, and the static
pressure water injection pressure was 5MPa. After water
injection, the measured value of water content of coal in-
creased from 5.4% to 8.9%, and the effect of water injection
was significant.

5.1.2. Large Diameter Borehole Pressure Relief. When the
working face was 350m away from the fault, large diameter
boreholes were used to relieve pressure in the mining
roadway 150m in front of the fault and 80m behind the
fault, with a hole diameter of 130m, a hole depth of 25m,
and a spacing of 2m. After pressure relief, the roadway in
this range was reinforced by adding a bolt between the
original two bolts.

5.1.3. 8e Reduction of the Mining Speed. When the distance
between the working face and the fault was 150m, the
mining speed of the working face was adjusted from
5.8–7.6m/d to 3.8–4.5m/d, and the mining was kept at a
constant speed. When the working face was 60m away from
the fault, the mining speed was strictly controlled below
3.5m/d. In addition, the drilling cuttings method was used
to detect the 100m roadway in front of the working face in
real time. Only when the amount of drilling cuttings did not
exceed the standard, the working face can continue to
advance.

5.2. Prevention and Control Effect. When the working face
was 175m away from the fault, the microseism with the
vibration energy of 8.28×104 J was detected by the micro-
seismic system. -e roadway side displacement of the tai-
lentry was obvious at about 35m in front of the working face.
-e floor heaved, the belt frame was lifted, and part of the
bolts failed, as shown in Figure 11. -ere was no major
equipment damage or casualties in this incident, but it
played a warning role for the subsequent mining of the
working face. Besides, it is shown that the intensity of
rockburst can be reduced effectively by adopting water in-
jection in the early stage of coal seam. After that, the large
diameter borehole pressure relief and mining speed re-
duction measures were implemented in the working face.
When the working face was pushed to about 75m away from
the fault, the microseismic system detected three consecutive
vibration events with energy greater than 104 J near the fault.
Almost no deformation and failure occurred in the roadway,
and the mining production was not affected. It shows that
the measures of large diameter borehole pressure relief and
the reduction of the mining speed can be used to effectively
improve the pressure behavior of roadway and mine pres-
sure. In addition, the combination of water injection in coal
seam before the mining, large diameter borehole pressure
relief, and the reduction of the mining speed can effectively
control the fault-type rockburst hazard. Finally, safe crossing
fault mining was realized in working face 14310, and the goal
of earthquake prevention and disaster-free was achieved.
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6. Conclusions

To reduce the frequency of rockburst in the fault area, the
research on fault activation law and the rockburst induced
mechanism in the deep working face of the crossing fault
mining was carried out by theoretical analysis, microseismic
monitoring, numerical simulation, and engineering practice.
Besides, the prevention concept and technical measures were
put forward for preventing such rockburst. -e main re-
search conclusions are as follows:

(1) Based on the microseismic source location, fre-
quency, and energy behavior law during fault-
crossing mining, the distance between the working
face and fault is used to divide the fault activation
degree into three stages: fault stress transfer, fault
pillar stress behavior, and fault structure activation.
It is found that in the stage of fault pillar stress
behavior, there is the largest possibility of impact
disaster with the highest intensity.-is finding is also
verified by numerical simulation. Combined with the
engineering practice, the influence factors of fault
activation degree are compared and discussed.
Among many factors, roof structure of the rock mass
has a greater influence on fault activation distance.

(2) Combined with periodic appearance law of micro-
seisms in the fault area, mining stress distribution
law, and related field investigation, conceptual
models of fault-type rockburst in three types are
proposed. Besides, based on the rock mechanics
theory, the rockburst carrier system model of “roof-
coal seam-floor” in the fault area is established. -e
mechanical essence of fault-type rockburst is ob-
tained as follows: under the action of fault structure,
the static load of the fault coal pillar is increased and
superimposed with the active dynamic load of the
fault, leading to high-strength impact disaster.

(3) Based on the induced mechanism of fault rockburst,
the concept of fault rockburst monitoring and
prevention is proposed. Specifically, the monitoring
and prevention of fault rockburst should start from
two aspects: the monitoring and characterization of
fault rockburst and the weakening control of the high
static load and fault dynamic load of the fault coal
pillar. In addition, the targeted technical measures

are proposed. -e engineering practice in 14310
working face of Dongtan Coal Mine has proved that
the concept has a significant effect on the prevention
and control of fault-type rockburst.

Nomenclature

Δε1: Strain increment in surrounding rock of the roof and
floor

Δε2: Strain increment in coal seam
Δε: Total strain increment of the roof-coal seam-floor

system
k1: Prepeak loading stiffness of surrounding rock
k2: Postpeak unloading stiffness of coal seam
UC

DB: Consumption of energy by coal seam before the burst
UC

D D: Consumption of elastic energy stored in coal seams
during the burst process

UR
D D: Consumption of elastic energy released by coal seam

to the surrounding rock during the burst process
UR: Residual elastic energy released by the system during

the burst process
UR

E: Elastic energy released by the surrounding rock
during the burst process

UE: Residual elastic performance stored in the coal seam
after the burst process

ΔUR: Increase of energy release.
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+is paper aims at the phenomenon of the fractured rock column in underground engineering which is prone to collapse when
subjected to ground pressure. Uniaxial compression test and particle flow code (PFC2D) are used to analyze the influence of crack
dip angle on the mechanical properties, crack propagation, and the failure mode of red sandstone. From the results, it is observed
that the stress–strain curve of the precracked red sandstone can be divided into five stages, and there is a critical stress value in the
stage of accelerated crack propagation and unstable fracture of the rock sample. Further, the peak strength, maximum strain, and
the elastic modulus of the precracked red sandstone increase with the increase of crack dip angle, and the ultimate failure mode of
rock sample changes from the “ladder” type failure to slope uneven failure. Furthermore, from PFC2D simulation, it is found that
the tensile microcracks contribute more towards the failure of rock samples than the shear cracks. +e contact force chain is very
weak at the places where the precracks and macroshear planes are formed. +is indicates that the original contact force is
weakened due to particle fracture. +erefore, the bearing capacity of the precracked rock samples decreases with the increase in
load. From the simulation results, it is found that the displacement at the shear plane of the rock sample is large, and the shear
dilatation occurs. With the increase in load, the specimen falls off and is ejected. +is is due to the weakening of the contact force
between the internal particles. +ereafter, it fractures to produce microcracks, which gradually converge, thus providing a
prerequisite for the transformation of elastic strain energy into kinetic energy.

1. Introduction

+e underground pillars are under uniaxial compression. In
general, the underground rock column has fracture devel-
opment and some initial damage. Further damage occurs
under loading.When the underground pillars are affected by
dynamic loads such as blasting and rock burst, instability
occurs. +is leads to a mine disaster. +e stability of the rock
column is related to the stability and safety of the whole
underground structure [1]. It is often difficult to make closed
cracks in laboratories and closed cracks in practical

engineering are also rare. +erefore, it is of general signif-
icance to study the problem of precast nonclosed cracks in
rock samples that are under loading [2–5]. It is difficult to
effectively monitor the microcracks in laboratory rock
samples. +e discrete element particle flow code (PFC) can
be used to simulate the propagation of microcracks. It can
simulate the problems from point to surface, step by step to
final failure. It is more suitable for explaining the damage
and failure evolution process of rock [6–8].

Some scientific research has been carried out on pre-
cracked rocks. Cao et al. observed three types of coalescence
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patterns in between the intermittent fractures [9]. Yang et al.
studied the fracture characteristics of brittle sandstone with
two noncoplanar fractures by using experiments and nu-
merical simulation [10]. Huang et al. summarized the tensile
failure mode and three-dimensional damage evolution
characteristics of sandstone through acoustic emission
signal [11]. Chen et al. studied the mechanical parameters
and the failure characteristics of T-shaped cross fractures
[12].

+e geometric parameters and the filling properties of
preexisting flaws have an important influence on the me-
chanical properties, crack propagation, and the deformation
failure mode of rock. Extensive studies were conducted
under uniaxial loading in order to investigate the damage
evolution of a rock or rock-like materials containing pre-
fabricated crack. Wong et al. studied the crack propagation
mechanism, crack initiation angle, and the failure mode of
the precracked specimens using the uniaxial compression
test [13–16]. Further, crack initiation and propagation for
samples with a single nonstraight fissure were investigated
[17, 18]. Zhang [19] simulated the cracking process in a rock-
like material containing a single flaw using a numerical
approach based on the particle element model. Lin et al.
derived the relationship between the crack initiation angle of
the open flaw tip and the dip angle of the prefabricated flaw
under compression conditions [20]. Niu identified the
change from microcracking to macrocracking using the
acoustic emission system in the uniaxial compression tests
[21, 22]. Zhao et al. analyzed the influence of the flaw dip
angle and the filling material on the crack initiation stress
and the peak strength [23, 24]. Moreover, the full-field strain
evolution, fracture mode and the acoustic emission (AE)
fractal characteristics of samples with a single preexisting
flaw were comprehensively studied [25–27].

From the literature, it is observed that the crack initi-
ation, propagation, and mechanical properties of precracked
rocks were extensively investigated. However, limited
studies were conducted on the failure mode, damage effect,
and the fracture characteristic stress of soft rocks with a
single flaw using experiments and the mesoscopic simula-
tion. +erefore, in this work, the red sandstone with a
prefabricated single crack is considered for the study, and
the uniaxial compression experiment is carried out. Simu-
lation is carried out using PFC2D in order to explore its
mechanical properties and study the crack propagation law
from the macro- and microview. It is also studied to
summarize the failure mode of instability in order to reveal
the failure characteristics of precracked sandstone. More-
over, it has important reference significance for the evalu-
ation of the stability of the underground rock column.

2. Experimental Details of the Uniaxial
Compression Experiment on Dip Angle
Effect of the Single-Cracked Red Sandstone

+e materials, experimental details, and the experimental
plan of the uniaxial compression experiment are briefly
described below.

2.1. ExperimentalMaterials. +ematerial that is used for the
experiments is red sandstone. For conducting the experi-
ment, red sandstone with high homogeneity, a few natural
joints, and good integrity is selected. +e physical and
mechanical properties of the rock are shown in Table 1. +e
“Rock Experiment Specification for Water Conservancy and
Hydropower Engineering” (sl264-2001) is taken as the
standard of experimental processing [28]. +e red sandstone
is processed according to the standard into a cylinder with
dimensions φ 50mm× 100mm. Further, the specimen is
flattened on both ends and controlled within ±0.05mm.+e
precast cracked red sandstone specimen is shown in
Figure 1.

2.2. Experimental Details. In this work, RYL-600 which is a
shear rheological tester developed by the Provincial Key
Laboratory of Safe Mining Technology of Coal Mine, Hunan
University of Science and Technology, is used (Figure 2).+e
uniaxial compression tests of the precracked red sandstone
under different dip angles are carried out. +e instrument is
used for conducting strength tests, relaxation tests, triaxial
rheological tests, and shear rheological tests, with the
characteristics of high stiffness, high control precision, and
good stability. +e technical parameters considered for
curing the experiment is as follows. +e maximum axial test
force and the maximum load are taken as 600 kN and the
error of deformation measurement is considered to be ≤±
0.5%. +e axial control modes that are used for conducting
the experiment are displacement control mode and exper-
imental force control mode. Further, the control accuracy is
considered as ±0.1% and ±0.2% for displacement error and
experimental force measurement error, respectively.

2.3. Experimental Plan. Initially, the red sandstone is pre-
fabricated into an unclosed single-crack rock sample with
crack dip angles α of 0°, 15°, 30°, 45°, 60°, 75°, and 90°, re-
spectively. Further, the crack is located at the center of the
specimen. +e length and width of the prefabricated crack
are 15mm and 1mm, respectively. According to the crack
angle, the rock is divided into seven groups, three rock
samples in each group which total up to twenty-one rock
samples. +e axial loading system of the RYL-600 shear
rheometer is used in the experiment, and the loading speed is
controlled at 100N/s. +e plan of the uniaxial compression
test for the precracked red sandstone is shown in Table 2.
According to the loading rate (0.5 MPa/s) which is rec-
ommended by the International Society of Rock Mechanics,
and considering the need for an experimental observation in
the cracking process, the set loading rate must be lower than
0.5MPa/s. +erefore, the loading rate is set as 100N/s in this
experiment.

3. Analysis of the Experimental Results

+e analysis of the experimental results such as the
stress–strain curves, deformation parameters, and the failure
modes are discussed in detail below.
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Table 1: +e physical and mechanical parameters of the rock specimens.

Lithology Uniaxial compressive strength (UCS)
(MPa)

Tensile strength σt
(MPa)

Elastic modulus E
(GPa)

Poisson’s ratio
μ

Density ρ
(kg.m−3)

Red
sandstone 80.43 4.75 5.02 0.20 2403.33

Figure 1: Prefabricated single-crack red sandstone specimens.

Monitor

Main engine
Control console

Figure 2: Photographs of the shear rheometer.

Table 2: Plan for the uniaxial compression experiment for the red sandstone specimens.

Group Crack arrangement Specimen number Loading rate v (N.s−1) Crack length
2a (mm)

Crack width
2b (mm) Crack dip angle α (°) Number of

specimens

A

50mm

10
0m

m 2a
2b

α

SY0-1∼3 0

B SY15-1∼3 15

C SY30-1∼3 30

D SY45-1∼3 100 15 1 45 3

E SY60-1∼3 60

F SY75-1∼3 75

G SY90-1∼3 90
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3.1. Stress-Strain Curve. +e stress-strain curve reflects the
progressive process of the internal pore compaction,
microcrack closure, new crack initiation, propagation, co-
alescence, and the instability of the failure. +e stress-strain
curves of intact red sandstone and single precracked red
sandstone (α� 45°) under uniaxial compression loading are
shown in Figure 3. According to the loading characteristics
of the experimental curve, the stress-strain (σ-ε) curve of red
sandstone is divided into five stages for analysis [29–31]. +e
first stage is the microfracture and pore compaction stage.
During the initial stage of axial stress loading, the original
open structural planes or the microcracks close gradually.
+e pore volume decreases with increasing axial force, and
the rock sample is compacted in order to form nonlinear
deformation at the early stage. +e σ-ε curve is approxi-
mately a “concave” nonlinear segment, and the axial force at
the end of this stage is the closure stress σcc of the rock
sample [32, 33]. +e second stage is the elastic deformation
stage. During this stage, the σ-ε curve is approximately
inclined “straight line.” +e pore volume strain tends to be
stable and the axial force at the end of this stage is the crack
initiation stress σci. +e third stage is crack initiation and
stable growth stage. In this stage, with the increase in axial
force, the microcracks further crack to form new cracks, and
the cracks continue to expand at a stable speed. Further, the
loading time is longer, and the axial force at the end is the
damage strength of rock sample σcd. [32, 33]+e fourth stage
is accelerated crack propagation and unstable fracture of the
rock sample. During this stage, the turning point of the rock
sample changes from elastic to plastic, and the yield point is
generated. Further, the cracks accelerate to form a certain
cross fracture surface, and the rock sample surface is ac-
companied by an unstable fracture. When the bearing ca-
pacity of the rock sample reaches the peak strength, the
internal structure of the rock sample is dislocated. Further, it
is accompanied by a weak cracking sound with a short
duration. +e phenomenon of sliding off the macroshear
plane does not occur, and the overall shape of the rock

sample is maintained. +e axial force at the end of this stage
is the peak strength σc. +e final stage is the postpeak
fracture instability stage. During this stage, the bearing
capacity of the rock sample decreases slightly with the in-
crease in deformation. Further, the intersecting fracture
surfaces become macroscopic fracture surfaces. +ereafter,
the bearing capacity of the rock sample is suddenly lost with
a sudden loud noise. +e axial stress drops to zero in-
stantaneously, and finally, the rock sample becomes un-
stable.+is phase takes place in a very short duration of time.

In Figure 3, the results of the precracked sample are
compared with the results of the intact sandstone sample. It
is observed that the prefabricated crack causes initial damage
to the rock sample, resulting in a lower σc value and shorter
duration of each stage. +e obvious stress drop before the
peak value may be due to the initiation and expansion of
microcracks in the rock sample. +e macrofracture on the
surface of the rock sample and the slip and dislocation of the
rock structure may lead to the decrease of the rock bearing
capacity and the drop of the axial stress of the rock sample.

3.2. >e Strength and the Deformation Parameters.
Figure 4 shows the σ-ε curves of precracked red sandstone
samples and intact rock samples under uniaxial compres-
sion. Figure 5 shows the comparison of the peak strength
changes andmarks the instability fracture point in the figure.
+e color from blue to red indicates the value of σc. From
Figures 4 and 5, it is observed that the peak strength σc
increases, and the strain ε increases with the increase in crack
dip angle α. Further, from Figure 5, it is observed that when
the rock sample reaches σc, the color changes from red to
blue instantly. +is indicates that the axial stress decreases
rapidly, and finally the rock sample develops instability
fracture. +e instability fracture occurs after the decrease of
σc. +erefore, σc can be taken as the critical stress value for
instability failure. +e peak strength and elastic modulus
increase with the increase in the crack dip angle.
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Figure 3: Stress-strain curves for red sandstone specimens: (a) without prefabricated crack and (b) with a single prefabricated crack.
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By combining the obtained experimental data, it is found
that the relationship between the peak strength and the crack
dip angle is fitted linearly (Figure 6(a)). Moreover, it is
observed that the peak strength and the elastic modulus
increase as the crack dip angle increases. Among them, the
elastic modulus increases nonlinearly as the crack dip angle
increases (Figure 6(b)).

Figure 7 shows the relationship between the maximum
strain, peak strength, elastic modulus, and the crack dip
angle. +e results show that the maximum strain (i.e., the
ultimate strain of the rock specimen after failure and the
instability) increases step by step as the crack dip angle
increases, and thus it further increases the amplitude in the
later stages. Further, the variation of the peak strength and
the elastic modulus with the crack dip angle is found to be
similar. Moreover, the peak strength and the elastic modulus
increase slowly in the early stage but increase sharply after
the crack dip angle exceeds 45°. Further, it is observed that
they continue to increase almost linearly until the maximum
value at the intact rock sample. Furthermore, from
Figures 5–7, it is observed that the peak strength of the red
sandstone specimens with various crack dip angles decreases
to varying degrees when compared with the intact

specimens. +erefore, in order to characterize the damage
effect of the prefabricated crack with different dip angles on
the rock specimens, the damage coefficient Kd is defined as
shown in the following equation [34]:

Kd �
σcw − σc

σcw
. (1)

In the previous equation, σcw refers to the peak strength
of the intact rock specimen and σc refers to the peak strength
of the rock specimen with a single preexisting crack.

From Figure 8, it is observed that the average damage
coefficient of the rock samples is 0.533 when the crack dip
angle is 0°, and the average damage coefficient of the rock
samples is found to be 0.056 when the crack dip angle is 90°.
Further, the damage coefficient of the red sandstone spec-
imen with a single prefabricated crack generally shows a
nonlinear decreasing trend with the increase of the crack dip
angle, and the reduction gradually becomes flat. +us, the
damage coefficient Kd can reflect the damage effect of the
crack dip angle on the peak strength of the rock sample in a
better way.

3.3. Failure Mode of Red Sandstone. +e uniaxial compres-
sion tests of precracked sandstone and intact sandstone are
carried out by using a shear rheometer. +e final failure
mode is shown in Figure 9. +e results show that the pre-
fabricated cracks of the rock sample are through fractures,
and the failure modes of both sides of sandstone are similar.
+erefore, only one side is selected to analyze the influence
of the crack dip angle α on the failuremode. Tensile crack (T)
and shear crack (S) is produced in rock sample under
loading, and the angle between shear crack and prefabricated
crack is β.

When the dip angle of the prefabricated crack is α� 0°,
the inclined shear cracks are formed at both the ends of the
prefabricated cracks which are accompanied bymacrotensile
cracks. +e airfoil crack forms between the shear crack and
the prefabricated crack and finally penetrates through the
rock sample to form a stepped failure. When the dip angle of
the prefabricated crack is α� 15°, a shear crack inclined to
the upper left is formed at the left end of the prefabricated
crack. A shear crack inclined to the right and down is formed
at the right end of the prefabricated crack which is ac-
companied by a macrotensile crack. With the action of load,
some fragments are formed, and finally, the rock sample is
destroyed during the antistep failure. When the dip angle of
the prefabricated crack is α� 30°, the fracture mode of the
rock sample is similar to that of α� 0°. +e angle β between
the shear crack and the prefabricated crack at both the ends
of the prefabricated crack increases and the increased angle
is approximately equal to α.

When the dip angle of the prefabricated crack is α� 45°,
under loading condition, the rock sample forms a small
angle between the shear crack and the airfoil crack at both
the ends and thereafter exhibits the fragment peeling phe-
nomenon.+e final shearmode crack penetrates through the
specimen and causes failure. When the dip angle of the
prefabricated crack is α� 60°, with the increase in the dip
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Figure 4: Stress-strain curves of the red sandstone specimens
under different crack dip angles.
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Figure 6: Variation of the peak strength and the elastic modulus for the red sandstone specimens with the crack dip angle: (a) peak strength
and (b) elastic modulus.
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angle, the peak strength of the rock sample increases
gradually, and its bearing capacity is stronger. Under the
combined action of composite stress, the ultimate failure
mode of the rock sample is two cones with one block on each
side.

When the dip angle of the prefabricated crack is α� 75°,
the inclined shear cracks are formed at both the ends of the
prefabricated crack, which are approximately coplanar with
the prefabricated crack. Finally, the rock sample is
destroyed in the form of oblique shear, and the volume
expansion of the rock sample is large. When the dip angle
of the prefabricated crack is α� 90°, the rock samples show
uneven failure. Small fragment peeling and block shedding
exist simultaneously.+e peak strength is close to the intact
rock sample, and the accumulated energy is stronger than
the other precracked sandstone. +erefore, the energy
release will lead to more serious damage and uneven
failure. +e damage of intact sandstone is more serious

than that of the precracked sandstone. Debris, small
fragments, and blocks are more serious than the precracked
sandstone. Although the peak strength is slightly higher,
the accumulated energy is much higher than that of the
precracked sandstone, and the uneven failure along the
shear plane is more serious.

With the increase in the dip angle α of the prefabricated
crack, the crack and the prefabricated crack is subjected to
combined stress. +e secondary cracks around the pre-
fabricated cracks initiate and gradually expand to both the
ends of the specimen, which eventually leads to failure. +e
prefabricated crack will change the failure mode of the
sandstone, crack initiation, and propagation to ultimate
instability under uniaxial compression. When 0°≤ α≤ 60°,
the crack propagation path is regular, the dip angle α of the
prefabricated crack increases approximately with the angle β
between the shear crack and the prefabricated crack, and
α≈β. When α> 60°, heterogeneous failure of rock sample
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Figure 9: Failure modes of the red sandstone specimens with different crack dip angles. S stands for shear crack and T stands for
tensile crack.
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occurs. +e failure mode of the precracked sandstone under
uniaxial compression is as follows: when 0°≤ α≤ 30°, the
shear failure of the precracked sandstone transits to tension
shear composite failure; when 45°≤ α≤ 60°, there is a
transition from tensile shear composite failure to tensile
failure of precracked sandstone; and when 75°≤ α≤ 90°, the
tensile failure of precracked sandstone is transitional to
heterogeneous failure.

4. Numerical Experiment Using PFC

+e details of the numerical experiment conducted using
PFC is discussed below.

4.1. Basic >eory of PFC. When particle flow code PFC is
used for simulation, the particle shape and contact state
should be correspondingly assumed.+e basic assumptions
of PFC include the following. +e basic particle element of
the numerical model is assumed to be a disk or a sphere,
and the particle element is considered as a rigid body. In a
very small space area, the particle elements are assumed to
be almost in the form of point contact, and the contact parts
are assumed to have certain bonding characteristics.
Further, it is assumed that there is a certain amount of
overlap at the contact between the particle elements, and
the relationship between the particle element and the
contact force is established by the force-displacement
theory [35–37].

In the numerical calculation process of PFC, Newton’s
second law and force-displacement law are the basic theo-
ries, in which the force-displacement law constitutes the
physical equation and Newton’s second law constitutes the
motion equation [35]. Ten contact models are provided in
PFC5.0. In this work, the parallel bonding model in PFC is
mainly used, and the schematic diagram of the parallel
bonding model is shown in Figure 10.

4.2. Construction of the Numerical Model. +e discrete ele-
ment model of red sandstone with a single precrack is
established by the following method. +e rock particles in
the model are simulated by using a single sphere. PFC
simulation of uniaxial compression includes the following
four steps. In the first step, the numerical experiment
container is generated, and in the second step, the parallel
bonding parameters are set. During the third step, the model
of a single crack is established by using AutoCAD, and the
contour of a single crack is generated by importing into the
PFC program. Further, by deleting the particles in the crack
contour, an unclosed crack is formed. Finally, in the last step,
the upper and lower walls are controlled in order to perform
uniaxial loading with a loading speed of 0.1mm/s.

According to the abovementioned establishment of a
discrete element uniaxial compression experiment, the pa-
rameters of the red sandstone uniaxial test are calibrated. +e

parallel bondingmodel is used to simulate and themesocontact
model parameters of the red sandstone are obtained (Table 3).

Figure 11 shows the comparison results of the uniaxial
tests and numerical experiments for red sandstone. From
Figure 11(a), it is observed that the stress–strain curves ob-
tained by numerical experiments are in good agreement with
the laboratory experiments. From Figure 11(b), it is observed
that the shear plane formed by the failure of the numerical test
specimen is consistent with the uniaxial test results.

4.3. Failure Evolution of Red Sandstone with a Single Pre-
fabricated Crack. Using the calibrated mesoparameters, the
uniaxial compression experiments of the single precracked
sandstone under different dip angles are simulated (Fig-
ure 12). Figure 12 shows the experimental failure diagram,
PFC simulation failure diagram (red for tensile crack and
black for shear crack), contact force chain diagram, and the
displacement field diagram. From Figure 12, it is observed
that, during the PFC simulation, microcracks initially appear
in the sample. Further, with the increase in load, the
microcracks converge together, and cracks and shear planes
appear in the macroscopic view. However, the red tensile
cracks are more in the final failure of rock samples, which
indirectly indicates that tensile microcracks contribute more
towards the failure of the rock samples than the shear cracks.
With the increase in crack dip angle α, the nonuniformity of
the specimen failure is enhanced, and the nonuniformity of
the PFC simulation specimen is also enhanced. However,
there are some differences between the simulated and the
actual failure samples.+e results show that the contact force
chain is very weak at the precrack and macroshear plane,
which indicates that the original contact force is weakened
due to particle fracture. +erefore, with the increase of load,
the bearing capacity of the specimen will decrease. +e
displacement at the shear plane of the PFC simulation
sample is larger and is consistent with the experiment.
+ereafter, the bulging effect of the sample is simulated.
With the increase in the load, the fragments fall off and the
fragments eject from the rock sample. +is is due to the
weakened contact force between the particles. +ereafter,
fracture occurs with the formation of microcracks and the
cracks converge. +us, it provides a prerequisite for the
transformation of elastic strain energy into kinetic energy,
and, finally, the rock sample shows debris shedding and
ejection.

4.4. Analysis of the Damage and the Energy Change for the
Rock Sample. In order to reveal the damage and the failure
mechanism of the rock with a single precrack and to un-
derstand the process of crack initiation and propagation,
based on the fracture mechanism of particle bonding in PFC,
the mesodamage variable D is defined as D�Cd/C, where C
is the total number of bonds between the particles and Cd is
the number of broken bonds.
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+e energy can be traced and recorded in PFC. +is
includes the boundary energy (Eboundary), strain energy of
the parallel bond (Epbstrain), particle sliding energy (Eslip),
and the particle strain energy (Estrrain). +e accumulated
elastic strain energy of the rock sample is composed of the
Epbstrain and the Estrain. In this paper, the elastic strain
energy is defined as We �Wpb +Ws, where Wpb is the strain

energy of parallel bond and Ws is the particle strain energy.
+e damage statistics of the simulated samples are shown in
Table 4.

From Table 4, it is observed that there is a positive
correlation between the number of microcracks and the
mesodamage variable D. +erefore, the damage degree of
the rock sample is described by D. It is also observed that,
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Figure 10: Schematic diagram of the parallel bonding model [35].

Table 3: Mesoparameters of the red sandstone for PFC2D simulation.

Parameters Values
Minimum radius of the particle (mm) 0.2
Particle size ratio 1.5
Particle density (kg.m−3) 2400
Particle friction coefficient 0.4
Parallel bond modulus (GPa) 35
Parallel bond stiffness ratio 1.5
Normal bond strength (MPa) 50± 5
Tangential bond strength (MPa) 50± 5
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Figure 11: Comparison of experimental results and simulation results: (a) stress–strain curves and (b) shear planes after failure.
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as the crack dip angle increases, the peak strength, the
number of microcracks, and the mesodamage variable
increase. +us, the damage degree of the rock increases
accordingly.

+e relationship between the stress, energy, and axial
strain during loading is shown in Figure 13. From Figure 13,
it is observed that the elastic strain energy reaches the
maximum value on loading when the rock sample reaches
the peak strength. Further, as the bearing capacity of the rock
sample decreases, it is observed that the accumulated elastic
strain energy is transformed into other forms of energy. At

the same time, a certain number of microcracks occur in the
region of the compressive stress concentration, and mac-
rocracks are formed.

From the energy point of view, it is found that the elastic
strain energyWe is transformed into the sliding energyWslip.
Further, a part of the energy ofWslip is used to drive the rock
sample in order to produce microcracks, and the macro-
fragments fall off in the crack cross regions. Another part of
the energy of Wslip makes the rock sample unstable, which
may drive the rock sample to eject. Finally, the microcracks
coalesce in order to make the specimen fail.

α = 45° α = 60° α = 75° α = 90° Without fractureα = 0° α = 15° α = 30°

(a)

α = 45° α = 60° α = 75° α = 90° Without fractureα = 0° α = 15° α = 30°

(b)

α = 45° α = 60° α = 75° α = 90° Without fractureα = 0° α = 15° α = 30°

(c)

α = 45° α = 60° α = 75° α = 90°  Without precrackα = 0° α = 15° α = 30°

(d)

Figure 12: Numerical results of the red sandstone with a single precrack at different dip angles: (a) failure mode, (b) crack distribution,
(c) contact force chain, and (d) displacement field.
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Figure 13: Continued.

Table 4: +e damage statistics of the specimens with different crack dip angles.

Crack dip
angle (°) Peak strength (MPa) Peak strain Number of microcracks Total number of bonds Number of the

broken bonds Mesodamage variable D

0 46.54 0.97 3300 56754 491 0.0087
15 52.89 1.06 3379 56741 909 0.016
30 52.63 1.08 3609 56750 994 0.018
45 56.81 1.18 4865 56745 2033 0.036
60 65.80 1.27 5589 57128 2920 0.051
75 70.63 1.31 5985 56750 2842 0.050
90 72.07 1.33 7352 56741 3780 0.067
Intact 78.73 1.81 8822 56969 4937 0.087
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5. Conclusions

In this paper, studies are carried using the single precracked
red sandstone. By conducting the uniaxial compression test
and PFC2D simulation, the mechanical properties, crack
propagation, failure mode, and the failure evolution char-
acteristics of the single precracked red sandstone under
different crack dip angles are studied. From the study, the
following conclusions are obtained. +e stress–strain curve
of the precracked sandstone can be divided into five stages,
namely, microfracture and pore compaction stage, elastic
deformation stage, crack initiation and stable growth stage,
crack acceleration and unstable fracture stage, and postpeak
fracture instability stage.

Further, the peak strength, peak strain, and elastic
modulus parameters of the precracked rock samples increase
with the increase in crack dip angle, and the ultimate failure
mode of the precracked rock samples transits from the
“ladder” type failure to slope uneven failure.

PFC2D is used to study the crack propagation, force
chain change, and displacement field of the single pre-
cracked red sandstone. +e results show that tensile
microcracks contribute more to the failure of rock
samples than the shear cracks. Further, the contact force
chain is very weak at the prefabricated cracks and the
macroshear plane, which indicates that the original
contact force is weakened due to particle fracture, so the
bearing capacity of the specimen decreases with the in-
crease in load.

In addition, from the results of the PFC simulation, it
was observed that, as the uniaxial load increases, the contact
force between the particles of the specimen weakens and the
microcracks gradually propagate, resulting in the phe-
nomenon of fragments falling off and the rock sample
fragment ejection. Further, from the viewpoint of dynamics,
the gradual convergence of the microcracks provides a
prerequisite for the transformation of the elastic strain
energy into kinetic energy.
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Figure 13: Relationship between the stress, energy, and the axial strain during loading at various crack dip angles: (a) α� 0°, (b) α� 15°,
(c) α� 30°, (d) α� 45°, (e) α� 60°, (f ) α� 75°, (g) α� 90°, and (h) intact sample.
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With the increased mining depth, the dynamic disaster of rock burst in coal mines has become increasingly prominent, and the
impact tendency of coal and rock mass in deep coal seam mining is a necessary condition for the occurrence of rock burst and an
important index to measure the failure of coal and rock mass. Laboratory tests and numerical tests were used to study the impact
tendency of coal and roof strata, including the deformation characteristics, failure characteristics, and bending energy index of the
coal and rock mass of different sizes, the failure law and energy evolution characteristics of tlhe coal and rock mass under the same
size, and the unloading characteristics of the coal and rock mass under the same size and different confining pressures. +e results
are shown as follows: (1)+e rock roof was determined to have a weak impact tendency through the mechanical test. (2) With the
increased size, the microcracks in the rock samples increased correspondingly, and the increased meso-defect leading to the
increased heterogeneity was an essential reason for the size effect. +e strength of the rock mass decreased with the increased
specimen size. +e larger the specimen size was, the lower the bending energy index was. (3) Triaxial loading and unloading were
tested for the same size under different surrounding rocks. Under the same loading conditions, with the increased confining
pressure, the strength and bending energy index of rockmass increased correspondingly, and the failure of rockmass transformed
from tensile to shear failure. +e failure form and strength characteristic of rock under the unloading condition are different from
those under the loading condition. +e failure degree was intense, with a high bending energy index. Compared with the loading
situation, the impact tendency caused by unloading was higher, and the dynamic impact disaster was more likely to occur.

1. Introduction

Rock burst, a common dynamic disaster often accompanied
with sudden, quick, and violent ejection of coal or rock
during the exploitation of the coal seams, often happens in
complex ways under special conditions, even without
warning signs [1, 2]. Such a failure characteristic poses a
great threat to the safety and efficiency of mining [3, 4]. +e
mining depths have exceeded 800m in Northeast, East, and
Central China and other regions. Besides, some mines have
reached more than 1,000m [5]. Different from shallow
mining, the nonlinear mechanical behaviour of deep rock
mass is complicated, and the deformation of rock mass has
brittle-ductile transformation, rheological properties, and

expansion properties [6]. At the same time, with the in-
creased mining depth, coal mine rock burst and other dy-
namic disasters have become increasingly prominent [7].
Rock burst mines have increased from 142 in 2012 to 177 in
2017 [8], which leads to collapse, equipment damage, and
even casualties. It poses a severe threat to mine production
and personnel security.

As one of the main disasters of deep mining, rock burst
has been widely concerned. Studies have shown that the
occurrence of rock bursts is usually closely related to factors
such as the impact tendency of coal and rock [9], the oc-
currence environment and structural characteristics of coal
and rock mass properties of the surrounding rock, and
engineering blasting and mining disturbance [10]. As a
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necessary condition for the occurrence of rock burst, the
impact tendency is not only an index to measure the impact
failure but also an inherent mechanical property [11]. De-
spite decades of research studies, some aspects still need to
be improved and its control remains a critical research point
[12]. Su et al. [13] put forward three new indexes considering
the time effect, which are combined with the traditional four
impact tendency indexes to improve the accuracy and re-
liability of rock burst. Ma et al. [14] studied the brittleness
coefficient of the impact tendency of coal and rock. Dou et al.
[15] proposed that coal-rock sample proportions have an
apparent influence on the impact tendency index. Based on
theoretical analysis and experimental measurement, Yao
et al. [16] classified the impact tendency indexes of coal
samples by taking surplus energy and peak damage factor as
a judgment basis. Lu et al. [17] used the test system of rock
servo rigidity to determine the impact tendency index with
different bedding angles. Gong et al. [18] studied that the
critical loading rate has a significant influence on the impact
tendency of coal-rock assembly. Wang et al. [19] established
a Bayes discriminant model to classify the impact tendency
of coal samples from ten coal mines.

+e work studied the impact tendency of the coal seam
and roof strata using the mechanical test and numerical
simulation methods. First of all, the mechanical parameters
were obtained through laboratory mechanical experiments,
with the impact tendency index of coal and rock mass
calculated and the impact tendency of roof strata classified.
Secondly, the rock failure process analysis (RFPA) model
was constructed by mechanical parameters to analyze the
failure characteristics, size effects, and energy evolution laws
of rock masses under different sizes, different confining
pressures, and different stress paths. Additionally, we ana-
lyzed the reliability of the classification and discrimination
results, which was used to predict and forecast rock bursts.
+e data basis is provided, which has a useful reference for
preventing the impact tendency of the coal seam roof.

2. Specimen Preparation and Testing

2.1. Sampling Location. A coal mine is a medium-sized mine
with an annual output of 900,000 tons. +e mining depth of
the main coal seam reaches more than 500m, with shaft
development adopted. +e main mining coal seam is located
at 1,210 level and is a thick coal seam with a thickness of
3.15–6.80m and an average thickness of 4.20m. Rock burst
accidents have occurred many times during mining, which
has a particular impact tendency.+e roof of the coal seam is
argillaceous sandstone and silty sandstone. +e thickness of
argillaceous sandstone is 2.32–23.75m; the average thickness
is 18.35m; the thickness of silty sandstone is 3.85–29.20m;
and the average thickness is 16.85m. To determine the
impact tendency of the main mining coal seam, it is nec-
essary to test the mechanical properties of the coal and roof
rock mass, and the sampling location is 1,210 level. +e test
items are as follows: apparent density, elastic modulus,
tensile strength, and compressive strength of rock samples.
According to the test results, the impact tendency of coal and

rock strata was classified to determine that of the roof rock
strata. Figure 1 shows its sampling location.

2.2. Specimen Preparation. To carry out experimental
studies on the impact tendency of coal and rock mass under
uniaxial compression, coal, argillaceous sandstone, and silty
sandstone were chosen for this study. +e experimental
studies involve circular and disk specimens, whose corre-
sponding sizes are 50mm diameter× 100mm height and
25mm thickness× 50mm diameter, respectively [20]. +ese
specimens were cut from a block of argillaceous sandstone,
coal, and silty sandstone. +e processing precision of these
rocks was according to the requirements of ISRM. +e
preparation process of rock is illustrated in Figure 2. +e
rock number is illustrated in Table 1, and a total of 36 rock
samples were processed in this experiment, with 12 in each
group.

2.3. Test Scheme. To systematically study the impact ten-
dency andmechanical behaviour of coal and rockmass, both
cylindrical and disk specimens were made. +e uniaxial
compression test was performed on cylindrical specimens to
measure the elastic modulus, and the Brazilian test was
performed on disk specimens to measure the tensile
strength. For the convenience of testing, the cylindrical rock
was used to test the basic physical and mechanical pa-
rameters; therefore, six rock samples were used for each test
parameter.

2.4. Test Equipment and Procedure. +ese tests were con-
ducted using an RLJW-2000 servo-controlled rock pressure
testing machine at Faculty of Land Resources Engineering,
Kunming University of Science and Technology. +e
maximum loading capacity and axial displacement were
2000 kN and 100mm, respectively, with an accuracy of ±1%.
+e testing system includes a loading control system, PCI-2
AE monitoring system, and DSCM system, as shown in
Figure 2. +e loading rate was 0.25mm/min. DSCM, a
particle-tracking method that uses digital images to evaluate
the full-field displacement, was used to measure the de-
formation characteristics before the peak stress. +e CCD
camera was positioned parallel to the surface of the speci-
men. An AE monitoring system with an A/D resolution of
18 bits and a signal-noise ratio of less than 60 dB was applied
to record the AE signals. +e preamplifier and threshold
values were set to 40 dB and 50 dB, respectively. Vaseline was
used to improve the coupling between the sensor and the
specimen. +e load in the Brazilian tests was applied with
curved jaws.

+e apparent density was measured by the volume
product method [21]. +e electronic balance was used to
weigh with an accuracy of 0.01 g, and the average value was
calculated after three measurements. +e vernier caliper was
used to measure the diameters of the three cross-sections at
the two ends and the middle of the test sample with an
accuracy of 0.01mm. +e average value was taken to cal-
culate the cross-sectional area. Furthermore, the vernier
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caliper was used to measure the height of three points
around the end surface with an accuracy of 0.01mm. Finally,
the average height was calculated according to the rock
mechanics test method, and the number of samples involved
in the calculation is six.

+e uniaxial compression test was performed by using a
rock servo pressure testing machine. +e specimen was
placed in the center of the pressure plate of the test machine
and made the both ends of the specimen contact evenly by
adjusting the spherical base. +e loading rate was 0.5MPa/s,
the load and deformation were measured, the failure loads
were recorded, and the elastic modulus was obtained by
pressing the formula [22]:

E �
σb − σa

εb − εa

, (1)

where E is the elastic modulus, σa is the stress value at the
beginning point of a straight line section on the stress-
longitudinal strain curve, σb is the stress at the end of a
straight line, εa is the longitudinal strain stress under stress
of σa, and εb is the longitudinal strain stress under stress of
σb.

+e tensile strength was measured by the indirect tensile
method (the Brazilian splitting method), and the loading
rate was 0.03–0.05MPa/s, and the failure load was recorded.

3. Mechanical Behaviour of Specimens under
Uniaxial Compression

In this test, basic physical and mechanical tests were per-
formed, and twelve rock samples were taken from each rock
layer for testing. Table 2 shows the test results of apparent
density. Mechanical tests were carried out, and six rock
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Figure 1: Schematic diagram of sampling location.

Figure 2: Sketch of the preparation of argillaceous sandstone, coal, and silty sandstone.

Table 1: Sampling quantity of coal seam and roof rock mass.

Lithology Layer thickness (m) Number
Argillaceous sandstone 18.35 12
Coal 4.20 12
Silty sandstone 16.85 12
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samples were taken from each layer for the uniaxial com-
pression test. Figure 3 shows the uniaxial compression
curves, and Table 3 shows the test results of the elastic
modulus. Six rock samples were taken from each rock layer
to test the tensile strength. Figure 4 shows the Brazilian
splitting test curves, and Table 4 shows the test of the coal
seam and roof rock mass.

4. Standard and Classification of
Impact Tendency

+e impact tendency index is expressed by the bending
energy index (UWQS); the bending energy index of a single
roof is calculated according to the following formula:

UWQ � 102.6
St( 

5/2
h
2

Eq
1/2 , (2)

where UWQ is the single roof bending energy index, St is the
tensile strength, h is the single roof thickness, E is the elastic
modulus, and q is the vertical stress generated by overlying
strata stress.

q � ρHg × 10.6, (3)

whereH is the distance, ρ is the apparent density, and g is the
gravitational acceleration.

By substituting equation (3) into equation (2), the
bending energy index of composite roof rock strata can be
obtained:

UWQS � 
n

i�1
UWQi, (4)

where UWQS is the bending energy index of the composite
roof, UWQi is the bending energy index, and n is the number
of the roof layer. Table 5 shows the rock impact tendency
[23].

+e bending energy index and the impact tendency
category are calculated according to formula (4); the bending
energy indices are listed in Table 6.

According to the measured data and calculation, the
single rock roof bending energy indexes of the three rock
layers of argillaceous sandstone, coal, and silty sandstone are
18.35 kJ, 1.19 kJ, and 21.20 kJ, respectively. +e argillaceous
sandstone and silty sandstone belong to type II and have a
particular impact tendency. In contrast, the coal seam be-
longs to class I and has no impact tendency. +e bending
energy index of the composite roof is 40.74 kJ, which also
belongs to type II, indicating that the whole roof strata have a
weak impact tendency. According to the phenomenon of the
dynamic disaster of the coal and rock mass occurred many

times in the process of mining coal seam and roof man-
agement, the inherent law of rock mass failure will be
revealed by numerical simulation to explore the mechanism
of rock burst and reveal the evolution process of the dynamic
disaster of coal and rock mass.

5. Mechanical Behaviour of Rock Mass with
Numerical Test

5.1. RFPA2D Software Function. RFPA is developed by the
Center for Rock Fracture and Instability of Northeastern
University, which is to simulate rock failure from meso-
damage to macrodamage based on finite element theory
[24, 25]. Based on the elastic damage theory, the material
medium model is discretized into a material model com-
posed of mesoscopic basic elements, and the stress calcu-
lation and phase transformation analysis are independent of
each other. [26]. At present, it is widely used to study the
fracture process and acoustic emission characteristics of the
nonuniform rock mass, such as slope sliding, roadway in-
stability, roof caving, rock burst, gas outburst, and so on
[27]. In this test, RFPA2D software was used to simulate the
characteristics of the rock mass failure process under dif-
ferent sizes, surrounding pressure, and stress paths. Fur-
thermore, the evolution laws of rock mass failure generating
dynamic disasters were revealed.

5.2.Numerical SimulationScheme. To systematically study the
mechanical behaviour of rock mass, (1) the failure character-
istics of rockmass is to be analyzed under different sizes used by
uniaxial compression, whose corresponding cylindrical sizes are
50mm× 100mm, 75mm× 150mm, 100mm× 200mm,
150mm× 300mm, and 200mm× 400mm, and the strength
variation law and failure characteristics were analyzed; (2) the
failure characteristic is to be analyzed under the same size and
different confining pressures, the triaxial compression of
50mm× 100mm was carried out, and the confining pressures
are 10, 20, 30, 40, and 50MPa; and (3) triaxial unloading failure
is to be analyzed under different confining pressures, the triaxial
unloading test of 50mm× 100mm was carried out, and the
failure characteristic is to be analyzed during the process of
unloading, with the confining pressures of 10, 20, 30, 40, and
50MPa.

5.3. Physical and Mechanical Parameters of Numerical Test.
+e mechanical parameters were taken from the values
measured in the laboratory. +e internal friction angle was
35.5°, with the elastic modulus of 9.85GPa, the compression
tension ratio of 10, the tension coefficient of 1.5, Poisson’s

Table 2: Apparent density of coal seam and rock roof samples.

Rock stratum
Serial number

Average apparent density (g/cm3)
1 2 3 4 5 6

Argillaceous sandstone 2.38 2.33 2.35 2.37 2.32 2.36 2.35
Coal 1.39 1.38 1.45 1.43 1.45 1.42 1.42
Silty sandstone 2.26 2.25 2.31 2.27 2.26 2.28 2.27
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Table 4: Tensile strength test of coal seam and roof rock samples.

Rock stratum
Serial number

Average tensile strength (MPa)
1 2 3 4 5 6

S1: argillaceous sandstone 3.16 3.12 3.35 2.79 3.38 3.11 3.15
S2: coal 1.21 1.53 1.38 1.66 1.82 1.76 1.56
S3: silty sandstone 3.67 3.10 4.06 3.56 3.46 3.22 3.51
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Figure 3: Typical stress-strain curves of samples: (a) argillaceous sandstone, (b) coal, and (c) silty sandstone.

Table 3: Test of the elastic modulus of coal seam and roof rock samples.

Rock stratum
Serial number

Average elastic modulus (GPa)
1 2 3 4 5 6

Argillaceous sandstone 9.62 9.88 10.21 10.33 10.01 9.21 9.88
Coal 1.66 1.72 1.68 1.75 1.70 1.72 1.71
Silty sandstone 10.45 9.76 9.57 10.53 10.26 9.29 9.98
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Figure 4: Typical curves of the Brazilian splitting test of some rock samples. (a) Argillaceous sandstone. (b) Coal. (c) Silty sandstone.

Table 5: Classification of rock impact tendency.

Category I II III
Impact tendency No Weak Strong
Bending energy index (kJ) UWQS≤ 15 15<UWQS≤ 120 UWQS> 120

Advances in Civil Engineering 5



ratio of 0.25, the homogeneity of 3, the mesoaverage value of
70, the strength reduction coefficient of 0.01, and the element
mesh number of 100×100. Moreover, Poisson’s ratio and
the elastic modulus of the element followed Weibull dis-
tribution, and the Mohr–coulomb failure criterion was
adopted.

5.4. Numerical Simulation Results

5.4.1. Failure Characteristics with Different Sizes under
Uniaxial Compression. In the process of uniaxial com-
pression, when the height of the specimen is small, the whole
specimen is constrained by the end effect, resulting in the
end effect. With the increased size of the specimen, the
central stress zone is close to the one-dimensional stress
state, and the end effect is weakened. With the progress of
the loading step, the friction or cracks between the particles
in the rock gradually open. Furthermore, as the load in-
creases, the cracks gradually expand, penetrate, and break
from the left bottom to the middle. +e small specimens are
mainly transverse cracks and local shear failure, while the
large ones belong to shear failure.

Figure 5 shows the uniaxial compression failure charac-
teristics of specimens with different sizes. Figure 6 shows the
cumulative number of acoustic emission loading steps of
different-size specimens, and Figure 7 shows the characteristic
curve of loading the step-stress-acoustic emission of different-
size specimens. +e cumulative number of AE increases
slowly at first, then increases rapidly with the increase in
loading steps, and finally tends to a steady state. When the
cumulative number of AE increases to a certain extent, the
specimen size is severely destroyed. +e AE characteristics of
different sizes are similar. In Figure 7, AE has gone through
three stages. Stable stage: AE signal is weak, mainly in the rock
compaction stage, and small cracks and dense gaps are slowly
squeezed and fused, so AE shows a weak signal. Slow-increase
stage: with the increased load, the number of AES has an
increasing trend, but on the whole, the early and middle
periods of this stage are relatively stable, and the rising starting
point of this stage takes longer mainly because the stress in
this process is relatively small. Active stage: close to the peak
stress, the AE signal is enhanced instantaneously. AE in-
creases by leaps and bounds and becomes active intermit-
tently because the original cracks develop and new cracks
appear in the specimen with the increased load. +ere is an
inflection point in the rising curve, indicating that the
specimen is to show the signs of failure.When the specimen is
damaged, the main crack runs through, and the specimen
changes from whole to fragmented, resulting in a rapid de-
cline in the bearing capacity of the specimen.

5.4.2. Relationship between Strength Characteristics and
Bending Energy Index. +e stress-strain curve in Figure 8
shows that the strength of the rock mass decreases with the
increased specimen size, and the microcracks in the rock
sample increase correspondingly. +e increased heteroge-
neity caused by increased meso-defects is an essential reason
for the size effect. +e peak strength decreases with the
increased size, and the rock failure changes from plastic to
brittle failure. With the increased size, the strength of
multiple groups of specimens tends to be increasingly stable.
Furthermore, when the size range is larger, the strength of
the specimens is maintained at a relatively stable value.
Similarly, with the increased specimen size, the bending
energy index decreases from sharply to slowly.+e larger the
specimen size is, the lower the bending energy index is (see
Figure 9). When the specimen is broken, the stress-strain
curve decreases sharply and AE also decreases significantly.

5.4.3. Failure Characteristics of Specimens under the Same
Size and Different Surrounding Pressure. Each circle in the
AE failure diagram represents a microfracture, that is, an AE
event. +e size of the circle represents the relative energy
magnitude, which is proportional to the strength of the unit.
Meanwhile, the white circle represents the shear failure; the
red circle represents tensile failure; and the circle indicates
the location of the AE event. From the simulation, the AE
appears earlier under low confining pressure than under
high confining pressure in the same period. With the in-
crease in confining pressure, the time of the maximum
frequency of AE of the rock is delayed continuously. +e
peak of the AE frequency is no longer corresponding to the
stress-strain curve (Figure 8). +e reason is that under low
confining pressure, the strengthening effect of the specimen
is weak with low shear and failure strength, so the AE activity
is intense, and the backward phenomenon is not apparent.
Under the high confining pressure, the lateral binding force
of the rock is larger, with the closed pores in the rock. +e
strengthening effect of high confining pressure on the rock is
strong.+erefore, the shear resistance and failure strength of
the rock are high, and the generation of new cracks in the
rock is restrained. +ere is a relative lag between the onset
time of AE and the macroscopic failure time of rock. Fig-
ures 10 and 11 show the lateral pressure can prevent the
microcrack from forming and developing in the specimen
and make the specimen more uniform in macroscopic ap-
pearance. With the increased confining pressure, the stress
field changes, in which the shear stress and the maximum
principal stress gradually increase. +e stress field concen-
trates on the top of the specimen, with the increased
compressive strength and increased ultimate failure

Table 6: Calculation and categories of the coal seam and rock roof impact tendency index.

Rock stratum Bending energy index (kJ) Impact tendency classification
Argillaceous sandstone 18.35 II
Coal 1.19 I
Silty sandstone 21.20 II
Bending energy index 40.74 II
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strength. When the distribution of microcracks is increas-
ingly concentrated, the microcracks and the angle of the
macrocrack surface increase gradually. +e angle between
the main crack-control surface and the maximum principal
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Figure 5: Typical failure of rock roof with different sizes in the uniaxial compression test.
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stress increases gradually with the failure, transforming from
tensile to shear failure.

5.4.4. Relationship between Strength Characteristics and
Bending Energy Index under Different Confining Pressures.
+e stress-strain curve is shown in Figure 12; although the rock
is subjected to confining pressure, the initial compaction,
elasticity, plasticity, and postpeak failure can be reflected in the
failure process of the rock under the confining pressure.
Among them, the duration of the initial compaction stage and
plastic stage is relatively short. With the increased confining
pressure, these two stages become less and less obvious, in-
dicating that rock deformation is suppressed under high
confining pressure. +e confining pressure effect is evident in
this test, which shows that before rock failure, with the in-
creased confining pressure, the elastic limit, deformation, and
compressive strength are significantly improved. With the
increased rock size, the postpeak brittleness of rock increases
with the significant confining pressure of rock. +e peak
strength and peak strain of rock increase linearly, and the
plastic deformation increases gradually. +e failure morphol-
ogy significantly changes with the peak strain, and the peak
strength and residual strength gradually increase. However,

when it is larger than this size range, the strength is maintained
at a relatively stable value. Similarly, with the increase in the
size, the bending energy index of the specimen increases from
slowly to dramatically. Moreover, the higher the confining
pressure is, the higher the bending energy index is, and it is
shown in Figure 13.

5.4.5. Relationship between Strength Characteristics and
Bending Energy Index under the Unloading. +ere are few
AE events before unloading, and the AE events are mainly
concentrated in the unloading stage, which is dominated by
sudden and high-density energy release. When the rock is
unloaded, the internal cracks suffer initiation, propagation,
penetration, and sudden instability failure. Figure 14 shows that
due to the different confining pressures, the fracture formof the
unloaded is quite different from failure along the joint surface
to the failure of the penetrating joint surface and finally to a
certain angle between the fracture zone and the joint surface.
Figure 15 shows that the stress of the sample changes with the
loading step under five kinds of confining pressure unloading.
When the stress value exceeds 80% of the peak strength, the
curve shows a convex shape with the increase in strain, and the
sample undergoes irreversible plastic deformation. When the

(a) (b) (c) (d) (e)

Figure 10: Typical failure of rock roof with the same size under different time steps: (a) 10MPa, (b) 20MPa, (c) 30MPa, (d) 40MPa, and (e)
50MPa.

(a) (b) (c) (d) (e)

Figure 11: AE failure of the rock roof of the same size under the different time steps: (a) 10MPa, (b) 20MPa, (c) 30MPa, (d) 40MPa, and (e)
50MPa.
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stress exceeds the peak strength, the stress-strain curve shows a
vertical drop, and the stress presents a “cliff-like” fall. +e
penetrating joints in the rock significantly weaken the com-
pressive strength. When the bearing capacity is instantly

reduced, the brittleness is more apparent with the sudden
failure of the rock. Under the same conditions, the bending
energy index produced by unloading (Figure 16) is much
higher than that produced by loading (Figure 13), which is
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Figure 12: Stress-strain curves of rock roof under different confining pressures.
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Figure 13: Relationship between the bending energy index and confining pressures under loading.

(a) (b) (c) (d) (e)

Figure 14: Failure of rock roof under the unloading with different confining pressures: (a) 10MPa, (b) 20MPa, (c) 30MPa, (d) 40MPa, and
(e) 50MPa.
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consistent with the phenomenon of rock burst in the coal and
rockmass in practical engineering. It indicates that rock burst is
more likely to occur after excavation and unloading due to the
joints.

6. Conclusion

+rough laboratory mechanical tests and numerical simu-
lation tests with RFPA2D software, the work studied the
impact tendency of the rock roof and coal, as well as the
failure characteristics and laws of rock roof under loading
and unloading of different sizes and confining pressures.+e
main conclusions are as follows:

(1) +rough laboratory mechanical tests, the bending
energy index of argillaceous sandstone was 18.35 kJ;
that of coal was 1.19 kJ; and that of silty sandstone
was 21.20 kJ; the bending energy index of the

composite roof was 40.74 kJ. According to the
classification standard, the coal had no impact
tendency, and the argillaceous sandstone, silty
sandstone, and composite roof all had weak impact
tendency, which indicated that the whole roof strata
had weak impact tendency.

(2) According to the uniaxial compressive strength test
with different scales, the strength of rock mass de-
creased with the increase in the rockmass size.When
the rock mass size increased to a specific size, the
strength of rock mass increased slowly.

(3) Triaxial loading and unloading were tested for the
same size under the action of different surrounding
rocks. Under the same loading conditions, the
strength and bending energy index of rock mass
increased correspondingly with the increased sur-
rounding rock, and the failure form of rock mass
changed from tensile failure to shear failure. +e
failure form and strength characteristic of rock under
unloading condition are different from that under
loading condition, with more intense failure and
higher bending energy index. Compared with the
loading situation, the impact tendency of the
unloading mode was higher, and it was prone to
affect dynamic disasters. In the process of coal
mining, the coal and rock mass were unloaded. +e
unloading test explained the physical phenomenon
of the impact disaster of the coal and rock mass,
which was more reasonable than using the indoor
compression test to determine the impact tendency
of the coal and rock mass.
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Due to the influence of deep high stress, geothermal heat, and other factors, the law of desorption of methane in coal seams is more
complicated in the process of mining deep coal seams, which is prone to methane over-limit, coal and gas outburst, and other
accidents. In order to study the desorption characteristics of coalbedmethane under different loading and temperature conditions,
the desorption tests at different deformation stages of coal containing methane were carried out in the process of loading-
adsorption-desorption-reloading until the coal sample was destroyed by using the seepage-adsorption-desorption test system on
coal and rock mass, and the test programs were different combinations of gas pressure 1.2 MPa, two kinds of confining pressure,
and three kinds of temperature. 1e results show that the cumulative methane desorption amount corresponding to each
deformation stage presents a convex parabolic increase trend with the increase in desorption time, while the desorption rate
presents a power function decay trend. Under the condition of the same desorption time, the cumulative methane desorption
amount from large to small is residual deformation stage, compaction stage, near the peak stress, plastic deformation stage, and
elastic deformation stage. Under the same confining pressure, temperature, and methane pressure, the maximum desorption rate
from large to small is residual deformation stage, near the peak stress, plastic deformation stage, compaction stage, and elastic
deformation stage. 1e desorption and diffusion of methane are promoted under the higher temperature and lower confining
pressure, which presents a certain mechanism of promoting desorption. 1e thermal movement of methane molecules is in-
tensified with the increase in temperature, and the adsorption effect between methane molecules and the molecules at the surface
of the coal is weakened.1e cumulative methane desorption amount and the maximum desorption rate increase with the increase
in temperature. 1e cumulative methane desorption in the residual deformation stage is obviously greater than that in other
deformation stages. 1e increase in confining pressure inhibits the development and expansion of pore fractures in raw coal
specimen and hinders the increase in the effective desorption surface area. 1e cumulative methane desorption amount and the
maximum desorption rate decrease with the increase in confining pressure.

1. Introduction

Coal seam is a typical dual medium. 1ere are a lot of pores
and microcracks in coal matrix. Coalbed methane (the main
component is methane) is an unconventional natural gas

concentrated in the micropores of coal seam [1]. 1e process
of coalbed methane production includes two stages of de-
sorption and migration [2]. Coal seams are generally in the
environment where stress, temperature, gas, and other
factors work together. 1e adsorption and desorption
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characteristic of methane is affected by temperature, stress,
gas, pore structure and metamorphism of coal, and other
factors. For a specific coal seam, the stress state, temperature,
and gas in the coal seam will change during the mining
process. When the gas pressure in the coal seam reaches the
critical desorption pressure, the adsorbed gas will start
desorption and change from the adsorption state to the free
state. Especially in the process of high-intensity mining deep
coal seams, the influence of stress and temperature change
on methane adsorption and desorption is more complex,
which is easy to induce methane over-limit, coal and gas
outburst, and other accidents. 1erefore, the law of methane
desorption in the process of mining coal seam should be
studied, which has a certain guiding significance for pre-
venting the occurrence of methane over-limit, coal and gas
outburst, and other disasters; at the same time, it provides a
certain basis for improving the methane extraction rate.

Scholars at home and abroad have studied gas desorp-
tion characteristics mainly from the aspects of coal structure,
pore pressure, temperature, and acoustic field. Methane
adsorption and desorption behaviors on moist shales were
studied and elucidated [3], and the moisture adsorption on
four shales selected from the Lower Silurian Longmaxi
Formation located in southern Sichuan Basin of China was
investigated. 1e question of how CO2 played a role in
affecting the adsorption/desorption of CH4 was investigated
using the low-field nuclear magnetic resonance technique
[4]. Hu et al. [5] studied the law of methane desorption in
coal under the action of microwave field with or without
controlled source and discussed the mechanism of influence
of microwave field of controlled source on methane de-
sorption characteristics. An adsorption-desorption experi-
mental device was developed and used to study the energy
variation rules in the process of gas adsorption and de-
sorption in coal [6]. 1e processes of methane (CH4) and
carbon dioxide (CO2) adsorption and desorption were
reviewed, as well as the displacement of CH4 by CO2, at the
molecular level, and the adsorption and desorption behavior
of CH4 and CO2 was examined [7]. 1e laws of natural
desorption of carbon monoxide during the crushing of coal
simulating natural rock mass pressure were studied [8].
Low-pressure sorption tests were carried out on samples of
selected Polish bituminous coal in coal-methane and coal-
carbon dioxide systems, and the purpose was to determine
the relationship between the petrographic composition of
low-rank coal and the amount of gas stored in its porous
structure and desorbed from it [9].1e fractal characteristics
of several shale samples drilled at a depth of 2650m were
analyzed using scanning electron microscopy and image
analysis, and the adsorption and desorption properties of
supercritical shale gas were researched [10]. Isothermal
methane desorption and diffusion experiments were con-
ducted using the self-developed gas desorption and diffusion
experimental system, and the pore structure of coal samples
was analyzed [11]. Li et al. [12] established a dynamic
evolution model of the gas diffusion coefficient of the loaded
coal and used the single-hole model and the double-hole
model to calculate the gas diffusion coefficient of coal
samples with different particle sizes under the axial pressure

of 0∼12MPa. 1e contact angle measurement and iso-
thermal adsorption/desorption experiment of raw coal and
samples treated with surfactants were conducted to inves-
tigate the wetting properties and methane adsorption/de-
sorption characteristics [13]. Sampling of methane-bearing
coal seams by freezing was proposed, and the coalbed gas
desorption characteristics under freezing temperature were
studied to verify the feasibility of this method [14]. Cali-
bration, isothermal desorption, pressure step-down de-
sorption, and pore dynamic experiments were conducted
with high-rank coal samples using low-field nuclear mag-
netic resonance technology [15]. Wang et al. [16] obtained
the effect of water on diffusion dynamics during methane
desorption. Based on the experimental and molecular
simulation results, Liu et al. [17] introduced the principle of
heat and deformation effects from the micro and macro
levels and studied the thermal deformation effects of coal in
the process of carbon dioxide adsorption and desorption.
Zhou et al. [18] revealed the mechanism of residual de-
formation accumulation of methane adsorption/desorption
in coal mesostructures through the coal cyclic adsorption
and desorption methane test. Characterization of pore
morphology and the effect of injected water on gas de-
sorption characteristic were carried out using pore structure
analyzers (N-2 adsorption and mercury intrusion methods),
high-resolution scanning electron microscopy, and a home-
made instrument (water-injecting desorption test) [19]. Four
shale samples from the Lower Silurian Longmaxi Formation
and the Lower Cambrian Shuijingtuo Formation in the
eastern part of Chongqing, SW China, were subjected to
canister desorption experiments at the reservoir and elevated
temperatures (up to 90°C) to investigate shale gas desorption
behaviors and their variations in chemical and isotopic
compositions of desorbed gases [20]. 1e coal temperature
and gas pressure were measured by temperature and
pressure sensors in the process of methane desorption, and
the heat transfer model was established, and the temperature
evolution during methane desorption in coal under different
conditions (initial temperature and gas pressure) was sim-
ulated [21]. 1e experiments based on the self-built coal
oxidation heating system in different gaseous environments
and the high-temperature and high-pressure gas adsorption
instrument were carried out, and the effect of methane on
free radicals and surface functional groups at the optimum
oxidation temperature was studied by using the electron spin
resonance spectrum and Fourier transform infrared spec-
troscopy [22]. 1e combination of methane desorption
experiments and molecular simulations was adopted to
investigate the effects of moisture on themethane desorption
characteristics of the Zhaozhuang coal, and the microscopic
mechanism was analyzed [23]. A technique for accelerating
coalbed methane desorption to increase extraction efficiency
using microwaves was presented, and methane desorption
experiments with and without real-time microwave loading
were carried out in the laboratory [24]. 1e mathematical
expression of K-1 was established by the self-developed
high/low temperature pressure swing adsorption-desorption
experimental system based on the diffusion theory and the
physical meaning of fixed-size coal samples [25]. Bai et al.
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[26] carried out laboratory experiments on field hydraulic
fracturing and gas adsorption-desorption and clarified the
space-time effect of hydraulic fracturing on gas desorption
and its mechanism.1e gas desorption characteristics of coal
under different adsorption pressures and particle sizes were
affected by the high pressure water and superheated steam
[27]. 1e influence characteristics of the maximum pressure
on the path of CO2 isothermal desorption line were studied
by Wang et al. [28]. 1e thermogravimetric method was
used to obtain the excess adsorption/desorption of CH4 and
C2H6 on two typical shale samples, and simplified local
density theory/Peng–Robinson equation of the state model
was then applied to calculate the adsorbed density of CH4
and C2H6 on both shale samples, which was then applied to
convert the measured excess adsorption into absolute ad-
sorption values [29]. 1e desorption and diffusion charac-
teristics of coal samples mixed with different particle sizes
over time were studied under constant temperature and
pressure, and the results show that coal samples with dif-
ferent particle sizes affected the desorption and diffusion of
gas, which had a positive impact on methane recovery [30].
1e results of studies on sorption and CO2 desorptions from
coals from two Polish mines that differed in petrographic
and structural properties were presented, and the kinetics of
CO2 desorption from plane sheet samples were compared
with the kinetics of sample shrinkage [31]. 1e mechanical
properties and permeability evolution during the failure of
weakly anisotropic rock were examined, and the influences
of bedding angle and osmotic pressure are examined [32].
Duan et al. [33] studied the effect of pressure-relief on coal
fields during gas drainage and mining, and the permeability,
acoustic emission, and energy dissipation properties of coal
under tiered cyclic unloading were experimentally investi-
gated. According to the isothermal adsorption and de-
sorption experiments of Wufeng–Longmaxi Formations in
Jiaoshiba block of the Fuling shale gas field in Sichuan basin,
China, 7 core samples from isothermal adsorption experi-
ment and 30 core samples from desorption experiment were
analyzed [34]. Competitive adsorption, substitution de-
sorption, and the capillary effect were analyzed to study the
effect of the critical moisture content and liquid water on
methane adsorption and desorption, and the effects of the
fluid pressure, fracturing fluid, fracturing time, pore pres-
sure, and other variables on methane adsorption and de-
sorption characteristics were researched [35].

Coal seam is generally in an environment where
factors such as stress, temperature, and gas work to-
gether. Mining activities will have an impact on the
stress, gas occurrence state, and temperature environ-
ment of coal seam. If the above factors lead to the in-
crease in gas desorption and diffusion speed, a large
amount of gas will flood into the working face, which will
not only cause gas exceeding the limit but also increase
the risk of coal and gas outburst or even gas explosion. At
present, there are few studies on the desorption char-
acteristics of gas in the process of mining of coal seams.
So, the desorption characteristics of gas under the
comprehensive stress-temperature-gas action are studied
by changing the stress environment of coal in a certain

gas and temperature environment. 1is research results
will have an important guiding significance for the
prevention and control of dynamic disasters, such as
efficient gas extraction and coal and gas outburst.

2. Overview of Coal Mine

Dingji coal mine is located in Fengtai County, Huainan City,
Anhui Province, as shown in Figures 1 and 2. It is about 45
kilometers away from the urban area with convenient
transportation. 1e mine field is 14.75 kilometers long from
east to west and 11 kilometers wide from north to south.
1ere are 9 coal seams in the mine, and the occurrence of
coal seam is stable. 1e geological reserves of the mine field
are 1279 million tons, and the recoverable reserves are 640
million tons.1e design production capacity of the mine is 5
million tons/year.

1e temperature measurement results of the geological
exploration show that the Dingji coal mine is a secondary
heat damage zone.1e ground temperature of −500m varies
from 20°C to 35.5°C. 1e ground temperature increases with
the increase in depth, and the rock temperature at the
bottom of the hole is above 40°C.1e geothermal gradient of
the whole mine field is 2.3∼ 4.1°C/hm, with an average of
3.2°C/hm, which belongs to the anomaly geothermal area.
1e geothermal data of some boreholes are shown in Table 1.
With the increase in the mining depth, the geothermal
temperature is constantly rising. Meanwhile, there are many
large machines and equipment underground, which emit
large amounts of heat. High-temperature operation seriously
affects the physical and mental health of the miners and the
mining progress.

3. Methodology

3.1. Specimen Preparation. 1e coal samples used in this test
are taken from 1231 (1) working face of 11–2 coal seam in
Huainan Dingji coal mine. 1e average thickness of 11–2
coal seam is 2.45m, and the average dip angle is 4°. 1e coal
seam is a simple and stable coal seam with the original
methane pressure of 1.2MPa. 1e coal gathering from 1231
(1) working face is sent to the laboratory, the raw coal pillars
with a diameter of 50mm are made from the gathering coal
by using core-drilling machine, and then the raw coal pillars
are cut and polished by using the high-speed cutting ma-
chine, and the standard specimens with a size of
Φ50mm× 100mm are used, as shown in Figure 3. 1e
prepared raw coal specimens are placed in an oven for
drying (drying temperature: 110°C and duration: 10 h) and
stored in a drying oven after cooling to room temperature
for testing.

1e geothermal temperature range of 1231 (1)
working face is 40°C ∼ 50°C, the test temperature is set as
30°C, 45°C, and 60°C, respectively, so the coal samples
can be placed in a relatively real temperature environ-
ment during the test, and the coal samples can reflect the
mechanical characteristics that are more in line with the
actual situation on the site.
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3.2. Test System. 1e seepage-adsorption-desorption test
system on coal and rock mass (Figure 4) mainly includes
host machine, servo loading system (Figure 5), triaxial
pressure chamber, adsorption-desorption system (Fig-
ure 6), temperature control system, gas pressure control
system (multiple leak detection and alarm, with high
safety), data acquisition system, and safety protection
system. 1e test system can meet the requirements of the
adsorption and desorption test of various gases, which
could be used to carry out experimental research on
mechanical characteristics, seepage, adsorption, and
desorption of coal and rock under different loads and
different temperatures.

3.3. Test Plan and Process

3.3.1. Test Plan. In order to obtain desorption characteristics
of coal containing methane under different loadings and
temperatures, the desorption test schemes at different axial
compression under two kinds of confining pressure (3MPa
and 5MPa), three kinds of temperature (30°C, 45°C, and
60°C), and methane pressure of 1.2MPa (the original
methane pressure in coal seam) are designed, and the
characteristics of methane desorption under the condition of
different combination experiment are studied. In order to
obtain the difference between desorption characteristics of
coal containing methane under different loading and tem-
perature conditions and conventional isothermal desorption
characteristics, conventional isothermal desorption tests
under no loading condition are carried out at the same time.

3.3.2. Test Process. Methane, the purity is 99.99%, is used in
the experiment instead of coalbed methane. Taking the
temperature of 30°C, the confining pressure of 3MPa, and
the methane pressure of 1.2MPa as an example, the specific
test steps are as follows:

① Initial loading: take a dried specimen, wrap the
specimen in a heat-shrinkable tube, and load it into a
triaxial pressure chamber. Load the axial pressure and
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Dingji 
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Huainan 
city

Panji district

Xiejiaji
district

321

G0 321

S225

S203
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Figure 1: Location map of Dingji coal mine.

Figure 2: Industrial square of Dingji coal mine.

Table 1: Geothermal data of partial boreholes.

Hole
number

Hole
depth (m)

Rock temperature at the
bottom of the hole (°C)

Geothermal
gradient
(°C·hm−1)

16–4 874.3 44.9 3.7
17–6 884.34 49.5 4.1
20–4 910.45 50.2 3.8
847 906.46 51.8 4
23–6 975.28 52.7 3.6

Figure 3: Raw coal specimen prepared.
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confining pressure to 3MPa slowly with stress control
mode according to the proportion of hydrostatic pressure.
② Vacuum pumping: check the air tightness of the test
system, vacuum pump the system for 12 h until the
vacuum reaches the required value (less than 20 Pa),
and calibrate the dead volume (free space) with helium.

③ Adsorption test: set the system temperature to 30°C
through the temperature control system, open the
methane cylinder valve, regulating valve, and reference
cylinder valve, fill the system with methane, and adjust
the reference cylinder pressure value to preset methane
pressure. After reaching the predetermined methane
pressure, start the adsorption program for methane
adsorption, and the data acquisition system will au-
tomatically collect the adsorption data, with the ad-
sorption equilibrium time not less than 12 h.

④ Desorption test: after the adsorption balance, close
the methane cylinder valve, regulating valve, and ref-
erence cylinder valve, open the outlet valve, start the
desorption program for methane desorption, and the
data collection system will automatically collect the
desorption data.
⑤ After the adsorption and desorption test under one
axial pressure, increase the axial pressure and start the
adsorption and desorption test of the next axial pres-
sure. Repeat the steps ②∼④ until the coal sample is
destroyed.

4. Result Analysis and Discussion

4.1. Stress and Strain Characteristics of Coal Containing
Methane. In order to determine the deformation stage of
coal in the process of loading and deformation, the raw coal
specimens were first subjected to the mechanical test when
the confining pressure was 3MPa and 5MPa and the
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Figure 4: Test system. 1–drainage recorder; 2–balance; 3–three-axis pressure system; 4–control valve; 5–vacuum container; 6–vacuum
container; 7–pressure gauge; 8–control valve; 9–gas tank; 10–helium tank.

Figure 5: Servo loading system.

Figure 6: Adsorption-desorption system.
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methane pressure was 1.2MPa, respectively.1ree tests were
conducted under each confining pressure condition, as
shown in Table 2. 1e stress-strain curves of the specimens
were similar, and the stress-strain curve of specimen S-3-2 is
shown in Figure 7. According to the stress-strain curve of
coal specimen, the deformation of coal specimen can be
divided into compaction stage, elastic deformation stage,
plastic deformation stage, and residual deformation stage.

1e test results show that when the confining pressure is
3MPa and the methane pressure is 1.2MPa, the average
stress boundary point of the raw coal specimen in the
compaction stage and elastic deformation stage is 12.8MPa,
the average stress boundary point in the elastic deformation
stage and plastic deformation stage is 29.4MPa, and the
average peak stress is 42.1MPa.When the confining pressure
was 5MPa and the methane pressure was 1.2MPa, the
average stress boundary point of raw coal specimens in the
compaction stage and elastic deformation stage was
17.7MPa, the average stress boundary point in the elastic
deformation stage and plastic deformation stage was
34.6MPa, and the average peak stress was 55.2MPa.

According to the stress-strain curve characteristics of
raw coal specimens at confining pressures of 3MPa and
5MPa and the methane pressure of 1.2MPa, when the
confining pressures of 3MPa are designed, the axial
compression is 6.5MPa in the compaction stage, 23.4MPa
in the elastic deformation stage, 35.8MPa in the plastic
deformation stage, 40.5MPa in near the peak stress, and
25.8MPa in the residual deformation stage. When the
confining pressures of 5MPa are designed, the axial
compression is 6.5MPa in the compaction stage, 23.4MPa
in the elastic deformation stage, 41.6MPa in the plastic
deformation stage, 51.6MPa in near the peak stress, and
25.8MPa in the residual deformation stage, as shown in
Table 3.

4.2. Desorption Characteristics without Loading. In order to
obtain the difference between desorption characteristics of
coal containing methane coal and conventional isothermal
desorption characteristics under different loadings and
temperatures, desorption tests were carried out under
normal isothermal conditions (30°C, 45°C, and 60°C) and the
methane pressure of 1.2MPa without loading. 1e results
are shown in Figure 8.

It can be seen from Figure 8 that the methane desorption
amount and desorption time of raw coal specimens under
constant temperature without loading show a convex pa-
rabola relationship. At different temperatures, the methane
desorption amount has the same evolution rule; that is, with
the increase in desorption time, the desorption amount
shows a change characteristic of gradually increasing and
tending to be stable. At the same desorption time (60
minutes), the maximum desorption of raw coal at 30°C,
45°C, and 60°C is 93ml, 101ml, and 116ml, respectively.
Under the same temperature difference, the increase range
of maximum desorption varies to some extent. 1e increase
in temperature from 45°C to 60°C is 1.875 times that of
temperature from 30°C to 45°C, and raw coal specimens

show great desorption characteristics at higher
temperatures.

1e relationship between methane desorption rate and
desorption time is power function under constant tem-
perature without loading. At different temperatures, the
methane desorption rate has the same evolution rule. With
the increase in desorption time, the desorption rate shows
the change characteristic of “rapid attenuation at first and
then tending to be stable,” and the desorption rate attenuates
obviously at the initial stage of desorption. When the
temperature is 30°C, 45°C, and 60°C, the corresponding
maximum desorption rate is 19.8ml/min, 24.5ml/min, and
37ml/min, respectively. Under the condition of the same
temperature difference, the attenuation amplitude of the
maximum desorption rate has a certain difference. 1e at-
tenuation amplitude of temperature increasing from 45°C to
60°C is 2.66 times that of temperature increasing from 30°C
to 45°C, and raw coal specimens show a larger desorption
rate characteristics at higher temperature. 1e desorption
capacity of raw coal specimens increases with the increase in
temperature and shows strong desorption characteristics at
higher temperature.

4.3. Evolution Characteristics of Desorption Amount under
VariableLoadingandTemperature. In the process of gradual
loading, raw coal specimens successively go through com-
paction stage, elastic deformation stage, plastic deformation
stage, and residual deformation stage. 1e desorption
amount of different deformation stages varies with time, as
shown in Figures 9 and 10.

(1) It can be seen from Figure 9 that (1) the methane
desorption law of raw coal specimen at different
deformation stages is consistent with the no-loading
condition. 1e cumulative desorption increases in a
convex parabolic shape with the increase in de-
sorption time. In the compaction stage, elastic de-
formation stage, plastic deformation stage, and near
the peak stress, the accumulated methane desorption
amount of raw coal specimens has little difference,
but in the residual deformation stage, the accumu-
lated methane desorption amount increases
obviously.

(2) Under the conditions of the confining pressure of
3MPa, the methane pressure of 1.2MPa, and the
temperature of 30°C, the cumulative desorption
amount in 60 minutes corresponding to the com-
paction stage, elastic deformation stage, plastic de-
formation stage, near the peak stress, and residual
deformation stage is 101ml, 70ml, 82ml, 91ml, and
252ml, respectively. When the temperature in-
creased to 45°C, the cumulative desorption in 60
minutes corresponding to the compaction stage,
elastic deformation stage, plastic deformation stage,
near the peak stress, and residual deformation stage
is 109ml, 75ml, 87ml, 99ml, and 280ml, respec-
tively. When the temperature increased to 60°C, the
cumulative desorption in 60 minutes corresponding
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to the compaction stage, elastic deformation stage,
plastic deformation stage, near the peak stress, and
residual deformation stage is 129ml, 85ml, 100ml,
116ml, and 327ml, respectively. At temperatures of
30°C, 45°C, and 60°C, the accumulated desorption
amount corresponding to different deformation
stages in 60 minutes is in descending order: residual
deformation stage, compaction stage, near the peak
stress, plastic deformation stage, and elastic defor-
mation stage.

(3) Under the conditions of the confining pressure of
3MPa and the methane pressure of 1.2MPa, when

the temperature increases from 30°C to 45°C, the
cumulative desorption in 60 minutes corresponding
to the compaction stage, elastic deformation stage,
plastic deformation stage, near the peak stress, and
residual deformation stage increases by 8ml, 5ml,
5ml, 8ml, and 28ml, respectively. When the tem-
perature increases from 45°C to 60°C, the cumulative
desorption in 60 minutes corresponding to the
compaction stage, elastic deformation stage, plastic
deformation stage, near the peak stress, and residual
deformation stage increases by 20ml, 10ml, 13ml,
17ml, and 47ml, respectively. At the same

Table 2: Mechanical test results.

Confining pressure Specimen
number

Stress at the boundary point of
compaction-elastic deformation

stage (MPa)

Stress at the boundary point of the
elastic-plastic deformation stage (MPa)

Peak
stress (MPa)

3MPa
S-3-1 11.9 28.9 44.1
S-3-2 12.7 29.8 40.8
S-3-3 13.8 29.5 41.4

Average 12.8 29.4 42.1

5MPa
S-5-1 16.7 33.6 57.2
S-5-2 18.9 36.4 53.6
S-5-3 17.5 33.8 54.8

Average 17.7 34.6 55.2

A

B

C

D

O

1 2 3 4 5 60
Strain ε (10–2)

0

9

18

27

36

45

σ 1
 (M

Pa
)

Figure 7: Stress-strain curve (specimen S-3-2). OA: compaction stage; AB: elastic deformation stage; BC: plastic deformation stage; CD:
residual deformation stage.

Table 3: Axial compression design at different deformation stages.

Confining pressure (MPa) Different deformation stages Axial compression (MPa)

3

Compaction stage 6.5
Elastic deformation stage 23.4
Plastic deformation stage 35.8
Near the peak stress 40.5

Residual deformation stage 25.8

5

Compaction stage 6.5
Elastic deformation stage 23.4
Plastic deformation stage 41.6
Near the peak stress 51.6

Residual deformation stage 25.8
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temperature difference, the increase in desorption
amount at different deformation stages at higher
temperature is greater than that at lower tempera-
ture, and the increase in temperature promoted the
desorption of methane.
Figure 10 shows that (1) under the same condition of
methane pressure and temperature, the methane
desorption law of raw coal specimens at different
deformation stages with the confining pressure of
5MPa is consistent with that at the confining
pressure of 3MPa. 1e desorption amount increases
in a convex parabolic shape with the increase in
desorption time. In the compaction stage, elastic
deformation stage, plastic deformation stage, and
near the peak stress, the corresponding cumulative
gas desorption amount difference is small, but the
accumulated methane desorption amount increases
obviously in the residual deformation stage.

(2) Under the conditions of the confining pressure of
5MPa, the methane pressure of 1.2MPa, and the
temperature of 30°C, the accumulated desorption
amount of raw coal specimens in 60 minutes cor-
responding to the compaction stage, elastic defor-
mation stage, plastic deformation stage, near the
peak stress, and residual deformation stage is 92ml,
58ml, 71ml, 83ml, and 205ml, respectively. When
the temperature increased to 45°C, the cumulative
desorption in 60 minutes corresponding to the
compaction stage, elastic deformation stage, plastic
deformation stage, near the peak stress, and residual
deformation stage is 101ml, 69ml, 81ml, 92ml, and
228ml, respectively. When the temperature in-
creased to 60°C, the cumulative desorption in 60
minutes corresponding to the compaction stage,
elastic deformation stage, plastic deformation stage,

near the peak stress, and residual deformation stage
is 111ml, 81ml, 92ml, 103ml, and 270ml, respec-
tively. At the temperature of 30°C, 45°C, and 60°C,
the cumulative desorption in 60 minutes corre-
sponding to different deformation stages is in
descending order: residual deformation stage,
compaction stage, near the peak stress, plastic de-
formation stage, and elastic deformation stage.

(3) Under the conditions of the confining pressure of
5MPa and the methane pressure of 1.2MPa, when
the temperature was increased from 30°C to 45°C, the
increase amplitude of accumulated desorption in 60
minutes corresponding to compaction stage, elastic
deformation stage, plastic deformation stage, near
the peak stress, and residual deformation stage is
9ml, 11ml, 10ml, 9ml, and 23ml, respectively.
When the temperature increased from 45°C to 60°C,
the cumulative desorption in 60 minutes corre-
sponding to the compaction stage, elastic deforma-
tion stage, plastic deformation stage, near the peak
stress, and residual deformation stage increased by
10ml, 12ml, 11ml, 11ml, and 42ml, respectively. At
the same temperature difference, the increase in
desorption amount at different deformation stages at
higher temperature was greater than that at lower
temperature, and the increase in temperature pro-
moted the desorption of methane.

By analyzing the change rule of desorption amount
of raw coal specimen at different deformation stages
with desorption time, it can be seen that

(1) At the same desorption time, the cumulative
methane desorption amount of raw coal specimen at
each deformation stage has a basically consistent
evolution rule; that is, the cumulative methane
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Figure 8: Desorption curve. (a) Desorption amount. (b) Desorption rate.
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desorption amount shows a convex parabolic trend
with the increase in desorption time. 1e difference
of accumulated methane desorption corresponding
to the compaction stage, elastic deformation stage,
plastic deformation stage, and near the peak stress is
small, but the accumulated methane desorption
increased obviously in the residual deformation
stage. 1e cumulative desorption in 60 minutes
corresponding to different deformation stages is in
descending order: residual deformation stage,
compaction stage, near the peak stress, plastic de-
formation stage, and elastic deformation stage.

(2) Effects of temperature on desorption characteristics
under the same confining pressure and methane
pressure: under the same confining pressure and

methane pressure, the accumulated desorption
amount of raw coal specimens at different defor-
mation stages in 60 minutes increases with the in-
crease in temperature. 1e increase in temperature
promotes the desorption of methane, and the higher
the temperature is, the larger the desorption amount
is.

(3) Effects of confining pressure on desorption char-
acteristics under the same temperature and methane
pressure: under the same temperature and methane
pressure, the accumulated desorption amount of raw
coal specimens at different deformation stages in 60
minutes decreases with the increase in confining
pressure. 1e increase in confining pressure inhibits
the desorption of methane.
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Figure 9: Desorption amount curve under the confining pressure of 3MPa at the temperature of (a) 30°C, (b) 45°C, and (c) 60°C.
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4.4. EvolutionLawof theMaximumDesorptionAmount in the
Process of Stress and Strain. In the process of stress-strain on
raw coal specimens, the relationship between the accumu-
lated maximum desorption amount and the stress-strain
within the same desorption time (60 minutes) is shown in
Figure 11, and the relationship between the accumulated
maximum desorption amount and the axial pressure is
shown in Figure 12.

As can be seen from Figures 11 and 12, within the same
desorption time (60 minutes), the cumulative maximum
desorption amount presents a trend of “gradually decreasing
firstly, then increasing, and then increasing obviously” with
the increase in axial pressure. In the compaction defor-
mation stage, the pore cracks in the raw coal specimen are
compressed and closed with the increase in axial pressure,

the effective desorption surface area of the raw coal specimen
decreases, and the desorption amount decreases with the
increase in axial pressure. In the elastic deformation stage,
the pore fractures in the raw coal specimen are further
compressed, the effective desorption surface area is further
reduced, and the desorption amount continues to decrease
with the increase in axial pressure and decreases to the
minimum value at this stage. In the plastic deformation
stage, the deformation of the raw coal specimen changes
from elastic compression deformation to plastic deforma-
tion. Due to dilatancy effect, the closed pore fissure during
compaction and elastic deformation stages is to become the
effective desorption surface area again.1e new microcracks
are produced and interconnected in the coal specimen, and
the fissured channel, which is conducive to methane
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Figure 10: Desorption amount curve under the confining pressure of 5MPa at the temperature of (a) 30°C, (b) 45°C, and (c) 60°C.
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desorption, is formed. 1e effective desorption surface area
is increased, the desorption of methane is promoted, and the
methane desorption amount presents an increasing trend at
the plastic deformation stage. Near the peak stress, more new
cracks are appeared in the specimen and interlinked to form
macrocracks with the increase in axial pressure. 1e rela-
tively developmental fracture network is formed inside the
specimen, the effective desorption surface area further in-
creases, and the methane desorption amount of raw coal
continues to increase near the peak value. In the residual
deformation stage, the raw coal specimen is destroyed, more
through cracks appear inside the specimen, the fracture

network is more developed, and the channel that is con-
ducive to methane desorption and the effective desorption
surface area is expanded rapidly. 1e methane desorption
amount of raw coal increases significantly at this stage,
which is much higher than that at other deformation stages.

With the same confining pressure, the thermal motion of
methane molecules is intensified due to the increase in
temperature, which is beneficial to methane desorption. 1e
accumulated methane desorption of raw coal specimen at
the same deformation stage increases with the increase in
temperature and reaches the maximum desorption at the
residual deformation stage, and the accumulated methane
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Figure 11: Relation curve between stress-strain and desorption amount under the confining pressure of (a) 3MPa and (b) 5MPa.
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Figure 12: Relation curve between maximum desorption amount and axial pressure under the confining pressure of (a) 3MPa and (b)
5MPa.
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desorption at this stage is obviously greater than that at other
deformation stages. At the same temperature, due to the
increase in confining pressure, the development and ex-
pansion of pore fractures in the raw coal specimen are
inhibited, and also the increase in the effective desorption
surface area is inhibited so that the corresponding accu-
mulated methane desorption amount of the raw coal
specimen at the same deformation stage decreases with the
increase in confining pressure.

It can be seen from Figure 12 that the maximum ac-
cumulated desorption amount of raw coal specimens at the
same desorption time (60 minutes) presents a trend of
“gradually decreasing firstly, then increasing, and then in-
creasing significantly” with the increase in axial pressure,
and the accumulated methane desorption amount at the
residual deformation stage is significantly greater than that
at other deformation stages. 1is is because in the process of
axial pressure increase, the original pore fractures in the raw
coal specimen were closed and new fractures were generated
and interlinked. 1e effective desorption area firstly de-
creased and then increased, leading to a decrease and then a
gradual increase in methane desorption. After reaching the
peak value, the raw coal specimen was destroyed, and a large
number of pores and macroscopic fractures were generated
in the specimen, forming a developed fracture network. 1e
effective desorption surface area significantly increased,
leading to the methane desorption amount significantly
greater than that in other stages.

4.5. Evolution Characteristics of Desorption Rate under
Variable Loading and Temperature. 1e change curve of
desorption rate with time at different deformation stages of
raw coal specimens is shown in Figures 13 and 14.

It can be seen from Figures 13 and 14 that the change law
of methane desorption rate at different deformation stages of
raw coal specimens is consistent without loading. 1e
methane desorption rate shows a power function attenua-
tion trend with the increase in desorption time, and the
desorption rate goes through a rapid decay, slow decay, and
tends to be stable.

Under the condition of the confining pressure of 3MPa,
the temperature of 30°C, and the methane pressure of
1.2MPa, the maximum desorption rate corresponding to
compaction stage, elastic deformation stage, plastic defor-
mation stage, near the peak stress, and residual deformation
stage is 18.6ml/min, 15ml/min, 23ml/min, 27ml/min, and
39ml/min, respectively. Under the condition of the con-
fining pressure of 3MPa, the temperature of 45°C, and the
methane pressure of 1.2MPa, the maximum desorption rate
corresponding to compaction stage, elastic deformation
stage, plastic deformation stage, near the peak stress, and
residual deformation stage is 21ml/min, 18ml/min, 26ml/
min, 30ml/min, and 44ml/min, respectively. Under the
condition of the confining pressure of 3MPa, the temper-
ature of 60°C, and the methane pressure of 1.2MPa, the
maximum desorption rate corresponding to compaction
stage, elastic deformation stage, plastic deformation stage,
near the peak stress, and residual deformation stage is

31ml/min, 25ml/min, 41ml/min, 49ml/min, and 63ml/
min, respectively.

Under the condition of the confining pressure of 5MPa,
the temperature of 30°C, and the methane pressure of
1.2MPa, the maximum desorption rate corresponding to
compaction stage, elastic deformation stage, plastic defor-
mation stage, near the peak stress, and residual deformation
stage is 14ml/min, 11ml/min, 17ml/min, 21ml/min, and
31ml/min, respectively. Under the condition of the con-
fining pressure of 5MPa, the temperature of 45°C, and the
methane pressure of 1.2MPa, the maximum desorption rate
corresponding to compaction stage, elastic deformation
stage, plastic deformation stage, near the peak stress, and
residual deformation stage is 18ml/min, 14ml/min, 21ml/
min, 25ml/min, and 34ml/min, respectively. Under the
condition of 5MPa confining pressure, 60°C temperature,
and 1.2MPa methane pressure, the maximum desorption
rate corresponding to compaction stage, elastic deformation
stage, plastic deformation stage, near the peak stress, and
residual deformation stage is 25ml/min, 19.5ml/min, 32ml/
min, 40ml/min, and 49ml/min, respectively.

According to the above analysis, under the same con-
fining pressure, temperature, and methane pressure, the
maximum desorption rate corresponding to different de-
formation stages from large to small is residual deformation
stage, near the peak stress, plastic deformation stage,
compaction stage, and elastic deformation stage. Under the
same confining pressure and methane pressure, with the
increase in desorption temperature, the corresponding
maximum desorption rate at different deformation stages
increases. Under the same temperature and methane
pressure, with the increase in confining pressure, the cor-
responding maximum desorption rate at different defor-
mation stages decreased gradually.

4.6. Evolution Law of the Maximum Desorption Rate in the
Process of Stress and Strain. In the process of stress-strain on
raw coal specimens, the relationship between the maximum
desorption rate corresponding to each deformation stage
and the stress-strain is shown in Figure 15, and the rela-
tionship between the maximum desorption rate and axial
pressure is shown in Figure 16.

It can be seen from Figures 15 and 16 that, in the process
of stress and strain, the corresponding maximum desorption
rate at different deformation stages presents a change trend
of “gradually decreasing firstly, then increasing, and then
increasing significantly.”1e reasons are analyzed as follows.
In the compaction stage, the pore cracks in the raw coal
specimen are continuously compressed with the increase in
axial pressure, and the effective desorption surface area in
the raw coal specimen decreases, which inhibits the de-
sorption and diffusion movement of methane. In the elastic
deformation stage, due to the increase in axial pressure, the
pore fractures in the raw coal specimen are further com-
pressed, and the effective desorption surface area is con-
tinuously reduced, further inhibiting the desorption and
diffusion movement of methane. In the plastic deformation
stage, the raw coal specimen occurred plastic deformation,
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pore fractures that compressed during compaction and
elastic deformation are reopened to form effective desorp-
tion surface area, and the new microcracks are produced.
Fissured channel that is conducive to methane desorption is
formed, the effective desorption surface area began to in-
crease, the desorption and diffusion movement of methane
is promoted, and the movement state of methane changes
from inhibiting desorption to promoting desorption and
diffusion in this process. Near the peak, with the increase in
axial pressure, more new cracks appeared in the raw coal
specimen and were interlinked, which formed a relatively
developed fracture network, and the effective desorption
surface area was further increased. In the residual defor-
mation stage, the raw coal specimen is destroyed, the
fracture network in the specimen is more developed, and the
methane desorption channel and the effective desorption

surface area expand rapidly, which greatly promotes de-
sorption and diffusion of methane.

At the same confining pressure, the maximum de-
sorption rate corresponding to the same deformation stage
increases with the rising of temperature; this is mainly
because the free methane molecular collision is intensified
with the rise of temperature, which provides the energy for
methane desorption. So, the adsorption between methane
and coal surface molecules is weakened at the same time,
which promoted the desorption and diffusion movement of
methane. At the same temperature, the increase in confining
pressure inhibited the development and expansion of pore
fractures in the raw coal specimen and hindered the increase
in the effective desorption surface area so that the maximum
desorption rate corresponding to the same deformation
stage decreased with the increase in confining pressure.
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Figure 13: Desorption rate curve under the confining pressure of 3MPa at the temperature of (a) 30°C, (b) 45°C, and (c) 60°C.
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4.7. Discussion. Under the same temperature and methane
pressure, the cumulative desorption amount of the specimen
before the stress peak was less than that without loading, but
the cumulative desorption amount after the stress peak was
greater than that without loading. 1e main reason was that
the development and expansion of cracks in the specimen
were inhibited due to the loading before the stress peak, and
the effective desorption surface area changed very little,

which was not conducive to the desorption of methane, thus
inhibiting the increase in the desorption amount. 1e higher
the confining pressure, the more unfavorable the increase in
the effective desorption surface area and desorption amount.
1e specimen was damaged after the stress peak, and the
effective desorption surface area was obviously increased,
which was conducive to the desorption of methane, and the
desorption amount increased significantly.
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Figure 14: Desorption rate curve under the confining pressure of 5MPa at the temperature of (a) 30°C, (b) 45°C, and (c) 60°C.
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5. Conclusion

(1) 1e accumulated methane desorption amount of raw
coal specimen at each deformation stage shows a
convex parabolic increase trend with the increase in
desorption time. Under the same desorption time,
the cumulative desorption amount corresponding to
different deformation stages from large to small is
residual deformation stage, compaction stage, near
the peak stress, plastic deformation stage, and elastic
deformation stage.

(2) 1e methane desorption rate at different deforma-
tion stages shows a power function decay trend with
the increase in desorption time. Under the same

confining pressure, temperature, and methane
pressure, the maximum desorption rate corre-
sponding to different deformation stages from large
to small is residual deformation stage, near the peak
stress, plastic deformation stage, compaction stage,
and elastic deformation stage.

(3) 1e influence law of temperature on the desorption
characteristics is as follows. Under the condition of
the same confining pressure and methane pressure,
the thermal motion of methane molecules is in-
tensified with the increase in temperature, the energy
is provided for methane desorption, and the ad-
sorption effect between methane molecules and the
molecules at the surface of the coal is weakened at the
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Figure 15: Relation curve between stress-strain and desorption rate under the confining pressure of (a) 3MPa and (b) 5MPa.
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Figure 16: Relation curve between maximum desorption rate and axial pressure under the confining pressure of (a) 3MPa and (b) 5MPa.
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same time. 1e desorption and diffusion of methane
are promoted under the higher temperature, which
presents the law of promoting desorption. 1e ac-
cumulated methane desorption amount and the
maximum desorption rate of raw coal specimens at
the same deformation stage increase with the in-
crease in temperature and reach the maximum de-
sorption amount at the residual deformation stage,
and the methane desorption amount at this stage is
obviously greater than that at other deformation
stages.

(4) 1e influence law of confining pressure on the de-
sorption characteristics is as follows. Under the
condition of the same temperature and methane
pressure, the development and expansion of pore
fractures in raw coal specimen are inhibited and the
increase in the effective desorption surface area is
hindered with the increase in confining pressure, and
the cumulative methane desorption amount and the
maximum desorption rate at the same deformation
stage is decreased with the increase in confining
pressure.
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In order to study the influence of burial depth on the roadway deformation, the deformation data of more than 100 roadways were
collected and classified.-e results have shown that, in the first 5 days of new digging roadways, the surrounding rock deformation
is basically not affected by the buried depth. -e influence period of roadway deformation with different depths is the same,
namely, the severe period (1∼15 days), the mitigation period (15∼35 days), and the stable period (35∼50 days).With the increase in
depth, the surrounding rock deformation increment of new digging roadways with a depth of 300∼600m is much larger than that
of 600∼900m. Within 100m of the working face from the monitoring point, the deformation of mining roadways can be divided
into two stages: severe impact (10∼60m) and stable impact (60∼100m). With the increase in depth, the deformation increment of
the surrounding rock in the mining roadways with a depth of 600∼900m is much larger than that of 300∼600m.-e surrounding
rock deformation increases with the increase in the width and height of roadways and gradually increases with the decrease in the
strength of rock mass.

1. Introduction

In recent years, the mining quantity of coal resources is
growing, and coal mining has been extending to the deep
earth. With the increase in mining depth, the environment
of “high geostress, high geothermal, high osmotic, and
strong mining disturbance” has an obvious influence on the
failure extent of roadway surrounding rock. As a result, the
surrounding rock demonstrates a series of response prob-
lems such as discontinuous, uncoordinated large de-
formation, and large-scale instability [1–5]. -erefore,
many scholars have conducted a large number of experi-
mental studies on ground control of roadways and made
great progress, and they put forward a series of new theories
and technologies to improve the instability of roadways
caused by the increase in mining depth to some extent. Bai
et al. [6] monitored the deformation of the air roadway

surrounding rock with a burial depth of 300m and obtained
that the maximum relative displacement of the roadway
roof to floor and two sides were 50mm 68mm, respectively.
Kang et al. [7] monitored the deformation of the machine
roadway surrounding rock with a burial depth of 400m in
Chuanjing coal mine and obtained that the maximum
relative displacement of the roadway roof to floor and two
sides were 110mm and 105mm, respectively. Li et al. [8]
monitored the deformation of the machine roadway sur-
rounding rock with a burial depth of 600m in Xutuan coal
mine and obtained that the maximum relative displacement
of the roadway roof to floor and two sides were 280mm and
380mm, respectively. Yu et al. [9] monitored the de-
formation of the wind roadway surrounding rock with
a burial depth of 800m in Qujiang coal mine and obtained
that the maximum relative displacement of the roadway
roof to floor and two sides were 285mm and 200mm,
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respectively. Wu et al. [10] monitored the deformation of
the track roadway surrounding rock with a burial depth of
900m in Qujiang coal mine and obtained that the maxi-
mum relative displacement of the roadway roof to floor and
two sides were 350mm and 360mm, respectively. Kang
et al. [11] analyzed the influence of rock burst on the de-
formation and failure characteristics of the surrounding
rock and revealed that to protect the integrity of sur-
rounding rock, it is necessary to form a support stress field
in the surrounding rock and reduce the stress concentration
factor to give full play to the impact resistance of sur-
rounding rock. Wang et al. [12] studied the influence of
support resistance on surrounding rock deformation of the
deep high-stress roadway by using Kastner and other rel-
evant theories. -ey believed that the present supporting
system exerted limited influences on the continuous de-
formation and proposed that the support concept should be
transferred from deformation control to stability control to
ensure even and coordinated deformation of the roadway.
Bai et al. [13] analyzed the deformation and failure char-
acteristics of mining roadway floor and proposed that the
key point of floor heave control in mining roadway was to
support the broken floor, increase the intensity after the
peak and residual intensity, and reduce the size of the floor
without support. Ma et al. [14] analyzed the influence of the
formative mechanics and morphological characteristics of
the plastic zone of surrounding rock on the stability of the
roof and concluded that in order to ensure the roof stability,
the support must have enough length and extension per-
formance. Yu et al. [15] analyzed the failure characteristics
of half coal rock roadway and believed that the support of
two sides was the key, and they put forward the supporting
system with “the anchor, net, cable, and beams” as the core.

Although a lot of studies have been conducted on
roadway deformation at present, when coal mines turn to
deep mining, the research on the failure mechanism of deep
dynamic pressure roadway is still insufficient. -e influence
of factors, especially, such as burial depth on roadway de-
formation law, needs further study.

2. Data Collection of Roadway Surrounding
Rock Deformation

By consulting the literature about the ground control of
roadways, the deformation data of about 100 roadways with
different buried depths were collected. -ese roadways have
the following characteristics:

(1) In the roadways, bolt, cable, metal net, steel re-
inforcement ladder beam, shotcrete, and other
supporting methods are generally adopted

(2) When the buried depth of roadway is less than
300∼400m, anchor cable is not widely used and
grouting support is seldom used

(3) When the buried depth of roadway exceeds 500m,
roadway support begins to use anchor cable,
grouting bolt grouting, and other supporting
methods

(4) With the increase in buried depth of roadway, the
supporting density of bolt and cable increases

According to the location and service period of the
roadway, the surrounding rock deformation data were di-
vided into two categories: new digging roadway deformation
and mining roadway deformation.

3. Analysis of New Digging Roadway
Deformation

3.1.Displacement ofRoadwayRoof toFloor. According to the
burial depth and excavation time of roadways, the de-
formation data of new digging roadways were classified and
analyzed. -e scatter diagrams of surrounding rock de-
formation were obtained and the deformation data was fitted
by a quadratic polynomial.

Figures 1 and 2 show the displacement of roof to floor
on the 5th and 15th day after roadway excavation, re-
spectively, 5∼150mm and 25∼250 mm. By curve fitting of
deformation data with MATLAB, the relationship be-
tween the buried depth and the displacement of roof to
floor is obtained: y � −1.872∗10−4x2 + 0.279x− 46.533
and y � −3.315∗10−4x2 + 0.567x− 98.193.

According to the fitting curve result (Figure 1), in the
first 5 days after roadway excavation, the differences of
displacement of roof to floor with different buried depths are
minor. -e displacement of roadway roof to floor is not
affected by burial depth.

As shown in Figures 3 and 4, on the 25th and 35th day
after roadway excavation, the displacement of roof to floor is
25∼300mm and 40∼330mm, respectively. -e relationship
between the buried depth and the displacement of roof to
floor is obtained: y � −4.475∗10−4x2 + 0.793x− 143.521
and y � −4.561∗10−4x2 + 0.864x− 149.702.

Figures 5 and 6 show the displacement of roof to floor
on the 45th and 50th day after roadway excavation, re-
spectively, 45∼380mm and 50∼385mm. -e relationship
between the buried depth and the displacement of roof to
floor is obtained: y � −4.338∗10−4x2 + 0.871x− 144.119
and y � −4.188∗10−4x2 + 0.86x− 137.494.

Figure 7 is a 3D stereogram composed of roadway ex-
cavation time, burial depth, and roof to floor deformation
velocity.

Figure 8 is the comparison diagram of roadway de-
formation curves obtained by fitting formulas. From Figures
7 and 8, the results are as follows:

(1) During the 1∼15 days after excavation, the dis-
placement of roof to floor with different depths
increases sharply with the increase in time.

(2) During the 15∼35 days after excavation, the dis-
placement of roof to floor increases with the increase
in depth, and the displacement of roof to floor with
the same depth decreases gradually with the increase
in time.

(3) With the increase in excavation time, the increment
of deformation velocity of roof to floor decreases
with the increase in depth.
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(4) During the 35∼50 days after excavation, the de-
formation velocity of roof to floor gradually de-
creases compared with the previous stage, and finally
tends to be stable. -e deformation velocity differ-
ence of roof to floor with different depths is small.

According to the quadratic polynomial of the fitting
curve, the displacement of roadway roof to floor on the 50th

day after roadway excavation was calculated, as shown in
Table 1.

As can be seen from Table 1, the difference value of roof
to floor decreases gradually with the increase in depth. -e
difference value of roof to floor displacement between 300m
and 600m buried depth is 144.9mm.-e difference value of
roof to floor displacement between 600m and 900m buried
depth is 69.6mm which is about half of the difference value
between 300 and 900m depth.

3.2. Displacement of Roadway Ribs. As shown in Figures 9
and 10, on the 5th and 15th days after the roadway was
excavated, the displacement of two ribs is 5∼140mm and
20∼240mm, respectively. -e relationship between the
buried depth and the displacement of ribs is obtained:
y � −2.024∗10−4x2 + 0.258x− 29.075 and
y � −3.127∗10−4x2 + 0.461x− 38.075.

According to the fitting curve (Figure 9), in the first
5 days after roadway excavation, the differences of roadway
ribs displacement with different depths are minor. -e
displacement of roadway rib to rib is not affected by depth.

As shown in Figures 11 and 12, on the 25th and 35th days
after the roadway was excavated, the displacement of two
ribs is 45∼300mm and 50∼340mm, respectively. -e re-
lationship between the buried depth and the displacement of
ribs is obtained: y � −3.721∗10−4x2 + 0.582x− 44.935 and
y � −3.216∗10−4x2 + 0.58x− 32.528..
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Figure 1: Displacement of roof to floor (5th day).
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Figure 2: Displacement of roof to floor (15th day).
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Figure 3: Displacement of roof to floor (25th day).
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Figure 4: Displacement of roof to floor (35th day).
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As shown in Figures 13 and 14, on the 45th and 50th days
after roadway excavation, the displacement of two ribs is
50∼370mm and 55∼375mm, respectively. -e relationship
between the buried depth and the displacement of ribs is
obtained: y � −2.941∗10−4x2 + 0.583x− 29.985 and
y � −2.132∗10−4x2 + 0.511x− 10.881.

Figures 15 and 16 were obtained according to the dis-
placement of roadway ribs at different time points. Figure 15
is a 3D stereogram composed of roadway excavation time,
burial depth, and roadway ribs deformation velocity. Figure
16 is the comparison diagram of roadway deformation
curves obtained by fitting formulas. From Figures 15 and 16,
the results are as follows:

(1) During 1∼15 days after excavation, the displacement
of two ribs with different burial depths increases
sharply with the increase in time.

(2) During 15∼35 days after excavation, the displace-
ment of roadway roof to floor increases with the
increase in buried depth, and the displacement of
two ribs with the same buried depth decreases
gradually with the increase in time.

(3) With the increase in excavation time, the increment
of deformation velocity of two ribs decreases with the
increase in burial depth.

(4) During the 35∼50 days after excavation, the de-
formation velocity of two ribs gradually decreases
compared with the previous stage and finally tends to
be stable. -e deformation velocity difference of
roadways ribs with different depths is small.

According to the quadratic polynomial of the fitting
curve, the displacement of roadway ribs on the 50th day after
roadway excavation was calculated, as shown in Table 2.

As can be seen from Table 2, the difference value of ribs
displacement decreases gradually with the increase in depth.
-e difference value between 300m and 600m depth is
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Figure 5: Displacement of roof to floor (45th day).
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Figure 6: Displacement of roof to floor (40th day).

30

Velocity (mm/d)
30.00
27.02
24.04
21.06
18.08
15.10
12.12
9.140
6.160
3.180
0.2000

V
el

oc
ity

 (m
m

/d
)

Time (d) Depth (m
)

25

20

15

10

5

0
10

20
30

40
50 200

300
400500

600
700

800
900

1000

Figure 7: Deformation velocity of roof to floor.
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Figure 8: Comparison of displacement of roof to floor.
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95.7mm. -e difference value between 600m and 900m
depth is 57.5mm, which is 38.2mm less than the difference
value between 300m and 600m depth.

4. Analysis of Roadway
Deformation during Mining

4.1. Displacement of Mining Roadway Roof to Floor. -e
roadway deformation data within 100m away from working
face to monitoring points were collected.

As shown in Figures 17 and 18, when the working face is
80m and 60m away from the monitoring point, the

displacement of roadway roof to floor is 20∼60mm and
35∼115mm, respectively. -e relationship between the
burial depth and the displacement of roof to floor is ob-
tained: y � 2.931∗10−5x2 + 0.005x + 17.376 and
y � 8.544∗10−5x2 − 0.005x + 44.761.

According to the fitting curve (Figure 17), the dis-
placement of roof to floor gradually increases with the in-
crease in depth, while the displacement increment caused by
mining is small.

As shown in Figures 19 and 20, when the working face is
40m and 20m away from the monitoring point, the dis-
placement of roadway roof to floor is 75∼195mm and

Table 1: Comparison of displacement of new digging roadway roof to floor.

Depth (m) 300 400 500 600 700 800 900
Displacement of roof to floor (mm) 82.8 139.5 187.8 227.7 259.3 285.5 297.3
Difference value (mm) 56.7 48.3 39.9 31.6 23.2 14.8
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Figure 9: Displacement of ribs (5th day).
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Figure 10: Displacement of ribs (15th day).
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Figure 11: Displacement of ribs (25th day).
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Figure 12: Displacement of ribs (35th day).
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120∼305mm, respectively. -e relationship between the
buried depth and the displacement of roof to floor is ob-
tained: y � 1.172∗10−4x2 + 0.039x + 64.963 and
y � 2.2∗10−4x2 + 0.024x + 108.158.

According to the result of fitting curves (Figures 19 and
20), as the face advances, the increase in displacement in-
crement of roof to floor is accomplished with the increase in
buried depth.

As shown in Figure 21, the displacement of roof to floor
10m away from the working face is 175∼425mm. -e re-
lationship between the buried depth and the displacement of
roof to floor is obtained:y � 3.527∗10−4x2 − 0.009x + 163.026.

According to the result of the fitting curve (Figure 21),
the displacement of roof to floor with a depth of 300∼400m
has a small difference. After exceeding the depth, the dis-
placement of roof to floor increases sharply as the depth
increases.

Figure 22 shows the comparison of roof to floor dis-
placement fitting curves at the monitoring points 80m,
60m, 40m, 20m, and 10m away from the face. -e slope of
the fitting curve 80m away from the working face is similar
to that of 60m. When the monitoring point is 100∼60m
away from the face, the displacement of roof to floor is little
affected by mining and burial depth. When the distance
from the monitoring point to the face is less than 60m, the
displacement of roof to floor is gradually influenced by
mining and burial depth. -e slope of the fitting curves
gradually increases with the decrease in the distance between
the monitoring point and the face. At the same time, the
displacement increment of roof to floor increases with the
increase in depth.

According to the fitting curve quadratic polynomial, the
final displacement of roof to floor 10m away from the
working face was calculated, as shown in Table 3.

As can be seen from Table 3, the difference value of roof
to floor displacement between 300m and 600m depth is
92.5mm. -e difference value of roof to floor displacement
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Figure 13: Displacement of ribs (45th day).
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Figure 14: Displacement of ribs (50th day).
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Figure 15: Deformation velocity of ribs.
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between 600m and 900m depth is 156mm, which is
63.5mm more than that of 600m and 900m depth. -e
displacement increment of roof to floor increases with the
increase in depth.

4.2. Displacement of Mining Roadway Ribs. As shown in
Figures 23 and 24, when the working face is 80m and 60m
away from the monitoring point, the displacement of
roadway rib to rib is 20∼60mm and 55∼140mm, re-
spectively. -e relationship between the buried depth and

the displacement of rib to rib is obtained:
y � 2.791∗10−6x2 + 0.044x + 17.68 and y � 2.345∗10−5x2 +

0.085x + 44.73.
According to the result of the fitting curve (Figure 23),

with the increase in the buried depth, the displacement of
ribs gradually increases, while the displacement increment is
little affected by mining.

As shown in Figures 25 and 26, when the working face is
40m and 20m away from the monitoring point, the dis-
placement of ribs is 95∼225mm and 145∼330mm,

Table 2: Comparison of displacement of new digging roadway ribs.

Depth (m) 300 400 500 600 700 800 900
Displacement of rib to rib (mm) 123.2 159.4 191.3 218.9 242.3 261.5 276.4
Difference value (mm) 36.2 31.9 27.6 23.7 19.2 14.9
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Figure 17: 80m away from the working face.
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Figure 18: 60m away from the working face.
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Figure 19: 40m away from the working face.
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Figure 20: 20m away from the working face.
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respectively. -e relationship between the buried depth and
the displacement of ribs is obtained: y � 8.249∗10−5x2 +

0.069x + 93.766 and y � 2.992∗10−4x2 − 0.076x + 171.313.
According to the results of the fitting curve (Figures 25

and 26), as the working face advances, the displacement
increment of ribs gradually increases with the increase in
the depth.

As shown in Figure 27, when the working face is 10m
away from the monitoring point, the displacement of ribs is
200∼450mm. -e relationship between the buried depth
and the displacement of ribs is obtained:
y � 4.942∗10−4x2 − 0.187x + 224.796.

According to the results of the fitting curve (Figure 27),
when the depth is between 300 and 400m, the displacement
of ribs is similar. After exceeding this range, the displace-
ment of ribs increases sharply with the increase in depth.

Figure 28 shows the comparison of ribs displacement
fitting curves at the monitoring points 80m, 60m, 40m,
20m, and 10m away from the face. -e slope of the fitting
curve 80m away from the working face is similar to that of
60m. When the face is 100∼60m away from the monitoring
point, the displacement of ribs is little affected bymining and
burial depth. When the distance from the monitoring point
to the face is less than 60m, the displacement of ribs is
gradually influenced by mining and burial depth. -e slope
of the fitting curves gradually increases with the decrease in
the distance between the monitoring point and the face. At
the same time, the displacement increment of ribs increases
with the increase in depth.

According to the fitting curve quadratic polynomial, the
final displacement of ribs 10m away from the working face
was calculated, as shown in Table 4.

As can be seen from Table 4, the difference value of ribs
displacement between 300m and 600m depth is 77.3mm.
-e difference value of ribs displacement between 600m and
900m depth is 233.7mm, which is 156.4mm more than the
difference value between 600m and 900m depth. -e dis-
placement increment of ribs increases with the increase
in depth.

To sum up, the deformation of roadway surrounding
rock within 100m away from the face shows the following
laws:

(1) Within the range of 100∼60m away from the
working face, the deformation of the roadway sur-
rounding rock increases slightly with the decrease in
the distance from the face to the monitoring point.
At the same, the displacement increment of sur-
rounding rock increases gradually with the increase
in depth. -is range is the stable range affected by
mining

(2) Within the range of 60∼10m away from the working
face, the deformation of roadway surrounding rock
with the same buried depth increases sharply with
the decrease in the distance between the face to the
monitoring point. -e displacement increment of
surrounding rock increases with the increase in
depth. -e deformation of surrounding rock in-
creases sharply with the face advances. -is range is
the severe range affected by mining.

(3) After the buried depth exceeds 600m, the buried
depth has a great effect on the deformation of
roadway surrounding rock.

5. Analysis of the Causes of
Roadway Deformation

Experts and scholars generally believe that the instability of
roadway surrounding rock is caused by the insufficient
bearing capacity and supporting force of surrounding rock.
-erefore, they focus on the study of supporting structure
and ignore the analysis of the bearing capacity of sur-
rounding rock itself. -e bearing capacity of roadway free
face to different areas in the deep surrounding rock is
different [16].
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Figure 21: 10m away from the working face.
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Figure 22: Comparison of displacement of roof to floor.
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5.1. Correlation between Roadway Deformation and In Situ
Stress. In situ stress is the essential force of rock de-
formation and failure, and it is the precondition for stability
analysis of surrounding rock [17]. In 1926, the Soviet scholar
A. H. Dinnik revised Heim’s hydrostatic pressure hypoth-
esis, believing that the vertical stress at each point in the crust
is equal to the weight of the overlying strata.-e lateral stress
(horizontal stress) is the result of the Poisson effect, re-
gardless of tectonic stress, and this value should be cH

multiplying a correction factor. According to the theory of

elastic mechanics, he thought that this coefficient is equal to
v/(1− v) and obtained the relationship between burial depth
and in situ stress:

σv � cH,

σh �
v

1− v
cH,

(1)

where σv is vertical stress; σh is horizontal stress; c is
overlying strata bulk density; H is burial depth; and v is the
Poisson rate of overlying strata.

Table 3: Comparison of the final displacement of mining roadway roof to floor.

Depth (m) 300 400 500 600 700 800 900
Displacement of roof to floor (mm) 192.1 215.9 246.7 284.6 329.5 381.5 440.6
Difference value (mm) 23.8 30.8 37.9 44.9 52 59.1
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Figure 23: 80m away from the working face.
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Figure 24: 60m away from the working face.
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Figure 25: 40m away from the working face.
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Figure 26: 20m away from the working face.
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Due to a large amount of roadway deformation data
and complicated classification, we simplified the analysis
process of roof and floor lithology, so as to reflect the
surface deformation law of roadway more directly. It is
found that the surrounding rock of nearly 100 roadways is
mainly composed of four representative types of rock:
siltstone, mudstone, fine sandstone, and sandy mudstone,
and their proportions are shown in Figure 29. According
to the above calculation formula and rock mechanics
parameters, assuming that the average bulk weight of
overlying strata is 2400 kg/m3, the rock parameters are
substituted into the formula to estimate the buried depth
and in situ stress values corresponding to each rock
strength, as shown in Table 5.

As can be seen from Table 5, after the burial depth
exceeds 400∼500m, the in situ stress is close to the limit
value of cohesion of most roadway rock.

-e surrounding rock deformation data of the new
digging roadway were classified according to different li-
thology, and the deformation curves of surrounding rock
were obtained under different surrounding rock conditions.
As shown in Figures 30 and 31, at the same buried depth, the
deformation of the siltstone roadway is the smallest, while
that of the mudstone is the largest. -e slope of deformation
curves decreases with the increase in buried depth.

Table 6 shows the displacement of mudstone roadway
ribs with different buried depths. -e displacement in-
crement of ribs with different depths decreases gradually
with the increase in buried depth.-e difference value of ribs
displacement between 300m and 600m depth is 172.5mm.
-e difference value of ribs displacement between 600m and
900m depth is 59.9mm, which is 112.6mm less than the
difference value of 300m∼600m depth.

As shown in Figures 32 and 33, the deformation of
surrounding rock increases with the increase in roadway
width and height. -e slope of roadway deformation curves
decreases with the increase in buried depth, which indicates
that the effect of burial depth on the deformation of sur-
rounding rock is gradually weakened.

-e ribs displacement curve with the roadway width of
3.5∼4m was taken to obtain the rib to rib displacement of
the roadway corresponding to different depths, as shown in
Table 7.

As shown in Table 7, the deformation difference be-
tween the ribs decreases gradually with the increase in
depth. -e difference value of ribs displacement between
300m and 600m depth is 115.8mm. -e difference value
of ribs displacement between 600m and 900m depth is
41.8mm, which is 74mm less than that of
300m∼600m depth.

In the above estimation, after the buried depth exceeds
400∼500m, the in situ stress is close to the limiting strength
of most roadway rock. However, in the actual deformation
data, the limiting depth of roadway rock strength is 600m.
-is is because the rock mechanics parameters used to es-
timate the buried depth of rock limiting strength are
measured under the uniaxial test, while the actual stress
condition of surrounding rock is three-axis, so the buried
depth of limiting strength has errors.

5.2. Causes of Roadway Deformation during Digging and
Mining. After roadway excavation, with the increase in
buried depth (especially over 600m), the deformation in-
crement between roadways gradually decreases (see Figures
6 and 14). -is is because the increase in buried depth (in
situ stress) exceeds the limit of the cohesive force of rock
mass, making the surrounding rock gradually transform
from brittleness to ductility [18] and reducing the de-
formation energy of rock. Under the action of the reasonable
support structure of roadway, the deformation of sur-
rounding rock is controlled within the controllable range
and finally tends to be stable.

In the mining stage of the working face, the roadway
deformation increases gradually with the decrease in the
distance between face and the monitoring point, and the
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Figure 27: 10m away from the working face.
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Figure 28: Comparison of displacement of ribs.
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roadway deformation increment increases gradually with
the increase in the depth. -is is because the front pressure
double increases in the process of the face advance.
Meanwhile, the original support structure fails to control the

deformation of surrounding rock. As a result, the de-
formation increment of surrounding rock gradually in-
creases with the increase in depth in the process of the face
advance.
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Figure 29: -e pie chart of surrounding rock lithology.

Table 4: Comparison of the final displacement of mining roadway ribs.

Depth (m) 300 400 500 600 700 800 900
Displacement of rib to rib (mm) 213.2 229.1 254.8 290.5 336.1 391.5 456.8
Difference value (mm) 15.9 25.7 35.7 45.6 55.4 65.3

Table 5: Limiting strength and buried depth of rock.

Lithology Siltstone Mudstone Fine sandstone Sandy stone
Buried depth of limiting strength (m) 500∼600 300∼400 400∼500 400∼500
Cohesion range (MPa) 11.5∼12.5 6∼7 9∼10 7∼8
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Figure 30: Displacement of roof to floor.
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Figure 31: Displacement of ribs.
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Table 6: Comparison of displacement of new digging roadway ribs (mudstone).

Depth (m) 300 400 500 600 700 800 900
Displacement of rib to rib (mm) 103.1 171.6 230.8 275.6 305.9 323.9 335.5
Difference value (mm) 68.5 59.2 44.8 30.3 18 11.6
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Figure 32: Displacement of roof to floor with different widths.

300 400 500 600 700 800 900
0

50

100

150

200

250

350

300

D
isp

la
ce

m
en

t o
f r

ib
 to

 ri
b 

(m
m

)

Burial depth (m)

3.5–4m
3–3.5m
2.5–3m

Figure 33: Displacement of rib to rib with different heights.

Table 7: Comparison of displacement of new digging roadway rib to rib.

Depth (m) 300 400 500 600 700 800 900
Displacement of rib to rib (mm) 152.6 200.8 239.4 268.4 287.7 300.4 310.2
Difference value (mm) 48.2 38.6 29 19.3 12.7 9.8
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6. Conclusions

(1) In the first 5 days after the roadway excavation, the
surrounding rock deformation is basically not affected
by the buried depth. -e influence period of roadway
deformation with different depths is the same. Within
50 days after roadway excavation, 1∼15 days is a severe
period, 15∼35days is a moderating period, and
35∼50 days is a stable period.

(2) With the increase in buried depth, the deformation
increment of new digging roadways decreases gradu-
ally. -e deformation increment of surrounding rock
with buried depth within 300∼600m is about twice
600∼900m.-e buried depth of the limiting strength of
most roadway surrounding rock is 600m.

(3) In the range of 100m from the working face to the
monitoring point, the surrounding rock deformation is
affected by the front pressure of the face, which can be
divided into two stages: severe influence range
(10∼60m) and stable influence range (60∼100m).With
the increase in buried depth, the deformation increment
of mining roadway with buried depth within
600∼900m is much larger than that within 300∼600m.

(4) -e deformation of surrounding rock increases with
the increase in the width and height of the roadway
section and increases with the decrease in the
strength of surrounding rock.
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As mining progresses to depth, engineering activities face the extreme challenge of high in situ stress. To efficiently measure the
deep in situ stress before engineering excavation, an innovative deep in situ stress measurement method capable of the geological
core ground reorientation technology and acoustic emission (AE) technology was proposed. With this method, nonorientation
geological cores collected from the thousand-meter-deep borehole were reoriented based on the spatial spherical geometry model
and borehole bending measurement principle. 'e distribution of deep in situ stress of an over-kilometer-deep shaft in the
Xiangxi gold mine was investigated with real-time synchronized MTS 815 material testing machine and PCI-II AE instrument.
'e results show that the in situ stress changes from being dominated by horizontal stress to being dominated by vertical stress
with depth.'e horizontal maximum principal stress and vertical stress gradually increase with depth and reach a high-stress level
(greater than 25MPa) at a depth of 1000m.'e direction of themaximum principal stress is near the north. Meanwhile, to analyze
the accuracy of the measured in situ stress comparatively, the stress relief measurements were performed at a depth of 655–958m
in the mine, using the Swedish LUTrock triaxial in situ stress measurement system.'e distribution of deep in situ stress obtained
by the stress relief method agrees well with that by the AE method, which proves the reliability of the AE in situ stress testing
method based on the geological core ground reorientation technology.

1. Introduction

In situ stress is the internal stress in rockmass in the crust. It is
the fundamental force that causes the deformation and failure
of underground excavation structures such as mines, tunnels,
and chambers [1–3]. In mining engineering, the influence of
in situ stress increases with the increase in burial depth of the
mine year by year [4–7].'e high in situ stress in depth causes
an increased risk of rockburst and seismicity and brings
significant challenges to the excavation and support of en-
gineering structures [8–11]. 'erefore, it is a necessary pre-
requisite to conduct measurement and understand the
distribution of in situ stress in the crust for the scientific
design and excavation of deep engineering structures [12–15].

At present, the investigation and development of deep in
situ stress measurement technology have attracted increasing

attention of many scholars and engineers [16–19]. Compared
with the shallow subsurface, the complex geological conditions
and limitedmeasurement space in depthmake it challenging to
measure in situ stress accurately. Correspondingly, there are
only a few theories and methods available for deep (over one
kilometer or up to a few kilometers’ depth) in situ stress
measurement [1, 12, 20–22].'e theories andmethods that are
easy to operate, cost-effective, and readily available for large-
scale application are almost a blank.

For the in situ stress measurement of rock mass with
considerable depth, the existing mainstream methods, such as
stress relief, hydraulic fracturing, and acoustic emission (AE),
have been applied in the measurement engineering, but there
are some limitations in the practical applications. 'e stress
relief method is a proven quantitative in situ stress measure-
ment technique. However, the measurement process requires
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the measurement operator and equipment to reach the deep
measurement position [1, 21], which significantly limits the
operability of this method in deep narrow space. Besides, the
uncertainty in the constitutive behavior of deep rock affects the
accuracy of the stress relief method. 'e hydraulic fracturing
method is an effective method to measure deep in situ stress
but is still essentially a plane stress measurement technique. To
obtain the actual three-dimensional in situ stress distribution in
depth, it is necessary to perform hydraulic fracturing mea-
surement in more than three intersection boreholes [23, 24].
Although a single borehole hydraulic fracturing method has
been developed in recent years [25], the operation is complex,
and many environmental conditions limit the success rate and
accuracy. Compared with the former two methods, the
acoustic emission (AE) method can be carried out in the
laboratory with more stable test conditions and lower test costs
[19, 26]. However, this method requires special oriented coring
tools to drill the orientation core in the borehole before testing.
'e high-cost, low-efficiency, and time-consuming oriented
coring processes prevent the AEmethod from being effectively
promoted [27]. Currently, some core orientationmethods have
been developed, such as paleomagnetic orientation, borehole
TV, and stratigraphic scanning orientation, whereas they all
have some limitations in actual engineering applications
[28, 29]. 'erefore, oriented coring or core orientation in the
large-depth rock mass is still a very laborious task.

In this paper, a newmethod for the ground reorientation
of the geological core is proposed. 'e geological core
ground reorientation technology replaces the cumbersome
operation of core orientation in the large-depth borehole,
making the AE method an ideal technology for large-depth
in situ stress measurement.

2. Geological Core Ground
Reorientation Technology

2.1. !eory of Geological Core Ground Reorientation
Technology

2.1.1. Precondition of Geological Core Reorientation.
During the process of deep drilling and coring production,
bending of the borehole will occur without exception due to
geological and technological factors. Moreover, the axis of
the core is always in line with that of the borehole under
normal drilling conditions. 'erefore, it is possible to
characterize the bending state of the core column using the
borehole incline-measure data. 'e geological core ground
reorientation is based on the above conditions and uses
known incline-measure data to calculate the other additional
incline-measure related data. Further, the continuously
linked inclinometry is carried out in reverse with an incli-
nometer calibration stage to reorientate the in situ orien-
tation of the core.

2.1.2. Spatial Spherical Geometry Model of Incline-Measure
Data. Figure 1 shows the spatial spherical coordinates of the
upper (A) and lower (B) measuring points of single incline-
measure data. PP′ is the upright diameter of the sphere,

OP′AP and OP’BP are two large upright circles, and OAB is
the large inclined circle. OA and OB are the adjacent upper
and lower measuring points of the borehole, θ1 and θ2 are
zenith angles, c is the total bending angle, and Δα is the
change value of azimuth between two large upright circles.
φ1 and φ2, angles between the two upright large circles and
the large inclined circle, are the special values of the end
angle of the upper (A) and lower (B) measuring points.'us,
the three sides of the spherical triangle ABP are θ1, θ2, and c,
and the three angles are π−φ1, φ2, and Δα. For the above
parameters, if any three parameters are known, the other
three parameters can be calculated according to the spherical
triangle correlation.

2.1.3. Geological Core Ground Reorientation Based on an
Inverse Process of Continuously Linked Inclinometry.
Continuously linked inclinometry is the use of measuring
tools to obtain the zenith angle θi, zenith angle θi+1, end
angle φi, and end angle φi+1 (Δφ�φi+1 −φi) at the upper and
lower end of a measuring section of the borehole. After that,
the change value of azimuth Δα can be calculated to orient
the borehole. 'e inverse process is to calculate the total
bending angle c, end angle φ1, and end angle φ2 under the
condition that the zenith angle θ1, zenith angle θ2, and
azimuth change value Δα are known. Further, π−φ1, φ2, c,
and the other three parameters (θ1, θ2, and Δα) constitute the
unique spherical triangle, as shown in Figure 1. According to
the above six parameters (φ1, φ2, c, θ1, θ2, and Δα), the in situ
spatial posture of the core is restored using an inclinometer
calibration stage.

2.2. Procedure of Geological Core Ground Reorientation
Technology. Ground reorientation method of the non-
orientation core includes the following steps.

O
θ1

θ2

θ2

Δα

θ1

φ1

φ2

γ

γ

B

P

P′

A

Figure 1: Mapping of incline-measure data in a spatial spherical
coordinate.
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(1) Sampling: the fresh geological cores are collected
from the drilling site or geological core library. 'e
geological cores need to ensure that the structure is
complete, the length-diameter ratio is greater than 5,
the upper end is marked, and the sampling depth is
precise.'e cores whose fractures coincide with each
other should be collected as much as possible to help
improve the measurement accuracy.

(2) Collection and analysis of incline-measure data: the
incline-measure data of the borehole are collected,
including the borehole depth, zenith angle, and
azimuth angle. Based on the borehole depth, the
upper and lower ends of each core sample are
matched with the corresponding zenith angles θ and
azimuth angle α. If the sampling point is between the
adjacent incline-measure points, the zenith angles
and azimuth angles of the upper and lower ends of
each core sample can be obtained by mathematical
interpolation or stereographic projection-spherical
triangle method. Further, φ1, φ2, and c of the upper
and lower ends of each core sample can be calculated
by spherical trigonometric formula as follows:

ctgφ2 � −cos θ2 · ctgΔα + ctgθ1 · sin θ2 · cscΔα,

ctg π − φ1(  � −cos θ1 · ctgΔα + ctgθ2 · sin θ1 · cscΔα,

cos c � cos θ1 · cos θ2 + sin θ1 · sin θ2 cosΔα.

⎧⎪⎪⎨

⎪⎪⎩

(1)

(3) Reverse measurement and reorientation: the incli-
nometer calibration stage, inclinometer shell, core
coaxial fixture, and small-diameter inclinometer or
fixed-plate inclinometer are used together to restore
the spatial posture of nonorientation cores. 'e
small-diameter inclinometer or fixed-plate incli-
nometer is fixed in inclinometer calibration stage,
and the upper section of the core is clamped into the
core coaxial fixture first.'e inclinometer calibration
stage is then adjusted to calibrate the zenith angle
and azimuth angle of the upper section of the core.
After that, the core coaxial fixture is released, and the
core and inclinometer are rotated axially until the
end angles of the upper and lower section coincide
with the calculated values. Further, the spatial pos-
ture of the core is locked, and a generatrix line is
marked on the core in the vertical direction (the
direction indicating the weight of the inclinometer).
'e generatrix line is the intersection line of the
plane where the total bending angle is located and
the core column surface. Finally, a horizontal ellipse
is marked on the core column surface, and the north
(N) direction is also marked on the horizontal ellipse
according to the azimuth angle, as shown in Figure 2.

3. In Situ Stress
Measurement after Reorientation

3.1. Sample Processing for AETest. All the geological cores of
in situ stress measurement were collected from the ZK2

geological borehole (the maximum borehole depth of
1040m) in the Xiangxi gold mine of Hunan Province, China,
as shown in Figure 3. To grasp the distribution of in situ
stress with depth and highlight the distribution of in situ
stress in deep areas, geological cores with a diameter of
65mm were taken from 200, 400, 600, 800, 900, and 1000m
depths of the borehole, respectively.

After the cores were reoriented accurately, the cylin-
drical samples for AE test were drilled from four directions
of the cores, as shown in Figure 4.'ree to five samples were
drilled in the vertical direction, and its role was to determine
the vertical stress according to the Kaiser point. 'ree to five
samples were drilled, respectively, from three directions at 0°
(N), 45°, and 90° on the horizontal ellipse plane of the core, to
determine the direction and value of the horizontal maxi-
mum principal stress and the horizontal minimum principal
stress according to the Kaiser points. To ensure the reliability
of test results, samples were drilled and cut to a diameter of
25mm and a height of 50mm. Both ends of each sample
were carefully polished on the diamond grinding table.

3.2. Test Equipment. 'e loading instrument used in the test
is American MTS 815 servocontrolled rigid material testing
machine with the 793 control system, as shown in
Figure 5(a). 'e testing machine has a maximum load of
2600 kN and can precisely control load, displacement, and
strain in a variety of modes. Besides, the test system is
equipped with PCI-II multichannel AE instrument [30, 31].
Before the test, the above two instruments are modified
synchronously, and the load data of the MTS 815 testing
machine are introduced into the AE instrument as external
parameter signals, as shown in Figure 5(b). 'us the AE
events and the corresponding stress values can be simul-
taneously collected by the AE instrument at a megahertz-
level rate, which improves the accuracy of judgment of the
Kaiser point.

3.3.TestMethodsandParameterSettings. 'e purpose of the
AE test is to stimulate AE signals of rock samples by
uniaxial compressive loading and then identify and

Calibrator

Coaxial fixture

Direction indication

Generatrix line

Sampling direction

North (N) line

Horizontal ellipse

Figure 2: Reorientation of the nonorientation core.

Advances in Civil Engineering 3



determine the Kaiser points corresponding to in situ stress
in AE signals. 'e displacement rate control mode of MTS
testing machine was adopted in the test. 'e loading speed
was set at 0.1 mm/min under the graded cyclic loading
state. 'e first-level stress of cyclic loading should be
higher than the predicted in situ stress. Moreover, the
dual-channel data acquisition mode of the AE instrument
was adopted and the two AE probes (resonance frequency
of 20–400 kHz) were placed on the opposite side of the
sample. 'e preamplifier of the AE instrument was set to
40 dB, the noise threshold was 40 dB, and the AE sampling

frequency is 1MHz. In addition, the coupling agent was
applied to the contact surface between the test sample and
the AE probe, to ensure that the AE signal can be well
received; a thin layer of petrolatum was applied at the
interface between the press head and the test sample, to
reduce the effect of end noise on the AE test results.

Figure 5(c) shows that both the loading value and the AE
signals are collected simultaneously on the same time axis
during the loading process. 'e mutation point of AE signal
is well matched to the external load for the identification of
Kaiser point and the corresponding stress.

4. Results and Discussion

4.1. Calculation and Analysis of In Situ Stress. According to
the above AE test method, the initial Kaiser points of
samples drilling from four directions are determined, and
their corresponding loads are found, as shown in Figure 6.
To ensure the validity of the test results, a minimum of 15
samples per depth were taken for AE test, and the average
value of the results after removing astronomical deviation
data is taken as the Kaiser stress, as shown in Table 1.

'e Kaiser stress in the vertical direction in Table 1 is
regarded as the vertical stress corresponding to the buried
depth. 'e three Kaiser stresses in the horizontal direction
(0°, 45°, and 90°) in Table 1 are taken into the plane stress
calculation equation (2) to calculate the magnitude and
direction of the horizontal maximum and horizontal
minimum principal stress [29], as shown in Table 2.
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where σI, σII, and σIII are measured stresses at 0°, 45°, and 90°
from clockwise direction due north, respectively; σH is the
horizontal maximum principal stress, σh is the horizontal
minimum principal stress, and β is the angle between the
direction of horizontal maximum principal stress and the
north direction, which is positive when turned counter-
clockwise to the north direction.

4.2. Distribution and Variation of In Situ Stress.
Figure 7(a) and Table 2 show that the in situ stress in the
drilling area is dominated by horizontal tectonic stress,

especially at the borehole depth of less than 600m. With
the further increase in the depth, the dominant effect of
the horizontal tectonic stress decreases, while the effect of
vertical stress increases. In addition, the horizontal
maximum principal stress increases with borehole depth.
'e horizontal minimum principal stress also increases
with borehole depth, with a higher value near 400m
depth. 'e abnormal point of in situ stress may be related
to the implicit geological structure in the local area.

'e azimuth of the horizontal maximum principal
stress at different depths is consistent, all of which are near
the north, distributing between N5°W–N18°E, as shown in
Figure 7(b).

Figure 7(c) shows that the vertical principal stress
increases linearly with the borehole depth, which is
consistent with the gravitational stress at the corre-
sponding buried depth.

'e linear regression analysis is performed on the
stress values in Figure 7(a), and the calculation formula of
the in situ stress with depth in the drilling area can be
obtained:
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σV � 0.0262h,

σH � 0.0082h + 17.79,

σh � 0.0084h + 3.38,

⎧⎪⎪⎨

⎪⎪⎩
(3)

where σv is the predicted vertical principal stress, MPa; σH is
the predicted horizontal maximum principal stress, MPa; σh
is the predicted horizontal minimum principal stress, MPa;
and h is the depth, m.

4.3. Comparative Verification of Measurement Accuracy.
In order to analyze the accuracy of the measured in situ
stress comparatively, Xiangxi gold mine carried out verifi-
cation in situ stress measurement in the underground mine
with the stress relief method. 'e measurements were

performed at a depth of 655–958m in the mine, using the
Swedish LUTrock triaxial in situ stress measurement system,
as shown in Figure 8.

'e magnitude and direction of the in situ stresses at the
four measurement points were obtained from the LUT in
situ stress calculation program, as shown in Table 3. Besides,
based on the stress components obtained during stress relief,
planar stress calculations were performed to solve σH, σh,
and σv at each measurement point, as shown in Table 4.
Meanwhile, (3) fitted by the AE method was also used to
calculate the AE in situ stresses at the four measurement
points, which were listed in Table 4 for comparative analysis.

Tables 3 and 4 show that the in situ stress measured by
the stress relief method has the following distribution
characteristics:

Table 1: Kaiser stress of AE tests.

Kaiser stress in the vertical
direction (MPa)

Kaiser stress in the horizontal direction (MPa)
σI (0°) σII (45°) σIII (90°)

Borehole depth (m) Actual value Average value Actual value Average value Actual value Average
value Actual value Average value

200

5.26

5.10

13.94

18.27

18.00

16.35

4.29

5.105.52 19.75 14.11 5.33
4.52 22.14 15.62 5.29
— 17.23 17.69 5.48

400

11.09

12.35

21.72

20.02

18.73

18.71

9.44

11.9613.10 14.75 17.61 13.44
12.85 17.51 21.97 15.92
— 26.08 16.52 9.03

600

16.60

16.58

25.24

22.47

16.60

13.00

4.16

5.5516.60 21.63 14.41 8.63
16.55 23.65 10.91 4.98
— 19.34 10.09 4.42

800

16.61

19.91

22.61

23.06

15.54

20.15

9.41

9.7327.62 22.32 19.88 8.75
15.51 25.06 18.59 11.95
— 22.25 26.59 8.80

900

17.80

23.75

30.08

24.64

20.88

21.33

11.26

11.6422.76 22.10 23.87 12.19
30.69 24.31 18.99 13.04
— 22.09 21.58 10.07

1000

26.52

25.69

32.57

26.12

15.52

18.65

15.65

13.4121.80 24.80 17.59 10.28
28.76 25.30 19.49 13.40
— 21.80 21.99 14.33

Table 2: Magnitude and direction of principal stress.

Measuring point
depth (m)

Vertical principal
stress σv (MPa)

Gravitational stress
σG (MPa)

Horizontal maximum
principal stress σH

(MPa)

Horizontal minimum
principal stress σh

(MPa)

Horizontal maximum
principal stress azimuth β

(°)
200 5.10 5.50 19.75 3.62 17.66
400 12.35 11.00 20.85 11.13 17.01
600 16.58 16.50 22.53 5.49 -3.40
800 19.91 22.00 24.04 8.75 14.70
900 23.75 24.75 25.38 10.90 13.07
1000 25.69 27.50 26.22 13.31 -4.98
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(1) 'e dip angle of the maximum principal stress (σ1)
generally increases with depth, as shown in Table 3. 'e dip
angle of σ1 at a depth of 655m is 14.17°, indicating that the
σ1 is a significant horizontal stress. When the depth in-
creases to 756–765m, the dip angle of σ1 increases to
24.47°–26.91°, indicating that the σ1 is near horizontal stress.
Until the depth increases to 958m, the dip angle of σ1
reaches 47.34°, indicating that the σ1 is inclined stress. 'e
trend of dip angle of σ1 shows that the in situ stress changes
from being dominated by horizontal stress to being domi-
nated by vertical stress with depth, which is consistent with
the resulting trend of the AE method. (2) 'e azimuth of σ1
is N41.16°W–N24°E, which is close to the azimuth measured

by the AE method, pointing to the near north direction, as
shown in Figure 9. (3) 'e vertical stress (σV) measured by
the stress relief method increases with depth, as shown in
Table 4, which is also consistent with the resulting trend of
the AE method.

In summary, the measurement results of the re-
orientation core AE method and stress relief method are in
good agreement. In particular, there is consistency in the
change of maximum principal stress, the azimuth of max-
imum principal stress, and the change of vertical stress,
which shows that the reorientation core AE method is re-
liable. Certainly, Table 4 shows that there is some deviation
in the values of σH, σh, and σv obtained by the two types of
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Figure 7: Distribution and variation of in situ stress. (a) σv, σH, and σh; (b) azimuth β; (c) σv and σG.

(a) (b) (c)

(f) (d)(e)

Figure 8: Stress relief process. (a) Drilling and cleaning, (b) installing strain gauge probe, (c) stress relief and data acquisition, (d) getting the
core tube, (e) confining pressure calibration, (f ) and in situ stress calculation.
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methods, which is mainly due to the difference in geological
structure (shown in Figure 3) of the sampling points and the
fact that the shear stresses were not taken into account in the
reorientation core AE method.

5. Conclusion

In this study, an innovative deep in situ stress measurement
method capable of the geological core ground reorientation
technology and the AE technology was developed. With this
method, the distribution of deep in situ stress of an over-
kilometer-deep shaft in Xiangxi gold mine was investigated.
Meanwhile, to analyze the accuracy of the measured in situ
stress comparatively, the stress relief measurements were
performed. 'e following are the conclusions drawn from
this study:

(1) 'e geological core ground reorientation technology
combines the spatial spherical geometry model and
borehole bending measurement principle to reorient
the geological core on an indoor calibration stage.
'is technology allows geological core orientation to

be separated from the drilling process without the
need for in-borehole operation and has the advan-
tages of simple operation, high accuracy, and low
cost.

(2) 'e AE in situ stress tests were carried out with
reorientation geological cores to analyze the distri-
bution of in situ stress in deep (1040m) borehole in
the Xiangxi Gold Mine. 'e results show that the in
situ stress changes from being dominated by hori-
zontal stress to being dominated by vertical stress
with depth. 'e horizontal maximum principal
stress and vertical stress gradually increase with
depth and reach a high-stress level (greater than
25MPa) at a depth of 1000m. 'e direction of the
maximum principal stress is near north.

(3) In order to comparatively analyze the accuracy of the
measured in situ stress, Xiangxi gold mine carried
out verification in situ stress measurement in the
underground mine with the stress relief method.'e
distribution of deep in situ stress obtained by the
stress relief method agrees well with that by the AE

Table 3: In situ stress results of the stress relief method.

No. Depth
(m)

Maximum principal stress σ1 Intermediate principal stress σ2 Minimum principal stress σ3
Magnitude
(MPa)

Azimuth
(°) Dip (°) Magnitude

(MPa)
Azimuth

(°) Dip (°) Magnitude
(MPa)

Azimuth
(°) Dip (°)

1# 655 29.67 24.06 14.17 11.53 285.31 31.09 2.74 135.31 55.15
2# 756 32.74 332.15 26.91 17.07 77.15 26.69 1.11 204.56 50.39
3# 765 32.27 322.84 24.47 17.67 70.18 33.22 0.58 204.04 46.62
4# 958 39.35 318.84 47.34 28.10 94.19 33.23 10.67 200.73 23.47

Table 4: Comparison of the results of stress relief method and AE method.

Depth
σH (MPa) σh (MPa) σv (MPa)

Stress relief AE Deviation Stress relief AE Deviation Stress relief AE Deviation
655 28.25 23.16 0.18 8.99 8.88 0.01 6.70 17.16 0.61
756 27.76 23.99 0.14 12.35 9.73 0.21 10.81 19.81 0.45
765 28.57 24.06 0.16 10.80 9.81 0.09 11.15 20.04 0.44
958 32.38 25.65 0.21 14.32 11.43 0.20 31.42 25.10 0.20
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Figure 9: Azimuth of maximum principal stress. (a) Azimuth measured by AE method and (b) azimuth measured by stress relief method.
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method, which proves the reliability of AE in situ
stress testing method based on the geological core
ground reorientation technology.
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.is paper explores a new approach for assessing the stability of a hazardous rock block on a slope using vibration feature
parameters. A physical model experiment is designed in which a thermally sensitive material is incorporated into the potential
failure plane of the hazardous rock, and the complete process of hazardous rock collapse caused by strength deterioration is
simulated by means of constant-temperature heat transfer. Moreover, the vibration response of the hazardous rock is monitored
in real time by laser vibrometry. .e experimental results show that five vibration feature parameters, including the mean
frequency, the center frequency, the peak frequency, the mean frequency standard deviation, and the root mean square frequency,
are well-correlated with rock stability. Furthermore, through principal component analysis, the five vibration feature parameters
are synthesized into a principal component factor (PCF) as a representative assessment parameter. .e results of the analysis
demonstrate that the variation in the PCF exhibits three characteristic stages, i.e., “stationary-deviation-acceleration,” and can
effectively identify the stability evolution trend and collapse precursor behavior of hazardous rock block.

1. Introduction

Hazardous rock, located on a steep slope and surrounded by
weak failure planes, is a rock block with little stability
(Figure 1). .e collapse of rocks is a significant natural
hazard in mountainous areas. In most cases, it is difficult to
predict the stability of the rock block and to implement
effective mitigation measures due to the abruptness and
destructivity of the collapse. Some studies have shown that
the mechanical stability of a rock slope is greatly affected by
the deformation and strength characteristics of the potential
failure plane in the rock mass [1, 2]. Additionally, strength
deterioration of a potential failure plane caused by weath-
ering, earthquake or heavy precipitation is the root cause of
rock collapse [3, 4].

Generally, the stability assessment of rock blocks is based
on empirical judgments gained by visual inspection of rock
mass structures. However, it is difficult to quantitatively

assess stability with visual inspection. .e instability and
failure of the rock slope is a progressive process [5], and the
precursory indicators that existed before the rupture enable
the assessment of the stability and to forecast the failure [6].
Many researchers have reported by using extensometer,
photogrammetry, global positioning system (GPS), light
detection and ranging (LiDAR), ground-based interferom-
etry synthetic aperture radar (GBInSAR), and other tech-
nical approaches to observe displacement (or strain) to
locate hazardous rocks [7–13]; however, in general, haz-
ardous rock collapses at low strain and tertiary creep develop
very rapidly [14], which makes it difficult to use displace-
ment (or strain) to monitor the strength deterioration in a
rock mass and to predict its tendency towards stability
development [15].

In recent years, damage identification theory has been
developed. .is theory is based on measuring the vibration
response of structures and extracting vibration feature
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parameters to identify the degree of damage [16]. Many
researchers have reported assessing the probability of rock
failure by measuring vibration feature parameters using
sensors installed into the hazardous rock block [17–20].
Additionally, the laser Doppler vibrometer (LDV) has been
proven to measure vibration response quickly and accurately
over long distances both experimentally and practically
[21, 22]. Laser vibrometry is effective for identifying the
strength deterioration of rock blocks on slopes. Ma et al. [23]
conducted a concrete block vibration monitoring test using
LDV and found that the tendency of the dominant frequency
is consistent with the positive correlation between the block
mechanical stability and the adhesion area by changing the
bonding area between the concrete block and the concrete
pedestal. Du et al. [24] bonded the toughened glass block
with the freezing method and measured its vibration signal
during the process from freezing to thawing using LDV.
.ey found that the fundamental natural frequency de-
creased when the cohesion of the potential sliding plane
gradually weakened. Jia et al. [25] monitored the funda-
mental natural frequency of hazardous rock onsite and
calculated the actual safety factor of the rock mass by the
mass-spring model. .us, frequency response monitoring is
a practical and reasonable method to evaluate the stability of
hazardous rock block.

In this paper, we explore a new method of assessing the
stability of a hazardous rock block on a slope using vibration
feature parameters. A physical model experiment is designed
in which a thermally sensitive material is incorporated into
the potential failure plane of hazardous rock, and the
complete process of hazardous rock collapse caused by
strength deterioration is simulated by means of constant-
temperature heat transfer. Moreover, the vibration response
of the hazardous rock is monitored in real time by laser

vibrometry to obtain the vibration feature parameters that
are strongly related to the stability of the rock block and to
analyze its evolution law.

2. Theoretical Model

From the perspective of statics, the failure of the dangerous
rock block is due to insufficient tensile (or shear) resistance
at the potential failure plane. .e hazardous rock block is
regarded as a structure, and the resistance to maintain its
equilibrium is provided by the structural stiffness of the
potential failure plane. If the change of resistance stiffness
can be accurately judged, the stability development trend of
the rock block can be evaluated, but this change is difficult to
obtain by statics. For a structural dynamic analysis, we use a
damping spring to simulate the stiffness characteristics of the
potential failure plane [26, 27], assuming that the rock block
is a rigid body, the slope is a fixed body, and the deformation
of the potential failure plane is linear elastic deformation
within the amplitude range. .e hazardous rock mass can
thus be regarded as a dynamic system, and the main vi-
bration mode is a swing around a fixed base point [28]. .e
dynamic model is shown in Figure 2.

In this analysis model, the rock block and the stable part
compose a single-degree-of-freedom dynamic system.When
the damping coefficient is ignored, the differential equation
of the dynamic system can be expressed as

Jo
€θ +

kl
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4
θ � 0. (1)

.e natural frequency can be expressed as
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1
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���
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12
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2⎡⎣ ⎤⎦, (3)

wheref is the natural frequency of the dynamic system (Hz),
J0 is the moment of inertia of the rock block around point O

(kg·m), ρ is the density of the rock block (kg/m3), andE is the
elastic modulus of the potential failure plane (Pa).

As shown in equations (1)–(3), the natural frequency of
the dynamic system can be calculated from the rotary inertia
of the rock and the stiffness and size of the potential failure
plane. Here, we consider that the stiffness and the size of the
potential failure plane are closely related to the rock block
stability [1, 29] and that the size and density distribution of
the rock block are generally unchanged; therefore, in theory,
the stability of the rock block can be characterized by its
natural frequency. In practical applications, we generally
measure the vibration response to analyze the natural fre-
quency characteristic of the rock block [30]. Hence, in this
study, we examine the vibration response feature parameters

Figure 1: Typical hazardous rock block structure.
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in the frequency domain to characterize the stability of the
rock block.

3. Experimental Method

3.1. Experimental Model. In this experiment, a concrete
block is used to represent the unstable block. .e potential
failure plane is constructed of a material whose strength is
heat-sensitive: sand and gypsum as the aggregate and par-
affin as the gelling agent [31]. An electric heating element is
embedded in the material to control the degree of damage to
the potential failure plane. .e heat-sensitive material is
used to bond the concrete block and the stable slope. As the
heating element heats up, the strength (stiffness) of the
material of the potential failure plane gradually deteriorates.
Simultaneously, an LDV is used to record the vibration
signal of the concrete block under the excitation. Figure 3
shows a schematic of the experimental model. Table 1 shows
the size and weight of the experimental material.

3.2. Experimental Equipment. .e experimental equipment
includes an LDV, an accelerometer, an electric heating el-
ement, an infrared thermal imager, and a vibration exciter.
An RSV-150 LDV produced by Polytec, Germany, is applied
to measure the surface vibration and displacement of the
block, as shown in Figure 4(a), with a frequency measure-
ment range of 0–25 kHz, speed resolution of <0.5 μm/s/
√Hz, and displacement resolution of 0.3 nm. An H36 in-
frared camera produced by Hikvision, China, is applied to
measure the temperature variation in the potential failure
plane, as shown in Figure 4(b) with a temperature

measurement range of −20–400°C, a temperature mea-
surement accuracy of ±2°C, and a resolution of 0.1°C.

3.3. Experimental Advantage. In this experiment, the tem-
perature of the potential failure plane is varied to control the
strength of the concrete block. .e associated experimental
advantages are (1) the test can simulate the entire process of
rock block collapse under the influence of gravity without
human external intervention; (2) the concrete block can be
controlled to different stable states; and (3) the test has good
operability and repeatability.

4. Experiment I: Determination of Vibration
Feature Parameters

4.1. Experimental and Analytical Procedures. To determine
the vibration feature parameters that characterize the sta-
bility of the block, we adjust the electric heating element to
different fixed temperatures and use the infrared thermal
imager to monitor the thermal conduction process of the
potential failure plane. When the temperature is constant,
we measure the vibration response of the concrete block
under impact excitation by laser vibrometry and the stability
safety factor by a loading test.

.e experimental simplified stability calculationmodel is
shown in Figure 5. When the concrete block is loaded to the
equilibrium limit, the stability safety factor is defined as the
ratio of the overturning moment and the maximum resis-
tance moment of the block. .e stability safety factor of the
block can be expressed as follows:

A

a

Potential failure plane

Stable part

Rock block

d b

n

l

O

m
C

W

B

(a)

A B

CO

θ

k

D

l/2

(b)

Figure 2: Structural model of a hazardous rock block and its dynamic analysis model. (a) Structural model. (b) Dynamic model. Here,
(a) and (b) are the position coordinates of the rock center of mass (point (W)), (m) and (n) represent the size of the rock, (l) and (d)
represent the size of the potential failure plane, (k) is the equivalent stiffness of the potential failure plane, and θ is the microrotation
angle under excitation.
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(a) (b)

Figure 4: Experimental instruments: (a) laser Doppler vibrometer; (b) infrared thermal imager.
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Figure 5: Stability calculation model of the concrete block.
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Figure 3: Experimental model.

Table 1: Size and weight of the materials.

Material
Size (cm)

Mass (g)
Length Width Height

Unstable rock 7.1 7.1 7.1 788.9
Potential failure plane 7.1 0.5 7.1 29.7
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fs �
Ft

G
�

G + Fl

G
, (4)

where fs is the stability safety factor of the concrete block, G

is the block weight (N), Ft is the tensile resistance (N), and Fl

is the vertical limit load (N).
Under a consistent experimental method, five temper-

ature states were measured, including 15°C, 26°C, 35°C, 44°C,
and 48°C. .e infrared thermal imaging of the concrete
blocks is shown in Figure 6.

4.2. Experimental Results. .e experimental results show
that, as the temperature of the potential failure plane in-
creases, its strength decreases, until the block collapses (the
failure temperature is 53°C). Figure 7 shows the correlation
between the safety factor calculated by equation (4) and the
temperature of the potential failure plane. .e fitting for-
mula of the safety factor is as follows:

fs � 3.585 − 0.194 exp
T

20.383
 , (5)

where fs is the stability safety factor of the concrete block
and T is the temperature of the potential failure plane (°C).

In addition, the spectrum response curve is obtained by
smoothing, denoising, and fast Fourier transformation of the
vibration response data, as shown in Figure 8. As the
temperature of the potential failure surface rises, the mag-
nitude and position of the spectrum curve change signifi-
cantly, indicating that the vibration characteristics of the
concrete block have changed.

Furthermore, using statistical analysis, five vibration
feature parameters to characterize the stability of the block
are obtained, including the mean frequency (P1), the center
frequency (P2), the root mean square frequency (P3), the
peak frequency (P4), and the mean frequency standard
deviation (P5). Specific explanations of the parameters are
shown in Table 2. Parameter P1 is the vibrationmagnitude in
the frequency domain. Parameters P2–P4 describe the
convergence of the spectrum power. Parameter P5 shows the
position change in the main frequencies [32].

Table 3 shows a list of vibration feature parameters in
different stable states. Figure 9 shows the correlations be-
tween the vibration feature parameters and the concrete
block stabilities. During progression from state 1 to state 5,
the block stability has a significant negative correlation with
P1 and P5, which shows that the magnitude and con-
stringency of the vibration frequency domain increase; the
block stability has a significant positive correlation with
P2–P4, which shows that the main frequencies gradually
decrease. In addition, the data show that using a single
parameter for assessment is susceptible to erroneous eval-
uation, such as the peak frequency commonly used by re-
searchers [23–25], which has an abnormal trend change in
state 3. For this reason, we use multiple parameters to assess
the stability evolution trend.

5. Experiment II: Assessment of the Stability
Evolution Trend

5.1. Experimental and Analytical Procedures. In experiment
II, a constant temperature (53°C) heat transfer condition is
set. As heat transfer progresses between the electric heating
element and the potential failure plane, the stability of the
concrete block continues to decrease, and the block ulti-
mately collapses. .e experiment records the dynamic
changes in displacement, vibration signal, and temperature.
To incorporate the variation characteristics of the five kinds
of vibration feature parameters as much as possible, prin-
cipal component analysis is used to obtain the principal
component factor (PCF) as a representative assessment
parameter. Furthermore, the stage characteristics of PCF
variation and relevance with the stability evolution trend are
analyzed.

5.2. ExperimentalResults andDiscussion. In this experiment,
40 vibration acceleration response samples are obtained, and
the initial vibration feature parameter data matrix
X � (xij)n×p is calculated, where i � 1, 2, . . . , n, n� 40,
representing 40 samples; j � 1, 2, . . . , p, p � 5, representing
5 parameters; and xij represents the j-th parameter value of
the i-th sample.

.e scree plot obtained by principal component analysis
is shown in Figure 10. .e abscissa is the component
number, and the ordinate is the eigenvalue. .e eigenvalue
of the first principal component is larger (>1) than the
others, and the variance contribution reached 92.717%,
indicating that most of the information of the vibration
feature parameters is represented..erefore, the load matrix
L of the first principal component is adopted as the weight of
each vibration feature parameter as follows:

L � [−0.455, 0.448, 0.447, 0.449, −0.435]
T
. (6)

.erefore, the PCF of the vibration feature parameters
can be expressed as follows:

PCF �
xij − xj

Sj

· L, (7)

where xj � (
n
i�1 xij/n) and Sj �

����������������
(

n
i�1 (xij − xj)

2/n)


.

In addition, the safety factor of the concrete block at
different times is calculated by temperature data and
equation (5).

Figure 11 shows the typical time histories of the safety
factor, the displacement, the PCF, and the PCF variation
rate. In the experiment, the unstable block collapsed ap-
proximately 738 s after the potential failure plane was
heated. .e displacement responded only minimally for a
long period of time, and an abnormal change in the sub-
millimeter level occurred only 5 s before collapse. In con-
trast, the evolution of the PCF featured obvious
characteristic stages. In the initial “stationary” phase, the
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variation rate of the PCF was almost 0, and the safety factor
of the block also remained constant. With the strength
deterioration of the unstable block, the safety factor de-
creased slowly after 140 s, and the PCF exhibited “deviation,”
decreasing at a nearly uniform variation rate. At 400 s, the
PCF entered the “acceleration” phase, its variation rate
increased, and the decrease in the safety factor also
accelerated. At 700 s, the PCF exhibited an abnormal sudden
drop, and the block was close to collapse..e same trend was
obtained by repeated tests. .e experimental results show
that the PCF can effectively characterize the stability evo-
lution trend of unstable blocks and that its sensitivity to
strength deterioration is better than that of the displacement.
Additionally, the abnormal sudden decrease of the PCF in
the acceleration phase is a precursor to collapse.

6. Discussion

.e collapse disaster from a rock block is a process of
evolution with time, during which the state of the rock
block changes from stability, to damage, to instability. At
present, field monitoring data are mainly used to evaluate
the safety status of rock blocks, and the effective moni-
toring indicators should correlate well with the stability of
rock blocks. .e conventional monitoring and early
warning information based on displacement indicators
often cannot represent the change of strength (stiffness) of
the potential failure surface directly related to stability, thus
causing some difficulties in the determination of changes in
the rock block stability. In recent years, with the devel-
opment of low-power and high-precision new technologies

(a) (b)

Figure 6: Infrared thermal imaging of the concrete block: (a) ambient temperature (15°C); (b) heating temperature (48°C).
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Table 3: A list of vibration feature parameters and safety factors obtained experimentally.

State (±2°C)
Vibration feature parameters

Safety factorP1 P2 P3 P4 P5
Data Avg. Data Avg. Data Avg. Data Avg. Data Avg.

1 (15°C)
1.59

1.58
68.62

68.49
71.23

71.00
75.00

75.00
3.04

3.04 3.361.58 68.37 70.64 75.00 3.04
1.56 68.48 71.13 75.00 3.03

2 (26°C)
1.60

1.60
67.27

67.31
69.85

69.89
73.82

73.82
3.06

3.06 2.821.59 67.38 69.95 73.82 3.05
1.61 67.29 69.86 73.82 3.07

3 (35°C)
1.98

1.99
65.76

65.87
68.45

68.55
75.00

75.00
3.73

3.75 2.391.99 66.11 68.78 75.00 3.76
1.99 65.73 68.43 75.00 3.77

4 (44°C)
2.21

2.20
64.61

64.42
67.21

67.01
69.14

69.14
4.16

4.16 1.962.20 64.54 67.11 69.14 4.15
2.20 64.13 66.72 69.14 4.15

5 (48°C)
2.24

2.25
62.69

62.71
66.52

65.53
64.45

64.45
4.14

4.14 1.452.26 62.76 65.56 64.45 4.14
2.26 62.67 65.50 64.45 4.15

6 (53°C) — — — — — <1

Table 2: .e vibration feature parameters.

Feature Equation
Mean frequency P1 � (

K
k�1 S(k)/K)

Center frequency P2 � (
K
k�1 fkS(k)/

K
k�1 S(k))

Root mean square frequency P3 �

�������������������


K
k�1 f2

kS(k)/
K
k�1 S(k)



Peak frequency P4 � fk[s(k)max]

Mean frequency standard deviation P5 �

�����������������


K
k�1 (S(k) − P1)

2/K


where s(k) is a spectrum for k � 1, 2, . . . , K, K is the number of spectrum lines, and fk is the frequency value of the k-th spectrum line.
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(microelectromechanical accelerometer, electromagnetic
vibration exciter, LDV, etc.) [21, 30, 33], more studies are
focusing on vibration feature parameters to monitor
geotechnical slope. According to equation (3), there are
quantitative relations between the natural frequency
characteristics of rock blocks and their stiffness, while
Figure 9 shows that there is a good correlation between five
frequency-domain parameters and the safety factor of the
rock block. .erefore, the five vibration feature parameters
calculated by the equations in Table 2 can identify the
decrease of rock block stability. From Figure 11, in the
process of a rock block instability, the damage sensitivity of
the comprehensive evaluation indicator PCF calculated by
equation (7) is better than displacement, and the evolution
of the PCF illustrates definite stages and instability pre-
cursor characteristics. Consequently, the monitoring of
vibration feature parameters will provide a positive ref-
erence for the early warning of hazardous rock blocks in the
future.

7. Conclusions

In this study, a fundamental physical model experiment is
designed to explore the feasibility of using vibration feature
parameters monitored by laser vibrometry to assess the
stability of hazardous rock blocks on slopes.

.e experimental results show that the stability safety
factor of the block is negatively related to the mean fre-
quency and the mean frequency standard deviation and
positively related to the center frequency, the peak frequency
and the root mean square frequency, which indicates that
with decreasing block stability, the magnitude and con-
stringency of the frequency domain increase, and the main
frequencies gradually decrease. We also find that using a
single vibration feature parameter to evaluate the stability
may lead to misevaluation.

Furthermore, the principal component factor (PCF) of
the vibration feature parameters has distinct stage charac-
teristics, i.e., “stationary-deviation-acceleration,” which can
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effectively characterize the stability evolution trend of the
block, and its abnormal sudden drop in the acceleration
stage is a precursor of collapse. In contrast, the displacement
does not produce an obvious response before the block
collapse..us, the damage sensitivity of the vibration feature
parameters is better than that of the displacement. .e
monitoring of vibration feature parameters can provide a
useful reference for the safety evaluation and early warning
of a hazardous rock block on a slope.
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In view of the frequent occurrence of roof accidents in coal roadways supported by bolts, the widespread application of bolt
support technology in coal roadways has been restricted. -rough on-site investigation, numerical analysis, and other research
methods, 6 evaluation indicators were determined, and according to the relevant evaluation factors and four types of coal roadway
roof stability, a neural network structure for roof stability prediction was constructed to realize the quantitative prediction of the
roof stability of bolt-supported coal roadway. -e method of adding momentum is used to improve the BP neural network
algorithm. After passing the simulation test, it is applied to the field experiment of the roof stability classification. In order to
facilitate on-site application, on the basis of the established BP neural network prediction model, a coal mine roof stability
classification software recognition system was developed. Using the developed software system, the stability of coal roadway roof
is classified into mine, coal seam, and region. According to the recognition result, the surfer software is used to draw the contour
map of the stability of the roof of each coal mining roadway. -e classification results are consistent with the actual situation
on site.

1. Introduction

China has applied anchor rods to coal mine tunnels since
1956. After several technical breakthroughs, bolt support has
become the main support structure of coal mine tunnels at
present [1–3]. As a world-class large-scale modern mining
area, Shendong Mining Area has more than 95% of coal
lanes supported by bolts. Compared with traditional support
methods, bolt support technology has significant technical
and economic advantages in controlling the surrounding
rock deformation of coal roadway. However, there are also
two outstanding problems in the bolt support of the pro-
duction mines in the mining area. On the one hand, the bolt
support design is too conservative; on the other hand, the

roof accidents of the bolt support coal roadway also occur
frequently [4–6], which becomes the restrictive factor for the
widespread application of the bolt support technology in the
coal roadway. According to the statistics of coal mine ac-
cidents in the country from 2007 to 2016, the number of roof
accidents accounts for about 50% of the total coal mine
accidents, and the death toll of roof accidents accounts for
35.5% [7]. Table 1 shows the statistics of four typical roof
accidents in coal mines in China from 2017 to 2019. -e
supporting forms are all bolt and cable combined supporting
forms [8]. As coal mining develops deeper, the geological
structure is more complex and the impact of mining is more
severe. Security issues have become the focus of attention.
-erefore, the classification of roof stability of coal roadway
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with bolt support in Shendong mining area is a practical
need for high production, high efficiency, and safe pro-
duction in mining area [9].

At present, many new methods have been applied to the
practice of surrounding rock classification in underground
engineering and have made great progress, such as risk
matrix methods [10], fuzzy mathematics and euthenics [11],
and extension theory [12]. However, there is a complex
nonlinear relationship between the stability of surrounding
rock in underground engineering and its influence factors.
Moreover, these influencing factors themselves have a high
degree of ambiguity, randomness, and uncertainty, which
limits their application to the evaluation of the stability of
complex surrounding rocks. In recent years, neural networks
have achieved significant results [13, 14]. Especially, BP
neural networks have been widely used in the fields of
pattern recognition, classification, nonlinear dynamic pro-
cessing, automatic control, and prediction [15–18]. For
nonlinear relationships, BP neural network has a high
modeling ability. To this end, the paper uses BP neural
network to classify the roof stability of coal roadway sup-
ported by bolts in Shendong mining area.

2. Classification of Roof Stability

-e reasonable division of roof stability types directly relates
to the question of whether the classification results are
accurate and reliable, whether they are in line with the actual
conditions of on-site engineering, and whether they can be
applied on site. In paper, the roof stability classification is
based on the geological conditions, engineering conditions,
and on-site bolt support engineering practice of the bolt
support coal roadway in Shendongmining area, and the roof
support roof of coal mine is divided into several different
types of stability. Stable type (I): simple support or single bolt
support; medium stable type (II): ordinary anchor net
support, falling type (III): anchor net + beam+ cable sup-
port, and easy falling type (IV): anchor net beam cable
support +wood pile and other combined support. -e stable
classification of the roof of coal roadway supported by bolts
is shown in Figure 1.

3. Stability Classification Index of Bolt Support
Coal Roadway in Shendong Mining Area

-e scientific roof stability classification method should
comprehensively consider the factors that affect the roof
stability and select the most important influencing factors.
Participate in the classification of surrounding rock stability as
a classification index. Whether the classification index is

accurate and comprehensive will directly affect the accuracy
and reliability of the classification results. A comprehensive
and in-depth analysis of the factors influencing the roof
stability of coal roadway supported by bolts in Shendong
mining area is carried out, and the main factors affecting the
roof stability in Shendong mining area are obtained [9]. -e
main factors include top rock layer structure, mining influ-
ence, rock mass strength, roadway span, and roadway burial
depth. However, how to choose the appropriate classification
index among these influencing factors is still the key to
whether the classification result is reliable and practical.

(1) Roof rock structure: there is currently no suitable
single quantitative indicator for roof rock structure.
Within a certain range of roadway direct roofing,
whether there is a thick stable rock layer at the
surface of the roof, how stable the thick stable rock
layer is, and how far the thick stable rock layer is
from the roof surface are the determinants of the
influence of the roof rock structure on the roof
stability. And according to the engineering charac-
teristics of bolt support, the existence of this thick
stable rock layer, its own stability, and its distance
from the roadway roof surface are the keys to de-
termine the bolt support parameters and support
form. -erefore, for roof rock structure, the fol-
lowing indicators can be taken to participate in the
classification of roof stability.

① -e thickness of the single-layer rock layer closest
to the roof surface is denoted by D and the unit is
m.

② -e distance between the single-layer thick rock
layer and the roof surface is denoted by L and the
unit is m.

③ Strength includes three aspects of tensile
strength, compressive strength, and shear
strength. -eoretical studies have shown that the
compressive strength of a single rock layer has the
greatest impact on roof stability. -erefore, in
paper, the uniaxial compressive strength of a
single thick rock layer is expressed by σc, and the
unit is MPa.

④ -e span is the actual span of the roadway, which
is denoted by B and the unit is m.

(2) Impact of mining; mining influence refers to the
factors that affect the stability of the roof of the
mining roadway within a certain range from the
working face during the progress of the mining face.
Literature [13] research shows that when the mining
face advances, the roof pressure of the mining

Table 1: Part of roof accident in coal mine in China from 2017 to 2019.

Coal mine name Province Support form Cause of accident Death toll
Lijiagou coal mine Shanxi Anchor cable combination Roof fall accident 21
Longyun coal mine Shandong Anchor cable combination Roof fall accident 21
Hongyang coal mine Liaoning Anchor cable combination Roof fall accident 10
Danshuigou coal mine Shanxi Anchor cable combination Roof fall accident 10
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roadway is within a certain range from the working
face, and the degree of the roof thickness is related to
the roadway direct roof thickness. -e apparent
degree of lateral pressure has a significant relation-
ship with the mining height of the working face.-at
is to say, when the mining face advances, the mining
pressure caused in the mining roadway is related to
the ratio of the roadway direct roof thickness to the
mining height (indicated by N, without units).
-erefore, the ratio of the direct roof thickness of the
roadway to the mining height can be used to replace
the degree to which the mining roadway is affected
by mining during mining.

(3) -e roadway is buried deep. Roadway burial depth is
the actual burial depth of coal roadway, and the unit
is m.

Accordingly, the classification indicators in paper are six
classification indicators, including the thickness D (unit: m) of
the single-layer thick rock layer closest to the roof surface, the
uniaxial compressive strength σc (unit:MPa) of the single-layer
thick rock layer, the distance L (unit: m) from the single-layer
thick rock layer to the roof surface, the ratio of the index
reflecting the influence of mining to the direct roof thickness
and the mining height, N (no unit), the roadway span B (unit:
m), and the roadway depth H (unit: m).

3.1. Determination of Evaluation Factors. After determining
the classification index value method and the type of roof
stability of coal roadway supported by bolts in the mining area,
it is necessary to determine a reasonable evaluation factor for

various stable roof types before the classification model is
established. -e so-called evaluation factor is the corre-
sponding value range of the six classification indicators of each
stable type roof. Determining whether the basis of the evalu-
ation factor is sufficient is the key to determine whether the
classification model can effectively identify and whether the
classification results are reliable. -e basis for determining the
evaluation factors of each stability type in this paper is based on
the previous theoretical research results [9], combined with the
actual maintenance status of coal roadway roof in Shendong
mining area and the case analysis results of a large number of
bolts supporting coal roadway roof fall in the mining area.
-erefore, the evaluation factors of all classification indexes and
their corresponding roof stability types are determined. -e
results are shown in Table 2 (original data) and Table 3
(standardized data).

4. Design and Inspection of BP Neural
Network Structure

4.1. Improvement of BP Neural Network Algorithm. Due to
the nonlinear nature of the neural network, the learning
process is an analytical unconstrained nonlinear optimiza-
tion process. And the BP algorithm uses the steepest descent
method in the basic calculation principle. Such a method has
some defects. One is how to set the value of η. If it is too
large, it will cause oscillation. If it is too small, it will form a
local minimum and not get the overall optimal, which will
reduce the convergence speed and increase the amount of
calculation. -e second is that some calculation steps will
reduce the error for some samples, while some samples are

(a) (b)

(c) (d)

Figure 1: Site map of different stable types of coal roadway roof. (a) Stable. (b) Medium stable. (c) Falling. (d) Easy to fall.
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not, so the number of iterations increases significantly and
the convergence speed is slow. As can be seen from many
improved algorithms, adding a momentum term to the BP
algorithm can not only fine-tune the correction amount of
the weight but also prevent learning from falling into a local
minimum. -erefore, this article adopts the method of
adding momentum terms when improving the BP algo-
rithm, even if

Δwij(n) � αΔwij(n − 1) + ηδj(n)vi(n). (1)

Rewrite the above formula as a time series with t as the
variable, t from 0 to n; then, the above formula can be
regarded as the first-order difference equation of Δwij(n):

Δwij(n) � η

n

t�0
αn− 1δj(t)vi(t). (2)

Due to
vj(n) � f uj(n) ,

δj(n)vi(n) � −
zE(n)

zwij(n)
.

(3)

So,

Δwij(n) � −η
n

t�0
αn− 1 zE(t)

zwij(t)
. (4)

In equation 4, the correction amountΔwij(n) is the sum of
a series of weighted exponential sequences. When the mo-
mentum constant satisfies 0< |α|< 1, the sequence converges.
When α� 0, the above formula does not contain the mo-
mentum term. In theory, α can be either positive or negative.
However, in practical applications, α cannot take negative
numbers. When the current zE(n)/zwij is the same as the
previous symbol, the weighted summation value increases,
making Δwij(n) larger, thus accelerating the adjustment speed
during stable adjustment. When zE(n)/zwij is opposite to the
previous sign, the result of exponentially weighted summation
reduces Δwij(n) and plays a stabilizing role.

4.2. Design of BP Model for Roof Stability Classification.
-ere are 6 indicators selected in this paper to participate in the
classification of roof stability. -erefore, the input layer of the
neural network model is designed as 6 neurons, that is, the
input layer contains 6 nodes. -ere are four different types of
classification results in this article.-erefore, the output layer is
designed as 4 neurons, and the output codes represent different
stable types of top plates.-e expected output of the four nodes
in this article and the codes of the various stable type roofs are
1.00 0.00 0.00 0.00 (class I stable type); 0.00 1.00 0.00 0.00 (class
II medium stable type); 0.00 0.00 1.00 0.00 (class III falling
type); and 0.00 0.00 0.00 1.00 (category IV easy to fall type).

Because this article uses a three-layer BP neural network,
the number of neurons in the middle hidden layer has no
theoretical value. Different researchers will determine the
number of neurons in the hidden layer according to the
needs of the problem being solved. However, the determi-
nation of the number of neurons in the middle hidden layer
must meet two basic principles:

① Ensure that the network can converge to the re-
quired accuracy

② Can effectively improve the convergence speed of
the network.

In this paper, the reliability and accuracy of the classifi-
cation results of roof stability of bolt-supported coal roadway in
Shendong mining area should be guaranteed. With the input
layer and output layer unchanged, five network topologies of 6 :
9 : 4, 6 :11 : 4, 6 :14 : 4, 6 :17 : 4, and 6 : 20 : 4 were constructed,
respectively, learning training for the same group of learning
samples. Under the condition of the same number of iterations,
the optimal network topology is determined according to the
size of the simulation error after learning.

-e training error of the comprehensive sample can be
regarded as the optimal topology of 6 : 20 : 4. -e absolute
errors are 0.0002, 0.0004, 0.0001, 0.0007, 0.0001, 0.0003,
0.0009, 0.0018, 0.0022, 0.0001, 0.0003, and 0.0007. -e ab-
solute value of the error is 0.0022 at the maximum and
0.0001 at the minimum, which meets the system’s re-
quirements for error accuracy. -erefore, the network

Table 2: -e roof stability type and the original data of each index evaluating gene.

Evaluation factor L
(m)

D
(m)

σc
(MPa)

B
(m)

N
/

H
(m)

Stable (class I) 0 >1.56 60∼80 <4.5 0∼1 <100
Medium stable type (class II) 0∼3.0 1.56∼1.20 40∼60 4.5∼5.2 1∼2 100∼160
Falling type (class III) 3.0∼6.5 1.20∼0.67 30∼40 5.2∼6.0 2∼3 160∼300
Easy to fall type (class IV) >6.5 <0.67 <30 7.5∼8.5 3∼4 >300

Table 3: -e roof stability type and the standardized data of each index evaluating gene.

Evaluation factor L D σc B N H
Stable (class I) 0 >1.00 0.75∼1.00 <0.53 0∼0.25 <0.33
Medium stable type (class II) 0∼0.46 1.00∼0.77 0.50∼0.75 0.53∼0.61 0.25∼0.50 0.33∼0.53
Falling type (class III) 0.46∼1.00 0.77∼0.43 0.38∼0.50 0.61∼0.71 0.50∼0.75 0.53∼1.00
Easy to fall type (class IV) >1.00 <0.43 <0.38 0.88∼1.00 0.75∼1.00 >1.00
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topology to be adopted in this paper is 6 : 20 : 4, that is, the
input layer has 6 neurons, the middle layer has one layer, the
number of neurons is 20, and the output layer has 4 neurons,
which are the top plate stability type codes. -e established
three-layer BP neural network model is shown in Figure 2.

4.3. Test of BP Neural Network Model. Using the BP neural
network model after learning and training, 8 sets of test
samples of four roof stability types corresponding to four
different support methods in the mining area were selected
(as shown in Table 4). According to the borehole analysis of
the location of the tunnel and the actual engineering status of
the tunnel, the model is tested to determine its reliability.

-e above network calculation and output results show
that the network has very good learning performance, the
actual output of the network and the target output have
achieved good agreement, and the network recognition
accuracy rate is 100% (as shown in Table 5). Based on this, a
BP neural network prediction model for coal roadway
stability classification in Shendong mining area was estab-
lished. In order to make the established BP neural network
prediction model better applied in the field, Matlab6.5
programming is still used to develop a classification and
recognition system for the roof stability of bolt-supported
coal roadways in Shendong mining area. Its operation in-
terface is shown in Figure 3.

-e specific operation steps of the stability classification
and identification system for the roof of coal roadway
supported by bolts in Shendong mining area are as follows:

(1) Use Matlab6.5 software to call the prepared system
software interface program, run the program, and
the program ends. -e system will display the in-
terface of the stability classification and identification
system for the roof of coal roadway supported by
bolts in Shendong Mine, as shown in Figure 3.

(2) Press the sample training button, the system will
automatically call the input training sample and run
the training program of the neural network. When
the set system error accuracy of 10–5 is reached, the
training automatically stops. At this time, the
identification system can be used to identify and
classify the stability of the roof.

(3) Enter the six input parameters for the stability
classification of the roof, respectively. Press Start to
identify the button, and the display result window of
the interface will automatically display the type of the
top panel stability.

5. Field Application

Based on the developed classification software recognition
system for roof stability of coal roadway with bolt support
in Shendong mining area, Baode Coal Mine 8# coal,
Yujialiang Coal Mine 4–2 and 5–2 coal, Haragou Coal
Mine 2–2, the roof stability of the 2–2 coal in the Bulianta
Mine, the 1–2 coal in the ShangwanMine, and the 1–2 coal
in the Huojitujing coal mine have been classified. For
space requirements, take Baode Coal Mine 8# coal

Input layer Hidden layer Output layer

…
…

L

D

B

N

H

σc

Figure 2: Structure design Figure of BP artificial neural network.

Table 4: Testing samples.

Sample number
Test sample

Type of roof stability Stable type code
L D σc B N H

1 3.00 0.24 0.29 0.92 0.81 1.04 IV 0.00 0.00 0.00 1.00
2 0.49 0.59 0.42 0.62 0.65 0.63 III 0.00 0.00 1.00 0.00
3 0 1.49 0.76 0.52 0 0.34 I 1.00 0.00 0.00 0.00
4 0.80 0.47 0.45 0.70 0.60 0.66 III 0.00 0.00 1.00 0.00
5 0.35 0.98 0.68 0.60 0.41 0.46 II 0.00 1.00 0.00 0.00
6 2.20 0.12 0.22 0.90 0.87 1.33 IV 0.00 0.00 0.00 1.00
7 0 1.38 0.84 0.50 0 0.17 I 1.00 0.00 0.00 0.00
8 0.42 0.94 0.55 0.60 0.29 0.42 II 0.00 1.00 0.00 0.00
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roadway roof and Bulianta Coal 2–2 coal roadway roof
stability classification as examples. According to the
recognition result, the surfer software is used to draw the
contour map of the stability of the roof of each coal

mining roadway. When drawing the contour map of the
stability of the roof, the four different results output by the
network give the corresponding values. See Table 6, for
specific assignments.

Table 5: Excepting output and real output.

Target output Actual output Stable type
0.00 0.00 0.00 1.00 0.0000 0.0020 0.0031 0.9965 IV
0.00 0.00 1.00 0.00 −0.0001 −0.0013 1.0003 −0.0025 III
1.00 0.00 0.00 0.00 0.9941 0.0040 0.0008 0.0004 I
0.00 0.00 1.00 0.00 −0.0005 0.0058 0.9933 −0.0020 III
0.00 1.00 0.00 0.00 0.0011 1.0043 −0.0029 0.0004 II
0.00 0.00 0.00 1.00 0.0006 0.0006 −0.0031 1.0017 IV
1.00 0.00 0.00 0.00 1.0015 −0.0034 0.0007 0.0003 I
0.00 1.00 0.00 0.00 0.0034 1.0020 −0.0028 0.0004 II

Figure 3: Identifying system classification of stability.

Table 6: -e output of network and its equal line.

Neural network output Type of roof stability Contour
1.00 0.00 0.00 0.00 I (stable type) 10∼8
0.00 1.00 0.00 0.00 II (medium stable type) 8∼6
0.00 0.00 1.00 0.00 III (falling type) 6∼4
0.00 0.00 0.00 1.00 IV (easy to fall type) 4∼2
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-e six data obtained by the analysis constitute the
input parameters of the software recognition system and
the corresponding output results can be obtained. All
output results of different mining coal seams in different
mines are assigned according to Table 6. Classification
results and corresponding assignments of each coal seam
in each mine. -ese assigned values and their corre-
sponding borehole coordinates are input into the surfer
software to draw contour maps of roof stability of dif-
ferent mines, different coal seams, and different regions.

5.1. Classification Results of Roof Stability of Coal Roadways
Mining in Shendong District of Mine

5.1.1. Baode Mine 8# Coal Seam Roof Stability Classification
Results. For the stability classification of coal roadway roof
of Baode Coal Mine, it is mainly based on the 26 drilling data
provided by Baode Coal Mine. -e classification involves
four panels of the 8# coal seam currently being mined by
Baode Coal Mine, namely, one panel, two panels, three
panels, and five panels. -e data obtained from the analysis
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of the borehole data provided is combined with the actual
engineering conditions of the roadway in the classification
area of Baode Coal Mine, and the neural network input layer
data is input to the neural network model for recognition.
According to the aforementioned method, the recognition
result is given to the value required for drawing the contour
map, and the top plate stability contour map shown in
Figure 4 is drawn. It can be seen from the figure that the
overall stability of the roof of coal roadway in No. 8 mining
coal mine in Baode Mine is poor. Except for the three-panel
part of the four panels, the top panel is a medium stable roof
panel, and the rest of the regions are falling or prone to
falling roof panels. -is classification result is in good
agreement with the actual situation on site.

5.2. Classification Results of Roof Stability of 2–2 Coal Seam in
BuliantaMine. -e stability of the roof of the 2–2 coal seam
roadway in Bulianta Mine is mainly derived from the 39
borehole data provided by the mine area and combined with
the actual engineering conditions of the roadway where the
borehole is located. -e area involved in the roof classification
is the mining roadway and part of the unmined part in the five
working faces of the 32201∼32205 three-panel area of the
Bulian Tower Mine (this part of the roadway span is processed
according to the actual situation of the roadway in the mining
and mining area), as shown in Figure 5. Judging from the
classification results, the overall stability of the roof in the
classified areas of the Bulianta Mine is general. Most of the
roofs are medium stable and falling roofs, and only a few areas
are stable and easy to fall roofs. -is classification result is in
good agreement with the actual situation of the roadway roof in
the mine production.

6. Conclusion

(1) Based on the in-depth analysis of the factors influ-
encing the stability of coal roadway roof in Shendong
mining area, the classification index of coal roadway
roof stability in Shendongmining area is proposed. It
is proposed that the strength, thickness, span, dis-
tance from the roof surface, roof-to-height ratio, and
roadway depth of the single-layer thick rock layer
closest to the roadway roof surface are classified
indicators for the stability of the bolt coal roadway
roof in the Shendong mining area.

(2) In view of the problem of large calculation amount,
large number of iterations, and slow convergence
speed of the BP algorithm, it is improved by adding a
momentum term to the BP algorithm and fine-
tuning the correction amount of the weight value so
that the learning avoids falling into the local mini-
mum and plays a stabilizing role.

(3) A BP neural network predictionmodel for roof stability
of coal roadway supported by bolts in Shendong
mining area has been established. After verification, the
established BP neural network prediction model has
high error accuracy and good recognition effect. In
order to facilitate the application of the model in the

field, in the existing model based on Matlab6.5 pro-
gramming, the stability classification software identi-
fication system for the roof of coal roadway supported
by bolts in Shendong mining area was developed.

(4) According to the recognition results, the surfer
software is used to draw the contour maps of the
stability of the coal roadway roofs in each mine, and
the classification results contour maps are compared
with the actual maintenance status of the coal
roadway roofs in the mine production surveyed on
site. -e results show that the classification results
are more in line with the actual situation on site.
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In order to study the creep behavior of deep soft rock, gritstone was chosen as the research subject, and a rock triaxial rheometer
(Rock 600-50) and acoustic emission (AE) system (SH-II) were used to carry out the grade unloading confining pressure creep test
under a high-stress level. 2e test results showed that the lateral creep behavior of the gritstone was more prominent than the axial
creep under the initial high confining pressure. Under the same confining pressure, the creep strain rate (the direction the same as
strain) of the gritstone decreases with the increase in axial pressure. As shown by the AE count, AE signals were generated
throughout the entire test process, indicating that the creep was a “microdynamic” process. 2e creep behavior was characterized
by a significant confining pressure effect. As the confining pressure was decreased, the degree of creep increases significantly.
During the test, the AE energy increased on the whole but decreases during the creep phase. During the entire test process, the
overall energy in the constant deviatoric stress grade unloading of the confining pressure was 45% higher than that in the constant
axial pressure grade unloading. 2e degree of failure of the rock was different in these two unloading creep tests, and the constant
axial pressure grade unloading of the confining pressure entails greater damage than the constant deviatoric stress grade
unloading of the confining pressure. 2e main reason was that the former had a lower confining pressure level and longer creep
process than the latter, and the sample was mainly characterized by creep damage and large cumulative damage, while the latter
features mainly unloading damage. 2rough the inversion of the Burgers constitutive model and nonlinear damage constitutive
model for the creep test curve, the nonlinear constitutive equation can better fit the accelerated creep stage, which suggested that
this model can describe the accelerated creep characteristics of the high-stress soft rock.

1. Introduction

Creep is one of the important mechanical behaviors of rocks
[1, 2]. As the depth of activity in coal mines increases, the
stress which rocks in the vicinity of roadways were subject to
has increased significantly. In a high-stress environment, the
rock mass shows certain fundamental changes such as soft

rock characteristics, prominent creep behavior, and rheo-
logical properties [3–5]. 2e deformation and failure of the
surrounding rock during roadway excavation do not happen
immediately but were a long-term and continuous dynamic
process as the rock tries to adjust itself to the duration and
nature of the process. 2e rock surrounding the deep
roadway was affected by the high three-dimensional ground
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stress for a long time before excavation and was charac-
terized by slow deformation [6]. Meanwhile, the roadway
excavation was, in effect, the unloading process of the rock
mass, and the stress field was redistributed due to the ex-
cavation unloading; the rock mass near the excavation face
was characterized by the long-term creep properties [7].2is
was specifically represented by the continuous floor heave
and convergence of the sides after excavation. Even if timely
support was conducted after excavation, it was impossible to
keep the surrounding rock from deformation for a long time
[8]. Most studies on rock creep tests were based on the
loading mechanics, and there were fewer studies that pertain
to the unloading creep tests of the high-stress soft rock.
2erefore, studies on unloading creep of the soft rock in
high-stress environments were of great engineering signif-
icance for determining the deformation and failure mech-
anism of the soft rock roadway in a high-stress environment
and for the presentation of appropriate surrounding rock
reinforcement measures to maintain the stability of the
roadway.

Many scholars have studied rock creep using laboratory
tests and field tests based on practical engineering. 2e
relationship between the axial strain and the lateral strain in
the process of creep and unloading was obtained through the
creep test under different paths [9–11]. Huang et al. [12]
carried out the marble creep test during the constant axial
pressure grade unloading of the confining pressure under
high stress and obtained the relationship between the extent
of grade unloading and the deviatoric stress at failure, elastic
modulus, rupture angle, and steady-state creep time, and the
test data were fitted.Wang et al. [13] conducted a rheological
study of the grade unloading of the confining pressure on
argillaceous siltstone under different stress levels and
showed that the rock rheological process was anisotropic,
with obvious axial flow deformation under high confining
pressure; the lateral deformation was greater than the axial
deformation under low confining pressure. 2e dilatancy
and fracture characteristics of soft rock during creep were
studied by triaxial unloading confining pressure test [14, 15].
Yang et al. [16] carried out triaxial rheological studies on the
diabase with different stress paths and concluded that there
would be three stages of deceleration, constant velocity, and
accelerated creep under the fracture stress level. 2e rheo-
logical process was mainly constant rate creep, and the
transverse strain was greater than the axial strain, which was
the main reason for the expansion of the rock creep process.
Xu et al. [17] carried out a triaxial creep test on the silty
mudstone under different confining pressures, revealing the
influence of confining pressure on rock deformation and
strength, and demonstrated that each creep parameter was
positively correlated with the confining pressure and shear
strength, and long-term strength of the rock tended to
decrease with the increase in the confining pressure. Zhang
and Fu [18] conducted a triaxial creep test on mudstone
under different confining pressures and concluded that the
attenuation creep stage increased with the increase in axial
pressure and deviatoric stress with an exponential rela-
tionship between the steady-state creep and the deviatoric
stress. According to the triaxial grade loading test on the

mudstone in [19, 20], under constant axial pressure, the
transient deformation and creep deformation of the mud-
stone decreased with the increase in the confining pressure,
and the large deformation in the initial stage of creep was
obvious. During the loading of the confining pressure, the
relationship between the transient strain and axial stress was
approximately linear. Gong et al. [21] studied the change law
of the AE b value with the time for creep in different stages
through the short-term creep test of the grade loading and
unloading of the red sandstone and predicted the rock creep
failure based on the change characteristics of the b value. In
the unloading process of rock samples, the event and energy
of AE had different trends in different stages of unloading
creep [22–25]. Wu et al. [26] carried out the loading creep
and AE test on the rock salt and concluded that the AE
characteristic parameters were directly proportional to the
creep rate, and the cumulative change curve of AE had the
same trend as the strain curve in the creep process. 2e
authors further used AE to predict the internal failure of the
rock salt.2rough the AE-based triaxial creep test on the salt
rock, Liu et al. [27] concluded that the AE signals were
characterized by three stages of increase-decrease-increase,
and the AE signal was ahead of the creep strain curve, which
could reflect the development trend of the strain. Jiang et al.
[28] obtained the AE signal morphology of the creep process
through the statistics of the AE signal law in the creep test
process of the sandstone. Wang et al. [29] obtained the
evolution law of AE energy in different creep stages through
the creep AE test on the fractured rock. When the rock was
damaged, the AE signal would increase significantly, and the
AE energy reached a higher value when the sample was
damaged. In the triaxial unloading creep test, the accelerated
creep deformation in the final stage of confining pressure
and the corresponding parameters of the triaxial creep
constitutive model were obtained by parameter identifica-
tion of optimization algorithm [30]. Zhang et al. [31]
concluded that, through the unloading rheological experi-
ment of hard rock, the characteristics of deformation in the
creep process were obtained, and a fractional-order non-
linear creep constitutive model was proposed. At present,
there were a few studies on the AE characteristics during the
rock creep process, especially on AE during the long-term
grade unloading creep.

In this paper, gritstone was taken as the research object,
and the plots of the constant axial pressure grade unloading
and constant deviatoric stress grade unloading of the con-
fining pressure, combined with the AE system, were adopted
to conduct the indoor grade unloading creep test on the
high-stress soft rock. 2e characteristics of the creep de-
formation, unloading transient deformation under different
unloading paths, and the relationship between the AE count
and the energy in the test were studied.2en, the parameters
of the Burgers creep model and the nonlinear model were
inversed for the test data to determine the appropriate
constitutive equation, and the relationship between the
model parameters and the stress level was obtained. 2e
results can provide an important theoretical basis for the
creep deformation and stability evaluation of the rocks
surrounding high-stress roadways (tunnel) in underground
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engineering and enrich theoretical studies on the unloading
creep mechanics of the deep soft rock.

2. Materials and Methods

2.1. Sample Preparation. Gritstone was used as the test
material in this study. Based on the International Society for
Rock Mechanics (WASRM) test protocol, the rock sample
was made into a cylinder of diameter 50mm and height
100mm.2e two ends of the processed sample were as flat as
possible, and the roughness was ≤ 0.02mm. It was dried
naturally. Ultrasonic testing was carried out on the sample
using an acoustic wave tester. 2e detected S-wave velocity
was 1992–2016m/s, and the average wave velocity was
2004m/s; the P wave velocity was 2688–2746m/s, and the
average wave velocity was 2717m/s. 2e standard sample is
shown in Figure 1, and the acoustic detection test is shown in
Figure 2.

2.2. Test Equipment. 2e rock triaxial rheometer (Rock 600-
50), made in France, and the AE monitoring system (sensor
highway II) were used in the test, as shown in Figure 3. 2e
rheometer consists of the axial pressure loading system,
confining pressure loading system, ENERPAC hydraulic
hand pump, intelligent control system, and data acquisition
system. A maximum axial deviatoric stress of 375MPa and
confining pressure of 60MPa can be applied. 2e Sensor
Highway II system, jointly developed by PAC and EPRI of
the United States, was provided with high sensitivity sensors
and integrated amplifier/sensor AE probe; the detection
sensitivity of partial discharge can reach 50 pC. 2e sensor
was fixed outside the instrument. One AE transducer was
used during the graded unloading creep test. 2e trigger
threshold of AE was set to 40 dB for each test, and full-
waveform data were recorded with a sampling rate of
1MSPS. 2e pretrigger time was 1.024ms [32].

2.3.Test Scheme. In this test, two test paths, i.e., constant axial
pressure grade unloading and constant deviatoric stress grade
unloading of the confining pressure, were used to carry out
the grade unloading creep test. 2e initial confining pressure
of the unloading creep was set at 30MPa (according to the
actual engineering situation, the cooling chamber of a −980m
shaft bottom of a certain mine was taken as the engineering
background, and the original ground stress of the sur-
rounding rock chamber was p0 � 30.4MPa); the axial pres-
sure value was 70% of the conventional triaxial strength.
According to the triaxial compression test of the gritstone
sample, Rc� 130.85MPa when σ3 � 30MPa, and the axial
pressure was set to 91MPa. 2e curve of the triaxial com-
pression test is shown in Figure 4.2e test process was divided
into three stages: (1) according to the hydrostatic pressure
condition, σ1 � σ3 � 30MPa was applied at the loading rate of
0.05MPa/s [33, 34]. (2) After σ1 and σ3 were stable,
σ3 � 30MPa was kept constant. σ1 was applied to the preset
value at the loading rate of 0.05MPa/s, and the AE moni-
toring system was turned on synchronously. (3) 2e creep
time was set to be 12 h/grade, the unloading level of the

confining pressure was 4MPa/grade, and the unloading rate
was 0.05MPa/s. Scheme 1: keep σ1 constant until the sample
was damaged. Scheme 2: keep the deviatoric stress constant
(σ1 − σ3 unchanged), and increase σ1 by the same amount
when σ3 was unloaded (after the end of each stage of creep,
the confining pressure was unloaded 4MPa, and the
unloading rate was at 0.05MPa/s; meanwhile, the axial
pressure also unloaded 4MPa at the unloading rate at
0.05MPa/s. 2erefore, the deviatoric stress remained con-
stant), until the sample was damaged.2e stress paths used in
this test are shown in Tables 1 and 2.

3. Results and Discussion

3.1. Creep Test Curve. 2e strain-time curves under the two
test schemes were obtained by the designed grade unloading
creep test scheme, as shown in Figures 5 and 6. 2e strain was
positive in the case of deformation by compression and neg-
ative in case of deformation by outward expansion. As shown
by the experimental results, the lateral creep behavior wasmore
prominent than the axial creep behavior. 2erefore, this paper
focuses on the study of lateral strain. 2e grade creep variables

Figure 1: Standard gritstone samples.

Figure 2: Wave velocity testing equipment.
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and the unloading transient strain data of these two unloading
paths are shown in Table 3.

3.1.1. Constant Axial Pressure Grade Unloading of Confining
Pressure. Figure 7 shows the creep curve of the grade
unloading of the gritstone sample at constant σ1 � 91MPa
and an initial confining pressure of σ3 � 30MPa. During the

early stages of the test, σ3 � 30MPa, and the creep value of
the sample was 7.02×10−4 within 12 hours, accounting for
18.32% of the total strain. During the creep process of
σ3 � 26MPa, the creep was steady, and the creep value was
3.12×10−4, accounting for 8.15% of the total strain; at the
confining pressure levels of 22MPa, 18MPa, and 14MPa,
the creep deformation was very small, and the creep value
was 1.05×10−4, 1.12×10−4, and 1.42×10−4, accounting for
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Table 1: Stress path of unloading confining pressure with constant σ1.

Unloading σ1 (MPa) σ3 (MPa) (σ1 − σ3) (MPa) Unloading rate (MPa/s)
First stage 130.85 30 100.85 0.05
Second stage 130.85 26 104.85 0.05
2ird stage 130.85 22 108.85 0.05
Fourth stage 130.85 18 112.85 0.05
Stage n 130.85 30 − 4∗ (n − 1) 100.85 − 4∗ (n − 1) 0.05
Note. n shows how many grades are in the creep stage.
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2.74%, 2.92%, and 3.71% of the total strain, respectively. 2e
creep deformation in these three stages was small, and the
sample was in the elastic stage with good integrity. At the
creep stage of σ3 � 10MPa, the creep deformation increases
obviously, and the creep deformation was 7.69×10−4, ac-
counting for 20.08% of the total strain, with the lateral
deformation being different from the previous stages. At this

time, since the sample experiences the initial high-stress
environment and the unloading process of the confining
pressure, the rock undergoes serious internal damage, the
internal bearing capacity of the sample weakens with time,
and the sample still retains the bearing capacity partially. In
the next grade of confining pressure unloading, the bearing
capacity of the gritstone was not enough to resist the increase
in axial compression, and the cracks in the sample expand
rapidly and form a through fracture surface, which finally
shows the failure of the sample.

3.1.2. Constant Deviatoric Stress Grade Unloading of Con-
fining Pressure. As shown in Figure 7, at the creep stage of
σ3 � 30MPa, the value of creep was 1.61× 10−4, accounting
for 2.89% of the total strain. 2is was the rheological
hardening stage that shows a nonlinear hardening phe-
nomenon. At the stress condition of σ3 � 26MPa and
σ3 � 22MPa, the creep behavior was represented by stable
creep, and the grade creep deformation was 1.4×10−5 and
1.15×10−4, accounting for 0.25% and 2.07% of the total
strain, respectively. 2e creep deformation was so small that
the sample can be considered to be in the elastic stage and
relatively stable. At σ3 � 18MPa, the creep was unstable, and
the initial creep stage was decelerated creep, followed by the
uniform creep stage and finally the accelerated creep stage.
At this stage, the creep value reaches the maximum, which
was 2.226×10−3, accounting for 40.02% of the total strain.
2en, the sample was seriously damaged, but no creep failure
of the sample occurs.

Figure 7 shows the curves of transient unloading strain
and variation in creep strain with the confining pressure
unloading under two unloading paths. As shown by the
curves, under the initial high-stress level, the transient
unloading strain deformation changes greatly with the
transient unloading of the confining pressure, the strain was
1.110×10−3 and 1.180×10−3, respectively, under the two
schemes, and the deformation first decreases and then in-
creases with the decrease in the confining pressure.2emain
reason was that the initial fissures in the sample were
compressed under the initial high confining pressure, and
“transient rebound” occurs with the unloading of the
confining pressure. When the confining pressure was
unloaded to a certain extent, the sample enters the elastic
stage. At this time, the sample was relatively stable internally.
During the transient unloading process, the sample was still
in the high confining stress environment, and so, the de-
formation was small. When the confining pressure was
reduced to a certain extent, new cracks appear in the sample,

Table 2: Stress path of unloading confining pressure with constant σ1 − σ3.

Unloading σ1 (MPa) σ3 (MPa) (σ1 − σ3) (MPa) Unloading rate (MPa/s)
First stage 130.85 30 100.85 0.05
Second stage 126.85 26 100.85 0.05
2ird stage 122.85 22 100.85 0.05
Fourth stage 118.85 18 100.85 0.05
Stage n σ1 − 4∗ (n − 1) 30 − 4∗ (n − 1) 100.85 0.05
Note. n shows how many grades are in the creep stage.
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which develop and expand with time, and the transient
unloading tends to increase. 2is indicates that creep de-
pends not only on the time but also on the stress level. Creep
deformation and transient unloading deformation have
similar laws; that is, both were large in the initial stage, small
in the intermediate process, and large in the final stage. Both
reveal that the deformation was small in the elastic stage and
large in the damage stage.

3.2. AE Characteristics during Creep Test. Figures 8 and 9
show the strain-time-AE count curves when these two
schemes were tested. When gritstone was deformed, its
internal defects will cause damage under the action of the
external force. During damage and failure, part of the energy
was released in the form of an elastic wave and propagates
rapidly in the rock material, resulting in AE phenomenon.
AE count was the number of ringing pulses in a test when the
AE signal exceeds the threshold. 2e AE count value was
relatively large in the initial creep stage. In this process,

transient application of the confining pressure and the axial
pressure causes damage to the microelements in the grit-
stone and the closure of microcracks under the action of the

Table 3: Lateral strain values under two test schemes.

Sample σ1 (MPa) σ3 (MPa)
Lateral strain (10−6)

Instantaneous strain Creep in each stage

XH-b301 91

30 1110 702
26 3599 312
22 334 105
18 454 112
14 246 142
10 297 769

XH-b303

91 30 1180 161
95 26 390 14
99 22 488 115
103 18 987 2226

First scheme instant unload
First scheme within each level
Second scheme instant unload
Second scheme within each level
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Figure 7: Relationship between strain and confining pressure
under two schemes.

Lateral strain
AE counts

0
100
200
300
400
500
600
700
800
900
1000

A
E 

co
un

ts

–0.5

–0.4

–0.3

–0.2

–0.1

0.0

0.1

0.2

0.3

Ci
rc

um
fe

re
nt

ia
l s

tr
ai

n 
(%

)

12 24 36 48 60 720
Time t (h)

Figure 8: Lateral strain-time-AE count curve of constant axial
pressure grade unloading confining pressure.

 

Lateral strain
AE counts

–1.5

–1.2

–0.9

–0.6

–0.3

0.0

0.3

0.6

Ci
rc

um
fe

re
nt

ia
l s

tr
ai

n 
(%

)

12 24 36 480
Time t (h)

0

200

400

32000

32200

32400

A
E 

co
un

ts

Figure 9: Lateral strain-time-AE count curve of constant deviatoric
stress grade unloading confining pressure.

6 Advances in Civil Engineering



confining pressure. So, the AE signal was strong in the initial
stage of creep. In each grade of the creep process, with the
increase in time, the bearing capacity provided by the strong
crystal unit decreases, which was represented by the decrease
in the AE count with time. Under the two unloading paths,
the AE activity of the sample was strong at the initial stage of
creep, and it decreases with the progression of creep.
However, in the process of grade unloading, the AE signal of
each grade shows a decreasing trend from strong to weak. As
the axial pressure and confining pressure were constant at
this time, the cracks were inhibited from being damaged
continuously, and the confining pressure does work on the
internal pores and cracks of the sample. At the instant of
unloading of the confining pressure, the stress environment
of the gritstone changes suddenly, and the cracks in the
sample expand rapidly. However, the small amount of
unloading does not cause sample failure but increases the
degree of damage of the sample. 2e law of evolution of the
AE count under the two unloading paths shows the change
of the internal structure of the gritstone sample during the
process from the original state to the macroscopic failure,
and the compaction and degree of expansion of the internal
cracks can be reflected by the evolution trend of the AE
counts.

3.3. Characteristics of AE Energy during Creep Experiment.
AE energy was represented by the area enclosed by the
envelope line under the detection signal waveform and not
the specific energy value actually released by the AE device
[35, 36]. Based on relevant research, energy accumulation
was the basic parameter that can indicate rock fracture in the
test process [37]. By processing the test data, the AE energy-
strain-time-cumulative AE energy curve was drawn, as
shown in Figure 10.

According to Figure 10, the cumulative AE energy in the
entire process can be divided into four main stages: the
transient increase stage, attenuation stage, stable stage, and
secondary growth stage.

(1) 2e transient increase stage was mainly associated
with the initial loading stage and the unloading
process of each grade of confining pressure of the
sample; the first stage features the compaction of
microcracks, and the second stage shows the for-
mation of new cracks. As the creep proceeds, the AE
energy increases during each grade of the confining
pressure unloading, which indicates that creep has a
cumulative damage effect on the rock.

(2) 2e attenuation stage mainly occurs in each grade
of creep. In the initial unloading stage, a large
amount of elastic energy of the rock sample was
released. When the confining pressure of each
stage was unloaded, the rock sample enters the
creep stage, and the axial pressure and confining
pressure maintain a relatively constant state. At
this time, only the creep causes AE energy change,
and only relatively weak energy was released in the
creep process.

(3) 2e stable stage occurs within the grade during the
later stages of creep. At this time, the new and old
cracks maintain relative equilibrium, and the cu-
mulative AE energy does not increase. Other stages,
except the final stage, may be described using similar
laws.

(4) 2e secondary growth stage mainly occurs in the last
grade of creep, as the rock sample was subjected to an
initial high-stress environment, and then undergoes
multiple grades of unloading, resulting in the ac-
cumulation of internal damage. 2e second scheme
was more obvious than the first scheme, mainly
because the same amount of axial pressure was
incremented during the unloading of confining
pressure in each grade.2erefore, the rock in scheme
2 was in a higher stress environment, showing that
the slope of the cumulative AE energy increases
gradually in the later stage, and the energy accu-
mulation was positively correlated with the internal
structure failure of the rock.

In the initial high-stress environment, a large amount of
energy was cumulative in the rock. However, under the high
confining pressure, the energy in the rock cannot be released
before the main fracture, and the creep process was relatively
stable. Part of the energy was released during the grade
unloading, and this was slow during the creep. 2is was
mainly manifested by the persistence of AE energy and the
increase of cumulative AE energy, which was more signif-
icant with confining pressure unloading. In conclusion, the
generation of AE parameters was characterized by the ob-
vious confining pressure effect in the creep process of the
gritstone under the conventional triaxial grade unloading.

Figure 11 shows the fitting curve between the cumulative
AE energy and confining pressure after confining pressure
unloading. As shown in the figure, in the initial creep stage,
the rock was in the high confining stress environment, the
energy was cumulative in the rock, AE was not active, energy
release caused by the creep process was also small, confining
pressure was reduced, the energy inside the rock was re-
leased, and the crack was expanded. 2e smaller the con-
fining pressure, the greater the energy release. Moreover,
with the unloading of the confining pressure, the cumulative
AE energy increases significantly. In the first grade of creep,
the sample under the two test paths was in the same stress
environment, and the AE energy accumulation has little
difference; in the second grade of creep, due to the sup-
plement of axial pressure in scheme 2 compared to scheme 1,
the internal damage of the rock was intensified, the cu-
mulative AE energy shows rapid growth, and the slope of
energy accumulation increases with the decrease in the
confining pressure until the rock failure occurs. In scheme 1,
the AE energy accumulation and confining pressure have a
linear relationship, while the relationship was cubic in
scheme 2. 2e curve fitting of the linear function and the
cubic function for test data under the two schemes was good.
2e correlation coefficients R2 � 0.9954 in the fitting curve of
scheme 1 and R2 � 0.9929 in the fitting curve of scheme 2.
2e high confining pressure has a binding effect on the rock,
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which was manifested by the higher internal energy of the
rock and smaller energy release during creep, and this was
the main reason for the smaller energy accumulation in the
first grade of creep. In the second grade and after the
unloading of the confining pressure, the axial pressure of
scheme 2 was greater than that of scheme 1, which
accelerated the rock damage and failure. 2e energy release
increases, and the energy accumulation increases during
each grade with time. In conclusion, the change law of AE
parameters during the grade unloading creep of the high-
stress soft rock showed that the grade unloading creep was
characterized by a significant axial pressure effect.

3.4. Failure Pattern Analysis of the Sample in Creep Test.
Figure 12 shows the failure patterns of the gritstone
during the grade unloading confining pressure creep test
under two schemes. From the macroscopic view, the

gritstone sample shows the failure pattern of the double
slope shear, the sample failed into three parts, and two
large failure surfaces were formed. A relevant study
showed that these two fracture surfaces were not formed
synchronously. Careful observation indicates that there
were fewer microcracks in the failure sample, and the
other parts of the failure sample were basically intact
except for the main crack and fracture surface. During the
fracture process, the internal crack propagates and ex-
tends under the joint action of tensile deformation and
wedge splitting force and was sheared at the moment of
grade unloading of the confining pressure, which shows
the joint action of the splitting failure and the slant shear
failure. In Figure 12(b), a main failure surface appears,
and the failure was less intense than the former, which was
mainly because the confining pressure during the failure
was larger than the former, and the confining pressure can
restrain the intensification of sample failure. 2e failure
mode of the sample was mainly slant shear failure, and
microcracks appear in the sample failure, showing the
ductile failure. 2e comparison of these two showed that
the rupture angle obtained from the test of constant axial
pressure grade unloading of the confining pressure was
approximately 60° and that of the constant deviator stress
grade unloading of the confining pressure was 58°. 2e
creep process was the damage development process of the
rock. With the grade unloading of the confining pressure,
the stress environment of the sample gradually decreases.
2e accumulation of damage in the creep process was
released at the instant of unloading, which accelerates the
generation of cracks in the sample, and the failure will be
further deepened. Under the same confining pressure, the
axial pressure in scheme 2 was greater than that in scheme
1, that is, the stress environment of the latter was more
intense than that of the former, the compressive strength
between grains was reduced, the crack development and
formation of failure surface were accelerated, the failure
angle was reduced when the failure was finally caused, and
the failure pattern was simpler than scheme 1.
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4. Nonlinear Creep Model and
Parameter Identification

4.1. Establishment of the RheologicalModel. According to the
grade unloading creep curve and the data in Table 1, the creep
deformation under the two schemes showed different char-
acteristics in the creep process of the grade before the fracture
stress level. 2erefore, the creep constitutive equation of the
first grade before the fracture stress level was studied. Based on
the test data, the strain during the creep and creep rate versus
time curve at each time were calculated. Figure 13(a) shows the
relationship between the lateral creep rate and the time under
the stress level of σ1 � 91MPa and σ3 � 10MPa, and
Figure 13(b) shows the relationship between the lateral creep
rate and time under σ1 � 103MPa and σ3 � 18MPa.

As shown in Figure 13, during the creep process of the
grade before the fracture stress level under the two test paths,
the process showed attenuation creep in the initial stage and
stable and uniform creep in the intermediate stage; in the
later stage, different creep behaviors were shown, with stable
and uniform creep in the later stage in scheme 1 and
accelerated creep in scheme 2. Although the Burgers model
can fit the decelerated creep and stable uniform creep
process during the creep, it cannot describe the strain
characteristics in the later nonlinear accelerated rheological
process. Wang et al. [13] established a new nonlinear
constitutive equation through the Burgers model in series
with damage bodies to describe the nonlinear accelerated
creep process. 2e model diagram is shown in Figure 14.

When only parts I and II of the model were applicable,
the model was a classical Burgers creep model, and the
corresponding equation was as follows:

σm � Em · εm1,

σm � ηm · _εm2,

σk � Ekε2 + ηk _ε2,

σ � σ1 − σ3 � σm � σK,

ε � εm1 + εm2 + ε2,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where σm and σk are the stress value of parts I and II, εm1 and
_εm2 denote, respectively, the strain of elastic elements and
viscous components, and εm2 represents the strain of the
viscous element in part II.

2e following equation can be obtained by the Laplace
transform and inverse transform:

ε �
1

Em

+
t

ηm

+
1

Ek

1 − e
− Ek/ηk( )t

  σ1 − σ3( . (2)

When both the nonlinear damage model and the damage
factor D were applicable, the equation becomes

σm � Em · εm1,

σm � ηm · _εm2,

σk � Ekε2 + ηk _ε2,

εD �
σD − σs

(1 − D)ηD

�
σD − σs

ηD

 e
(t− t′)

k

· t,

σ � σ1 − σ3 � σm � σK � σD,

ε � εm1 + εm2 + ε2 + εD.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

2e following equation can be obtained by the Laplace
transform and inverse transform of the above equation:

ε �
1

Em

+
t

ηm

+
1

Ek

1 − e
− Ek/ηk( )t

 σ1 − σ3 +
σD − σs

ηD

· e
(t− t′)

k

· t.

(4)

In the above constitutive equation, “m,” “K,” and “D,”
respectively, are the Maxwell model and Kelvin model and
mechanical components corresponding to the nonlinear
damage model, Em, ηm, Ek, and ηk are the elastic modulus
and viscosity coefficient of the Maxwell model and Kelvin
model, σD is the stress of part III, and k reflects the size of the
creep rate of the reaction sample in the nonlinear acceler-
ation stage.

4.2. Parameter Identification in the Nonlinear Creep Model.
To verify the nonlinear rheological creep model, a
nonlinear unloading creep model was used to verify the
lateral creep test curve of the grade before the fracture of

Secondary
crack

60°

Main
crack

(a)

One main
crack

58°

(b)

Figure 12: Failure pattern of the sample. (a) Scheme 1. (b) Scheme 2.
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the gritstone under two unloading paths. Specific values
of parameters in the creep process were obtained by
solving the parameters in the model, and this model was
compared with the curve obtained from the creep test.
2e specific values of the parameters in the creep con-
stitutive model obtained by identification are shown in
Table 4. Figures 15–17 show the Burgers fitting curve
under the constant axial pressure grade unloading of the
confining pressure and the fitting curve of the last grade
creep curve and nonlinear creep curve under two test
paths.

As known from Figures 15–17, the Burgers model can
fit the decelerated creep and the stable and uniform creep
but cannot match the test curve with the accelerated creep
stage effectively; the nonlinear creep damage model can
satisfactorily express different stages like the decelerated-
stable creep stage and the decelerated-stable-accelerated
creep process, which reflects the nonlinear characteristics
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Figure 13: Lateral strain and creep rate of fracture confining pressure. (a) Scheme 1. (b) Scheme 2.
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Table 4: Parameters determined by fitting analysis based on creep tests of the gritstone rock.

σ1 (MPa) σ3 (MPa)
Constitutive model parameters

Em ηM Ek ηk ηD k

91 10 2.67×108 12.73×104 3.55 1.3×104 2.4×103 0.03
103 18 1.07×107 4.09×104 1.56 2.7×104 4.4×103 0.04
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of the curves in each stage of the creep process. 2e fitting
curve of the model was consistent with the test results,
which indicates that this nonlinear creep constitutive
model was suitable for this test.

5. Conclusions

During the creep of soft rock subjected to high stress under
grade unloading conditions, the lateral creep was more signif-
icant.2e creep strain and transient strain deformation decrease
first and then increase; the creep deformation of the constant
deviatoric stress grade unloading of the confining pressure was
faster than that of constant axial pressure grade unloading of the
confining pressure. 2e AE signal was active during unloading;
the creep stage occurs after the unloading was completed, and
the AE count decreases gradually from the active state to the
subactive state. Creepwas a continuous “microdynamic” process
and was characterized by the obvious confining pressure effect.
As shown by the failure morphology of the sample, both ex-
perience shear failure during the unloading of the confining
pressure, and the failure under constant axial pressure was more

serious than that under constant deviatoric stress. 2e main
reason was that the former experiences creep for a longer du-
ration, and the cumulative damage was greater than the latter.
2rough the curve fitting of the Burgers model and the non-
linear constitutive equation, the nonlinear constitutive equation
can better represent the high-stress soft rock under grade
unloading condition. 2e parameters of the nonlinear consti-
tutive equation were inversed by the test data, and the relevant
creep parameters were obtained.
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)is paper considers the 333 return airway of the Gaokeng Coal Mine to analyze the deformation characteristics and failure
mechanism of the surrounding rock of the composite roof for a loose and weak coal roadway. )e reasons for the large de-
formation are explored and the superiority of the prestressed truss and anchor rope is compared to ordinary anchor cables from
the perspective of mechanics to propose a targeted coal roadway support method. Sinking of the composite roof in the coal
roadway is accompanied with a release and transfer of the surrounding rock stress. )e pressure of the composite roof transfers to
the roadway sides and intensifies the fracture process of the coal body. As a result, the ability to support the composite roof is
weakened, and it further bends and sinks to form a vicious cycle that repeats itself. )erefore, the support of the composite roof in
the coal roadway should consider the roof, roadway sides, and floor as a single unit to achieve the support goal of reinforcing the
roadway sides and roof. Based on the above analysis, a comprehensive control technology with a truss and anchor rope is proposed
as the main body and a bolt + anchor cable +metal network as the auxiliary. )is technology can improve the integral bearing
capacity of the composite roof, strengthen the roadway side structures, and reinforce the roadway sides and roof. Numerical
simulation and field application results show that the support scheme can effectively realize safe control of the composite roof in
coal roadways.

1. Introduction

With the depletion of coal resources in shallow parts of
China, coal mining has gradually extended deeper, the
mining environment has become increasingly complex, and
the maintenance cost of roadways remains high [1]. )e
composite roof of a coal mine is composed of rock from
different lithologies. )ere is a parting face between the rock
and its fracture and caving (weak rock with coal streaks or
thin seams easily produces subsidence displacement) [2, 3].
)e control of surrounding rock in compound roofs of loose
and weak coal lanes has become one of the outstanding
problems that affect safe and efficient mining in deep coal

mines. Researchers have provided in-depth discussions and
research on this issue [4–7]. Gong et al. studied the de-
formation and failure characteristics of the surrounding rock
of deep high-stress roadways [8–11]. To study the phe-
nomenon of large subsidence of the composite roof and the
failure of support, Yu et al. summarized the failure forms
under different surrounding rock conditions and analyzed
the roadway instability mechanism of the composite roof
[12]. Liu et al. studied the influence of factors, including the
lithological characteristics of the roof surrounding rock,
roadway section size, rock stress, stratification thickness, and
weak intercalation, on the deformation and instability of the
composite roof.)ey found that the ground stress, size of the
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rectangular roadway section, and thickness of each layer of
the composite roof are the three main factors that control its
deformation and instability [13]. Chang analyzed the de-
formation and failure characteristics of the surrounding rock
of a mining roadway with a large cross section composite
roof in a deep well.)ey believed that the roof of each layer is
prone to separation due to the high ground stress and
dynamic mining pressure, where the deformation of the two
sides of the roadway affects the roof stability [14]. Zuo et al.
studied the failure mode of anchor solids by using a com-
bination of pull-out test and numerical simulation [15, 16].
Zhu et al. used numerical simulations to study the roof
failure mechanism of large-span roadways and found that
the failure of the anchoring section was the main cause of
roof deformation and failure [17]. Chen et al. studied the
deformation of the roof surrounding rock and the support
structure of the heavily stressed weak-rock roadway [18].
)ey believed that the anchoring-combined support tech-
nology can improve the strength of the roof surrounding
rock and the bearing capacity of the supporting structure.
Yang et al. used UDEC simulation software to analyze the
failure process of the surrounding rock of the roadway.)ey
believe that the low support strength is the main reason for
the large deformation of the surrounding rock of the
roadway. For this reason, they proposed a “bolt-cable-mesh-
shotcrete + shell” support method [19]. Wang et al. proposed
a roadway surrounding rock support system consisting of
filling wall, shotcrete, grouting cable, prestressed anchor
cable, and U-shaped steel based on the characteristics of the
discontinuity of the roadway surrounding rock failure [20].
Zhao et al. studied the failure characteristics of the sur-
rounding rock in deep weak and broken roadways, the
composite support method of “shotcreting + grouting an-
chor bolt + anchor bolt + grouting anchor cable + anchor
cable” is proposed by the full-section layer-double arch
synergy reinforcement technology [21]. Peng et al. in order
to solve the problem of difficult surrounding rock frag-
mentation of large-section supporting roadway take the
large-section roadway of Pingdingshan Coal Mine as an
example, through comparative analysis of various sup-
porting schemes, put forward the “U-type steel + inverted
arch + pouring concrete + backwall grouting” support
method [22]. Tian and Gao analyzed the stress and dis-
placement characteristics of the surrounding rock of a loose
and weak deep well dynamic pressure roadway and estab-
lished a loose and weak deep well dynamic pressure roadway
support model with “multitruss anchor cables” as the main
body [23]. Yan et al. constructed a thick coal seam roadway
mechanics model, proposed a roadway support method with
“truss anchor cable” as the core, and auxiliary bolts and
cables, and simulated both supported and unsupported
conditions [24]. Yu and Liu studied the impact of excavation
disturbance on the surrounding rock of the roadway and put
forward a targeted support for the surrounding rock of the
roadway with “bolt, metal mesh, grouting, combined anchor
cable and large diameter anchor cable” method [25].

)e above studies focused on the deformation mecha-
nism and supporting methods of the surrounding rock in
deep loose soft coal roadways while also describing the

difficulty of supporting such roadways. However, due to the
existing conditions of each coal mine roadway and the
complexity and uncertainty of the influencing factors, the
deformation and failure mechanism and the adoption of
roadway surrounding rock support technologies are distinct.
)erefore, this article takes the 333 return airway of the
Gaokeng Coal Mine as the research object, analyzes the
deformation characteristics of the surrounding rock for the
composite roof from a loose and weak coal roadway, de-
scribes the reasons for the large deformation, and studies the
superiority of the prestressed truss anchor cable compared
with the ordinary anchor cable. In addition, the compre-
hensive control technology of the prestressed truss anchor
cable is proposed as the main body and the bolt + anchor
cable +metal mesh as the auxiliary to ensure the safe use of
the 333 return airway in the Gaokeng Coal Mine.

2. Deformation Characteristics of
Surrounding Rock

2.1. Structural andMechanical Characteristics. )e Gaokeng
Coal Mine is located in Pingxiang City, Jiangxi Province,
China, as shown in Figure 1.)e 333 return airway of Jiangxi
Gaokeng Coal Mine is arranged along the seam floor with a
total length of 90m and a trapezoid design section shape
(basal area is 5.63m2), as shown in Figure 2. )is roadway
adopts the combined support method of bolt + anchor
cable + I-steel ladder shed for support, while the roof is
supported by five bolts, three anchor cables, and an I-steel
ladder shed. )e bolt specification is V22mm× 2400m, and
the row spacing between bolts is 600mm× 800mmwhile the
anchor cable specification is V17.8mm× 5.0m, and the row
spacing between bolts is 900mm× 800mm. )e two sides
are supported by five bolts and I-steel ladder sheds. )e bolt
specification is V22mm× 2400mm, and the row spacing
between them is 600mm× 800mm, as shown in Figure 3.
Investigations and analyses of the 333 return airway in the
Gaokeng Coal Mine have determined the lithological
characteristics of the surrounding rock of coal roof and floor,
as given in Table 1.

By analyzing the conditions of the coal seam roof and
floor, it is found that the composite roof rock layer has the
following structural characteristics:

(1) )e 333 return airway coal seam composite roof is
thick and has a relatively small mechanical strength.
)e thickness of the coal seam is 5m on average, and
the thickness of the composite roof rock layer above
the coal seam is as high as 4.5m, which is composed
primarily of siltstone, shale, mudstone, coal, and
other low-strength rock bodies.

(2) )ere are many layers and 0–100mm coal lines in the
composite roof.)e presence of small layers weakens
its bearing capacity and leads to a reduced adhesion
between rock layers, uneven roof deformation, and
sinking.

(3) )e composite roof rock layer is thick, the structure
is weak and loose, and there are many small layers.
)us, the effective length of the anchor cable cannot
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Figure 3: Original support scheme for a coal roadway.

Table 1: Coal seam roof and floor properties.

Roof and floor type Rock type )ickness (m) Lithologic features
Pseudotop Shale, coal 0–1.0 Gray-black, thin layer, coal line
Direct top Shale 1.5 Black dense shale
Main roof Siltstone 10.0 Black thin mudstone with thin-layer siltstone
Main floor Fine sandstone 8.0 Dark gray fine sandstone, thin layer of mudstone black carbonized smooth surface
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be inserted into the stable rock layer with a high
bearing strength, and it cannot fully exert its sus-
pension function, which serves only as a composite
beam.

2.2. Deformation Characteristics

2.2.1. Surrounding Rock of the Roadway Has a Large De-
formation, and the Roof Sinks Heavily Overall. )e com-
posite roof has a large thickness with many small layers, the
structure is loose, and the bearing capacity is poor and
coupled with the influence of mining and other stresses. )e
lower part of the composite roof cannot withstand the
pressures from the upper rock layer, which aggravates its
destruction process. )is causes uneven subsidence and
delamination in each rock layer and can even cause local roof
fall accidents.

)e main function of the anchor cable is to suspend the
low-strength composite rock layer in the stable rock layer.
Most of the bearing capacity in the supporting system needs
to be supported by the anchor cable; however, the strength of
the anchor cable is too high. When the anchor cable reaches
a certain length (more than 10m here), the construction
requirements are too strict. Judging from the on-site con-
struction of the Gaokeng Coal Mine, after supporting the
composite roof with the anchor cable, the deformation rate
of the roof is reduced. However, the roof still sinks, the
anchor cable sinks with the roof, and the roadway sides bulge
outwards.

2.2.2. Long Deformation Duration. )e compound loose
and weak roof in Gaokeng Coal Mine not only has a large
amount of sinking and a fast deformation speed but also has
a long deformation duration, which can last for two years or
longer. Ever since the excavation of the 333 return airway,
the surrounding rock of the roadway has been in an unstable
state. )us, it is necessary to continuously maintain the
normal use of the roadway section by expanding the
roadway.

3. Deformation Mechanism of Surrounding
Rock of Compound Roof

)eGaokeng Coal Mine contains multiple faults, such as F3.
)e structural stress is abnormally strong, which results in
large deformations in the surrounding rock of the roadway.
)e overall roof sinking is significant, the strength of the coal
and rock body itself is low, and the structure is loose, which
is accompanied by geological disasters such as spalling and
cracking:

(1) )e composite roof of the loose and weak coal
roadway has a greater thickness, worse bearing ca-
pacity, and lower mechanical strength. Even if the
supporting density is increased, the problem of roof
sinking is not solved. )is is mainly because the
composite roof is too thick and contains several
small layers. )e effective anchorage length of the

anchor cable is contained in the composite roof, and
the anchoring end cannot penetrate the stable rock
layer with a strong bearing capacity. )e loss of
balance in the roadway support system leads to
support failure. At this time, the anchor cable fails to
suspend and stretch the composite roof and serves
only to connect several-layer rock bodies inside the
composite roof to enhance its bending resistance in
the anchoring area. As shown in Figure 4, the vertical
deformation of the anchor end (point A) and head
(point B) is synchronized. )at is, the anchor cable
sinks synchronously with the roof plate, and the
anchor cable cannot play its intended role. With
some stretching, the pressure of the overlying strata
is borne almost entirely by the roof.

(2) On the one hand, the mechanical strength of the two
coal bodies in the 333 return airway is low, the
structure is weak and loose, and the roadway has
been expanded repeatedly. )erefore, the rupture
zone range has continued to expand, and the an-
choring force of the bolt has continued to weaken.
On the other hand, the stress during roof sinking has
continuously transferred to the two sides of the
roadway, which aggravates the destruction process of
the two coal body sides and the range of the fracture
zone increases, which results in an increased internal
displacement of the two sides. )e effects of these
aspects cause the rupture zone of the two coal bodies
to far exceed the length of the bolt body. )erefore,
the anchoring section is entirely in the loose rupture
zone coal body, and the support completely fails.
Similarly, the horizontal deformations of the anchor
end (point C) and head (point D) of the bolt are
synchronized, and the bolt does not exert its proper
tensile effect.

(3) )e floor is the weakest part of the roadway sur-
rounding rock control. As no effective support
measures were taken for the floor at the site, the
pressure of the roadway sides is transmitted to the
surrounding rock of the floor, which is squeezed by
the horizontal in situ stress, tectonic stress, and
upward pressure of the lower rock layer. )e con-
centration of stress is therefore enhanced, which
results in heaving at the bottom of the floor.

Establishing an active support system that implements a
wider range of control for the surrounding rock of the coal
roadway can provide highly reliable anchoring points. )is
effectively improves the stress state of the surrounding rock,
improves its overall bearing capacity, and ensures its sta-
bility. )is is the key to solving the existing support problem
and situations like it.

4. Composite Roof Support Principle and
Theoretical Analysis of Truss Anchor Cable

4.1. SupportPrinciple. )e sinking of the composite coal roof
is accompanied with a release and transfer of the sur-
rounding rock stress. Specifically, the roof pressure is
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transferred to the coal bodies of the two roadways and leads
to stress concentration, which intensifies the coal body
rupture process. At the same time, the extensive rupture of
the coal bodies and the continuous inward movement into
the roadway space cause the support capacity of the roadway
sides to rapidly weaken, causing the roof to further bend and
sink. )is cycle continuously repeats and is one of the main
reasons for the large deformation of the surrounding rock of
the composite roof in the loose and weak coal roadway.
)erefore, the support of the surrounding rock of the
composite roof should not ignore the support effects of the
two coal bodies.)e roof, roadway sides, and floor should be
regarded as a single entity to achieve the support effect of a
solid and strong roof.

To prevent sinking and delamination of the composite
roof in the coal roadway and realize its normal use re-
quirements, it is necessary to first improve the roof support
force. To this end, the following three aspects should be
considered. (1) Support the roof directly to improve the
stress state of the surrounding rock, improve the strength
and integrity of the surrounding rock, and enhance its
bearing capacity. (2) )e roadway sides play an important
role in the roof, which needs to be strengthened to improve
the integrity of the surrounding rock of the coal body, reduce
the range of the fracture zone, and strengthen the two coal
roadway sides. )e support capacity helps avoid the oc-
currence of geological disasters, such as rib spalling and
cracking. (3))e anchoring section of the anchor cable must
go deeper into the rock layer to find a strong bearing capacity
and prevent the anchoring section from escaping the sur-
rounding rock and failing.

)e above analysis indicates a comprehensive control
method with prestressed truss anchor cable as the core is
helpful for the deformation mechanism and characteristics
of the composite roof that surrounds the loose and weak coal
roadway, as shown in Figure 5. (1) )e prestressed truss
anchor cable can be extended to the four-pointed, deep,
three-way compressive stable rock mass as the anchor point
and basis of the bearing structure. )e anchor point should
not be easily affected by the separation and deformation of

the rock body to ensure that the supporting structure is fully
exerted. )is fulfills the support goal of having a solid
support and strong roof. (2) )e common anchor cable is in
point contact with the surrounding rock of the roadway free
surface, which readily causes the stress concentration to
rupture the shallow surrounding rock. )e truss cable is in
contact with the surrounding rock surface of the roadway to
form a continuous compressive stress zone, which reduces
the degree of stress concentration. (3) )e prestressed truss
anchor cable is an active supporting structure that simul-
taneously provides horizontal and vertical compressive
stress in the roof or the surrounding rock. )is overcomes
the defect where the ordinary anchor cable support cannot
provide a horizontal support force, which improves the
anchorage area. )e stress state of the surrounding rock and
the neutral axis position of the anchor zone move outward,
which strengthens the mechanical properties of the rock
mass in the anchor zone and improves its resistance to
deformation. )is improves the integrity of the rock sur-
rounding the roadway.

4.2. Stress Analysis of Truss Anchor Cable. )e superiority of
the prestressed truss anchor cable is mainly reflected in the
improvement of the surrounding rock stress state and ef-
fective support range. )e composite roof after support can
be regarded as a composite beam [26], as shown in Figure 6.
)e pressure of the surrounding rock mass on the anchor
cable is related primarily to factors such as the in situ stress,
tectonic stress, mining, mechanical properties of coal and
rock mass, and the rock layer thickness. Assuming that q(x)

is evenly distributed and g(x) is linearly distributed,
g(0) � k1ch at the anchoring section of the anchor cable, and
g (lcosa)� k2ch at the anchoring head position, where l is the
effective anchoring length. When the prestressed truss an-
chor cable is in force balance, the resultant forces in the
vertical and horizontal directions are zero, and the prestress
F0 of the anchor cable and the prestress F1 of the truss are
obtained from the following two balance equations:

q1

q2q2

Compound roof

Coal Coal

Bolt

B
DC

Fractured zone

Anchor cable
A

Figure 4: Features of the coal roadway support.

q1

Horizontal stress

Vertical stressVertical stress

Horizontal stress
Compression direction

Compression
zone

Truss and
anchor rope

q2q2

Figure 5: )e principle of the prestressed truss anchor cable
support.
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F0 � −
b cos a k1 + k2(  f1(1 + λ tan a)sin a + 1  + L

2 sin a
ch,

F1 � −
b cos a k1 + k2( (cos a + λ) + L(cos a + f)2

2
ch.

(1)

where h is roadway buried depth (m); b is roadway width
(m); c is roadway roof covering weight (kN/m3); f1 is
frictional force between the inclined part of the truss anchor
cable and the rockmass (kN/m); f2 is frictional force between
the horizontal part of the truss anchor cable and the rock
mass (kN/m); a is the inclination angle of the anchor cable
borehole (°); L is the length of truss (m); λ is the coefficient of
lateral compression; and k1, k2 are slope.

)rough the analysis of the above mechanical model,
ordinary anchor cables only apply a prestress to the inside of
the rock mass through the tray, while the compressive stress
has a limited range of influence and is suitable to only
strengthen the support in local areas of the surrounding
rock. )e truss and anchor rope are prestressed at the
connector, which easily forms a locked structure. )us, the
supporting structure does not easily fail, which effectively
prevents the overall roof sinking and the occurrence of roof
fall accidents.

)e neutral axis theory in material mechanics gives the
neutral axis of the composite beams after the truss and
anchor rope are anchored, as shown in equation (2). )e
computational mechanical model of the neutral axis of the
anchoring zone is as shown in Figure 7.

σ �
Mzy

Iz

−
F1

A
� 0. (2)

According to equation (2),

y �
F1Iz

Mz

, (3)

where A is cross-sectional area of the anchor cable (m2); Iz is
the moment of inertia of the rock layer in the composite
beam (m·kg·s2); and Mz is the bending moment of the rock
layer in the composite beam (N·m).

Integrating bending theory of the combined beam with
equation (2), the tensile stress on the surrounding rock in the
area of the truss anchor cable is given as

σt �
Mh hx − y( 

Iy

−
F1

A
�

Mhhx

Iy

−
MhF1Iz

MzIy

−
F1

A
, (4)

where y< hx < h/2. According to the definition of the cal-
culation model bending moment,

Mh � M − Mhy <M. (5)

From comparisons of equations (4) and (5), we find that

σt <
Mhhx

Iy

<
Mhx

Iy

, (6)

where Mh is the bending moment when supported by the
truss anchor cable (N·m); Mhy is the bending moment
formed by the prestress of the truss anchor cable (N·m); hx is
the vertical distance from the calculated point to the abscissa
(m); M is the bending moment when using an ordinary
anchor cable support (N·m); Iy is the moment of inertia for
the internal rock layer when using the truss anchor cable for
support (m·kg·s2); and My is the bending moment of the
internal rock layer when using the truss anchor cable for
support torque (N·m).

From this analysis, the prestressed truss anchor cable is
adopted as the core support technology, and the neutral axis
of the surrounding rock in the anchorage area is lower than
that using ordinary anchor cables (F1Iz)/Mz. At the same
time, the neutral axis of the surrounding rock in the an-
chorage area is related to the prestress of the truss anchor
cable. A greater prestress brings the neutral axis closer to the
surrounding surface of the surrounding rock, which is more
conducive to improve the stress state of the surrounding
rock.

5. Engineering Test

5.1. Support Plan. According to the deformation and failure
characteristics of the surrounding rock of the 333 return
airway and the analysis of the composite roof support, the
prestressed truss anchor cable is used as the main body, and

y

0 x

L

q (x)

α

g (x)

F1F1

F0 F0

Figure 6: Stress model of the truss anchor cable.
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the comprehensive control technology with bolt + anchor
cable +metal mesh is the auxiliary. )e numerical simula-
tion and field support test along with the specific support
scheme is shown in Figure 8.

Bolts and metal meshes are the initial support structures
when unloading the surrounding rock of the roadway, which
allows certain deformations. )e secondary support is the
prestressed truss and anchor rope along with the anchor
cables, which are used primarily to support the surrounding
rock of the roadway during the creep period, improve the
overall strength of the broken surrounding rock, and achieve
permanent stability of the roadway [28, 29].

)e parameters of the 333 return airway bolt and metal
mesh support are as follows:

(1) )e roof of the roadway is supported by 4 left-
handed, threaded, steel bolts without longitudinal
reinforcement along with 2.4m ladder beams and a
metal mesh. )e specification of the bolts is
V22mm× 2400mm, the spacing between the bolts is
750mm× 800mm, and the anchors have a force that
is not less than 70 kN. )e corner anchors should be
installed at an inclined angle of 15° outwards. )e
other anchors are arranged perpendicular to the roof
direction using an elongated anchoring method.
Each anchor is attached by two sections of Z2550
medium-speed resin drug rolls, as shown in Figure 9.
)e metal mesh is V6mm with a 100mm× 100mm
grid.

(2) )e roadway side is supported by 4 left-handed,
threaded, steel bolts without longitudinal ribs along
with 2.5m ladder beams and a metal mesh. )e
specification of the bolts is V22mm× 2400mm, and
the anchoring force is not less than 70 kN. )e
bottom angle bolt should be installed downward at
9°, and the shoulder angle bolt should be installed
downward at 31°. Two sections of the Z2550 me-
dium-speed resin cartridges are lengthened and
anchored. )e metal mesh is V6mm with a
100mm× 100mm grid. )e bolts must be provided
at the stubble of the metal mesh and be close to the
rock face, while the length of the stubble between
meshes should not be less than 100mm.

)e surrounding rock anchor cable support adopts two
different types of anchor cables (top ordinary anchor cable
and full-section truss and anchor rope) based on the de-
formation and failure characteristics of the 333 return airway
and the geological conditions and degree of mining.

5.1.1. Roof Anchor Cable. )e middle of the roadway roof is
supported with one anchor cable at V17.8mm× 7.0m and a
row distance of 800mm, which is arranged between two
rows of bolts. )e anchor cable uses five rolls of Z2840 resin
drug rolls, and the anchoring force is not less than 100 kN.
)e anchor cable tray adopts a compressible square shim
device, whose specification is 350mm× 350mm× 10mm.

5.1.2. Truss and Anchor Rope

(1) Roof. A truss and anchor rope system is arranged every
two rows of bolts on the roof, and the specification of the
steel strands (nine strands) is V17.8mm× 7.0mm. )e
spacing between anchor cables is 2000mm× 1600mm, while
the anchoring force is not less than 140 kN and the preload is
not less than 70 kN.

(2) Roadway Sides. A truss and anchor rope system is
arranged every two rows of bolts in the roadway sides. )e
specifications of the steel strands (nine strands) is V

17.8mm× 6.0mm, and the spacing between the anchor
cables is 2000mm× 1600mm. )e anchoring force is not
less than 140 kN and the preload is not less than 70 kN.

)e angle of the anchor cable is installed based on the
design. Every two anchor cables in the upper part are
connected as a group and with a 2.0m truss to form a single
unit to reduce further deformations of the loose surrounding
rock, as shown in Figure 10.

5.2. Numerical Simulations. )e FLAC3D numerical sim-
ulation software was used to analyze the 333 return airway
using the original support plan and the prestressed truss and
anchor rope as the main body, and the bolt + anchor
cable +metal mesh as the auxiliary comprehensive support
plan. )e calculation model is shown in Figure 11. )e

Distribution of tension and compression
when supporting with single anchor cable

Distribution of tension and compression
during truss and anchor rope support

Pressure zone
h

h/2

0

Neutral axis when supported by
single anchor cable

Neutral axis during
truss and anchor

rope support

y

Tension zone

x

Figure 7: Computational mechanics model of the neutral axis in the anchorage zone [27].
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Figure 8: Roadway support scheme.
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Figure 10: Cross section of anchor cable with the truss and anchor rope support.
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height× length× thickness of the calculation model is
50m× 50m× 50m. Displacement constraints are imposed
on the left and right boundaries, the front and rear
boundaries, and the lower boundaries. )e vertical stress is
taken from the weight stress, and an equivalent load of
20MPa is applied to the upper boundary. )e calculation
model adopts the Mohr–Coulomb yield criterion and cal-
culates the initial ground stress field balance from
σzz � 20MPa, σxx � 24MPa, and σyy � 21MPa, which then
calculates the roadway excavation after the balance. )e
calculated mechanical parameters are shown in Table 2.

)e distribution of the plastic zone of the rock sur-
rounding the roadway under the original (new) support
scheme is shown in Figure 12 (Figure 13). In the original
support scheme, the plastic zone depth of the roadway wall
and roof surrounding rock is relatively large at approxi-
mately 2.0m, and the plastic zone of the floor is relatively
small at 1.0m. After adopting the new support scheme, the
depth of the plastic zone of the surrounding rock for the
roadway is significantly improved.)e depth of the roadway
section and the roof plastic zone is approximately 0.5m,
which is 1.5m less than that of the original support scheme
of 2.0m. )is indicates that the new support scheme can
effectively control the depth of the plastic zone. )e an-
choring foundation of the bolt (cable) is located outside the
plastic zone, which benefits the stability control of the
surrounding rock for the roadway.

A cloud map of the surrounding rock displacement of
the roadway under the original and new support scheme is
shown in Figures 14 and 15. Under the original support
scheme, the deformation of the roof is relatively large with a
subsidence as high as 0.65m and a deformation that reaches
0.5m. After adopting the new supporting scheme, the dis-
placement cloud image is significantly improved, the roof

subsidence is reduced to 0.049m, and the roadway sides are
reduced to 0.04m, indicating that the new supporting
scheme can effectively control the deformation of the
roadway surrounding rock.

5.3. Engineering Effect Inspection. )e effects of the support
scheme were monitored for up to 90 days, and the defor-
mation of the 333 return airway is shown in Figure 16. After
monitoring, the total convergence of the coal roadway roof
and floor after using the new support scheme is 363mm, and
the total convergence of the roadway sides is 253mm. )us,
the deformation of the surrounding rock for the roadway is
effectively controlled, and the failure of the bolt and the roof
collapse did not meet the use requirements during roadway
service.

6. Discussion

)e composite roof of a coal mine easily separates from the
layers, and the bed-separation volume and sinkage increase
with the rupture range of the two sides. )erefore, the
advantages of the combined support technology for the
prestressed truss and anchor rope and bolts for the com-
posite roof of coal mines are as follows. (1) Timely support
and high prestress control for the separation of the com-
posite roof to maintain its integrity and enhance its self-
supporting abilities, transform the composite roof from a
load body to a carrier, and evenly transfer the load of the
overlying strata to the roadway sides, which reduces their
stress concentration. (2) High prestressed supports improve
the bearing capacity of the two sides, reduce their rupture
range for the roadway, and enhance their stability, which
provides strong support to maintain the stability of the
composite roof. (3) )e compressive stress areas formed by

X = 50m

Z
=

50
m

Overburden stress

Figure 11: )ree-dimensional numerical model of the 333 air roadway.
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the truss and anchor rope and the bolt are coupled with each
other to form a spatial prestressed network. )is forms a
continuous overall compressive stress area where the anchor
cable prestress plays the role of the skeleton support and the
bolt provides a supplementary addition for continuous
bearing. )e formation of the spatial stress network

effectively guarantees the stability of the roof rock in the
anchored area.

)e control effects of the prestressed truss and anchor
rope and bolts on the surrounding rock of the roadway are
affected by factors such as the supporting structure and
density, material, anchor agent, and row distance. At the

Table 2: Numerical calculation parameters.

Rock
formation
name

Bulk density
(g.cm−3)

Uniaxial compressive
strength (MPa)

Uniaxial tensile
strength (MPa)

Cohesion
(MPa)

Internal
friction angle

(°)

Elastic
modulus
(GPa)

Poisson’s ratio

Fine sandstone 2650 37 3.15 6.5 30 32 0.29
Siltstone 2500 32 2.81 3.7 36 28 0.30
Coal 1400 12 1.43 1.5 18 21 0.38
Shale 1900 18 1.86 2.1 33 26 0.42

Zone

FLAC3D 5.00
©2012 Itasca Consulting Group. Inc,

Color by: state-average

None

Shear-n shear-p

Shear-n shear-p tension-p

Shear-n shear-p tension-p

Tension-p

Shear-p

Shear-p tension-p

Figure 12: Distribution of the plastic zone in the surrounding rock of the original support technology.
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Figure 13: Distribution of plastic zone in the surrounding rock of the new support technology.
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Figure 14: Cloud map of the roadway surrounding rock displacement under the original support scheme.
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Figure 15: Cloud map of the roadway surrounding rock displacement under the new support scheme.
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Figure 16: Roadway surrounding rock monitoring curve.
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same time, it is also affected by the surrounding rock factors
such as its mechanical properties and structural character-
istics, including its hardness coefficient, hydrological con-
ditions, and structure. Effective control of the surrounding
rock of the roadway can be better achieved only by scien-
tifically and comprehensively considering various factors
and restoring the actual project status.

7. Conclusions

(1) )e coal body rupture is aggravated as the pressure
of the composite coal roof shifts to the two sides of
the roadway, which results in a rapid weakening of its
support capacity.)is causes the roof to further bend
and sink, which forms a vicious cycle. To better
support the composite roof in coal roadways, the
roof, two roadway sides, and the floor should be
regarded as a single unit to achieve the support effect
of having solid roadway sides and a strong roof.

(2) )e stress model of the truss and anchor rope was
established, and the superiority of the prestressed
truss anchor cable compared with the ordinary
anchor cable was studied. )e anchoring section of
the truss-anchor cable is located in the stable deep
rock layer at the four sharp corners of the roadway,
which improves the stress state of the surrounding
rock in the anchorage area and the resistance to
deformation and failure of the coal and rock masses.

(3) )e prestressed truss and anchor rope are proposed
as the main body while the bolt + anchor cable-
+metal mesh is proposed as the auxiliary compre-
hensive control technology. On-site support tests
and numerical simulations show that while this
technology improves the overall load-bearing ca-
pacity of the composite roof, it also strengthens the
roadway side structure and plays a supporting role of
reinforcing the roadway sides and roof to meet the
service requirements during roadway service. )e
study can be extended to similar loose, weak, and
large deformation roadways using the prestressed
truss and anchor rope as the main support tech-
nology. )is improves the stress state of the sur-
rounding rock in the anchoring area, improves the
integrity of the surrounding rock, and determines a
reasonable support plan.
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Deep in situ rock mechanic is of great significance for deep foundation research and engineering application. In order to explore
the deep in situ mechanical law, it is necessary to maintain the in situ environment, which means to achieve fidelity coring.
However, at present, there is a lack of method of deep rocks with quality-preserving, moisture-preserving, and light-proof to
obtain deep rock specimens, making it difficult to obtain in situ scientific information of the core. In this study, we developed a
novel in situ quality-preserving coring method of deep rocks based on an in situ film-forming process. In this method, a solution
was covered on the core, and then a sealing polymer film was formed through crosslinking reaction. Organic montmorillonite and
carbon black functional fillers were incorporated to further reduce the O2 and water vapor permeability and light transmittance of
the polymer sealing film. +e sealing film was characterized by Fourier transform infrared spectroscopy, X-ray diffraction, and
scanning electron microscopy. Compared to the neat silicone rubber film, the O2 and water vapor permeability and light
transmittance of the sealing film were reduced by 81.2%, 84.4%, and 100%, respectively. In addition, the mechanical and thermal
stability of the sealing film was excellent; it showed an elongation at a break of 98.0% and a tensile strength of 0.857MPa.
Moreover, a simulator was developed and the sealing film showed an excellent quality-preserving ability on the rock specimens.
+e significant improvement demonstrated that the method developed in this research may open up new opportunities for the
development of the in situ quality-preserving coring method of deep rocks and construction of deep in situ rock mechanics.

1. Introduction

With the shallow resources of the earth gradually exhausted
and decreasing of conventional energy, deep exploration of
energy has become necessity. [1]. In order to march deep
into the earth, it is necessary to explore the physical and
mechanical behaviours of rocks with different depths which
is a significant guiding for engineering applications [2, 3].
However, the current rock mechanic theories and methods,
based on standard rock core, classic real-time load path, and
elastoplastic constitutive relation, are not obtained under the
fidelity conditions, which is difficult to effectively guide the
basic research and engineering implementation of the ex-
ploration to the deep earth [4, 5]. +erefore, constructing a
deep in situ fidelity coring method to research the deep rock

mechanic law in the deep in situ environment is urgent. +e
deep in situ rocks, with pore-water, pore pressure, tem-
perature, various gas, mineral resources, and microorgan-
isms, need to be treated with temperature-retained,
pressure-retained, quality-preserved, moisture-preserved,
and light-proof for fidelity coring. At present, scholars have
carried out lots of research studies on coring with retaining
of temperature and pressure andmake an excellent progress,
but coring with preservations of quality and moisture as well
as light-proof is still a tough problem.

Deep geoscientific drilling has become an indispensable
measurement method for the investigation of resources,
disasters, and environments. Since the 1950s, several proj-
ects, such as the Mohole Drilling Project, Kontinentales
Tiefbohr Programm, and International Continental
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Scientific Drilling Program, have been established world-
wide [6–10]. However, the quality-preserving coring cannot
be achieved by the traditional coring methods and devices,
which leads to some problems. +e information of hydrates,
liquid phases, and microorganisms contained in deep rocks
is distorted owing to the difficulty in maintaining the in situ
temperature and pressure. Furthermore, the drilling fluid
contaminates the specimens, which distorts the information
of the pore pressure, temperature, humidity, and microbe
activity. Moreover, most subpacking, sample preparation,
and testing methods cannot preserve the state of the in situ
core owing to the core exposure to the external environment
after coring.

Gas hydrate coring, which has been investigated ex-
tensively [11], provides quantitative information while
preserving the quality. Pressure Core Sampler (PCS) used in
the Ocean Drilling Program (ODP) [12, 13], Fugro Pressure
Corer (FPC), and HY-ACE Rotary Corer (HRC) used in the
Hydrate Autoclave Coring Equipment System (HY-ACE)
[14, 15] had a plastic core barrel to prevent core contami-
nation by the drilling fluid, while the FPC and HRC inte-
grated the piston structure to prevent pollution, which was
beneficial for the discharge of seawater in the core barrel
through the piston at the bottom of the core barrel after
coring. Physical methods, e.g., applying special materials and
adjusting the structure of the piston, can only reduce the
influence of external factors on the in situ core, so internal
information can still be lost. In addition, the Pressure Core
Barrel (PCB) used in the Deep Sea Drilling Project (DSDP)
[16] mainly used a nonaggressive colloidal sealing fluid of
being difficult to prepare and remove [17], to fill the space
between the coring device and the core to prevent the
drilling fluid from contaminating the core; this fluid slowed
down the diffusion of the internal information of the core to
the outside but cannot completely stop the loss of gas phase
information in the core.

Recently, Xie et al. [18, 19] proposed a coring method
and technology that preserved the quality and moisture of
specimens and blocked the light of external by applying a
polymer composite film with sealing effect of preventing the
exchange of matter between the core and outside of the
specimen. However, it is difficult to coat the core during the
dynamic process in a narrow space of coring casing. To solve
this issue, a film-formation mechanism was developed by
regulating the basic properties of the sealing film and
controlling the film-formation process, where polymer
composite material played a significant role in the quality-
preserving, moisture-preserving, and light-proof coring.

Silicone rubber has shown potential as a sealing material
owing to its special film-formationmechanism and physical-
chemical properties [20]. First, liquid silicone rubber can be
transferred into a solid state triggered by water vapor and a
catalyst, which is favorable for in situ film formation on the
surface of the core filled with water. Bo [21] studied the
kinetics of the crosslinking process of silicone rubber and
determined the interrelation between the film-forming time
and temperature and water vapor content. Second, the
excellent properties of silicone rubber, such as compact
microstructure, hydrophobicity, and thermal stability, can

completely match the environment of the deep earth. Fi-
nally, layer-by-layer assembly [22], surface coating [23], and
incorporation of two-dimensional (2D) nanosheets [24, 25]
are efficient methods to improve the barrier properties of
film. Ha et al. [26] strengthened the interaction between the
modified GO and PDMS and reduced the gas permeability of
the composite with 1wt% GO by 45%. +erefore, exploiting
material-forming mechanisms appropriately, designing
suitable film components, and improving their properties
are important factors of using silicone rubber for deep in situ
quality-preserving coring.

In this paper, we report a mechanism of in situ cross-
linking and curing film-forming for deep in situ quality-
preserving, moisture-preserving, and light-proof coring of
deep rocks. An elastic polymer was utilized as the matrix
material. Organic montmorillonite (OMMT) and carbon
black (CB) were used as functional fillers to improve the
barrier properties of the sealing film, and a catalyst was used
to speed up the crosslinking process. +is material combi-
nation led to the following exceptional properties of the
sealing film: (1) the sealing film can be crosslinked in 30min,
which was conducive to rapidly covering the coring. (2) O2
and water vapor permeability and light transmittance were
reduced by 81.2%, 84.4%, and 100%, respectively, compared
with pure silicone rubber. (3) +e mechanical and thermal
stability of the sealing film was impressive, which showed
that the elongation at break was 98.0%, the tensile strength
was 0.857MPa, and the thermal decomposition temperature
was 240°C. In addition, we designed a quality-preserving
coring simulator, and the quality-preservation effect of the
core with the sealing film was verified.

2. Mechanism of In Situ Film-Forming

In light of the deep in situ quality-preserving coring method,
the mechanism of in situ film-forming is based on the
principle of crosslinking. +e polycondensation reaction of
organosilicon is utilized as the film-forming mechanism,
which was expressed as hydrolysis of crosslinking agent
under the condition of water and reaction with matrix under
the action of catalyst. However, the thermal stability tem-
perature of catalyst and crosslinking agent is below 200°C.
So, within 200°C, higher temperature is beneficial for dif-
fusion of the water through the film and acceleration of the
polymerization. As shown in Figure 1, when the film-
forming polymer solution surrounding the rock core
specimen is in contact with water, the linear polymer chains
polymerize and crosslink rapidly under the action of the
catalyst, in which a solid sealing film with excellent me-
chanical and barrier properties and being like a “cling film”
is formed.

During sample drilling, the film-forming polymer so-
lution with good fluidity will be filled into the gap between
the core sleeve and core. +en, a polymerization and
crosslinking reaction takes place on the core surface, to
obtain an in situ sealing film in the narrow space of the
coring device. Figure 2 shows the specific process of the
quality-preserving coringmethod. First, solution B (water) is
filled into the core sleeve while the drilling fluid flows down
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(Figure 2(a)).When the coring starts, the core enters the core
sleeve slowly (Figure 2(b)), and solution A (film-forming
solution) is injected into the core sleeve to cover the core
(Figure 2(c)). Finally, the film-forming solution turns into a
solid sealing film through the crosslinking reaction under
the water condition (Figure 2(d)), which is an essential
component for the preservation of the quality and moisture
of the specimen and the blocking of light for the rock
specimen.

3. Characterization of OMMT
Functional Nanofillers

+e material design and preparation are the key parts of the
quality-preserving coring because they determine whether the
sealing film has the ability to adapt to deep earth environ-
ments. Many researchers have reported that 2D nanolayers
are beneficial in improving the mechanical and chemical
properties of a nanocomposites [27, 28]. Hence, 2D lamellar
nanosheets of sodiummontmorillonite (Na-MMT) have been
selected as a functional additive for sealing films. Na-MMT

was modified to OMMT by cetyltrimethylammonium bro-
mide (CTAB) via an ion exchange process. +e incorporated
alkyl chain expanded the layer space and strengthened the
compatibility of OMMT with the polymer matrix.

To confirm the intercalation of CTAB into OMMT,
Fourier transform infrared (FTIR) measurements were
performed. Figure 3 shows the FTIR spectra of Na-MMTand
OMMT. +e adsorption peaks at 1038 cm−1 and between
3620 and 3650 cm−1 were assigned to Si-O stretching and
-OH stretching, respectively. +e -OH adsorption peak can
be attributed to the water adsorbed between the layers. +e
adsorption at 1640 cm−1 corresponds to sodium and that at
2930 cm−1 is due to C-H bending vibrations. +e disap-
pearance of the sodium peak at 1640 cm−1 and the ap-
pearance of the C-H peak suggest that Na-MMT is
successfully modified by CTAB. In addition, the -OH peak is
blue shifted after modification, indicating a reduced hy-
drophilic characterization.

Montmorillonite is composed of an aluminum oxide
octahedron and a silicon oxide tetrahedron; sodium ions are
absorbed between layers and can easily be exchanged with

Linear

Reticular

Sealing
film

Water

Film-forming
solution

Figure 1: Schematic of in situ crosslinking film-forming mechanism.

Figure 2: Schematic of the in situ crosslinking film-forming coring method: (a) drilling process; (b) before coring; (c) during coring; (d)
after coring.
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other cations [29], so alkyl chains with cations are always
utilized in modifying Na-MMT. +e intercalation of small
molecules into 2D layered structure or exfoliation of 2D
structure generate strong XRD signals [30, 31]. Accordingly,
the d-spacing of Na-MMT and OMMT was measured by
XRD, and the associated spectrums are shown in Figure 4.
According to Bragg Law, Na-MMTshows a broad reflection
peak (001) at 2θ � 7.30°, which suggests that the d-spacing
(d001) of Na-MMT is 1.21 nm. For OMMT, a strong re-
flection peak appears at 2θ � 4.7°, so the d-spacing (d001) is
1.88 nm, which is 1.54 times that of Na-MMT. OMMT has a
longer layer spacing, contributing to good exfoliation in the
matrix, as well as better compatibility, resulting in excellent
dispersion, than Na-MMT.

Figure 5 shows the microstructural morphologies of
the OMMT obtained by scanning electron microscopy
(SEM). From Figure 5(a), it can be observed that the
OMMT sieved through a 200 mesh has different sizes and
is easy to agglomerate, leading to the use of dispersion and
distribution methods of solvent, shear, or high speed when
composites with polymers are used. Figure 5(b) shows the
magnified structure of OMMT. From the figure, it can be
seen that the OMMT has a lamellar structure, with a
thinner thickness, longer diameter, and larger specific
surface area, indicating its suitability as a functional
nanofiller to improve the quality- and moisture-preser-
vation performance of the film. Figure 5(c) shows a higher
magnification image of the OMMT. It can be seen that the
OMMT has a rough surface with a large number of
particles, which may be attributed to the CTAB adsorption
on the OMMT surface or the exchange with the sodium
ions, further confirming that the CTAB successfully
modifies Na-MMT.

+ermal stability of OMMT was investigated by ther-
mogravimetry as shown in Figure 6. +e water molecules in
OMMT started to be lost above the room temperature, and
there are no changes in structure of OMMT. +e initial
temperature of thermal degradation is at 225°C, and the alkyl
chain of OMMT is decomposed completely at 460°C, which
means that the OMMT can maintain the relatively stability
under 225°C.

4. Performance of Sealing Film

A sealing film with good barrier and mechanical properties is
required to surround the core of deep in situ rocks to preserve
the properties of the rock. As previouslymentioned, for specific
applications, the disturbance during coring should be mini-
mized and thermal stability should bemaximized. In this study,
we used polymer matrix, functional fillers, and a catalyst to
prepare the sealing films. To further verify the properties of the
sealing film, the testing of crosslinking time and permeability,
and mechanical and thermal testing were performed.

4.1. Testing of Crosslinking Time. Considering the technical
requirements of fast film-forming kinetics in the deep coring
process, we argue that it is reasonable to control the cross-
linking time within 30min. Figures 7(a) and 7(b) show plots
of the crosslinking time as a function of the catalyst content
and temperature, respectively. It can be seen that, at the same
temperature, a higher catalyst content leads to a shorter
crosslinking time. In the reaction process, -Sn from the
catalyst combines with hydroxyl oxygen, to form a complex
compound and reducing the reaction activation energy and
accelerating the crosslinking reaction time. In particular,
when the catalyst content increases above 2.5wt%, the
crosslinking time remains between 0 and 30min, and this
may be because of the saturation of the interaction between
the catalyst and crosslinker and the reaction rate remaining at
the peak value; therefore, the catalyst content is no longer a
strong factor affecting the crosslinking time. On the other
hand, as shown in Figure 7(b), at the same catalyst content,
the crosslinking time decreases as the temperature increases.
+e increase in temperature causes an acceleration of the
migration rate of water vapor between air and the film or an
increase in the content of water vapor, which accelerates the
reaction rate and shortens the crosslinking time.

Crosslinking time testing is one of the basic parameters in
accessing engineering application of in situ film-forming
technology, from which researchers are able to utilize the
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proper catalyst content in different temperature sections. In the
low-temperature region (25–100°C), the catalyst content has a
stronger effect on the crosslinking time than the temperature. It
can be seen that the addition of 0.25wt% catalyst can sharply
reduce the crosslinking time, while the temperature has to
increase to 70°C at least for the same effect. At higher tem-
peratures (100–200°C), both the catalyst and temperature have
a positive effect on the reduction of the crosslinking time.

4.2. Testing of Molecular Permeability and Light
Transmittance. Quality and moisture preservation and light-
proof are themost important properties of sealing films, as they
determine how well the matter transfer can be prevented
between the external and internal parts of the core. Incor-
porating 2D nanosheets is the most efficient method to im-
prove the gas and moisture barrier properties in situ in a
narrow space [32]. Figure 8 shows a schematic of the gas
molecule diffusion.+emethod of incorporating 2Dnanosheet
mainly depends on the uniform dispersion and distribution of
the lamellar nanofillers in thematrix polymers; these determine
the orientation of the structure, which cause the gas or
moisture molecules to form a tortuous path through the
“barrier effect” of nanofillers and increases the path length,
leading to a lower permeability of the sealing film [33]. Many

researchers, including Nielsen [34], Bharadwaj [35], Gusev and
Lusti [36], Lape et al. [37], and Fredrickson and Bicerano [38],
have established various theoretical models to describe the
molecular barrier mechanism of planar sealing films.

Figure 9(a) shows a plot of the gas (O2) permeability of the
composite film as a function of the OMMTcontent. Owing to
the strong interfacial interactions between OMMT and the
silicone rubber and the excellent dispersion, the formation of
a complex nanofiller network comprising OMMTnanosheets
significantly increases the diffusion path of the O2 molecules.
+e sealing film exhibits a permeability much lower than that
of pure silicone rubber. Overall, the O2 permeability decreases
with increasing nanofiller content. At an OMMT filler
content of 2wt%, the O2 permeability sharply reduces to
5.28×10−5m3m/m2·d·0.1MPa, and as the filler content in-
creases further, the O2 permeability decreased relatively
slowly. In addition, the P/P0 ratio decreases sharply to 58.6%
when the OMMTcontent is 2wt%, and then slowly decreases
to 18.8% at the 32wt% content.+eO2 permeability decreases
by approximately 81.2% when 32wt% OMMT is added. +is
is highly beneficial for preventing the escape of various types
of volatile matters from the core during drilling.

+e deep earth core contains a large number of ionic
compounds, which are useful for analyzing the components
of the deep earth environment and the mechanism of
geological rock formation; thus, the preservation of the
quality of the specimens is crucial for deep earth coring. To
further confirm the quality-preservation performance of the
sealing film, the calcium ion permeability of the 32wt%
OMMT/silicone rubber composite has been tested, and the
results are shown in Figure 9(b). It can be seen that the
calcium ion concentration remains stable at approximately
6.3mg/L, suggesting that only a few calcium ion are
transported from one side of the sealing film to the other.
+is phenomenon is attributed to the compact micromor-
phology, the hydrophobicity of the sealing film, and the
tortuosity of the path due to the OMMT nanosheets.

+e moisture-preservation performance of sealing film
is also crucial property of the sealing film, which benefits to
protect the pore-water of the in situ core, to further
evaluate the resources accurately and obtain the in situ
mechanical parameters. Figure 9(c) shows plots of the
water vapor permeability as a function of the OMMT
content. It can be seen that the water vapor permeability
decreases as the OMMT content increases. With an the

Figure 5: SEM images of the OMMT: (a) 3 μm, (b) 500 nm, and (c) 100 nm scale bar.

50

60

70

80

90

100

TG
 (%

)

400 600 800200
Temperature (°C)

OMMT

Figure 6: TGA curves of OMMT.

Advances in Civil Engineering 5



OMMT content of 20, 24, 28, and 32wt%, the water vapor
permeability is 1.97×10−2, 1.24×10−2, 1.08 ×10−2, and
0.594×10−2 g m/m2·d, which is 51.9%, 32.7%, 28.5%, and
15.6% that of pure silicone rubber, respectively. +e water
vapor molecules also follow the diffusion theory; thus, the
OMMTnanosheets greatly contribute to reducing the water
vapor permeability.

If the core is exposed to light during coring, microor-
ganisms living in the rock may die. +erefore, to accurately
analyze the microorganisms living deep in the earth, a light-
proof sealing film has to be developed to protect the core from
the light. CB is a common functional filler for light absorption.
In this study, we investigate the relationship between the light-
proof performance of the film and the CB content. As shown in
Figure 9(d), a small amount of CB can induce excellent visible
light absorption properties. +e addition of 0.05wt% CB leads
to a sharp decrease in light transmittance to 19.3%. When the
CB content is increased to 0.2wt%, the sealing film behaves as a
complete light-proof composite.

4.3. Mechanical and 5ermal Stability Properties. During
coring, the sealing film is subject to the pulling action and
mechanical disturbance; thus, the sealing film must possess

good mechanical properties. Figure 10 shows the repre-
sentative stress-strain curves of the sealing films that
exhibited good gas barrier properties. It is evident that the
sealing film with OMMT and CB is mechanically stable (as
shown in Table 1), which is determined from the good
dispersion of fillers in the sealing film. +e average stress on
the sealing film is 0.857MPa. +is is due to the fact that the
polymer chains entangle around the fillers and form a
physical crosslinking structure, which can better resist ex-
ternal forces. Furthermore, the sealing film possesses high
flexibility, with an average elongation at a break of 98.0%,
which is advantageous for adapting to the complex envi-
ronment of the deep earth.

+e temperature of the ground towards the core of the
earth increases by 3 C every 100m. +erefore, the sealing
film must withstand various temperature conditions un-
derground. To verify the thermal stability of the sealing
film, a thermogravimetric analysis (TGA) was performed,
and the results are reported in Figure 11. In the initial
heating period (25–240°C), the weight of the sealing film
does not change significantly, indicating a good heat re-
sistance, which is attributed to the high Si-O bond energy
and crosslinking structure. +en, the weight gradually
decreases until the weight loss rate reaches the peak at
500°C and plateaus at 580°C. Finally, at approximately
740°C, the sealing film fully decomposes except for the
inorganic filler components.

5. Engineering Application of In Situ Film-
Forming

5.1. Development of Quality-Preserving Coring Simulator.
To verify the in situ film-forming mechanism and quality-
preserving coring methods, it is significantly necessary to
develop a set of quality-preserving coring simulation de-
vice. +e design concept of the simulator is shown in
Figure 12. +is device is mainly composed of a putter,
righting slide sleeve, spring sleeve, core sleeve, and core
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(Figure 12(a)). +e operation of device involves four steps.
Firstly, before coring, the core is confined between the
righting sliding sleeve and the sealing ring, and the entire
space is filled with water to simulate the in situ ground-
water environment. Secondly, the core is pushed upward
into the core sleeve, which is filled with water, to simulate
the process of coring (Figure 12(b)). +irdly, the film-
forming solution is injected into the core sleeve from the
injection hole to drain the water and completely coat the
core, which simulates the process of core coating with the
film-forming solution (Figure 12(c)). Fourthly, the cross-
linking and curing reaction of the film-forming solution
take places under the action of water and a sealing film is
formed covering the core (Figure 12(d)). Figure 13(a)
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Table 1: Strain and stress of sealing films.

1st 2nd 3rd 4th Average
Strain (%) 106.5 101.3 92.1 92.1 98.0
Stress (MPa) 0.96 0.80 0.84 0.83 0.857
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shows a photograph of the quality-preserving coring
simulator, and Figure 13(b) shows a photograph of the core
coated with the sealing film, which displays a complete and
smooth coating surface.

5.2. Verification of Quality-Preserving Ability of the Sealing
Film. To further verify the quality-preservation ability of the
sealing film, the calcium ion concentration and water vapor
transmission experiments were calibrated. Two core samples,
filled with either a saturated calcium chloride solution or
deionized water, were covered with a sealing film. One of the
samples was first filled with saturated calcium chloride so-
lution and covered with the sealing film and then placed in
deionized water. +e other pure sample was filled with sat-
urated calcium chloride solution but was not covered with the
film and was placed in deionized water as a reference sample.
Figure 14 shows the change in the calcium ion concentration
of the samples over time. After 300min of immersion,
only∼0.04 gm/L of calcium ions migrated into the deionized
water from the sample covered with sealing film, while ap-
proximately 0.6mg/L calcium ions migrated into the

deionized water from the pure sample. +is suggests that the
sealing film prevents the loss of calcium ions from the core.

Pore-water has a great influence on the mechanical
properties of rocks. In order to study the impact of in situ
water on rocks, it is necessary to master the distribution and
diffusion path of in situ water in rocks. So, keeping the in situ
state of the water is significantly important. +e sealing film
is able to prevent the pore-water being lost from the internal
of the rocks, and also could keep the external water away
from the rocks. +erefore, the sealing film is beneficial for
exploring the influence of water on in situ rock mechanics.
Figure 15 shows the internal water weight loss of the core
samples with and without sealing film. +e weight curve of
the sample covered with the sealing film is relatively smooth,
and the value of weight loss was about 2.48 g, which did not
change significantly with the temperature and humidity.
However, the curve of pure sample changed irregularly and
the value of weight loss was about 6.55 g, which was 2.64
times of value of sample covered with sealing film. We
believed that the sealing film with water vapor barrier
property could prevent the transport and migration of water
molecules between the internal and external parts of the
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core, even if under the change condition of temperature and
humidity.

6. Conclusion

We developed a solid film method for quality-preservation
coring of deep rocks. +e film allows the preservation of the
quality and moisture of the core, as well as blocking of the
external light. In this method, a film-forming solution is
deposited on the core and the sealing film is formed through
crosslinking reaction. +e sealing films exhibited good
molecule barrier performance and mechanical and thermal
stability within 20min of crosslinking. A coring simulator
was developed to test the quality-preservation ability of the
sealing film. +e results showed that the core covered with
the sealing film did not lose significant amounts of calcium
ions and moisture. +e results of this study demonstrated
that the method developed may open up new opportunities
for studying of deep earth resources and construction of
deep in situ rock mechanics.

Data Availability

+e raw/processed data required to reproduce these findings
cannot be shared at this time as the data also form part of an
ongoing study.

Conflicts of Interest

+e authors declare that they have no conflicts of interest.

Acknowledgments

+is study was funded by the National Natural Science
Foundation of China (grant no. 51827901) and Science and
Technology Department of Sichuan Province (grant
no.2020YFH0012)

References

[1] H. Xie, F. Gao, and Y. Ju, “Research and development of rock
mechanics in deep ground engineering,” Chinese Journal of
Rock Mechanics and Engineering, vol. 34, no. 11, pp. 2161–
2178, 2015.

[2] M. Gao, S. Zhang, J. Li, and H. Wang, “+e dynamic failure
mechanism of coal and gas outbursts and response mecha-
nism of support structure,”5ermal Science, vol. 23, no. Suppl
3, p. 122, 2019.

[3] M. Gao, Z. Zhang, Y. Xiangang, C. Xu, Q. Liu, and H. Chen,
“+e location optimum and permeability-enhancing effect of
a low-level shield rock roadway,” Rock Mechanics and Rock
Engineering, vol. 51, pp. 2935–2948, 2018.

[4] F. Gong, W. Wu, T. Li, and X. Si, “Experimental simulation
and investigation of spalling failure of rectangular tunnel
under different three-dimensional stress states,” International
Journal of Rock Mechanics and Mining Sciences, vol. 122,
Article ID 104081, 2019.

[5] F.-Q. Gong, X.-F. Si, X.-B. Li, and S.-Y. Wang, “Experimental
investigation of strain rockburst in circular caverns under
deep three-dimensional high-stress conditions,” Rock Me-
chanics & Rock Engineering, vol. 52, no. 4, pp. 1459–1474,
2018.

[6] T. Litt, S. Krastel, M. Sturm et al., “‘PALEOVAN’, interna-
tional continental scientific drilling program (ICDP): site
survey results and perspectives,” Quaternary Science Reviews,
vol. 28, no. 15-16, pp. 1555–1567, 2009.

[7] C. S. Sturm, K. G. Miller, A. W. Droxler, S. P. Hesselbo,
G. F. Camoin, and M. A. Kominz, “Drilling to decipher long-
term sea-level changes and effects—a joint consortium for
ocean leadership, ICDP, IODP, DOSECC, and chevron
workshop,” Scientific Drilling, vol. 6, no. 6, pp. 19–28, 2008.

[8] L. R. Coney, U. G. Wolf, L. Roger, and C. Koeberl, “Geo-
chemistry of impactites and basement lithologies from ICDP
borehole LB-07A, Bosumtwi impact structure, Ghana,” Me-
teoritics & Planetary Ence, vol. 42, no. 4-5, pp. 667–688, 2015.

[9] Y. T. Sup, “Mechanical and thermal study of hydrate bearing
sediments,” Dissertations & +eses, Georgia Institute of
Technology, Atlanta, GA, USA, 2005.

[10] J. Osborne, G. Yetginer, T. Halliday, and T. I. Tjelta, “+e
future of deepwater site investigation: seabed drilling tech-
nology,” in Proceedings of the Frontiers in Offshore Geotechnics
II ISFOGA, p. 299, Perth, Australia, November 2010.

[11] L. Yang, Y. Liu, H. Zhang et al., “+e status of exploitation
techniques of natural gas hydrate,” Chinese Journal of
Chemical Engineering, vol. 27, no. 9, pp. 2133–2147, 2019.

[12] G. R. Dickens, P. J. Wallace, C. K. Paull, and W. S. Borowski,
“Detection of methane gas hydrate in the pressure core
sampler (PCS): volume-pressure-time relations during con-
trolled degassing experiments,” Proceedings of the Ocean
Drilling Program: Scientific Results, vol. 164, pp. 113–126,
2000.

[13] A. V. Milkov, G. R. Dickens, G. E. Claypool et al., “Co-ex-
istence of gas hydrate, free gas, and brine within the regional
gas hydrate stability zone at hydrate ridge (Oregon margin):
evidence from prolonged degassing of a pressurized core,”
Earth and Planetary Science Letters, vol. 222, no. 3-4,
pp. 829–843, 2004.

[14] H. Amann, H. Hohnberg, and R. Reinelt, “HYACE-a novel
autoclave coring equipment for systematic offshore gas hy-
drate sampling,” Deutsche Wissenschaftliche Gesellschaft für
Erdgas und Kohle eV (DGMK), Report, vol. 9706, pp. 37–49,
1997.

[15] P. Schultheiss, M. Holland, and G. Humphrey, “Wireline
coring and analysis under pressure: recent use and future
developments of the HYACINTH system,” Scientific Drilling,
vol. 7, no. 4, pp. 151–163, 2009.

[16] K. A. Kvenvolden, L. A. Barnard, and D. H. Cameron,
“Pressure core barrel: application to the study of gas hydrates,
deep sea drilling project site 533, leg 76,” Initial Reports of the
Deep Sea Drilling Project, vol. 76, pp. 367–375, 1983.

[17] M Guiqing, X Yuzhi, H. Xinggui et al., “Development and
application of a synthetic-based sealing fluid,” Petroleum
Drilling Techniques, vol. 34, no. 4, pp. 50-51, 2010.

[18] H. Xie, G. Zhang, and C. Li, “Scheme of underground space
utilization of lunar thermostatic layer,” Advanced Engineering
Sciences, vol. 52, no. 1, pp. 1–8, 2020.

[19] H. Xie, M. Gao, R. Zhang, L. Chen, T. Liu, C. Li et al., “Study
on concept and progress of in situ fidelity coring of deep
rocks,” Chinese Journal of Rock Mechanics and Engineering,
vol. 39, no. 5, pp. 865–876, 2020.

[20] M. C. K. Swamy and Satyanarayan, “A review of the per-
formance and characterization of conventional and promising
thermal interface materials for electronic package applica-
tions,” Journal of Electronic Materials, vol. 48, no. 12,
pp. 7623–7634, 2019.

10 Advances in Civil Engineering



[21] L. Bo, Properties and Kinetic Analysis of Room Temperature
Vulcanized Methylethylisicone Rubber, Shandong university,
Jinan, China, 2015.

[22] E.-H. Song, B.-H. Kang, T.-Y. Kim et al., “Highly oriented
gold/nanoclay-polymer nanocomposites for flexible gas bar-
rier films,” ACS Applied Materials & Interfaces, vol. 7, no. 8,
pp. 4778–4783, 2015.

[23] F. Ding, J. Liu, S. Zeng et al., “Biomimetic nanocoatings with
exceptional mechanical, barrier, and flame-retardant prop-
erties from large-scale one-step coassembly,” Science Ad-
vances, vol. 3, no. 7, pp. 170–212, 2017.

[24] S. Xie, O. M. Istrate, P. May et al., “Boron nitride nanosheets
as barrier enhancing fillers in melt processed composites,”
Nanoscale, vol. 7, no. 10, pp. 4443–4450, 2015.

[25] A. Eckert, T. Rudolph, J. Guo, T. Mang, and A. Walther,
“Exceptionally ductile and tough biomimetic artificial nacre
with gas barrier function,” Advanced Materials, vol. 30,
pp. 1–8, 2018.

[26] H. Ha, J. Park, K. Ha, B. D. Freeman, and C. J. Ellison,
“Synthesis and gas permeability of highly elastic poly
(dimethylsiloxane)/graphene oxide composite elastomers
using telechelic polymers,” Polymer, vol. 93, pp. 53–60, 2016.

[27] W. Liu, H. Li, J. Jin et al., “Synergy of epoxy chemical tethers
and defect-free graphene in enabling stable lithium cycling of
silicon nanoparticles,” Angewandte Chemie International
Edition, vol. 58, no. 46, pp. 16590–16600, 2019.

[28] D. W. Schaefer and R. S. Justice, “How nano are nano-
composites?” Macromolecules, vol. 40, no. 24, pp. 8501–8517,
2007.

[29] S. S. Ray and M. Okamoto, “Polymer/layered silicate nano-
composites: a review from preparation to processing,”
Progress in Polymer Science, vol. 28, no. 11, pp. 1539–1641,
2003.

[30] W. Liu, V. A. Tanna, B. M. Yavitt, C. Dimitrakopoulos, and
H. Henning Winter, “Fast production of high-quality gra-
phene via sequential liquid exfoliation,” ACS Applied Mate-
rials & Interfaces, vol. 7, no. 49, pp. 27027–27030, 2015.

[31] S. Z. Butler, S. M. Hollen, L. Cao et al., “Progress, challenges,
and opportunities in two-dimensional materials beyond
graphene,” American Chemical Society Nano, vol. 7, no. 4,
pp. 2898–2926, 2013.

[32] N. Yan, F. Capezzuto, M. Lavorgna et al., “Borate cross-linked
graphene oxide-chitosan as robust and high gas barrier films,”
Nanoscale, vol. 8, no. 20, pp. 10783–10791, 2016.

[33] C. Wolf, H. Angellier-Coussy, N. Gontard, F. Doghieri, and
V. Guillard, “How the shape of fillers affects the barrier
properties of polymer/non-porous particles nanocomposites:
a review,” Journal of Membrane Science, vol. 556, pp. 393–418,
2018.

[34] L. E. Nielsen, “Models for the permeability of filled polymer
systems,” Journal of Macromolecular Science: Part
A—Chemistry, vol. 1, no. 5, pp. 929–942, 1967.

[35] R. K. Bharadwaj, “Modeling the barrier properties of polymer-
layered silicate nanocomposites,” Macromolecules, vol. 34,
no. 26, pp. 9189–9192, 2001.

[36] A. A. Gusev and H. R. Lusti, “Rational design of nano-
composites for barrier applications,” Advanced Materials,
vol. 13, no. 21, pp. 1641–1643, 2001.

[37] N. K. Lape, E. E. Nuxoll, and E. L. Cussler, “Polydisperse flakes
in barrier films,” Journal of Membrane Science, vol. 236, no. 1-
2, pp. 29–37, 2004.

[38] G. H. Fredrickson and J. Bicerano, “Barrier properties of
oriented disk composites,” 5e Journal of Chemical Physics,
vol. 110, no. 4, pp. 2181–2188, 1999.

Advances in Civil Engineering 11



Research Article
Numerical TestResearchonLoadingRateEffect ofRockMasswith
Transfixion Sawtooth Structural Plane

Dongsong Li ,1 Yanhong Du ,2 Feng Chen ,2 and Tianhui Ma 3

1Department of Road and Bridge Engineering, Liaoning Provincial College of Communications, Shenyang, China
2School of Mechanics and Engineering, Liaoning Technical University, Fuxin 123000, China
3School of Civil Engineering, Dalian University of Technology, Dalian 116024, China

Correspondence should be addressed to Tianhui Ma; tianhuima@dlut.edu.cn

Received 20 July 2020; Revised 16 October 2020; Accepted 21 October 2020; Published 6 November 2020

Academic Editor: Fengqiang Gong

Copyright © 2020 Dongsong Li et al. *is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In this paper, numerical test research is carried out on the loading rate effect of a numerical specimen (sample C) with a transfixion
sawtooth structural plane by using the rock failure process analysis (RFPA) 2D software. In order to study the mechanical
characteristics difference between the rock mass with this kind of structural plane and other rock masses, the intact numerical
specimen (sample A) of no structural plane and the numerical specimen (sample B) with smooth structural plane are also
simulated. *e uniaxial compression tests were carried out for each specimen under five loading rates of 0.002, 0.005, 0.008, 0.02,
and 0.05mm/s.*e following several conclusions are obtained by the numerical test. When the loading rate is 0.002 or 0.005mm/
s, the failure mode of the numerical specimen C is an inclined linear fracture zone located in the middle and lower part of the rock
mass; however, when the loading rate rises to 0.008, 0.02, and 0.05mm/s, the fracture zone of the numerical specimen C is located
in the middle and upper part of the rock mass, and its inclination angle is about 60 degrees. *e peak strength, residual strength,
and stress drop of the specimens A, B, and C increase with the addition of loading rate; the peak strength and stress drop of the
sample C are higher than those of the other two samples. When the loading rate is 0.002mm/s, the residual strength of sample C is
lower than that of samples A and B, and the other four kinds of loading conditions are higher than those of specimens A and
B. Based on the acoustic emission (AE) information, it can be seen that the failure modes of the numerical specimen C under five
loading conditions are tensile failure.*eAE accumulated energy decreases with the increase of loading rate, but the change law of
AE accumulated number is opposite.

1. Introduction

Rock is subjected to various tectonic actions in complex
geological environment, resulting in the structural planes
with different shapes and various scales [1, 2]. *e sawtooth
structural plane is widely distributed in natural slope and
excavating engineering slope of rock mass [3]. As shown in
Figure 1, there is an undulate surface at the Aishihik River
Landslide in Canada, and Figure 2 shows the sawtooth
structural plane in a pit created by rockburst damage [4]. It is
well known that so many calamities occur frequently on the
structural surface in a variety of rocks’ engineering [5, 6].
*erefore, it is a very important reference value to study the
failure process of rock masses with various shapes and

structures for further understanding the occurrence of rock
mass engineering disaster.

For more than 100 years, scholars from all over the world
have done specialized research on the deformed failure
process and strength characteristics of rock mass with
structural planes, and many achievements have been ob-
tained. Blanton [7] suggested that the energy necessary to
fragment the unconfined rocks is lower at higher strain rates.
Martin [8] investigated the uniaxial compressive strength of
rock increases in the wake of the increase of loading rate by
means of experimental results. Li [9] carried out uniaxial
compression experiments on red sandstone under diverse
loading rates and analyzed the influence of strain rate on
fracture forms. Backers et al. [10] found that the fracture
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toughness of rock and the roughness of rock fracture surface
also have loading speed influence. Yang et al. [11] pointed
out that in the indoor test of uniaxial compression with
different loading rates for the limestone, the peak strength of
limestone is enhanced with the increase of loading rate, and
in a certain range, faster loading rate makes the specimen’s
falling curve that from the peak strength to the residual
strength more steeply. Fuenkajorn and Kenkhunthod [12]
studied the loading rate formulation of deformability and
shear strength for the elastic and isotropic rocks. Gong et al.
[13] analyzed the correlation between the failure modes of
sandstone specimens and the characteristics of stress–strain
curves under different strain rates.

Both the physical and numerical tests on the mechanical
characteristics of rock masses with different loading rates
consider that the structural surface is smooth, and the
undulating pattern of the structural surface is not considered
till now [14–16]. *e discontinuities of rock medium can be
caused by the existence of structural planes and the fluc-
tuation of structural planes, while the RFPA software takes
into account the discontinuity of the material properties, the
heterogeneity, and the randomness of the defect distribu-
tion. Based on these characteristics of RFPA software, this
paper uses RFPA to simulate the failure characteristics of

transfixion-type regular sawtooth structural surface rock
under different loading rates. *e variation characteristics of
peak strength, residual strength, and acoustic emission
quantity in three kinds of numerical tests have been dis-
cussed. *e influence of loading rate on failure mode of rock
mass has been analyzed by using AE diagram.

2. A Brief Introduction to the Principles of
RFPA Calculation

RFPA is a numerical test tool that simulates the whole
process of progressive rupture of materials until they are
instability. An important feature of the method is consid-
ering the inhomogeneity of the material properties. By
considering heterogeneity, RFPA can simulate nonlinear
behavior of rock in macroscale with linear method in me-
soscale [17–19]. By introducing the concept of mathematical
continuity and physical discontinuity, RFPA can simulate
rock failure in terms of material property degradation. RFPA
computing process is mainly completed by the following
three parts:

(1) Solid modeling and mesh dividing: the user selects
element types (entities, supports, or cavities), defines
the mechanical properties of the medium, and
performs entity modeling and mesh generation.

(2) Stress calculation: stress and strain analysis, the
stiffness matrix is formed according to the boundary
conditions and loading control parameters input by
the user and input primitive property data. *e finite
element calculation result (stress, node displace-
ment) is solved and output.

(3) Elementary phase transition analysis: according to
the phase change criterion, the phase transformation
is judged by the results of the stress solver, then the
phase change elements are weakened or recon-
structed, and finally the data files that needed iter-
atively calculating the stiffness matrix are formed.

3. Numerical Test Design

3.1. Numerical Specimens Design. *e influence of the reg-
ular sawtooth structure on the mechanical properties of rock
mass is studied in this paper.*e failure feature’s similarities
and differences between rock mass with transfixion regular
sawtooth structure and intact rock mass, rock mass in-
cluding a smooth transfixion structural plane are analyzed
by means of comparison method. On the basis of the rel-
evant regulations of rock mechanics interior laboratory,
three kinds of two-dimensional numerical specimens are
established by RFPA software, which are marked as A
(numerical specimens of intact rock mass without structural
plane), B (numerical specimens of rock mass with a smooth
transfixion structural plane), and C (numerical specimens of
rock mass with transfixion regular sawtooth structure),
respectively, as shown in Figure 3. All of the sizes of A, B, and
C are 50mm× 100mm (width× height) and divided into

Figure 1: An undulate surface at the Aishihik River Landslide in
Canada [3].

Sawtooth structural surface

Figure 2: Sawtooth structural plane in a pit created by rockburst
damage [4].
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200× 400 units; each cell’s shape is square and the length of a
side is 0.25mm. In the numerical specimen B, the inclination
angle (β) of the structural plane is designed to 45 degrees, so
is sample C, and the undulate angle (α) of the structural
surface is set to 30 degrees. *e number of teeth of the
regular sawtooth structural surface is 5. *e mechanical
parameters adopted in the numerical specimens are shown
in Table 1 [20].

3.2. Loading Mode. *e loading rate has an obvious influ-
ence on the mechanical properties of rock in uniaxial
compression test [21–24]. Uniaxial compression test is
carried out for three kinds of numerical specimens A, B, and
C. *ey are, respectively, implemented at loading rates of
0.002, 0.005, 0.008, 0.02, and 0.05mm/s, until the rock
sample is broken and the loading is finished. *is is
equivalent to simulating the damage of rockmass at different
loading rates under the action of geological tectonic or
engineering loads [25].

4. Numerical Simulation Results and Analysis

*emechanical characteristics of rock mass with transfixion
regular sawtooth structural surface under different loading
rates are studied in this paper. At the same time, the dis-
tinctions in the mechanical properties of the numerical

specimens A, B, and C are discussed by lateral contrast
method and longitudinal contrast method. Among them, the
lateral contrast refers to the comparison of the mechanical
properties of the same type of specimens at different loading
rates; longitudinal contrast refers to the comparison of the
mechanical characteristics of distinguished types of speci-
mens at the same loading speed.

4.1. Failure Feature Analysis. In order to exhibit vividly the
shape of the main fracture zone in the failure of numerical
specimens, the deformation amplification coefficient in
RFPA is set to 20. Figure 4 shows the numerical test result of
the specimen C. In the AE picture, the size of the circle
represents the size of the relative energy or magnitude,
which is proportional to the intensity of the element. *e
white circle stands for shear failure, and the red circle stands
for tension fracture. Using acoustic emission technique to
study the occurrence and development of microcracks in
rock under different loading rates is conducive to under-
stand rock rupture process and deformation law compre-
hensively and truly [26, 27].

It can be found out from Figure 4 that when the loading
rates are 0.002mm/s and 0.005mm/s, the main zone of
faulting is located in the lower part of the sample and is
inclined; its breaking angle (the acute angle between the
main fracture zone and the horizontal direction) is

(a)

β

(b)

β
α

(c)

Figure 3: *ree numerical specimens’ models. (a) Numerical specimen A, (b) numerical specimen B, and (c) numerical specimen C.
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Loading rate
0.002mm/s

Maximum principal
stress diagram

Elastic modulus
diagram

AE diagram

Loading rate
0.005mm/s

Loading rate
0.008mm/s

Loading rate
0.02mm/s

Loading rate
0.05mm/s

Figure 4: Failure mode of the numerical specimen C under different loading rates.

Table 1: Numerical specimen properties.

Parameter Elastic modulus (GPa) Compressive strength (MPa) Homogeneity Poisson’s ratio
Structural body 30 100 2 0.26
Structural plane 3 10 1.5 0.26
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approximately 65 degrees after the specimens are destroyed.
From the corresponding AE diagram, it is found that the
fracture zone is covered with red circle, which apparently
indicates that the failure mode of the numerical specimen is
tensile failure. When the loading rate ascends to 0.008, 0.02,
and 0.05mm/s, there is an inclined linear pattern of the
main failure zone that locates the upper part of the sample
after the specimens’ wreck, and the fracture angle is almost
60 degrees. At the same time, the relevant AE diagram
shows that the AE type is tensile when the sample breaks; it
indicates that tensile failure occurs under the action of
external force.

4.2. Strength Characteristics. Peak strength is the maximum
axial compressive stress when the rock failure occurs. *e
rock specimen still has a certain carrying capacity after
rupture, but only a small stress value is maintained, which
calls residual strength. Stress drop refers to the difference
between peak strength and residual strength.

Figure 5 shows the relationship between peak strength
and loading rate, Figure 6 shows the relationship between
residual strength and loading rate, and Figure 7 shows the
relationship between stress drop and loading rate. As can be
seen from Figures 5 and 6, the peak strength of the numerical
specimens A, B, and C rises with the increasing loading rate.
*e residual strength of the numerical specimens A and C
grows as the loading rate increases; however, the residual
strength of sample B appeared to decrease first and then
increase, and the lowest point appeared at the loading rate of
0.008mm/s. *e stress drops of the numerical specimens A,
B, and C increase with the increase of loading rate, as shown
in Figure 7.

In these five kinds of loading rate, the maximum value of
peak strength of numerical specimens A, B, and C is 1.46
times, 1.96 times, and 1.53 times their minimum value,
respectively. *e peak strength (β) is approximately linear
with the loading rate (v). *e fitting results are as follows by
the formula α � Mv + N (M and N are both fitting
coefficients):

β � 951464v + 95.662 numerical specimensC, R
2

� 0.9536 ,

σf � 999501v + 53.023 numerical specimensB, R
2

� 0.9835 ,

σf � 798879v + 87.969 numerical specimensA, R
2

� 0.97 .

(1)

Figures 8–10 are the contrast diagrams of peak strength,
residual strength, and stress drop for different types of
numerical specimens at the same loading rate. As can be seen
from Figure 8, at the same loading rate, the peak strength of

numerical specimen C is the highest, the peak strength of
sample A is the second, and the peak strength of sample B is
the lowest. As shown in Figure 9, it is found that the residual
strength does not appear to be the identical law as the peak
strength at the same loading rate. When the loading rate is
0.005, 0.008, 0.02, and 0.05mm/s, the residual strength of the
numerical specimen C is the highest. At the loading rate of
0.002mm/s, the residual strength of the numerical speci-
mens C is minimum. As can be seen from Figure 10, with the
same loading rate, the stress drop from high to low is the
numerical sample C, the numerical sample A, and the nu-
merical sample B.

4.3. AE Accumulated Energy and AE Accumulated Counts
Characteristics. When a rock produces microrupture under
an external force, a portion of the strain energy is released in
the form of an elastic wave, which is called the acoustic
emission (AE) of rock. *e observation and analysis of this
elastic wave is the AE technique of rock. Each AE signal
contains information that reflects the internal defects in the
rock [28]. After the specimen is destroyed, the AE accu-
mulated energy and the AE accumulated counts are the
characteristic parameters of rock failure. *e test results are
shown in Figure 11.

From the transverse comparison, it can be seen that AE
accumulated counts of the numerical specimens A, B, and C
grow with the loading rate increasing; however, the AE
accumulated energy of numerical specimen A shows the
opposite law, which decreases with the increase of loading
rate, as shown in Figure 11(a). *e AE accumulated energy
of numerical specimens B increases first and then decreases;
when the loading rate is 0.005mm/s, the AE accumulated
energy appears maximum, as shown in Figure 11(b). *e AE
accumulated energy of numerical specimen C shows a
general decreasing trend; the AE accumulated energy rises
slightly while the loading rate is 0.02mm/s, as shown in
Figure 11(c).

From Figures 12 and 13, it can be seen that when the
loading rate is 0.002, 0.005, and 0.008mm/s, under the
premise of complete failure of the specimen, the AE accu-
mulated energy from high to low is the numerical specimens
B, C, and A; the AE accumulated counts from high to low is
the numerical samples C, A, and B. When the loading rate is
increased by an order of magnitude, namely, the loading rate
is 0.02 and 0.05mm/s; when the sample is completely
destroyed, the AE accumulated energy from high to low is
the numerical samples C, A, and B; the AE accumulated
counts from high to low is the numerical samples A, C, and
B.
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Figure 9: Longitudinal contrast of residual strength of three kinds of numerical specimens.
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Figure 11: Relationship curve between AE accumulated energy, AE accumulated counts, and loading rate of three kinds of numerical
specimen. (a) Numerical specimen A. (b) Numerical specimen B. (c) Numerical specimen C.
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Figure 12: Longitudinal contrast of AE accumulated energy of three kinds of numerical specimens.
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5. Conclusions

In this study, RFPA software is used to build the numerical
specimen A of intact rock mass without structural plane, the
numerical specimen B of rock mass with a smooth trans-
fixion structural plane, and the numerical specimen C of
rockmass with transfixion regular sawtooth structural plane.
*e uniaxial compression numerical tests under different
loading rates are carried out. *e following conclusions are
obtained:

(1) Based on the analysis of the failure characteristics, it
is found that the location of the main failure zone
varies greatly with the increase of loading rate due to
the existence of sawtooth structures, and the failure
modes of rock mass become more sophisticated.
From the acoustic emission picture, it can be found
that the red circle dominates the damage zone, in-
dicating that the failure mode of the specimen is
tensile failure.

(2) From the horizontal comparison, the peak strength
and stress drop of the numerical specimen C show
the identical law as that of the numerical specimen A
and the numerical specimen B; that is, the peak
strength and stress drop grow with the increase of
loading rate. Moreover, the peak strength of the
sample C is approximate linear relationship with the
loading rate. From the overall trend, the residual
strength of the numerical specimens A, B, and C also
rises with the increase of loading rate.

(3) On the basis of the longitudinal comparison, the
peak strength and stress drop of the numerical
specimen C are higher than those of the numerical
specimen A and the numerical specimen B. When
the loading rate is 0.002mm/s, the residual strength
of the numerical specimen C is the lowest, but when
the loading speed is 0.005mm/s–0.05mm/s, the
residual strength of the numerical specimen C is the
highest.

(4) *e AE accumulated counts at three kinds of nu-
merical specimen destruction increase with in-
creasing loading rate; however, the AE accumulated
energy as a whole decreases gradually with the in-
crease of loading rate. *erefore, the law of AE
accumulated counts is contrary to the law of AE
accumulated energy.

(5) In the future compression test, not all the structural
surfaces should be considered as smooth, and the
fluctuation state of the structural surface should be
taken into account. It depends on the specific
situation.
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)e excavation of deep tunnel in rock mass undergoes complex loading and unloading stress paths, resulting in rib spalling,
flaking, and even severe rockburst disasters. Based on the variation law of the stress path of the surrounding rock, laboratory tests
of rock mechanics are designed, and the deformation and strength behavior of marble with different initial confining pressure and
unloading rates are systematically studied. By introducing strain increment, the characteristic stress, and the dilatancy index, the
rock’s dilatancy and brittleness under different unloading conditions are quantitatively analyzed. During unloading, the energy
transformationmechanism of rock is described, and the law of deformation and failure is discussed based on characteristic energy.
)e rock failure strength fitting formula is given by applying the Mogi–Coulomb criterion and elastic strain energy criterion. )e
advantages of the elastic strain energy criterion are theoretically explained. )is study shows that comprehensive consideration of
the complex stress paths, confining pressure levels, and the loading-unloading rates of surrounding rock is an effective way to
accurately study unloading rock characteristics. )e results can provide theoretical basis for stability analysis of high-stress
underground engineering.

1. Introduction

)e hard rock stability during excavation under the high in
situ stress condition has been a concern in engineering and
academic circles. Excavation of underground caverns is
essentially a process in which the surrounding rock changes
rapidly from a three-way stress state to a one-way or two-
way stress state. )is process is very complicated. )e spatial
stress redistribution of tunnels changes with different ex-
cavation methods. Generally, it can be summarized as the
process of circumferential loading-radial unloading and
three-way unloading [1, 2]. Due to the rapid transformation
of stress and the sharp release of energy in the rock mass, the
surrounding rock has different damage characteristics than
that of low-stress underground caverns. Based on wide

underground engineering experiences and experimental
investigations, some researchers studied the failure behav-
iors of the unloading rock including spalling [3, 4] and
rockburst [5]. )ese destructions present a major threat to
underground structures and workers’ safety, and it is nec-
essary to study the strength and deformation behavior of
rock to ensure long-term stability of excavations at depth.
Under the unloading condition, the strength, deformation,
and failure characteristics of the rock are different from
those in the traditional simple loading environment. For
deep tunnels, rock mass undergoes complex loading-
unloading stress paths during excavation, which control the
deformation and failure mode of the rock in a high-stress
condition. Many laboratory rock mechanics research studies
about stress paths have been carried out. In the previous
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studies, unloading tests based on different stress paths
mainly include three methods [1, 6]: (1) unloading confining
pressure σ3 with axial pressure σ1 constant; (2) unloading σ3
and loading σ1; and (3) unloading σ3 and σ1. )ere are some
limitations in those tests. For example, the stress path design
of rock always depends on scholars’ perception of the stress
state or trend of unloading rock. In fact, the evolution law of
stress paths depends not only on the occurrence environ-
ment and excavation method but also on the different lo-
cations along the surrounding rock of tunnels, such as the
sidewall and roof rock mass. It is significant to study the
unloading rock based on the different locations of the tunnel.

)e unloading rate of rock mass is obviously different for
different construction progress. )e disasters occurring in
the construction are generally related to the fast construction
without in-time reinforcement. )e deformation of rock
mass during excavation has a strong space effect [7]. It is one
of the effective methods to reduce the geological hazard risk
of a high-stress tunnel by controlling the excavation speed
and combining with necessary support measures. )erefore,
the study on the mechanical properties of rock at different
unloading rates, especially under the high-stress condition,
has important theoretical and engineering significance. In
the recent years, the unloading rate has become an im-
portant research field in rock mechanics. Some researchers
have studied the deformation, strength, and energy char-
acteristics of the rock at different loading and unloading
rates through laboratory tests [7–9], which proves that the
unloading rate is an important factor affecting physical and
mechanical properties of the rock.

According to thermodynamics, energy conversion is the
essential characteristic of the physical process of matter.
Rock failure is a state instability driven by energy. Up to now,
many scholars have studied the mechanical behavior of
unloading rock from the viewpoint of energy, such as the
mechanism of strain energy transformation during the
unloading process of rock [10], the rock failure criterion
based on the fracture energy [11, 12] and the rock failure
characteristics due to energy release during unloading
[13, 14]. Also, the strength and deformation law of rock mass
are always the theoretical basis of engineering stability
analysis. For a long time, rock strength and failure criteria
based on classical elastic-plastic theory have been the basis
for judging rock failure in actual engineering [15]. For
unloading rock mass, scholars have successively applied
many empirical criteria and modified strength criterion of
the Mohr–Coulomb theory, such as the Mogi–Coulomb
criterion [6], the strength criteria of octahedral shear stress
with three parameters [16], Mohr strength criterion of power
function [17], modified D-P criterion based on the double-
fold reduction method [18], and CWFS failure criterion
[19, 20]. However, those criteria cannot reflect the rock
failure characteristics very well and cannot reflect the in-
trinsic mechanism of rock unloading failure; that is, energy
transformation is the essential attribute of the physical
process of matter [17].

)ere have been many studies on the strength, defor-
mation, and failure characteristics of rock under the
unloading condition, but most of them focused on one stress

path or did not consider of the variation of stress paths of the
surrounding rock after excavation in actual engineering
situations. Moreover, it is difficult to effectively analyze the
complex stress changes and overall failure behavior of
unloading rock by many existing criteria [21]. In this paper,
considering the variation law of the stress path of rock, we
carry out rock mechanics tests on the marble of Jinping II
Hydropower Station with different initial confining pres-
sures and different axial loading-lateral unloading rates.
)en, we systematically study the failure, dilatancy, energy,
and strength characteristics of rock under high-stress
unloading conditions. Furthermore, we quantitatively de-
scribe the deformation and energy transformation process of
rock samples at different confining pressures and unloading
rates. Based on the Mohr–Coulomb criterion,
Mogi–Coulomb criterion, and elastic strain energy criterion,
we study the rock strength with complex loading and
unloading stress paths and theoretically express the differ-
ence in mechanical properties of rock mass under loading
and unloading conditions with relatively simple mathe-
matical formulas [21]. )e results can provide a theoretical
basis for the preliminary design and safe construction of
deep tunnels.

2. Experimental Material and
Testing Methodology

2.1. Physical Properties of the Tested Rock. )e marble
samples used in tests were cored from a fresh intact rock
block in the region of the tunnel face of stake SK 09 + 300,
which is located in a drainage hole. )e investigated rock
samples are gray-white marbles, which belong to the Baishan
group (T2b) of the Triassic strata. Table 1 shows the min-
eralogical composition of Jinping T2b marble, in which the
mineral composition of dolomite is more than 88.0%. Cy-
lindrical rock samples were cored by a drill with an inner
diameter of 50mm. )e diameter of the samples was
48.9–49.5mm, and their length was 98.9–103.2mm. )e
average natural density was 2.721 g/cm3, and the dry density
was 2.685 g/cm3. )e wave velocity varied from 5338m/s to
6354m/s.

2.2. Testing Methodology. In a deep-buried rock mass, the
excavation and advancement of a tunnel face result in the
disturbance and redistribution of the primary in situ stress
field. Excavation of the surrounding rock is a process of
loading and unloading [22, 23]. )e tunnel sidewall and roof
rock mass of Jinping II Hydropower Station undergo
complex stress paths while advancing the tunnel face [24].
)e deviatoric stresses in the tunnel wall and roof increase
continuously within a diameter range (D, where D� 7.2m)
behind the working face, and the increase is faster closer to
the tunnel face. After the working face passes, the deviatoric
stresses in the tunnel roof significantly decrease and remain
near the analytical solution of the plane strain (32MPa).
Meanwhile, the deviatoric stresses in the tunnel wall increase
sharply and tend to be constant gradually within 2D away
from the working face. )is reflects the simultaneous
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changes in radial unloading and circumferential loading of
the rock as the tunnel face advances. Based on the deviatoric
stress distribution along the surrounding rock and its two
different stress paths shown in Figure 1, we perform
unloading triaxial tests with (σ1 − σ3) constant and
unloading confining-loading axial pressure tests with
(σ1 − σ3) increasing continuously. )us, we can study de-
formation, strength, and failure characteristics of the rock,
and these results are more consistent with the actual ex-
cavation process of underground caverns.

Step 1: the rock samples are first kept at hydrostatic
pressure σ03, which is set to 10MPa, 20MPa, or 40MPa.
)ese confining pressure values reflect the minor
principal stress in the in situ stress field at the different
stakes in Jinping II Hydropower Station’s drainage
hole.
Step 2: the axial σ1 stress is, then, incrementally in-
creased to the target value. In these tests, the axial stress
σ1 is loaded to 0.85σ(10), 0.5σ(10), 0.85σ(20), 0.5σ(20),
0.85σ(40), and 0.5σ(40), which are approximately 85% or
50% of the peak strength of different confining pres-
sures of Jinping marble, as shown in Table 2.
Step 3: different loading-unloading methods and rates
are used for different confining pressure tests. When
the axial pressure is 0.85σ, there are two different stress
path conditions (Table 2): (1) the confining pressure
and axial stress are unloaded at a rate of 0.1MPa/s until
the sample is broken; (2) the confining pressure and
axial stress are unloaded at a rate of 0.5MPa/s until the
sample is broken. When the confining pressure is 0.5σ,
there are also two different stress path conditions
(Table 2): (1) the confining pressure is unloaded at a
rate of 0.1MPa/s, while the axial stress is increased at a
rate of 0.5MPa/s until the sample is broken; (2) the
confining pressure is unloaded at a rate of 0.5MPa/s,
while the axial stress is increased at a rate of 0.5MPa/s
until the sample is broken.

Based on these stress variations, a series of mechanical
texts of marble were presented. We carried out conventional
triaxial tests and complex loading-unloading stress path
tests, respectively. )e triaxial tests can provide a reference
for the unloading tests. In the loading test, TAW-2000
triaxial rigid testing machine is used, and the confining
pressure of rock is set to 10MPa, 20MPa, or 40MPa. A
schematic diagram of the testing stress path is shown in
Figure 2(a). Meanwhile, complex loading-unloading stress
path tests of the samples were designed by analyzing the
actual tunnel excavation process in Jinping. A schematic
diagram of the testing stress path is shown in Figure 2(b).
)e process is summarized as follows.

3. Results and Discussion

3.1. Loading Test Results. Triaxial compression tests were
performed under various confining pressures. Stress-strain
curves are presented in Figure 3 for different values of
confining pressures: 10MPa, 20MPa, and 40MPa. )e
loading test results are shown in Table 3. Based on these tests
results, the mechanical properties of marble can be sum-
marized as follows:

(1) )e marble samples present typical elasto-brittle-
plastic characteristics in conventional triaxial con-
fining pressure tests. With the increase in confining
pressure, the peak strength point gradually moves
backward, and the yield stage before the peak be-
comes obvious; meanwhile, the rock gradually
transforms from brittle to ductile.

(2) )e stress-strain curves present an approximate
linear relationship before the peak strength. )is is
followed by a significant stress drop, and the spec-
imens show brittle failure with a certain residual
strength value.

(3) )e peak strength and residual strength of the rock
increase with larger initial confining pressures,
mainly because the bearing capacity of the rock is
strengthened with this increase in confining
pressure.

(4) )e research results of Li et al. [25] and Wang et al.
[26] showed that the critical point of the brittle and
ductile transition of marble in Jinping II Hydro-
power Station was 40MPa. )e test results found
that the Jinping marble still presented brittleness
under a 40MPa confining pressure.
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Figure 1: Deviatoric stresses at different locations along the sur-
rounding rock (modified from the work of Liu et al., 2013).

Table 1: Mineralogical composition of Jinping T2b marble.

Minerals Calcite Dolomite Mica
Mineral content (%) 8.2–9.0 88.0–92.2 0.3–0.5
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3.2. Unloading Test Results

3.2.1. Stress-Strain Characteristics. In the present study, 12
marble specimens were tested. Figures 4–6 show the re-
lationship between the deviatoric stress (σ1 − σ3) and
strains (axial, lateral, and volumetric) of samples. As can
be seen from Figures 4–6, the stress-strain curves show a
near-linear relationship before the peak strength. After
reaching the peak strength, the lateral, axial, and volu-
metric strain increase rapidly, and the samples change
from a compressed state to a dilatancy state. )e devia-
toric stress of the rock is significantly reduced and the
stress drops. At the same time, the sound of brittle
fracturing can be heard at the test site; that is, the rock
samples of the unloading confining pressure test show
obvious brittleness. In the following discussion, the in-
fluence of initial confining pressure, loading and
unloading rates, and the stress paths on rock dilatancy,
failure, energy, and strength characteristics is studied.

3.2.2. Dilatancy Characteristics. Based on the stress-strain
curve, the process from the unloading starting point to the
residual strength is divided into two stages: the unloading
starting point to the peak strength stage and the peak
strength to the residual strength stage. )e dilatancy of
unloading rock is investigated by analyzing strain increment,
characteristic stress, and dilatancy parameter.

1. Strain increment characteristics: Figures 7 and 8 show
the variation of axial strain increment Δε1 and lateral strain
increment Δε3 under complex loading and unloading stress
paths. )e following points are observed:

(1) Compared to lateral strain increment Δε3, the axial
strain increment Δε1 is smaller from the unloading
starting point to the residual strength stage.
Meanwhile, the lateral strain increment Δε3 is
generally larger than Δε1, which indicates that the
lateral dilatancy phenomenon is obvious with a
lower confining pressure. Moreover, the failure of
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Rock strength
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Figure 2: Schematic diagram of the tested stress paths: (a) conventional triaxial tests; (b) complex loading-unloading stress tests.

Table 2: Settings for confining pressure and axial stress in complex loading-unloading stress tests (negative values indicate unloading;
positive values indicate loading).

Sample number Initial confining pressure σ03 (MPa) Initial axial pressure σ1 (MPa) Stress rate of σ3 (MPa/s) Stress rate of σ1 (MPa/s)

10

10
0.85σ(10) −0.1 −0.1

11 −0.5 −0.5
12 0.5σ(10) −0.1 +0.5
13 −0.5 +0.5
14

20
0.85σ(10) −0.1 −0.1

15 −0.5 −0.5
16 0.5σ(10) −0.1 +0.5
17 −0.5 +0.5
20

40
0.85σ(10) −0.1 −0.1

22 −0.5 −0.5
23 0.5σ(10) −0.1 +0.5
25 −0.5 +0.5
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rock samples is the result of strong dilatancy. )e
strain increment after the peak strength is signifi-
cantly higher than that before the peak strength,
which indicates that the integration of microcracks
in the rock increases the dilatancy after the peak
strength.

(2) With the increase in unloading rates, Δε1 decreases
and Δε3 increases, which indicates that, with the
increase of unloading rates, the time from peak
strength to residual strength is shorter; that is, a
higher unloading rate will shorten the time for
rock to meet the current stress environment
through self-adjustment, and the process of
microcracks generation, development, and mutual

fusion cannot be completed in sufficient time,
leading to the higher deformation modulus. )us,
the rock shows more obvious brittleness, and the
dilatancy increases accordingly. )is also shows
that, in deep underground engineering projects,
with the faster excavation of rock mass or the
larger single-cycle footage of the drilling and
blasting method, the surrounding rock is more
vulnerable to failure due to brittleness and even to
a severe rockburst disaster.

(3) )e unloading strain increment is larger with a
higher initial unloading confining pressure. )is is
because under the initial compact environment, as
the confining pressure increases, new microcracks

Table 3: Test results of different samples.

Sample
number Test category Peak strength

(MPa)
Confining pressure of peak

strength (MPa)

Peak energy (MJ/m3)
Elastic strain

energy
Ue

Dissipating strain
energy
Ud

8
Triaxial compression test

114.06 10 0.072 0.047
7 128.35 20 0.082 0.052
5 198.17 40 0.124 0.080
10

Complex loading-unloading
stress test

98.823 2.4 0.059 0.034
11 97.856 0 0.051 0.043
12 95.26 2.2 0.053 0.124
13 74.27 0 0.034 0.108
14 113.55 9.1 0.071 0.047
15 115.85 5.0 0.065 0.045
16 118.71 10.15 0.075 0.165
17 105.74 0 0.061 0.118
20 137.34 5.0 0.110 0.066
22 138.14 21.3 0.088 0.056
23 177.07 22.0 0.144 0.351
25 127.61 11.2 0.088 0.245
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Figure 3: Stress-strain curves in triaxial compression tests.
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are more likely to occur or existing microcracks are
intensified, which leads to a sharp increase in
brittleness.

(4) )e strain increment varies with different stress
paths. Under the unloading confining-loading axial
pressure stress path, the axial strain increment before
the peak strength is relatively large. )is is because
the initial unloading level under this path is lower
and the axial pressure needs to be greater to reach the
peak strength. At such a time, the corresponding Δε1
value is relatively large.

2. Stress characteristics: under different stress paths and
unloading velocities, the initial yield stress (σcd), peak stress
(σf ), and residual stress (σr) corresponding to the unloading
starting point, peak strength point, and residual strength
point are shown in Table 4. )e stress-confining pressure
curves are shown in Figure 9.

Under different stress paths and unloading velocities, the
characteristic stress increases with the increase in confining
pressure. )is is because the higher confining pressure ef-
fectively inhibits the development of internal cracks,
resulting in an increase in the cohesive force of the rock

2.4MPa

Peak
strength

Initial
unloading

–5 –4 –3 –2 –1 0 1 2–6
Strain (%)

Axial strain
Laterial strain

Volumetric strain
Confining stress

0

20

40

60

80

100

D
ev

ia
to

ric
 st

re
ss

 (M
Pa

)

(a)

0MPa

Peak
strength

Initial
unloading

–5 –4 –3 –2 –1 0 1 2–6
Strain (%)

Axial strain
Laterial strain

Volumetric strain
Confining stress

0

20

40

60

80

100

D
ev

ia
to

ric
 st

re
ss

 (M
Pa

)

(b)

Initial
unloading

Initial
loading

2.2MPa

Peak
strength

–5 –4 –3 –2 –1 0 1 2–6
Strain (%)

Axial strain
Laterial strain

Volumetric strain
Confining stress

0

20

40

60

80

100

D
ev

ia
to

ric
 st

re
ss

 (M
Pa

)

(c)

Initial
loading

0MPa

Peak
strength

–5 –4 –3 –2 –1 0 1 2–7 –6
Strain (%)

Axial strain
Laterial strain

Volumetric strain
Confining stress

0

20

40

60

80

D
ev

ia
to

ric
 st

re
ss

 (M
Pa

)
Initial
unloading

(d)

Figure 4: Stress-strain curves in complex loading-unloading stress tests (confining pressure: 10MPa): (a) sample 10; (b) sample 11; (c)
sample 12; and (d) sample 13.

6 Advances in Civil Engineering



samples. )e peak stress and residual stress are smaller with
larger unloading rates. )erefore, the increase in unloading
rates accelerates rock deformation and failure. Under the
same initial confining pressure and unloading rate, the
characteristic stress under the unloading confining-loading
axial pressure stress path is generally smaller than that under
the unloading confining pressure path, indicating that the
rock is more vulnerable to failure under the lateral de-
compression and axial compression environment. )ere-
fore, in actual engineering projects, the surrounding rock of
the tunnel is more likely to undergo failure due to brittleness
during the process of radial unloading and circumferential
loading. )is may result in macroscopic failure, such as rib
spalling, flaking, or collapse.

3. Dilatancy parameter characteristics. in [27], the
concept of the dilatancy index Id was proposed to quantify
the shear dilatancy of rocks. It is expressed as follows:

Id �
θp

θ0
�

arctan Δεvp/Δε1p 
p

arctan Δεvp/Δε1p 0

, (1)

where θ is the apparent expansion angle; o and p indicate the
uniaxial and triaxial unloading tests, respectively; and Δε1p

and Δεvp are the axial and volumetric plastic strain incre-
ments, respectively. For the conventional triaxial unloading
test, Δεvp � Δε1p + 2Δε3p and εp � ε − εe, where εe is the
elastic strain, which can be expressed as εe � σ/E, and E is the
unloading elastic modulus. Qiu et al. [28] suggested that E
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Figure 5: Stress-strain curves in complex loading-unloading stress tests (confining pressure: 20MPa): (a) sample 14; (b) sample 15; (c)
sample 16; and (d) sample 17.
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can approximately take the modulus of the elastic defor-
mation stage of the stress-strain curve. Figure 10 shows the
fitting curve between the dilatancy index Id and confining
pressure of the marble samples. NU represents the
unloading confining pressure path, and LU represents the
unloading confining-loading axial pressure stress path.

With the increase in confining pressure, the dilatancy
index Id is gradually reduced. It has a good exponential
relationship with the confining pressure σ3, indicating
that the increase in confining pressure can effectively
restrict the dilatancy of rock samples. Under the same
stress path and confining pressure level, with the increase

in unloading rates, the dilatancy of rock samples grad-
ually increases, resulting in obvious brittleness. )e di-
latancy index Id of rock under the unloading confining-
loading axial pressure stress path is higher than that
under the unloading confining pressure path. )erefore,
the brittleness of rock under the loading axial pressure
stress path is more obvious. )is is consistent with the test
results reported in literature [29]. )ese results also show
that, in deep underground caverns, the stress paths ex-
perienced at different locations are different. )e failure
threshold and the degree of damage to the rock samples
are also different.
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Figure 6: Stress-strain curves in complex loading-unloading stress tests (confining pressure: 40MPa): (a) sample 20; (b) sample 22; (c)
sample 23; and (d) sample 25.
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3.2.3. Failure Characteristics. Figure 11 shows the typical
failure modes of marble samples. )e uniaxial test, con-
ventional triaxial compression test, and unloading test show
obvious brittleness and significant dilatancy, especially the
unloading test.

Different stress path tests show different macroscopic
failure modes of rocks. A splitting failure mainly occurs in
uniaxial compression tests, and the failure surface and the
maximum principal stress surface approximately intersect at
a small angle (#1–#4) [30]. A simple shear failure occurs in
the conventional triaxial compression tests, with scratches
and fine rock sample fragments on the fracture surface (#5,
#7, #8). )e type of failure observed in the unloading test is
more complex [29, 31]. When samples #11, #13, and #17 are

destroyed, the confining pressure is 0MPa, indicating that
there is no lateral effect at this time.)emain failuremode of
these samples is tension failure, with a large number of
tension failure surfaces observed. When samples #10, #12,
#14, #15, #16, #20, and #25 are damaged, the corresponding
confining pressure is generally less than 15MPa. )e main
failure mode of these samples is shear failure. )ere are local
tensile damage marks, and a simple macroscopic failure
occurs. When samples #22 and #23 are damaged, the cor-
responding failure confining pressure is greater than 15MPa
(18.8 and 22MPa, respectively). Shear failure is still the
dominant failure mode, but the failure surface is of the X or
Y type. )erefore, the failure state of the rock sample is
related to the confining pressure during that failure. When
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Figure 7: Affection laws of strain increment in the unloading triaxial test: (a) unloading starting point to the peak strength stage; (b) peak
strength to the residual strength stage.
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there is no lateral action, tensile failure generally occurs in
the rock. When there is a lateral action, shear failure is
dominant.

3.2.4. Energy Characteristics. Rock failure is a state insta-
bility phenomenon driven by energy. In the unloading
confining pressure test, the axial compression deformation
absorbs strain energy, while lateral expansion deformation
consumes strain energy. According to literature [10], the
total strain energy U0 of rock samples in the conventional
triaxial compression test can be expressed as

U0 � U1 + U3 �  σ1dε1 + 2 σ3dε3 � Ue + Ud,

Ue �
1
2E

σ21 + 2σ23 − 2υσ3 2σ1 + σ3(  ,

(2)

where U1 is the strain energy absorbed by the axial com-
pression of σ1; U3 is the strain energy consumed by the
negative work of σ3; Ue is the released elastic strain energy;

Table 4: Characteristic stress of rock under complex loading and unloading conditions.

Unloading rates
Vu
(MPa·s−1)

Confining pressure (MPa) Sample number
Characteristic stress

(MPa) Sample number
Characteristic stress

(MPa)
σc d σf σr σc d σf σr

0.1
10 10 85.31 98.82 37.81 12 54.26 95.26 32.12
20 14 102.19 113.5 52.87 16 56.54 118.71 71.20
40 20 126.63 137.3 65.17 23 70.02 177.07 119.01

0.5
10 11 85.31 97.86 22.39 13 54.26 74.27 17.56
20 15 102.19 115.85 42.55 17 56.54 105.74 18.37
40 22 126.64 138.14 104.91 25 70.02 127.61 78.56
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Figure 9: Affection laws of characteristic stress under complex loading and unloading conditions: (a) unloading triaxial test; (b) unloading
confining-loading axial pressure test.
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Ud is the dissipated energy; and μ and E are average Poisson’s
ratio and the unloading elastic modulus, respectively.

1. Energy conversion process: during the unloading test,
the strain energy conversion is accompanied by crack ini-
tiation, propagation, and penetration. Figure 12 shows the
typical strain energy variation curves under the unloading
pressure condition (sample 15). )e energy conversion
process can be divided into three stages.

(1) Within the compaction and elastic parts of the early
stage of the loading process, there is obvious energy
accumulation. )e total energy absorbed by rock
samples is mainly converted to stored elastic strain
energy, and the increase in dissipated energy is rela-
tively slow, which is mainly due to the compaction of
rock samples and the formation of local microcracks.

(2) Within the nonlinear deformation stage from the
unloading starting point to the peak strength, the
deviatoric stress of rock samples increases.

Meanwhile, the absorbed strain energy U1 increases
rapidly, and the elastic energy Ue remains basically
unchanged.)e dissipated strain energyUd increases
near the peak point due to the rapid propagation of
internal cracks, but most of the energy is still stored
in the form of elastic strain energy; the elastic strain
energy is mainly stored before the peak strength.

(3) After the peak strength, the lateral strain increases
further, resulting in the occurrence and propa-
gation of macroscopic cracks. )e elastic strain
energy Ue decreases gradually, while the lateral
deformation dissipation strain energy U3 con-
tinues to decrease. )e dissipated energy Ud in-
creases rapidly and gradually becomes higher than
the elastic energy. )is continues until the rock
sample is damaged, which is characterized by
tensile rupture or splitting nearly perpendicular to
the direction of unloading.

(a) (b) (c) (d) (e) (f ) (g)

(h) (i) (j) (k) (l) (m) (n)

(o) (p) (q) (r) (s)

Figure 11: Failure modes of marble specimens: (a) #1; (b) #2; (c) #3; (d) #4; (e) #5; (f ) #7; (g) #8; (h) #10; (i) #11; (j) #12; (k) #13; (l) #14; (m)
#15; (n) #16; (o) #17; (p) #20; (q) #22; (r) #23; and (s) #25.
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2. Characteristic energy: Figures 13 and 14 show the
variations in peak and residual energy under different
unloading conditions. )e following is observed:

(1) With the increase in confining pressure, both peak
and residual energy increase. )is indicates that a
high confining pressure limits crack propagation and
further increases the deviatoric stress, resulting in the
increase in stored energy so that less energy is needed
to reach the residual strength after the peak strength.

(2) )e unloading rate has a great influence on energy
conversion. Under the same stress path, the peak and
residual strain energy are lower with higher unloading
rates. With the increase in the unloading rate, the
energy required for rock failure is less, and the samples
show obvious brittleness. )e processes of generation,
propagation, and penetration of microcracks are not
completed in sufficient time, leading to less accumu-
lation and dissipation of strain energy.

(3) )e characteristic energy varies with different stress
paths. Under the residual strength condition, the
elastic strain energy Ue is lower than the dissipated
energy Ud, and the difference between the two values
is large. Under the peak strength condition, Ue and
Ud are close to each other, and there is a great
difference in peak energy under different paths.
Under the unloading confining pressure path, the
peak energy is less, andUe>Ud. Under the unloading
confining-loading axial pressure stress path, the
energy is relatively large, and Ue<Ud. )is indicates
that, during the process of loading axial pressure, due
to the initial axial stress being small, the rock needs
to absorb more energy from the outside to further
stimulate crack generation, propagation, and pene-
tration before the peak strength and further increase
the dissipated energy.

3.2.5. Strength Characteristics. A large number of test results
show that the Mohr–Coulomb criterion is ineffective in
characterizing the failure strength of unloading rock under

high confining pressure. Using its improved form, that is, the
Mogi–Coulomb criterion [6], rock strength under the
complex loading and unloading stress paths is studied. For
the conventional triaxial test, σ2 � σ3. )e expression is as
follows:

τoct � f σm,2 . (3)

Here,

σm,2 �
σ1 + σ3

2
,

τoct �

�
2

√

3
σ1 − σ3( ,

(4)

where τoct is the octahedral shear stress and σm,2 is the ef-
fective intermediate principal stress. In [32], the linear re-
lationship between τoct and σm,2 is proposed:

τoct � a + bσm,2, (5)

where a and b are the linear parameters of the
Mogi–Coulomb criterion. )e relations between the cohe-
sion force c and the internal friction angle φ are as follows:

a �
2

�
2

√

3
c cosφ,

b �
2

�
2

√

3
c sinφ.

(6)

Figures 15 and 16 are the fitting curves of unloading rock
strength based on the Mohr–Coulomb criterion and the
Mogi–Coulomb criterion, respectively. It can be seen that
when the Mogi–Coulomb criterion is used for fitting, the
correlation coefficient, R2, is higher than that of the
Mohr–Coulomb criterion. So, the Mogi–Coulomb criterion
can be better applied to the study of rock failure under high
confining pressure.

Most of the strength criteria currently used are based on
elastic strain energy, but it is believed that only when Ue
reaches a certain critical value and ]� 0.5 [21] does the
material begin to yield or be destroyed. )is limits its
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Figure 12: Typical strain energy curves from unloading tests (sample 15).
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application in the study of mechanical characteristics of
unloading rocks. For example, the Mohr–Coulomb criterion
cannot reflect the influence of the intermediate principal
stress of rock and cannot reveal the intrinsic mechanism of
energy conversion during rock failure.

Guo et al. [21] considered the crack propagation phe-
nomenon of unloading rock mass in the yield or failure state
(]>0.5), regarded Poisson’s ratio as a material parameter re-
lated to the stress state, and studied the fundamental reasons of
rock yield and failure during the unloading process based on the
elastic strain energy. Taking the maximum energy storage

hypothesis Drucker–Prager criterion as an example, based on
the physical significance of the existing strength criterion, and
considering that when Ue reaches a certain critical value, the
material begins to yield and be destroyed, the elastic strain
energy strength criterion (equation (7)) was proposed. )e
failure strength of Jinping marble under complex loading and
unloading stress paths was studied by using this criterion, as
shown in Figure 17.
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Figure 13: Strain energy eigenvalue curves of the unloading test at peak strength: (a) unloading triaxial test; (b) unloading confining-loading
axial pressure test.

St
ra

in
 en

er
gy

 (k
J·m

–3
)

20 30 4010
σ3 (MPa)

Ue,Vu = 0.1MPa·s–1

Ud,Vu = 0.1MPa·s–1
Ue,Vu = 0.5MPa·s–1

Ud,Vu = 0.5MPa·s–1

0.0

0.2

0.4

0.6

0.8

(a)

St
ra

in
 en

er
gy

 (k
J·m

–3
)

20 30 4010
σ3 (MPa)

Ue,Vu = 0.1MPa·s–1

Ud,Vu = 0.1MPa·s–1
Ue,Vu = 0.5MPa·s–1

Ud,Vu = 0.5MPa·s–1

0.0

0.2

0.4

0.6

0.8

1.0

(b)

Figure 14: Strain energy eigenvalue curves of the unloading test at residual strength: (a) unloading triaxial test; (b) unloading confining-
loading axial pressure test.
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It can be concluded from Figure 17 that the correlation
coefficient of the fitting curve based on the elastic strain
energy strength criterion is relatively high and can present
the strength characteristics of the unloading rock sample
well. Moreover, the criterion can describe the following
phenomenon: “when the confining pressure is less than
(greater than) a critical value, the peak strength of unloaded
rock is lower than (higher than) the peak strength of loaded
rock under the same confining pressure condition.” Com-
pared with the Mogi–Coulomb criterion and
Mohr–Coulomb criterion, this result is more consistent with

the mechanical characteristics of rock mass in actual engi-
neering projects.

In this paper, the main influence factors such as stress
paths, initial confining pressure, and unloading rates are
discussed, and the mechanical properties of unloading
rock are systematically expressed. However, the defi-
ciency of our theory is that only two initial unloading
levels are designed based on the two test schemes; that is,
the unloading point is 50% and 85% of the ultimate load
when loading and unloading the axial pressure, respec-
tively. It is necessary to further study the unloading rock
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Figure 15: Mohr–Coulomb criterion: (a) Vu � 0.1MPa s−1; (b) Vu � 0.5MPa s−1.
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Figure 16: Mogi–Coulomb criterion: (a) Vu � 0.1MPa s−1; (b) Vu � 0.5MPa s−1.
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under different initial unloading levels. At the same time,
the mechanical properties of deep rock are obviously
affected by the hydraulic pressure, which has been shown
in [33, 34], but is not investigated in this study. )e
unloading process of deep rock is complex, and a more
comprehensive study on the influence factors of
unloading rock would be an emphasis in the future. In
this way, the laboratory tests are more consistent with the
engineering practice, which provide a more reliable basis
for the excavation of deep tunnels.

4. Conclusions

(1) )e conventional triaxial compression tests of
Jinping marble present typical elasto-brittle-plastic
characteristics, while the complex loading and
unloading stress tests show obvious elastobrittle
characteristics.

(2) )e lateral strain increment of unloading failure is
much larger than that of axial strain, which indicates
that the lateral expansion is obvious, and the rock
failure is the result of intensive dilatancy. )e strain
increment after the peak strength is significantly
higher than that before the peak strength, and the
dilatancy of the rock increases by the propagation of
microcracks. With the increase in the unloading rate
and initial unloading confining pressure, the lateral
strain increment increases gradually, and the dilat-
ancy becomes obvious.

(3) )e initial yield stress, peak stress, and residual stress
increase with the increase in confining pressure. )e
peak and residual stress are lower with larger
unloading rates. )is indicates that the increase in
unloading rates accelerates the formation of a
fracture and decreases the bearing capacity of the

rock.)e dilatancy index decreases gradually with an
increasing confining pressure and a lower unloading
rate and has a good exponential relationship with the
confining pressure. )e dilatancy index of the rock
under the unloading confining-loading axial pres-
sure stress path is relatively large; that is to say, the
brittleness of this stress path is more obvious.

(4) )e absorbed strain energy increases rapidly and is
mainly stored in the form of elastic energy Ue before
the peak strength. Meanwhile, the dissipated energy
Ud increases obviously close to the peak point, until
the rock sample is damaged. )e peak and residual
energy increase with a higher confining pressure.)e
characteristic energy is lower with the larger
unloading rates. )is is due to less energy being
required for rock failure with the larger unloading
rate. In addition, under the unloading confining
pressure path, the peak energy is less, and Ue>Ud.
Under the unloading confining-loading axial pres-
sure stress path, the energy is relatively large, and
Ue<Ud. )is indicates that, during the process of
loading axial pressure, due to the lower initial axial
stress, the rock needs to absorbmore energy from the
outside to stimulate crack generation, propagation,
and penetration before the peak strength and further
increase the dissipated energy.

(5) )e Mogi–Coulomb strength criterion is better
applied to the study of rock unloading failure than
the Mohr–Coulomb strength criterion under the
complex loading and unloading stress conditions.
)e elastic strain energy strength criterion con-
siders that Poisson’s ratio can be greater than 0.5
when the material is destroyed, which is more
consistent with the yield or failure state of
unloading rock mass.
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Figure 17: Strength criterion based on elastic strain energy: (a) Vu � 0.1MPa s−1; (b) Vu � 0.5MPa s−1.
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Fractured rocks exist widely in nature. (e fracture network is an effective storage space and main seepage channel of low-
permeability oil and gas reservoirs, which controls the seepage system of low-permeability oil and gas reservoirs. (e connection
characteristics of fracture networks are complex and evolve dynamically with time. (e rise of complex network research can
provide reliable analysis for the relationship between network structures and network behaviors. In this work, the fracture
network is considered as a hierarchical network with self-similarity, and complex network theory is applied to analyze the
permeability of fractured rocks. According to the power-law relationship of degree distribution of network nodes, the number of
nodes is corresponding to the number of network edges and a new power-law distribution relationship of edges with degree of
nodes is proposed. Eventually, the permeability model of fractured rocks is derived and it is found that permeability of fractured
rocks is a function of degree of maximum node kmax, self-similarity index c, power index dk, and other structural parameters.
Compared with the existing numerical simulations, the validity of the model is verified. By calculating the influence of model
parameters on the permeability, the following results are obtained: (1) fracture porosity is directly proportional to permeability; (2)
fracture surface density is linearly increasing with permeability; (3) power index is inversely proportional to permeability; and (4)
permeability is exponentially increasing with the maximum degree of a node.

1. Introduction

(e networks of rock fracture are formed by structural
deformation and physical diagenesis [1]. On the inner
surface of rock stratum, the scale of naturally formed
fracture network is expanding and redistributing randomly
with different fracture development degrees, which is always
difficult to identify. However, researchers usually use the dip
angle and azimuth to determine the spatial orientation of
fractures. (e structural characteristics are consistent with
the two directional attributes of structural geology: tendency
and trend. In geological objects, the complex trace analysis is
used to calculate the obliquity estimation of the three-di-
mensional data body, i.e., steering cube [2], and then gets the

dip angle and azimuth information of each data point. (e
permeability of fractured reservoirs is very low, and the
fracture network controls the fluid flow [3]. Hence, it has an
important influence on oil or gas exploitation [4] and
geothermal energy extraction [5].

In recent years, researchers around the world have
studied permeability characteristics of fracture networks and
put forward corresponding models [6–8]. Snow [9] in his
study established the parallel plate model and obtained a
tensor analytical formula of permeability of fracture net-
work. Koudina et al. [10] studied the permeability of fracture
network in three-dimensional space by means of numerical
simulation. (e fracture network was composed of polyg-
onal shapes and the flow of fluid in each fracture satisfied
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Darcy’s law, while comparing it with Snow’s model. Xia [11]
established the dynamic model of permeability and opening
of fracture network under different confining pressures. Van
Stappen et al. [12] also connected the seepage model with
fracture opening by determining the relationship between
fracture permeability and confining pressure. Li et al. [13, 14]
broke away from the traditional practice of thinking frac-
tured reservoirs as dual media and established a percolation
model with equivalent continuum suitable for low-perme-
ability fractured shale reservoirs. De Dreuzy et al. [15]
studied the permeability of randomly generated two-di-
mensional fracture network by numerical and theoretical
methods and compared it with natural fractures to verify the
accuracy of the model. Klimczak et al. [16] used the parallel
plate model to obtain the permeability formula of a single
crack under conditions that the fracture length and opening
satisfied the power-law relationship and verified the accu-
racy of the model through numerical simulations. Wei et al.
[17] derived a forecasting model of permeability using the
electrokinetic relationship between fluid flow and current in
microfractures and analyzed the influence of connectivity
between fractures on permeability. Li [18] proposed a new
model considering fracture connectivity according to the
hydraulic fracture morphology of raw coal, the “matchstick”
seepage model and the cubic law. However, the above
models do not quantitatively relate the permeability of
fracture network with porosity, surface density, and mi-
crostructural parameters of fracture network, such as frac-
ture connectivity, openness, the dip angle, and azimuth.

(e randomly distributed fracture networks in rocks
have been shown to have statistical self-similarity, which is a
basic feature of fractal. Interested readers may consult
[19–26] for details. Watanabe and Takahashi [5] used the
fractal theory to study the permeability of fracture networks
and the extraction of heat in dry hot rocks, but they did not
put forward a permeability expression with micro param-
eters. Yu et al. [27] based on the study of seepage charac-
teristics of porous media in fracture networks by using
fractal methods put forward an explicit expression with
micro parameters, such as the structure of fracture network
and porosity, and then gave the scaling relationship between
permeability and the structure of fracture network. Li et al.
[28] established the mathematical model of equivalent
permeability tensors in fractured reservoirs, based on
fracture statistics, the simulation technique of fracture
network, and equivalent flow assumption, and then obtained
the equivalent permeability tensor of fractured media by
using boundary element method. Jafari and Babadagli [29]
obtained fractal permeability expressions of random frac-
tures by using multiple regression analysis based on logging
data but their empirical relationship contained many em-
pirical constants. Recently, Miao et al. [6] obtained the
analytical expression of fracture network permeability
according to the basic fractal theory. (is model quantita-
tively connected the fracture length, aperture, the fracture
dip angle, and fracture azimuth with permeability of frac-
tured rocks, which did not include any empirical constant.

Most of the above models initiate from the statistical
parameters of isolated fractures and macroscopic

homogenization. (e connectivity of fracture networks is
not considered, particularly the influence of the connectivity
of a small number of local fractures (maximum degree) on
the overall permeability. Starting from the topological
structure of fracture network and based on the complex
network theory, this paper establishes the network perme-
ability model of fractured rocks and probes into the internal
mechanism of the influence of structure parameters of
fracture network on permeability, including fracture po-
rosity ∅M, fracture density D, power index dk, and the
maximum node degree kmax.

2. Self-Similarity of Complex Networks

2.1.DegreeDistribution ofHierarchicalNetworks. In order to
illustrate the modularity, local clustering, and scale-free
topological characteristics of many complex network sys-
tems, it is necessary to assume that the modules generate a
hierarchical network in some iterative way [30]. Recent
studies show that [31] some of the topology modules are well
organized hierarchically in the network. (e hierarchical
network seems to have a very conspicuous feature; that is,
the local is similar to the whole in a sense, i.e., the self-
similarity. Hierarchical network integrates scale-free to-
pology with internal module structure. Song et al. [32]
further reveal that self-similarity and degree distribution of
scale-free hold true at all coarse-grained stages of the net-
work by adopting renormalization procedure and the degree
distribution P(k) of the renormalized network is invariant
under renormalization. (e power-law relationship can be
expressed as follows [32]:

P(k)∝ k
−c

, kmin ≤ k≤ kmax, (1)

where P represents the total number of nodes in the network
with degree k, k represents the number of other nodes
connected to a node, and c represents the self-similarity
index with the range of 1–3, which is transformed by the
exponential formula [32].

2.2. Basic Features of Fractals. Most of the trace length of the
fracture satisfies the power-law (scale-free) distribution
[33, 34]. (e fractal power-law distribution refers to the fact
that the fracture length in nature is random and disordered,
showing the characteristics of similarity and fractal. (e
power-law expression is [35]

N(≥ l)∝ l
− Df , (2)

where Df is the fractal dimension of fracture length, l is the
track length of fracture, and N is the total number of
fractures. (is is the basic expression of fractal scaling law
and basis of box counting method.

2.3. Power-Law Expression of Fracture Complex Networks.
Covariant analogy is also known as mathematical similarity
analogy. Power-law relations (1) and (2) have obviously
similar functional relations and equation (1) multiplied by k

can be analogous to equation (2). (e number of edges of

2 Advances in Civil Engineering



complex network is associated with the number of edges of
fracture network. (e following expression is obtained:

l
− Df � k

1−c
. (3)

(e relationship between c in power-law distribution
formula (1) and Df in power-law expression (2) is as follows
[32]:

c � 1 +
Df

dk

, (4)

where the power exponent dk is 1.5 times of Df [32].
Substitute equation (4) into equation (3) to get a propor-
tional relationship:

l � k
1/dk . (5)

(e parallel plate model is usually used to represent the
effective aperture of the fracture and the relationship be-
tween crack length and effective aperture has also been
studied by a large number of researchers [36, 37]. (is re-
lationship is given by

a � βl
n
, (6)

where β is the proportionality coefficient, which is related to
the mechanical properties of the medium around the
fracture in the range of 10− 3 ∼ 10−1 [16]. a is the effective
aperture of the fracture and n is the power exponent.

When the power exponent n � 1, the fracture network
has the characteristics of self-similarity and fractal [37]. So,
for the fracture network with self-similarity [16], equation
(6) can be rewritten as

a � βl. (7)

Equation (1) can be rewritten as

M(k) � kP(k) � αk
1− c

, (8)

where M represents the number of network edges, and α is
the proportionality coefficient.

Differentiating equation (8), we can get the number of
edges whose node degrees are in the range k to k + dk:

−dM(k) � −k dP(k) � αck
− c dk, (9)

wherein the negative sign indicates that the number of edges
of a complex network decreases with the increase of node
degree, which is in line with the actual situation and
−dM(k)> 0.

(e probability density of an edge with node degrees k is
expressed as

−dM(k)

Mt

�
α

Mt

ck
− cdk, (10)

where Mt represents the total number of edges the network
has, and f(k) � (α/Mt)ck−c is the probability density
function of the edge with node degrees k, which satisfies the
normalization principle:


kmax

kmin

f(k)dk � 
kmax

kmin

α
Mt

ck
−cdk � 1. (11)

(us, it can be obtained that

α
Mt

c

c − 1
1

k
c−1
min

1 −
kmin

kmax
 

c− 1
⎡⎣ ⎤⎦ � 1. (12)

Evidently, when kmin≪ kmax, equation (12) can be
expressed as

α � Mtk
c−1
min 1 −

1
c

 , (13)

generally, kmin/kmax ≤ 10−2 can be taken and complex net-
works in nature usually meet this requirement.

Yu [38, 39] studied the power-law relation of fractal
distribution of pores in porous media. Likewise, Majumdar
and Bhushan gave the cumulative size distribution of islands
on the Earth’s surface [40]:

N(> s) �
smax

s
 

D/2
, (14a)

where N is the total number of islands with the largest area
smax greater than s, and D is the fractal dimension for the size
distribution of islands. Equation (14a) indicates that there is
the largest island on the Earth’s surface; in addition,
Majumdar and Bhushan [40] used this power-law formula to
describe the contact points on engineering surfaces, where
the maximum point area smax � gλ2max, a point area s � gλ2
with λ being the diameter of a point and g being a geometry
coefficient.

Since self-similarity is one of the basic characteristics of
fractal, the self-similarity of porous media with fractures
needs to satisfy a certain power-law relationship [41]. Hence,
equation (14a) is used to describe islands on the Earth’s
surface and points on the engineering surface can be ex-
tended to describe the size distribution of nodes on the
surface of a fracture network. In the complex network
theory, the characteristic size of a single node includes out-
degree and in-degree [30]:

N(> s) �
komaxkimax

koki

 

c/2

, (14b)

where komaxkimax represents the maximum node size with
komax and kimax, respectively, being the maximum out-degree
and maximum in-degree, koki is a node size with the out-
degree and in-degree being ko and ki, respectively. When the
direction of the degree is ignored, equation (14b) can be
simplified as

N(> s) �
kmaxkmax

kk
 

c/2

. (14c)

From equation (14c), the cumulative number of nodes
whose degrees are greater than k can be expressed as
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N(> k) �
kmax

k
 

c

, (14d)

where N is the cumulative number of nodes in a fracture
network.

From equation (14d), the total number of nodes in a
complex fracture network is obtained:

Nt �
kmax

kmin
 

c

. (15)

Because the contribution of one edge to degree is 2, the
average degree of complex networks is

kav �
2Mt

Nt

. (16)

Inserting equation (15) into equation (16),

Mt �
1
2

kmax

kmin
 

c

kav. (17)

Inserting equation (17) into equation (13) to get the
proportionality coefficient,

α �
1
2

k
c
max

kmin
1 −

1
c

 kav. (18)

(en, we insert equation (18) into equation (9) which
gives

−dM(k) � −kdP(k) �
1
2

(c − 1)
k

c
max

kmin
kavk

− cdk. (19)

Equation (19) is an important power-law distribution
relation of edges with certain node degree in complex
networks. Furthermore, by the same logic, the average de-
gree of complex networks can be obtained as

kav �
c

2(c − 1)
kmin 1 −

kmin

kmax
 

1− c

⎡⎣ ⎤⎦. (20)

2.4. Surface Porosity of Fracture Networks. Self-similarity is
closely related to the fractal. Yu and Li [42] deduced the
relationship between porosity and fractal dimension in
porous media based on the fractal theory:

∅m �
λmin

λmax
 

dE− Dp

, (21)

where λmin and λmax are, respectively, the minimum pore
diameter and the maximum pore diameter. Dp is the fractal
dimension of pores. dE is the Euclidean dimension: in two
dimensions, dE � 2; in three dimensions, dE � 3.

Equation (21) is appropriate not only for precise fractal
geometry but also for statistical fractal geometry. As long as
the pores of porous media fall within the self-similar range of
λmin ∼ λmax, forming a fractal set, equation (21) holds ac-
curate regardless of the shape of the pores. (erefore, in a
hierarchical complex network, it is embedded into the
matrix as a fracture, forming a network model with fracture

properties. (e edges of the complex network, that is, the
fractures with a node, satisfy the above equation (21) within
the self-similar range of kmin ∼ kmax and are independent of
the shape of the node. It can be rewritten as

c � dE −
ln∅M

ln kmin/kmax( 
, (22)

where ∅M is the effective porosity of fractures in the rock
and kmin and kmax are the minimum and maximum of the
nodes, respectively.

On the cross section of the representative elementary
volume, the surface porosity of the fracture network is
defined as [6]

∅M �
APM

AM

, (23)

where AM represents the cross-sectional area of the repre-
sentative elementary volume in which the fracture network
is located, and APM represents the total area of fracture pores
on this area.

According to equations (5), (7), and (19), we can get the
total cross section area of the fracture [6]:

APM � − 
kmax

kmin

a · l · dM(k)

�
1
2

(c − 1)β
kav

kmin

k
2/dk+1
max

2/dk(  − c + 1
1 −

kmin

kmax
 

2/dk(− c+1)

⎡⎣ ⎤⎦.

(24)

Inserting equation (22) into equation (24),

APM �
1
2

(c − 1)β
kav

kmin

k
2/dk+1
max

2/dk(  − c + 1
1 −∅1/dk

M , (25)

where the porosity∅M is used in the two-dimensional space
of equation (22), i.e., dE � 2.

3. RelationshipbetweenSurfaceDensity and the
Self-Similarity Index

According to equation (5), the total length of fractures on the
cross section of the representative elementary volume is as
follows:

Ltotal � − 
kmax

kmin

l · dM(k)

�
1
2

(c − 1)
kav

kmin

k
1/dk+1
max

1/dk(  − c + 1
1 −

kmin

kmax
 

1/dk(− c+1)

⎡⎣ ⎤⎦.

(26)

Inserting equation (22) into equation (26),

Ltotal �
1
2

(c − 1)
kav

kmin

k
1/dk+1
max

1/dk(  − c + 1

· 1 −∅ 1/dk(−c+1)( )/ 2/dk(−c+1)( )
M .

(27)
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In the two-dimensional fracture network, the surface
density refers to the density of the cross section in a unit cell
of fractures (not a single fracture), which is defined by [43]

D �
Ltotal

AM

, (28)

where D is the surface density of fractures, and Ltotal is the
total length of all fissures on the cross section of the rep-
resentative elementary volume body, which is related to the
complex network model.

Equations (23), (25), and (27) are inserted into equation
(28) to get the surface density of the fracture, i.e.,

D �
2/dk − c + 1(  1 − ∅M( 

1/dk(− c+1)( )/ 2/dk(−c+1)( ) ∅M

1/dk − c + 1(  1 − ∅M( 
1/dk βk

1/dk

max

.

(29)

Equation (29) shows that the surface density in the two-
dimensional complex fracture network is a function of the
fracture porosity∅M, self-similarity index c, power index dk

related to fractional dimension, proportion coefficient β, and
the degree kmax of the largest node.

In order to study the relationship between the surface
density of these four fracture networks and the self-simi-
larity index, the prediction results of the surface density for
the complex fracture network are compared with the four
random fracture networks generated by Zhang and
Sanderson [43] through the numerical method of self-
avoiding walking. In their simulation, the critical fractal
dimensions lie in a narrow range from 1.22 to 1.38 (average
1.30) for those critical clusters with variations in the lower
limit of length from 0.005 to 1.5m, in the dispersion angle
of fracture direction from 0 to 50°, and in exponents from
1.2 to 1.8. (erefore, during calculation, the minimum
degree of the node is taken to be 1 and the maximum degree
is taken to be 300 according to the same ratio coefficient.
Meanwhile, the average power index is 2 and the average
self-similarity index is 1.65 through equation (4), and the
average porosity ∅M is calculated through equation (22).
From Figure 1, it can be observed that the predicted results
are in good agreement with numerical simulations.
Meanwhile, Figure 1 shows that the surface density of
fracture network increases with the increase of fracture
self-similarity index.

Figure 2 shows the relationship between fracture surface
density and porosity when the maximum degree of node
kmax is 300 and β is 0.006. It can be observed from Figure 2
that the surface density of fracture network increases with
the increase of fracture porosity. (is is because the larger is
the porosity, the greater will be the pore area of the fracture
network. Under certain conditions of β, the longer is the
total length of the fracture, the stronger the connectivity will
be as mentioned. (is result is consistent with the simula-
tions by Miao et al. [6]. It can be explained that the change of
numerical values will not affect the general trend between
them.

4. Complex Network Model of Permeability of
Fractured Rocks

Generally, the production of low-permeability reservoirs
often depends on the seepage system of fracture network.
When there are differences of temperature and pressure in
the system, there will be fluid flow or heat transfer between
the fracture networks. In these processes, however, the laws
of mass, momentum, and energy transfer among fluids are
very complicated. Moreover, the geometric aspects of
fractures cannot be determined relatively, including density
and surface roughness. For fractured reservoirs, we can
proceed from macroheterogeneity, because the degree dis-
tribution, length, aperture, and orientation of the fracture
are often random and disordered. Complex network can
provide an effective method for representing irregular
objects.

(e topological model of complex networks normally
considers the positional relationship between nodes but not
their shape and size. (erefore, network space determined
by the azimuth and dip angle has an important influence on
the seepage characteristics of fracture network. Nevertheless,
the spatial orientation of fractures is usually random and the
number of fractures in space is so large that it is almost
impossible to express the orientation of each fracture pre-
cisely [44]. Generally, the statistical method in the field of
engineering has been adopted to show the location of
fracture network, which is to take the average value of
fracture dip angle and fracture azimuth [45], and this is often
used in petroleum engineering, shale gas exploitation, and
geothermal energy extraction. (erefore, in this paper, we
assume that the average dip angle of the complex fracture
network is θ and the average azimuth of the fracture is α, as
shown in Figure 3.

(e cubic law of single fracture is based on the model of
parallel plate, which becomes the basic theory of network
seepage of fractured rocks and this is usually considered
simple and effective. (e flow rate along the flow direction
through a fracture can be described by the famous cubic law
[46, 47]:

q(l) �
a
3
l

12μ
Δp
L0

, (30)

where L0 denotes the length of the representative elementary
volume, a denotes the fracture aperture, l denotes fracture
trace length, Δp denotes the pressure drop across a fracture
along flow direction, and μ denotes dynamic viscosity co-
efficient of the fluid.

If the spatial orientation of fracture is considered, the
flow rate of a single fracture can be expressed as [6, 48]

q(l) �
a
3
l 1 − cos2 α sin2 θ 

12μ
Δp
L0

. (31)

(e total flow rate of fluid through a set of complex
fracture networks can be obtained by integrating equation
(31) from minimum degree to maximum degree in a unit
cross section; i.e.,
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Q � − 
kmax

kmin

q(l)dM(k)

�
β3

12μ
(c − 1)

2
1 − cos2 α sin2 θ 

4/dk(  − c + 1
Δp
L0

kav

kmin
k
4/dk+1
max

· 1 −
kmin

kmax
 

4/dk(− c+1)

⎡⎣ ⎤⎦.

(32)

In general, kmin≪ kmax. According to equation (4) and
[35], since 1< c< 2.3 in the two-dimensional plane, and
(kmin/kmax)

4/dk(− c+1)≪ 1, consequently, equation (32) can be
simplified as

Q �
β3

12μ
(c − 1)

2
1 − cos2 α sin2 θ 

4/dk(  − c + 1
Δp
L0

kav

kmin
k
4/dk+1
max . (33)

It can be seen from equation (33) that the total flow rate
of fluid in the complex fracture network is related to the
index of self-similarity c, fractional-dimension related
power index dk, fracture azimuth α, and fracture dip angle θ
and the flow rate is very sensitive to the maximum degree
kmax of nodes.

Darcy’s law for Newtonian fluid flow in porous media is
given by [6]

Q �
KAM

μ
Δp
L0

. (34)

(e permeability of complex fracture network can be
obtained by inserting equation (33) into equation (34):

K �
β3

24AM

(c − 1) 1 − cos2 α sin2 θ kav

4/dk(  − c + 1( kmin
k
4/dk+1
max . (35)

Fracture

Flow direction

x

y

Horizontal plane

α
θ

Figure 3: (e average orientation of fractures in the three-di-
mensional space, the plane of the coordinate axis is the horizontal
plane and the direction of water flow is along the x-axis. (e in-
cluded angle between the fracture direction and y-axis is α, that is,
the azimuth of the fracture. (e θ angle between the fracture plane
and the horizontal plane is the dip angle of the fracture.

Equation (29)
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Figure 1: A comparison between theoretical model prediction and numerical simulation of surface density of complex fracture network [43]
(β � 0.011). Groups A–D represent the four-component fracture network generated in the numerical simulation.
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Figure 2: (e density of fracture surface varies with the porosity of
fracture network.
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By inserting equation (28) and equation (29) into
equation (35), the permeability of fracture network can be
expressed by the surface density of fracture:

K �
β3 · D

12
1/dk(  − c + 1( 

4/dk(  − c + 1( 

k
3/dk

max 1 − cos2 α sin2 θ 

1 − ∅M( 
1/dk(−c+1)/2/dk(−c+1)

 
.

(36)

Equation (36) suggests that permeability is a function of
self-similarity index c, power index dk, structural parameters
(maximum degree of a node kmax, fracture surface density D,
fracture azimuth α, and fracture dip angle θ), and fracture
porosity ∅M in a medium formed by a complex fracture
network. Equation (36) further reveals that permeability is
strongly dependent on the maximum degree kmax of the
node. (e higher is the node degree, the stronger is the
connectivity of fracture network.(e fluid capacity increases
with increase of the flow path, leading to higher perme-
ability. (erefore, this model has more advantages than the
traditional model and can better explain the influence of
node failure on fluid flow in the fracture network.

5. Results and Discussion

Jafari and Babadagli [49] analyzed 22 different fracture
networks in nature. (e digitized fracture patterns were
exported to commercial fracture modeling software
(FRACA) to calculate their equivalent fracture network
permeability. A 3D model with a grid block size of
100m× 100m× 10m was constructed. Each digitized 2D
fracture pattern (i.e., the digitized mapped fracture traces
from outcrops) was imported into the 3D model in such a
way that all fractures were considered to be vertically
touching the top and the bottom of the layer, wherein the
maximum fracture length is 2m and the dip angle of the
fracture is 0°. (erefore, in the calculation, the minimum
degree of the node is 1, and the maximum degree is 6.
Furthermore, since the model of parallel plate mainly de-
pends on the effective aperture of a single fracture, the actual
tortuosity of the fracture is not considered by using this
simplified model. Via equation (4) and equation (20), the
average power index and the average degree of the node are
calculated. All the structural parameters used in theoretical
calculations are listed in Table 1. Figure 4 shows that the
predicted values of our model are in good agreement with
the results of numerical simulations.

We discuss the influence of model parameters on per-
meability. From equation (36), it is observed that the pa-
rameters that play a decisive role mainly include fracture
porosity∅M, fracture dip angle θ, fracture surface density D,
power index dk, and maximum node degree kmax. Figure 5
shows the relationship between permeability and fracture
porosity of the complex network model at different dip
angles. In the calculation, the maximum degree kmax � 398 of
the fracture node (at β� 0.006) is taken. It can be seen from
Figure 5 that the permeability of fracture network increases
with the increase of fracture porosity. In addition, with the
same porosity, the larger is the fracture dip angle, the smaller
is the permeability of fracture network. (is is because the
flow resistance of fluid increases with the increase of the
fracture dip angle.

Figure 6 shows the relationship between permeability
and fracture surface density in the complex network model.
In this calculation, the maximum degree kmax � 398 of
fracture node, fracture dip angle θ� 45°, fracture azimuth
α� 0°, and β� 0.006 are taken. It can be seen from Figure 6
that the permeability of fracture network increases with the
increase of fracture surface density. (is is because as the
density of fracture surface increases, the porosity of fracture
also increases. Hence, the permeability of fracture network
increases.

Figure 7 shows the relationship between permeability of
complex network model and the power index. In the cal-
culation, the minimum and maximum degrees of fracture

Table 1: Structural parameters of fractured rock media.

Structural parameters Value Description of parameters
kmin 1 Minimum degree
kmax 6 Maximum degree
dk 2.6 Average power index
kav 4 Average degree of fracture network
θ (°) 0 Average dip angle of fracture network
α (°) — Azimuth average value of fracture network
β 0.001 Ratio of fracture aperture to length
AM (m2) 10000 Cross-sectional area of the 3D model

1.5 1.6 1.7 1.8 1.9 2.0
10–15

10–14

10–13

10–12

K 
(m

2 )

Model predictions 
Simulation results 

Figure 4: Comparison of permeability between model prediction
and numerical simulation results of complex fracture network [49]
( β� 0.001).
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network nodes as 1 and 6 are taken, respectively. Equations
(4) and (20) are used to calculate the average self-similarity
index cav � 1.67 and the average degree of node kav � 4 and
we take the dip angle of fracture θ� 0° and β� 0.001. It can
be seen from Figure 7 that the permeability of fracture
network decreases slowly with the increase of power index.
Miao et al. [6] have verified that the permeability of the
fractal fracture network model increases slowly with the
increase of fractal dimension. By considering equation (4),
that is, the internal correlation between scale-free property
of complex networks and fractal scaling law, it can be
concluded that there will be a competitive relationship
between the inhibition of seepage flow by power index and
the promotion of seepage flow by fractal dimension.
Henceforth, it leads to the discontinuous phase that is not
always occurring.

Figure 8 shows the relationship between the permeability
of complex network model and the maximum node degree.
When a node in a network has multiple edges connected to
it, the number of edges is the degree of the node, regardless
of its direction. In the calculation, we take the dip angle
(from 0° to 180°) of fracture θ� 45°, azimuth of the fracture
α� 0°, β� 0.006 with the range of 0.001∼0.1 [16], and average
surface density D � 10 (m/m2). It can be seen from Figure 8
that permeability of fracture network increases sharply with
the increase of the maximum degree of nodes. Since con-
nectivity of the entire fracture network is strongly dependent
on maximum degree of a node, it is equivalent to the
connection hub of entire complex network. When a small
number of edges are removed from the network, the overall
connectivity of the network will not be greatly affected.(us,
the complex network has a high robustness to the node
destruction. At the same time, if a node with the maximum
degree is deliberately attacked, the entire network will
paralyze quickly and the fluid can only flow through a few
paths. (is is also the vulnerability of complex network to
deliberate attacks on nodes.

6. Conclusion

(is paper applies the complex network theory and topo-
logical model to fractured rocks, while describing the

dk
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Figure 7: (e relationship between fracture permeability and
power index.
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Figure 5: (e relationship of fracture permeability with porosity at
different dip angles.
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Figure 6: (e relationship between fracture permeability and
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Figure 8: (e relationship between fracture permeability and
maximum node degree.
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fracture network as a hierarchical network with self-simi-
larity. Meanwhile, the fracture network model of surface
density is obtained based on the power-law distribution
relation of network edges. (en, the permeability model of
fractured rocks is deduced in accordance with the famous
cubic law, Darcy’s law, and complex network theory.

Compared with the existing numerical simulations, the
predicted results show that the above models are accurate.
Besides, the effect of structural parameters on the perme-
ability of fractured media is also discussed. (e permeability
of fracture networks increases with the increases of porosity
and surface density. (e permeability of fracture networks
increases exponentially with the increase of the maximum
node degree and its power exponent is 3/dk.
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In the field of rock engineering, tensile failure is one of the most significant failure modes due to the presence of joints/fractures.
However, due to the limitations of current laboratory testing, it is difficult to carry out direct tensile tests on jointed rock
specimens in the laboratory. To study the effect of joints on the mechanical behavior and failure mode of jointed rock specimens, a
three-point modeling method that can consider arbitrarily arranged rock joints is deduced and applied to discrete element
simulation. +e effects of different joint angles (the inclination angle α, rotation angle β, and superimposed angle c of α and β,
where c is the angle between the joint and horizontal plane), the density (n), and the rate of cutting area (RCA) of the specimen
loading surface (LSS) on the tensile strength (σt), elastic modulus in tension (Et), and failure mode of the specimens were analyzed.
+e results show that the joint angle (considering α, β, and c) and RCA have a significant effect on the resulting σt and failure
mode, while n has a significant effect on Et. +e failure mode of the specimen changes from tensile failure along the joint to direct
tensile failure of the specimen as c increases, and the mechanical behavior transitions from unstable to stable. In addition, the
main influence of c on the mechanical behavior of specimens is revealed, and the change process of the failure mode after the
cutting of the LSS is analyzed. +e present research can be utilized for multiple purposes, including the joint development of
surrounding rock and failure dominated by tensile failure in underground engineering, especially for tunnels, roadways,
chambers, and so forth.

1. Introduction

A rock mass is a geological body composed of many dis-
continuities with different scales and different occurrences,
and rock masses are cut by these discontinuities into dif-
ferent shapes and sizes [1–3]. Sedimentary strata are sig-
nificantly affected by geological structures such as folds and
faults and weak structural planes such as joints, bedding, and
fissures [4, 5], while the original defects and joint structures
are internal characteristics of rock and have an essential
impact on their fracture characteristics [6, 7]. +e me-
chanical behavior of jointed rocks is very important in

engineering applications [8], especially in recent years, with
the vigorous development of resource mining, energy de-
velopment, infrastructure construction, and so forth. It has
become particularly important toobtain the mechanical
properties of jointed rocks.

Most rocks in actual engineering are under compression,
but because σt is much smaller than the compressive
strength, in many cases, failure during rock engineering
starts from local tensile failure of the rock [9]. Recently,
more comprehensive explorations of rock compression tests
have been performed by scholars. For example, Xin et al. [10]
and Yoshinaka et al. [11] studied the scale effect of the
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strength of a jointed rock mass and the effect of a jointed
rock mass on the joint connectivity by uniaxial compression
testing. Liu and Prudencio [12, 13] analyzed the fracture
form and mechanical behavior of rocks under biaxial
compression. Nguyen and Le [14] and Tiwari and Rao [15]
conducted triaxial tests on different types of rocks. At
present, the Brazilian test is the main method used to de-
termine σt in an indirect manner [16, 17]. As early as 1959,
Hondros [18] established an analytical method for analyzing
σt based on the Brazilian test, andmany scholars then carried
out a considerable amount of research on σt through Bra-
zilian testing. For instance, based on the dynamic Brazilian
test, Zhao and Feng Quang [19] developed a new empirical
equation to describe the dynamic effect of the indirect tensile
strength of the sandstone. Tavallali and Vervoort [20] an-
alyzed the influence of joint orientation on σt from the
macroscale by the Brazilian test. Coviello and Gong et al.
[21–23] indicated that σt obtained by the Brazilian test is the
same as the direct tension, but the Brazilian test cannot
obtain Et and simulate the failure mode of the specimen
under direct tension, especially for jointed rock. It remains
quite challenging to conduct direct uniaxial tensile tests on
intact rock specimens in laboratories due to the difficulties in
avoiding (1) unfavorable stress concentration over the grip
and (2) bending moments due to noncoaxial gripping and
curvature of the specimen. Various attempts have beenmade
in this regard [24, 25]. Whether considering a split test or a
direct tensile test, a specimen taken from a layered rock mass
generally has several densely arranged parallel persistent
joints [26–28]. +us, it is difficult to analyze the effect of one
or more of the joints on the specimen, and it is difficult to
repeat a test on a specimen with a more complicated joint
structure to reduce uncertainty.

Based on the above situation, numerical testing is un-
doubtedly a more ideal testing method. With the develop-
ment of underground engineering, the requirements for
calculation accuracy and calculation workload have in-
creased, and numerical tests are becoming increasingly
recognized and widely used in various fields. For example,
Lianchiong et al. [29] prepared the analysis software
RFPA3D to simulate the rock failure process and used this
software to study rock damage and fracture. Zhang [30]
analyzed the jointed rocks under various loads through the
particle flow numerical simulation software PFC and proved
the reliability of a numerical test compared with a physical
laboratory test. Han et al. [31] used the numerical manifold
method (NMM) to analyze the effects of joint dip angle, joint
spacing, and confining pressure on rock mass strength.
However, the mechanical behavior and failure mode of rocks
with persistent joints, especially those under uniaxial ten-
sion, have rarely been studied.

+e spatial characteristics of rock joints are very com-
plicated in actual engineering, and joints with different
spatial distribution characteristics have a considerable im-
pact on the mechanical behavior of rocks. However, the
mechanical behavior and failure mode of jointed rocks
under uniaxial tension are difficult to analyze through
laboratory tests.+e present study comprehensively analyzes
the effect of multiple factors (angle, n, and the position of the

cutting LSS) on the mechanical behavior (in terms of σt and
Et) of a rock specimen with 3DEC (a three-dimensional
distinct element code by Itasca), providing fundamental
results for the further study of complex jointed rocks and the
estimation of jointed rock mechanical properties.

2. Numerical Model and Control Conditions

2.1. Models and Parameters. +e numerical model is con-
structed by means of 3DEC, which is a three-dimensional
numerical program employing the distinct element method
for discontinuum modeling. In this paper, under the
guidance of Euclidean geometry [32], a three-point mod-
eling method that can arbitrarily change the spatial char-
acteristics of rock joints is deduced and applied to 3DEC.
+e method is as follows:

(1) Define three noncollinear points A, B, and C to
determine the spatial characteristics of the rock joint.
+e three points move along three straight lines
parallel to the z-axis. A and B are the long-axis
endpoints of the elliptical joint plane, symmetrical
about E (the center of the specimen body), which are
used to control the joint inclination angles (α). +e
initial position of C is at the same level as E, which is
used to control the joint rotation angle (β), as shown
in Figure 1.

(2) Fix point C and then move A and B up and down
according to the magnitude of α. After adjusting, the
vertical distances dAE and dBE between A, B, and E
are as follows:

dAE � dBE �
1
2

D · tan α, (1)

where D is the radius of the cylinder.
(3) After determining the magnitude of α, first fix the

two pointsA and B and thenmoveC according to the
magnitude of β to C′. After adjustment, the vertical
distance dcc′ between C′ and E is as follows:

dCC′ � D ·
tan β
sin α

. (2)

+is study mainly focused on how the spatial charac-
teristics of rock joints (n, α, β, and the cutting positions of
LSS) affect the mechanical behavior of the specimen (in
terms of σt, Et, and failure mode). +e specimen model was a
cylinder that is 50mm in diameter and 100mm in height, as
suggested by the International Society for Rock Mechanics
[33–36]. All joints were considered to cut through the
specimen. A constant rate of 0.005mm/step was applied to
the upper and lower boundaries of the model to simulate the
uniaxial tensile load [36, 37]. After a specimen failed in
tension, 1000 extra time steps were calculated to capture the
after-peak behavior. With the stress-strain curves obtained
under the different joint conditions, σt and Et were
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calculated, and the effect of the joint conditions on σt and Et
was investigated, in which Et is the slope of the line con-
necting the origin and the point corresponding to 50% of the
stress-strain curve [38].

To study the effect of the joints’ spatial characteristics on
the mechanical behavior of the specimens taken from lay-
ered rock, the joints in the model were persistent joints. In
addition, α and β were taken as 0°, 10°, 20°, 30°, 40°, and 50°.
Moreover, nwas taken as 2, 3, 4, and 5. In this study, the rock
parameters were selected with reference to the roof sand-
stone samples of Zhaogu No. 2 Coal Mine [39]. +e me-
chanical parameters of the rock and joint are shown in
Tables 1 and 2, respectively. In the tables, JKN stands for
joint normal stiffness, and JKS stands for joint shear stiffness.

2.2. NumericalModel Verification. In the following sections,
the reliability of the numerical model is verified by com-
paring the uniaxial compression stress-strain curves of a
sandstone sample (taken from the roof of Zhaogu No. 2 Coal
Mine) and the corresponding numerical simulation. +e
numerical model is further verified by comparing the σt
results determined from numerical simulation and Brazilian
testing in the present paper.

2.2.1. Overview of the Test. +e uniaxial compression testing
and the Brazilian testing were completed on an RMT-150B
rock mechanics servo testing machine.+e average naturally
dried density of the processed specimens is 1435 kg/m3, and
the P-wave velocity is 1903m/s. +e sandstone sample and
the testing machine are shown in Figure 2. +e test used
displacement loading, and the loading rate was controlled to
0.05mm/s. In addition, the loading was carried out under
servo control until the sample failed.

2.2.2. Comparison of the Test Results. Figure 3 compares the
uniaxial compressive stress-strain curves obtained by nu-
merical simulation and laboratory testing. Because the
sandstone samples were relatively dense and there were
fewer internal cracks, the test curve entered the elastic stage
after a short sag in the early stage, and the stress increased
linearly until it reached the peak strength. +e specimen
failed, and the stress-train curve dropped rapidly. It can be

seen in Figure 3 that the curve obtained by numerical
simulation is in good agreement with the trend of the
laboratory test, and the maximum strain was approximately
3×10−2 when failure occurred.

In the numerical simulation of uniaxial tension, the load
was applied from the upper surface to the complete speci-
men. Since the specimen body in the model was a uniform
continuous medium, the load was transmitted uniformly
downward from the LSS along the direction of the specimen
axis. With the continuous application of the load, the in-
ternal stress of the specimen increased accordingly, and the
final specimen body failed from the loading end, as shown in
Figure 4 (the specimen deformation is magnified 100 times),
so the stress-strain curve dropped at that point. +e σt value
of the numerical simulation was close to that of the labo-
ratory data, as shown in Table 3. Numerical simulation data
show good agreement with test data and thus support the
reliability of the numerical simulation.

3. Effect of the Joint Angle on the Mechanical
Behavior of Specimens with Single Joints

To study the effect of a single persistent joint on the me-
chanical behavior of rock under the superposition of dif-
ferent values of α and β, α was fixed at 0°, 10°, 20°, 30°, 40°,
and 50°. +e changing patterns of σt and Et were studied by
changing β. +e angle change between α and β is shown in
Figure 5.

From the variation curve of σt, it can be seen that σt was
positively correlated with α and β, as shown in Figure 6(a),
which is consistent with the findings of Shu et al. [37]. +ere
was a smooth section in the stress-strain curves of all the
studied inclination angles α, and this section had a tendency
to move forward with the increase in α. Although the change
in β was the same, the smooth section range of the curve
when α� 20° and α� 30° was larger than the others in the
analysis of tension strength curves. +is was probably be-
cause σt tended to be stable when c, the angle after the
superimposition of a and β, was approximately 30°. When a
was 0°, 10°, 20°, 30°, and 40°, the maximum change in σt
caused by β was 40° to 50° (i.e., the sensitive range of σt was
40° to 50° of β ), and the increases were 12.4%, 12.8%, 14.3%,
16.1%, and 17.7%, respectively. It can be seen that the
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Figure 1: Joint setting of the rock specimen model.
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increasing rate also had an obvious accelerating trend.
However, when a reached 50°, the rate of increase in σt
decreased to 7.8%, which may have been caused by the edge
of the upper and lower surfaces of the specimen (ULSS)
being cut by the joint.

+rough the analysis of the Et change curve (Figure 6(b))
under a single joint, it can be seen that the increase in α and β
increased Et, but the range was very small, and the average
increase in Et was 0.10%, 0.18%, 0.22%, 0.31%, and 0.43%

when α was 0°, 10°, 20°, 30°, and 40°, respectively. However,
when α reached 50°, σt and the strain of the specimen during
failure were reduced due to the joint cutting the ULSS, and
the reduction in strain was greater than that in stress.
+erefore, Et increased greatly at β� 50°, with an increase of
3.8%.

For σt, the effect of the angle c was great, especially
when the LSS was not cut, and the rate of increase in σt
was positively correlated with c, while the effect of c on

Table 1: Mechanical parameters of the rock.

Lithology Density
(kg/m3)

Bulk modulus K
(GPa)

Shear modulus G
(GPa)

Cohesion C
(MPa)

Internal friction angle φ
(°)

Tensile
strength (MPa)

Sandstone 2884 10.52 4.86 24.7 30 8.79

Table 2: Mechanical parameters of the joint.

Lithology Cohesion C (MPa) Friction angle (°) JKN (GPa/M) JKS (GPa/M) Tensile strength (MPa)
Sandstone 3.67 26.8 32.5 19.3 3.88

(a) (b)

Figure 2: Test equipment and rock samples. (a) Test equipment. (b) Sandstone sample.
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Figure 3: Comparison of the uniaxial compression curves from the numerical simulation and laboratory testing.
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Et was relatively small. However, when the joint was
tangential to the edge of the LSS, Et increased obviously,
and the increase in σt slowed obviously. +us, the angle
and the cutting position of the joint had a very im-
portant effect on the mechanical behavior of the rock
specimen.

4. Effect of the Joint Angle on the Mechanical
Behavior of Specimens with Different
Joint Densities

To further explore the effect of rock mechanical behavior by
the superimposition of α and β under different n, fixed α was
assumed to be 0°, 10°, 20°, 30°, 40°, and 50°. +e change
patterns of σt and Etwere studied by changing the number of
joint strips (n� 2, 3, 4, and 5) and the rotation angle (β� 0°,
10°, 20°, 30°, and 40°). +e joint interval (d� 5mm) was
uniform from the center of the specimen body to both ends,
as shown in Figure 7.

By comparing the σt change curves under different n
(Figure 8), it can be found that when α≤ 30°, σt was hardly
affected by n. However, when α� 40°, the σt curve of the
specimen with n ≥ 4 began to drop from β� 40°, and the
drop range increased with increasing n. When α reached
50°, the σt curve of the specimen with n � 2 and 3 started to
drop from β� 40°. Moreover, the σt curve of the specimen
with n � 3 exhibited a greater drop than that with n � 2, the
σt curve of the specimen with n ≥ 4 tended to drop from
β� 30°, and the drop range tended to increase as n in-
creased. +e drop in the σt curve of specimens with
multiple joints and the slow increase in σt in specimens

with a single joint were related to the cutting features of
the ULSS. However, whether the change in the σt curve
drop was due to n or the area of joint cutting on the ULSS
remains to be discussed.

To explore the reasons for the change in the drop range
of the σt curve, the first cut of the LSS with a persistent joint
was set to 0%, 10%, 20%, 30%, 40%, and 50%. When
RCA� 0%, the joint was tangent to the edge of the LSS; when
RCA� 50%, the joint was perpendicular to the LSS. An il-
lustration of the RCA is shown in Figure 9.

According to the change in the mechanical behavior of
the specimen under different RCAs (Figure 10), σt increased
greatly when RCA transitioned from 10% to 20%, and the
growth rate was 16.6%. When RCA≥ 20% (c≥ 72.3), σt and
Et tended to be stable, and the stability value of σt was close
to that of the complete specimen, which agrees with the
results of the Brazilian test performed by Liu et al. [25]. Since
the tensile strength of a jointed rock mass is anisotropic, the
ratio of the tensile strength σt at different c values to the
tensile strength σ0 at c � 0° has been defined as the angle
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Figure 4: Uniaxial tensile stress-strain curve of the numerical simulation.

Table 3: Test and numerical simulation of tensile strength.

Test Numerical
simulation

Specimen number A5-3 A5-4 A5-6 —
Tensile strength (MPa) 8. 57 9.26 8.55 8.79

0°

50°
40°
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20°

10°

(a)

0°

50°
40°
30°

20°

10°

(b)

Figure 5: Joint angles considered in the rock specimen model.
(a) α. (b) β.
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anisotropy coefficient. When RCA≥ 20%, the angle an-
isotropy coefficient is stable at 2.2, which is close to the
anisotropy coefficient of sandstone under the Brazilian test
[16]. Et suddenly increased between 0% and 10% of the RCA,
but the increase in σt became slow in this range.

+e range of 0% to 10% of the RCA is further divided
in this section, and every 1% of the RCA corresponds to a
numerical simulation. +erefore, the curves of the
change in σt and Et with RCA are obtained, as shown in
Figure 11. +e changes in σt and Et in the range of 0% to
10% of the RCA tend to be unstable, but the drop sections
are in the middle of the range. In particular, when
RCA � 8%, σt decreases to 6.01MPa, and the ratio of σt to
the complete specimen is only 0.68. +rough the above
analysis, it can be found that when the RCA is between
0% and 10%, σt fluctuates greatly, but the fluctuation in Et
is relatively small and does not increase significantly
until RCA � 9%.

In the range of 0% to 10% of the RCA, σt decreases with
increasing n, but the decline range is relatively small. +e
maximum decline range is 0.208MPa between n� 1 and
n� 2, and the minimal decline range is 0.090MPa between
n� 4 and n� 5. In addition, in this range, the change in Et
with respect to n tends to be unstable, as does the change in
Et with RCA. +e numerical simulation results in the range
of 20% to 50% of the RCA show that the change in n in this
range has little effect on the mechanical behavior of the rock
specimen. Moreover, σt in this range is close to that of
complete specimens, which is basically consistent with the
effect of the RCA in this range.

+e change in n has no obvious effect on σt before cutting
the LSS, and the effect of n after cutting the LSS is actually
caused by the change in the RCA.With increasing RCA, Et is
greatly improved at RCA� 9% and then becomes stable.
Moreover, it can be clearly seen that the range of sudden
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Figure 6: Variation in mechanical behavior of specimens with joint angles. (a) σt. (b) Et.
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changes in Et and σt occurs when approximately 8% of the
RCA is reached.

5. Analysis of the Numerical Simulation Results

5.1. Stress State of the Specimens with Joints. Due to the
existence of the joint, the stress distribution inside the
specimen is not uniform. However, as shown in Figure 12,

when any microblock close to the joint is considered, the
stress pi on the joint can be decomposed into the stress σc

perpendicular to the joint direction and the stress σc along
the joint direction [40].

σ i is the normal stress on microblock i and c is the angle
between the joint and the center plane located at the
specimen center and parallel to the end surface (0°≤ c≤ 90°).

According to Figure 12, the stress pi on the joint is
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Figure 8: Variation curve of σt under different n. (a) n� 2, (b) n� 3, (c) n� 4, and (d) n� 5.
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pi � σi · cos c. (3)

+e stress pi on the joint can be further decomposed into
the stress σc perpendicular to the joint direction and the
stress τc along the joint direction:

σc � pi · cos c, (4)

τc � pi · sin c. (5)

Substituting equation (3) into equations (4) and (5),
respectively, yields

σc � σi · cos2 c �
σi

2
(1 + cos 2 c), (6)

τc � σi · cos c sin c �
σi

2
sin 2 c. (7)

According to equations (6) and (7), the trend of the
variation in σc and τc with c is shown in Figure 13.

It can be seen is Figure 13 that σc is negatively correlated
with c, while τc is positively correlated with c when
0°≤ c≤ 45° and negatively correlated with c when
45°≤ c≤ 90°.

+ere are three main types of failure observed for
specimens with joints under tensile stress: tensile failure
along the joint, shear failure along the joint, and tensile
failure of the specimen material.

σy ≥ σ′,

τy ≥ c′ + σy tanφ′,

σi ≥ σ00,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(8)

50%
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(c)

20%

(d)

10%

(e)

0%
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Figure 9: Illustration of the RCA.
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where σ′ is the tensile strength of the joint; σ00 is the tensile
strength of the material; c′ is the cohesive force of the joint;
and φ′ is the internal friction angle of the joint.

+erefore, to cause the tensile failure of microblock i, the
curve of its normal stress σi with c is shown in Figure 14.

5.2. Variation in the Specimen Failure Mode with the Joint
State. When the LSS is not cut, the failure of the specimen is
mainly tensile failure along the joints, and it can be seen in
Figure 14 that if tensile failure occurs along a joint, with the
increase in c, the normal stress σi increases correspondingly,
and the growth rate continues to accelerate. +erefore, when
LSS is not cut, σt and c are positively correlated, the growth
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rate tends to accelerate greatly, and the smooth section of the
σt curve corresponds to the smoother section in Figure 14.

When c is small, the failure of the specimen is tensile
failure along the joint, as shown in Figure 15(a); however,
Figure 14 indicates that when c is larger, tensile failure along
the joint will occur, and the increase in normal stress σi at
these values of c is several times greater than that at smaller
values of c. However, due to the existence of the joint co-
hesion c′, the increasing normal stress σi acts on the
specimen block, and a part of the specimen block suffers
tensile failure, as shown in Figure 15(b).

+e uniaxial tensile strength of the specimen under
direct tension is calculated as follows [41]:

σ �
F

A
, (9)

where σ is the tensile strength of the specimen, F is the axial
peak load, and A is the cross-sectional area of the specimen.

When the joint cuts the LSS, the axial load is divided into
two parts from the load to the fixed end, so F can be divided
into two parts:

F � F1 + 2F2, (10)

where F1 is the axial load acting on the joint and F2 is the
axial load acting on the cut part of the LSS.

Due to the uneven distribution of stress during the
loading process, the block on the loading side near the joint
and the cut part of the LSS can be divided into nmicroblocks
andmmicroblocks, respectively, and F1 and F2 are as follows:

F1 � 

n

i�1
σi,

F2 � 
m

j�1
σj,

(11)

where σi is the stress of the microblocks on the loading side
of the joint, σi≤ σ0, σj is the stress of the microblocks in the
cut part of LSS, and σj≤ σ0.

When RCA is relatively small, the rising section of the
stress-strain curve is straight and slightly concave, and the
steepness of the falling section of the curve decreases. +is
observation of the stress-strain curves is basically consistent
with that of Dai et al. [42] for specimens with both structural
face failure and rock tensile failure, as shown in Figure 16(b).
σt is determined by the load of F1 which is transmitted by the
joint at this time. Taking 2% of the RCA as an example,
originally, when the stress rises to 80% of σt, the ULSS fails
along the cut part initially under the action of F2, and as
loading continues, the stress-strain curve continues to rise to
σt, as shown in Figure 16(a). Moreover, under the action of
F1, stress concentration and failure occur on both ends of the
joint, which is close to the ULSS. With the continuity of
loading, the stress-strain curve continues to fall, and the
tensile failure zone expands from both ends of the joint to
the middle until the specimen completely fails.

When RCA rises to 30%, the magnitude of σt is deter-
mined by F2. When the stress reaches 80% of σt, stress
concentration occurs at both ends of the joint in the be-
ginning under the action of F1, and the block fails by tension,
as shown in Figure 17. When the stress reaches σt, the cut
part of the ULSS fails under the action of F2. After con-
tinuous loading, the tensile failure zone does not extend to
the middle along either end of the joint but extends from the
cut part along the ULSS until the ULSS completely fails.

According to the above analysis, it can be seen that as the
RCA increases, the load F1 transmitted by the joint continues
decreasing, while the load F2 transmitted by the block
continues increasing, and the critical load that affects σt also
transitions from F1 to F2. When RCA� 8%, it is just near the
transition zone. At this time, F1 and F2 are approximately
equal, and the critical load is to the minimum, so σt is the
smallest. When RCA� 8%, it can be seen clearly from the
stress-strain curve that the peak appears with the continuous
concentration of stress. However, the failure of the cut
blocks does not cause the curve to fall. After continuous
loading, tensile failure appears on the blocks at both ends of
the joint, and the failure zone expands from both ends to the
middle along the joint as the loading continues, and the
curve falls quickly.

+e effect of joints on σt is actually the effect of joints on
the overall bearing capacity of rock specimens [3]. With the
increase in c, the failure mode of rock specimens gradually
changes from failure along the joint to direct failure of the
specimen blocks; this phenomenon is also reflected in the
Brazilian test [20, 25, 28].

6. Discussion

As the most common engineering material, the study of the
mechanical behavior of rock has always been a very im-
portant subject. In addition, because the failure of rock
engineering in most cases starts from tensile failure, σt, as
one of the basic mechanical property parameters in rock
materials, plays an irreplaceable role in rock mechanics
research and practical applications of engineering rock
masses [24]. Compared with the Brazilian test, the direct
tensile test has a higher degree of confidence in obtaining σt

Tensile 
failure zone

Joint Joint

Block
Tension-n
Tension-p

Plane: active on
colorby: state

(a) (b)

Figure 15: Tension failure area slice (c � 30° and c � 50°).
(a) c � 30°. (b) c � 50°.

10 Advances in Civil Engineering



[16]. However, due to the limited conditions, it is difficult to
carry out direct tensile tests of rock in the laboratory; thus,
determining how to accurately obtain the rock σt is key.
Because of the complex formation conditions, the rock mass
will produce a large number of weak structural planes that
will have a dominant effect on the overall strength of the
rock mass. +e spatial characteristics of weak structural
planes such as joints also have a large effect on the overall
strength of the rock mass. In actual engineering rock mass,
as long as the mechanical behavior of the rock block and the
spatial characteristics of the weak structural plane can be
well understood, the mechanical behavior of the rock mass
as a whole can be predicted. However, in the field sampling
process, due to limited conditions, the spatial characteristics

of the joint structure in the sample will be different from the
site, and the stress conditions of the rock mass at different
positions in the actual engineering rock mass will also differ.
In addition, restoring the mechanical characteristics of the
rock mass through laboratory tests is challenging.

7. Conclusion

In this paper, a three-point modeling method was proposed
and applied to 3DEC to realize the simulation of a jointed
specimen. With this approach, the spatial characteristics of
rock joints can be changed arbitrarily, and the change patterns
of the mechanical behavior of the jointed rocks are deter-
mined by combining the results of different joint structures.
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+is study analyzed the effect of the joint’s spatial
characteristics on the mechanical behavior of rock
specimens under numerical simulation and revealed the
effect pattern of the RCA on the overall mechanical be-
havior of the specimen. In addition, the effect of the
specimen’s failure mode and force on the change in c was
examined, and the transition zone was identified, which
will provide a basis for the prediction of jointed rock
mechanical behavior and the inversion of the rock me-
chanical parameters in the future.

(1) For jointed rocks, σt is positively related to the joint
angle (described by α, β, and c), but Et is hardly
influenced by the joint angle, while n is negatively
related.

(2) When 0% ≤RCA ≤ 10%, both σt and Et of the joint
specimen tend to be unstable with the change in
RCA, especially near RCA � 8%, and both σt and Et
of the joint specimen undergo sudden changes.
However, when RCA ≥ 20%, both σt and Et of the
joint specimen tend to be stable with the increase
in RCA and are close to that of the complete
specimen.

(3) +rough the analysis of the numerical simulation
results, it was found that the main reason why σt of
the jointed rocks increased with the increase in c is
the fact that the specimen is less likely to produce
tensile failure along the joint as c increases.
+erefore, under uniaxial tensile stress, the change
from tensile failure along the joint to direct tensile
failure of the specimen blocks occurs with in-
creasing c.

(4) During the change from tensile failure along the joint
to direct tensile failure of the intact parts of the
specimen, a transition zone appears. +e joint more
greatly weakens the overall strength of the specimen
when c corresponds to this transition zone.
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Under the triaxial compressive state, the compressive strain is supposed to happen in the direction of the maximum principal
stress, but tensile strain happens in the direction of the minimum principal stress. Moreover, as the intermediate principal stress is
not too high, the corresponding strain can also be tensile. If the brittle rock is assumed as linear elastic in the prefailure stage, a new
strength criterion based on the sum of the two tensile strains was presented. *e new criterion considers the differences in
mechanical parameters (i.e., elastic modulus and Poisson’s ratio) under tension and compression. *e parameters of the criterion
only include Poisson’s ratio and uniaxial strength. And the effect of the intermediate principal stress σ2 can be reflected. Certain
featured failure phenomenon of rockmaterial can be explained well by the proposed criterion.*e results of conventional and true
triaxial tests can verify the criterion well. Finally, the criterion is compared with the Mohr–Coulomb and Drucker–Prager criteria.

1. Introduction

Most of the common-used failure criteria for rock material
describe shear failure. Coulomb developed the first linear
failure criterion that reflects the shear failure feature [1]. *e
nonlinear shear failure criterion on the basis of the envelope
of all of the stress circles that correspond to the failure stress
state was proposed by Mohr [2]. *e Mohr–Coulomb cri-
terion is the most commonly used in practice. Some em-
pirical failure criteria that follow Mohr’s hypothesis can be
expressed in the functional form τ � f1(σ) or σ1 � f2(σ3)
[3]. *e Hoek–Brown criterion is one such failure law [4, 5].
Based on the Mohr–Coulomb criterion and Hoek–Brown
criterion, some criteria considering more influence factors
were presented. For example, Singh and Rao [6] presented
the modifiedMohr–Coulomb criterion for nonlinear triaxial
and polyaxial strength of intact rocks. Gong et al. [5, 7]
established a dynamic strength criterion and verified the
scope of application through experiments. Ma et al. [8]
proposed a new three-dimensional failure criterion com-
bining the Mogi criterion and the generalized Hoek–Brown
criterion.

Mohr’s theory of failure believes that failure is just re-
lated to the maximum and minimum principal stresses, σ1

and σ3, and has nothing to do with the intermediate
principal stress σ2, whereas most true-triaxial tests (σ2 ≠ σ3)
show that the intermediate principal stress σ2 does have a
significant influence on the value of σ1 at failure [9]. For the
true triaxial stress states (i.e., σ1 > σ2 > σ3), several failure
criteria have been developed to consider the influence of the
intermediate principal stress σ2 [9–13].

Under triaxial compression, the failure of brittle rock
includes the process of microcrack initiating, extending, and
coalescing. And the macrotension failure can usually be
observed during lateral extending deformation, especially as
the value of σ2 + σ3 is relatively small (Figure 1) [3, 14],
whereas this kind of extending tension failure can hardly be
reflected by the criteria used commonly.

Figure 1 illustrates the complete stress-strain curve for a
rock under compression, which can be divided conceptually
into four regions. In region AB, some visible microcracks
appear with the axes parallel (within± 10°) to the direction of
σ1. In region BC, the number of microcracks increases
rapidly. At the point of the ultimate specimen strength, a
macroscopic fracture plane develops in the central portion of
the specimen. With further compression, this fracture plane
grows towards one or both ends of the specimen by stepwise
joining at existing microcracks. At the end of region BC, the
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microcracks begin to coalesce along a plane and form a
macroscopic fracture “plane” at the failure point C. Finally,
in region CD, the fracture plane extends through the entire
specimen [3].

It can be observed from Figure 1 that, before the
macroscopic fracture “plane,” lateral extension failure has
occurred due to plenty of longitudinal microfractures. *e
criterion presented herein is developed for this situation. As
mentioned above, lateral tension strain is observed at failure.
So, can we use the maximum tensile strain to develop the
failure criterion? *e answer is Yes for conventional triaxial
condition, σ2 � σ3, but No for the true triaxial condition,
σ1 > σ2 > σ3. For the conventional triaxial test, Fujii et al.
found that the critical lateral tensile strain keeps as a con-
stant, relatively unaffected by the confining pressure at
failure [15]. *is kind of rock failure follows the maximum
tensile strain criterion. But for the true triaxial test, under a
certain value of σ3, the maximum tensile strain ε1 in the σ3
direction increases with increasing σ2 (Figure 2). If the
maximum tensile strain criterion is available here, that is, the
value of ε1 should be a constant, the value of σ1 at failure
should decrease with increasing σ2, which is not in line with
most test data. *us, the maximum tensile strain criterion
cannot be used for the condition of true triaxial compres-
sion. Under this background, this study tried to present a
new extension failure criterion for brittle rock. *is ex-
tension criterion can reflect the effect of the intermediate
principal stress. And certain featured failure phenomenon of
rock material, like yielding which will happen under the
hydrostatic tension but not under the hydrostatic com-
pression, can also be explained well by the proposed
criterion.

Under the triaxial compressive stress state, as the value of
σ1 is relatively small, the strains in the σ2 and σ3 directions
are both tensile, which differs from the tensile strain under
uniaxial tension. It is not suitable to use the maximum
tensile strain criterion in this case. It is believed herein that
the rock failure depends not only on the maximum tensile
strain ε1 but also on the intermediate principal tensile strain
ε2. *en a new strength criterion is established by the value

of ε1 + ε2. *e new criterion is actually the same as the
maximum tensile strain criterion just for the conventional
test (i.e., σ2 � σ3) (see Section 5.1). In the following section,
we know that, under the small deformation theory, ε1 + ε2
actually denotes the extension rate of the σ1-plane, that is,
the lateral deformation. For brittle rock, the theoretical
results by the new criterion agree with the test results well.

2. Theoretical Basis

2.1. Tensile Strain under Triaxial Compression. In under-
ground rock engineering, the three principal stresses in most
areas are compression. *us, the case of all three principal
compressive stresses is discussed here. Compressive stress is
considered positive, and compressive strain is taken as
positive. Under this sign convention, one has σ1 ≥ σ2 ≥
σ3 ≥ 0, and the corresponding strains are the maximum,
intermediate, and minimum principal strains, ε1, ε2, and ε3
(i.e., ε1 ≥ ε2 ≥ ε3). According to Figure 2, the three principal
strains can be given by

ε1 �
A′E′ − AE

AE
, (1)

ε2 �
B′C′ − BC

BC
, (2)

ε3 �
A′B′ − AB

AB
. (3)

Brittle rock material can be assumed as isotropic and
linear elastic in prefailure stage [16]. For the isotropic rock
material, the maximum principal strain ε1 must be in the σ1
direction, the intermediate principal strain ε2 in the σ2 di-
rection, and the minimum principal strain ε3 in the σ3 di-
rection. Based on the sign convention and Hooke’s law, one
has

ε1 �
1
Ec

σ1 − μc σ2 + σ3(  , (4)

ε2 �
1
Ec

σ2 − μc σ1 + σ3(  , (5)

ε3 �
1
Ec

σ3 − μc σ2 + σ1(  , (6)
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Figure 1: *e stress-strain curve of argillaceous quartzite speci-
mens and cartoons of the state of microcracking observed on
specimens [14].
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where Ec and μc are Young’s modulus and Poisson’s ratio
under uniaxial compressive stress, respectively.*e values of
the two parameters can be tested by a uniaxial compressive
test.

It can be proved from equations (4)–(6) that,
as σ1 > σ3/μc − σ2, ε3 < 0, and as σ1 ≥ σ2/μc − σ3, ε3 < 0
and ε2 ≤ 0. *is shows that, even under the triaxial com-
pressive stress state, the tensile strain will still happen due to
the Poisson effect on the directions of the minimum and/or
intermediate principal stresses. One can say that tensile
strain is not always caused by tensile stress.

2.2. Elastic Parameters of Uniaxial Compression. *e case of
uniaxial compression means that the two smaller principal
stresses σ2 and σ3 equal zero, with just the nonzero maxi-
mum principal stress σ1. In this case, we usually use σc

denoting the uniaxial compressive stress. *en, one has

Ec �
σc

ε1



, (7)

μc �
ε3
ε1




�
ε2
ε1




. (8)

For the isotropic linear material, ε2 � ε3 and 0< μc < 0.5.
*e values of ε1, ε2, and ε3 in equations (7) and (8) can also
be calculated by equations (1)–(3), only with the lengths of
A’B’, AB, and so on, being determined by the uniaxial
compression test. *e strain ε1 in the σ direction must be
compressive (i.e., ε1 > 0), and the lateral strains in the
σ-plane must be tensile (ε2 � ε3 < 0).

2.3. Elastic Parameters of Uniaxial Tension. For the uniaxial
tension test, σt is the uniaxial tensile stress (see Figure 3).*e
values of ε1, ε2, and ε3 can, respectively, be given by

ε1 �
BC − B′C′

BC
> 0, (9)

ε2 �
AB − A′B′

AB
> 0, (10)

ε3 �
AE − A′E′

AE
< 0. (11)

Let Et and μt denote Young’s modulus and Poisson’s
ratio under uniaxial tension, respectively. From Figure 3,
one has

Et �
σt

ε3



, (12)

μt �
ε1
ε3




�
ε2
ε3




. (13)

For the isotropic linear material, ε2 � ε3 and 0< μt < 0.5.
*e values of ε1, ε2, and ε3 in equations (12) and (13) can also
be calculated by equations (9)–(11). For this condition, the
strain ε3 in the σ direction must be tensile (i.e., ε3 < 0), and

the lateral strains in the σ-plane must be compressive
(ε2 � ε3 > 0).

3. A New Strength Criterion

3.1. Physical Meaning of ε1 + ε2. From Section 2.1, under
triaxial compression state, the strains in the σ2 and σ3 di-
rections should be ε2 and ε3, respectively. Moreover, ε2 and
ε3 are both tensile strains as σ1 is relatively great. For small
deformation theory, the value of ε2 + ε3 actually denotes the
extension rate of the σ1-plane (see Figure 4).

As shown in Figure 4, S is the initial area of the cross-
section ABCD before the load is applied. And ΔS denotes the
area increase after the load is applied. *en, the extension
rate of the σ1-plane can be calculated by

ΔS
S

�
l + Δl1(  l + Δl2(  − l

2

l
2

�
Δl1

l
+
Δl2

l
+
Δl1

l

Δl2
l

� ε2 + ε3 + ε2ε3

� ε2 + ε3.

(14)

3.2. Strength Criterion. *e uniaxial tensile strength (UTS)
of rock σt is the stress at failure under the uniaxial tensile
test. *e critical tensile strain corresponding to σt is εu. For
linear-elastic material in prefailure stage, one has

εu �
σt

Et

. (15)

Based on the maximum strain theory, the failure will
occur if one of the strains in the natural axes exceeds the
corresponding allowable strain εu. In this work, we consider
both strains occurring in the principal stress plane, that is,
ε2 + ε3. As proved in Section 3.1, the meaning of the sum of
ε2 and ε3 is the extension rate of the responding plane. In this
way, it is supposed that failure will occur as ε2 + ε3 reaches
twice the maximum uniaxial tensile strain; that is,
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Figure 3: Cubic specimen under uniaxial tensile stress.
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ε2 + ε3 � 2εu

� 2
σt

Et

.
(16)

Substituting equations (5) and (6) into equation (16)
gives

σ1 �
1 − μc

2μc

σ2 + σ3(  −
Ecσt

Etμc

. (17)

Equation (17) is the general expression of the failure
criterion.

Many experimental data show that elastic parameters of
rock material are different in compression and tensile
condition [17–24]. *e ratio of the compressive elastic
modulus Ec to the tensile elastic modulus Et is mainly within
1–10 or even up to 18 for a special case. Poisson’s ratio μc

under the compression condition is bigger than μt under the
tension condition. *e value of μt is between 0.05 and 0.3,
mostly around 0.1 for rock materials.

For the uniaxial compressive state, σ1 � σc and
σ2 � σ3 � 0, where σc is the uniaxial compressive strength
(UCS). *e criterion equation (17) can be simplified as

σt � −
μcEt

Ec

σc. (18)

Equation (18) gives the relationship between the two
strengths σc and σt.

For most materials, the mechanical parameters mainly
obey the following relationship [25]:

μc

Ec

�
μt

Et

. (19)

*us, equation (18) becomes

σt � −μtσc. (20)

Substituting equations (19) and (20) into equation (17)
gives

σ1 � σc +
1 − μc

2μc

σ2 + σ3( . (21)

*e proposed failure criterion is equation (21), in which
two mechanical parameters (i.e., UCS σc and Poisson’s ratio
μc) are contained. If we ignore equation (19), the criteria will
need one more parameter.

From Section 3.1, the criterion indicates that tensile
failure in rock will happen as the extension rate of the
σ1-plane reaches a critical value. Moreover, the mechanism
of tensile failure can be explained as the σ1-plane extension is
the result of the microcracks distributed in mineral grains,
and as mineral grains get separated from each other,
macroscopic failure happens.

4. Analysis and Discussion

4.1. Application Condition. *e criterion equation (21) is
obtained based on equation (16). Equation (16) shows that
ε2 + ε3 should be smaller than zero. Combining equations (5)
and (6), one has

σ2 + σ3 <
2μc

1 − μc

σ1. (22)

Equation (22) is the application condition of the crite-
rion equation (21). *e physical meaning of the application
condition can be explained as follows. As the lateral pressure
is relatively small (i.e., σ2 + σ3 < 2μcσ1/(1 − μc)), the cross
section in the σ1-plane will extend outwards, and as the
extension reaches a critical value, tensile failure will happen,
while as the lateral pressure is relatively great (i.e.,
σ2 + σ3 < 2μcσ1/(1 − μc)), the lateral cross section will shrink
inwards and the volume of the cubic will contract conse-
quently; in this condition, tensile failure will not happen. It
may be the other failure modes like a shear failure, which
cannot be described by this criterion anymore.

4.2. Uniaxial Tensile Strength (UTS). *e tensile strength is
an important mechanical parameter in rock mechanics.
However, it is difficult to conduct the uniaxial tensile test on
rock materials, and the obtained data always show signifi-
cant discreteness [26]. *e experimental data and conclu-
sions in the literature are so contrasting that some authors
have even suggested that the tensile strength should not be
considered as a material property [27]. Numerous indirect
tests have been devised as an alternative to the direct pull test
to study the tensile strength.

It can be seen from equation (20) that the uniaxial tensile
strength of rock can be estimated by μt and σc. Asmentioned
earlier, for rock material, the values of μt are between 0.05
and 0.3, mostly around 0.1. So the uniaxial compressive
strength is 3 to 20 times of the uniaxial tensile strength,
mostly about 10 times, which is consistent with the actual
appearance [28]. It is easier to test tensile Poisson’s ratio and
uniaxial compressive strength; thus, the uniaxial tensile
strength can be obtained by equation (20). Furthermore, for
the given elastic modulus (i.e., Ec and Et) and tensile
Poisson’s ratio, the more accurate uniaxial tensile strength
can be obtained by equation (18).

4.3. Hydrostatic Stress. Will rock failure occur under the
hydrostatic compression?We assumed the answer is Yes and
the value of yield compressive stress is σ0c (i.e.,
σ1 � σ2 � σ3 � σ0c (σ0c > 0)). From equation (21), we have
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Figure 4: Cross-section deformation.
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σ0c �
μc

2μc − 1
σc. (23)

Considering that 2μc − 1< 0, so σ0c < 0, which is in
contradiction with the assumption. It indicates that rock
material will not fail under the hydrostatic compressive
stress, because no tensile strain occurs under hydrostatic
compression. *is conclusion agrees with the test results.

As for the hydrostatic tension state, the value of ε2 + ε3
will increase with increasing hydrostatic tension σ0t . From
Hooke’s law and equation (16), it can be proved that failure
will occur in rockmaterial as σ0t � σt/(1 − 2μt), meaning that
hydrostatic tension can cause a failure which has been
verified by the test as well.

4.4. Yield Curve inDeviatoric Plane. In this section, the yield
curve of equation (21) on the π′-plane is to be discussed.*e
π′-plane can be expressed by

σ1 + σ2 + σ3 � σc. (24)

*e π′-plane is parallel to the π-plane (i.e., σ1+
σ2 + σ3 � 0), with the same intercepts σc in three axes.
Combining equations (21) and (24), equations

x �
1
�
2

√ σ1 − σ3( 

y �
1
�
6

√ 2σ2 − σ1 − σ3( 

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

, (25)

and the symmetry of the yield curves, the three yield curves/
lines on the π′-plane, respectively, are

y �
�
3

√
x − 2

�
2
3



σc, (26)

y � −
�
3

√
x − 2

�
2
3



σc, (27)

y �

�
2
3



σc. (28)

*e yield curve by equations (26)–(28) is a regular tri-
angle with the side of

�
2

√
σc (see Figure 5).*e shape and size

of the yield curves are only related to the UCS σc, having
nothing to do with μc. Moreover, the shape of equation (21)
in principal stress space is a triangular pyramid.

4.5. Effect of Intermediate Principal Stress. For a long time,
there has been no clear understanding of the effect of the
intermediate principal stress on rock strength. Some sug-
gested that the effect can be ignored. While some others had
the opposite view, they believe that the intermediate prin-
cipal stress has a great impact on strength of rock material.
To solve this problem, many true triaxial tests of rocks have
been conducted.

From equations (21) and (22), for the case of
σ2 + σ3 < 2μcσ1/(1 − μc), one has σ1 � σc + (1 − μc/2μc)

(σ2 + σ3). Obviously, the stress σ1 at failure (i.e., the

strength) is proportional to the intermediate principal stress
σ2, with the influence coefficient being 1 − μc/2μc, which is in
line with the experimental data as the value of is σ2 not too
great, whereas the strength σ1 decreases instead under
greater σ2, which cannot be explained using the criterion.
*e reason behind this may be that the failure mode under
greater σ2 is not tensile. *us, the proposed criterion is not
applicable anymore.

4.6. Comparison with Other Criteria. *e Mohr–Coulomb
(M-C) and Drucker–Prager (D-P) criteria are commonly
used in geotechnical engineering. *us, we compare the
proposed criterion (hereafter, referred to as LU criterion)
with the two classical criteria.

M-C criterion can be given as

σ1 �
1 + sin φ
1 − sin φ

σ3 +
2c cos φ
1 − sin φ

�
1 + sin φ
1 − sin φ

σ3 + σc,

(29)
where c,φ are the cohesion and angle of internal friction of
rock, respectively.

On the π′-plane, the M-C criterion has six yield curves/
lines. And the three on the right-hand side of the y-axis are

y �
1 − sin φ
3 + sin φ

�
3

√
x −

3 − sin φ
3 + sin φ

�
2
3



σc,

y � −
1

sin φ
�
3

√
x +

3 − sin φ
2 sin φ

�
2
3



σc,

y � −
1 + sin φ
3 − sin φ

�
3

√
x +

�
2
3



σc,

(30)

which are symmetric with the other three on the left-hand
side.

*e yield curves of M-C and D-P criteria on the π′-plane
are hexagon and circle, respectively. As the three curves of
uniaxial compression tests coincide with each other on the
π′-plane, the three yield surfaces in principal stress space are
plotted in Figure 6. *e LU curve encircles the Druck-
er–Prager curve, while the Drucker–Prager curve encircles
the Mohr–Coulomb curve, reflecting that the Mohr–Coulomb
criterion is the most conservative one, the Drucker–Prager
criterion is less, and the LU criterion is the least one among
them.

5. Experimental Verification

5.1. Conventional Triaxial Test. *e failure behavior of rock
materials has been intensely studied under triaxial com-
pression with two of the principal stresses being equal (i.e.,
σ2 � σ3, confining pressure) on cylindrical specimens, which
is known as the conventional triaxial test.

From equations (4) and (5), if σ2 � σ3, one has ε2 � ε3,
and as σ1 > (σ2/μc) − σ3, ε2 and ε3 are both the maximum
tensile strains. For a cylinder specimen, ε2 and ε32 are the
radial and tangential strains, respectively. *us, for the
conventional triaxial test, the radial strain is the same as the
tangential strain.
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As σ2 � σ3, the criterion equation (21) can be rewritten
as

σ1 � σc +
1 − μc

μc

σ3. (31)

Equation (31) is actually the maximum tensile strain
criterion. *e maximum tensile strain ε3max can be obtained
from equation (6). For the uniaxial tensile test, ε3max � εu.
Combining equation (15), one has

ε3max �
1
Ec

σ3 − μc σ1 + σ2(   �
σt

Et

. (32)

Substituting equation (18) into equation (32) gives the
same result as equation (31). *us, as σ2 � σ3, equation (31)
is the maximum tensile strain criterion. *e data of con-
ventional triaxial tests by Fujii can verify the criterion in-
directly [15].

For most of the previous rock strength tests, one mainly
focused on the yield strength σ1 under different confining

pressure σ3. Poisson’s ratio of uniaxial compression was
seldom measured. *erefore, to verify the criterion of
equation (31), the best-fit values of Poisson’s ratio μ∗c and
UCS σ∗c were applied in the following process based on the
experiment results (σ1i, σ3i) (i � 1, 2, . . . , n). *e least-
square methods were used herein to obtain the two fitting
values:

μ∗c �


n
i�1 σ

2
3i − 1/n 

n
i�1 σ3i( 

2


n
i�1 σ1iσ3i − 1/n 

n
i�1 σ1i 

n
i�1 σ3i + 

n
i�1 σ

2
3i − 1/n 

n
i�1 σ3i( 

2,

(33)

σ∗c � 1/n 
n

i�1
σ1i −

1 − μ∗c
nμ∗c



n

i�1
σ3i. (34)

In equation (31), substituting μ∗c and σ∗c for μc and σc,
respectively, we have

σ1 � σ∗c +
1 − μ∗c
μ∗c

σ3, (35)

where σ1 is the theoretical results, also known as the esti-
mated value. *e coefficient of determination R2 describes
the “goodness of fit” between the testing data and estimated
values:

R
2

� 1 −


n
i�1 σ1i − σ1i( 

2


n
i�1 σ1i − σ1( 

2, (36)

where σ1 � (1/n) 
n
i�1 σ1i and σ1i can be determined by

equation (33).
*e closer the value of R2 is to 1, the better the estimated

σ1 fits the testing data σ1. *us, if the value of R2 by equation
(36) is to 1 and the value of μ∗c is within the range of rock
material, we can say that the criterion is applicable to the
conventional triaxial test.

Figures 7–10 illustrate the conventional triaxial test re-
sults of different rocks and the corresponding theoretical
results of the criterion.

For the testing data of the 11 conventional triaxial tests,
the values of R2 are all close to 1, with the minimum value of
0.9433 and the average value of 0.9745. Moreover, calcu-
lations show that, for brittle rock, when the confining
pressure is not very large, the mean relative error between
the optimized σ∗c and the measured σc is about 14.3%, and
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Figure 6: Yield curves of different criteria on π′-plane.
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most values of the optimized μ∗c are between 0.16 and 0.3, in
the range of rock materials [35].

When the confining pressure is very large (see
Figure 8(c)), the theoretical results do not fit the testing data
very well with the relative error around 18.2%.Moreover, the
optimized value of μ∗c is 0.4388, differing significantly from
the value 0.2714 (see Figure 8(d)) and beyond the reasonable
range of 0.16–0.3. *e reason may be that, under relatively
high confining pressure, the application condition
σ2 + σ3 < 2μc(σ1/(1 − μc)) cannot be satisfied anymore, such

as the last data in Figure 8(c) (σ2 � σ3 � 304MPa;
σ1 � 709MPa).*us, the optimized value of μ∗c 0.2714 under
lower confining pressure should be more reasonable.

Except the case of Figure 8(c), all the other 10 tests can be
well explained by the criterion.

5.2. True Triaxial Tests. *e triaxial test, in which all three
principal stresses are different, is known as the true triaxial
test. Similarly, as in Section 5.1, Poisson’s ratio and UCS can
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Figure 7: Conventional triaxial test data and theoretical results of (a) Tennessee marble [29, 30], (b) Daye marble [6, 30], and (c) Indiana
limestone [30, 31].
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Figure 8: Conventional triaxial test data and theoretical results of (a) Westerly granite, (b) Dunham dolomite, (c) Solnhofen limestone, and
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be determined using the testing data (σ1i, σ2i, σ3i) (i � 1,

2, · · · , n). *e optimized values of μ∗c and σ∗c in equation (21)
can be obtained by substituting σ3i into (σ2i + σ3i)/2 in
equations (35) and (36). Substituting μc and σc into μ∗c and
σ∗c , respectively, we have

σ1 � σ∗c +
1 − μ∗c
2μ∗c

σ2 + σ3( . (37)

*e coefficient of determination R2 is still calculated
using equation (36), in which σ1i should be calculated using
equation (37). *e values of R2 and μ∗c are used to measure

whether the proposed criterion is applicable to the true
triaxial tests.

Example 1. Coarse-grained dense marble.
In Table 1, 30 datasets of true triaxial tests are listed, 4 of

which are special with σ1 and σ2 in negative correlation
(highlighted in bold). As discussed above, for the criterion,
only those positive related data of {σ1, σ2} can be used as
calculating the optimized values of μ∗c and σ∗c . Moreover, the
rest 26 datasets can satisfy the application requirement (i.e.,
σ2 + σ3 < 2((μ∗c σ1)/1 − μ∗c )). *us, based on the 26 valid
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Figure 9: Conventional triaxial test data and theoretical results of (a) red sandstone [32], (b) Jinping marble [33], and (c) marble with
medium and coarse grains [34].
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Figure 10: True triaxial tests data and theoretical results of coarse-grained dense marble [36]. (a) σ3 � 3.45MPa. (b) σ3 � 6.89MPa.
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datasets, we have μ∗c � 0.2167, σ∗c � 66.41MPa, and R2 �

0.9877. *e experimental and theoretical results of coarse-
grained dense marble are illustrated in Figure 10.

Example 2. Laxiwa marble [37] and trachyte [9].
*e experimental and theoretical results of Laxiwa

marble [37] and trachyte [9] are illustrated in Figure 11.
For Laxiwa marble, all five testing data are valid, with σ2

and σ1 in positive correlation, and μ∗c � 0.2256,
σ∗c � 165.8MPa, and R2 � 0.9891. For trachyte, only the seven
datasets as σ3 ≤ 45MPa are valid, and the corresponding
results are μ∗c � 0.2213, σ∗c � 129.5MPa, and R2 � 0.9445.

*e comparisons of the two examples indicate that the
testing and theoretical results are in good agreement (see
Figures 9 and 11) with R2 � 0.9877 and 0.9445, respectively.

6. Conclusions

A new extension failure criterion was proposed based on the
extension rate of the plane of the maximum principal stress.
It is different from the maximum strain criterion which
cannot reflect the main properties of rock failure. Although
the maximum strain criterion is seldom using for rock
material, it can well explain the phenomenon in the con-
ventional triaxial test that the critical lateral tensile strain for
brittle rock almost keeps as a constant at failure [15]. For the
special conventional triaxial tests, the proposed criterion is
exactly the same as the maximum strain criterion.

*e proposed criterion, σ1 � σc + (1 − μc/2μc)(σ2 + σ3),
can reflect the phenomenon that the stress σ1 at failure
increases with the other two principal stresses σ2 and σ3. But
the criterion is only suitable as σ2 + σ3 < 2(μcσ1/(1 − μc)). As
the lateral pressure is relatively great (i.e., σ2 + σ3 >
2(μcσ1/1 − μc)), the specimen will be in the state of volume
shrinkage and the failure is not tensile anymore, so the
criterion is not applicable anymore either.

*e criterion expressed by the principal stresses has
concise expressions and clear physical background. *e
fitting results based on this criterion agree with the test data
well. It was also compared with the Mohr–Coulomb and
Drucker–Prager criteria.

*e paper only discussed the triaxial compressive
condition. For this case, two parameters are contained in
the new criterion, that is, the compressive Poisson’s
ratio and uniaxial compression strength. In geotechnical
engineering, the principal stresses may be tensile, and
the criterion of that can also be given based on a similar
way.

Abbreviations

σ1: Maximum principal compressive stress
σ2: Intermediate principal compressive stress
σ3: Minimum principal compressive stress
σ: Normal stress on a certain plane
τ: Shear stress on a certain plane
σc: Uniaxial compression stress
σt: Uniaxial tensile stress
σc: Uniaxial compressive strength (UCS)
σt: Uniaxial tensile strength (UTS)
ε1: Maximum principal tensile strain
ε2: Intermediate principal tensile strain
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εu: Critical tensile strain corresponding to σt
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φ: Friction angle of Mohr–Coulombmaterial
l: Side length of the σ1-plane
Δl1, Δl2: Increase of side length
S: Area of the σ1-plane
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π, π′: Deviatoric planes
x, y: Cartesian coordinates of yield curves in
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Figure 11: True triaxial test data and theoretical results of (a) Laxiwa marble [37] and (b) trachyte [9].

10 Advances in Civil Engineering



σ1i, σ2i, σ3i (i � 1, 2, . . . , n) : Experiment data
μ∗c : Best-fit values of Poisson’s

ratio
σ∗c : Best-fit values of uniaxial

compressive strength
σ1: Estimated value of σ1
R2: Coefficient of determination.
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Investigating the crack initiation stress of rocks is vital for understanding the gradual damage process of rocks and the evolution
law of internal cracks. In this paper, the particle flow code method is used to conduct biaxial compression tests on a marble model
with an elliptical crack under different confining pressures. According to the evolution status of microcracks in the rock during
compression, four characteristic stresses are defined to reflect the gradual damage process of the marble. Two different methods
are used to obtain crack initiation stress of rocks, and the calculation results are compared with those based on Griffith’s strength
theory to verify the accuracy of this theory under compressive stress. Based on the numerical simulation results, the evolution law
for the strength parameters of marble with the degree of damage is described. According to the proportional relationship between
the peak stress and crack initiation stress, a new method for predicting the initiation stress is proposed, whose effectiveness is
verified. Overall, the results of this study can serve as a useful guide for solving the important problems of slab cracking and
rockburst encountered in underground space engineering.

1. Introduction

With the growing utilization of underground space, the
construction of deep-buried tunnels and mining of deep
mineral resources has received considerable attention. +e
excavation of deep rocks can cause the brittle instability of
the surrounding rock and even rockburst because the deep
rock mass is in a complex environment such as high in situ
stress [1]. Crack initiation stress (σci) of rock is defined as the
stress corresponding to the initiation of microcracks in the
rock. Stress concentration occurs in the rock when its stress
is larger than the crack initiation strength, leading to cracks
and failure of the rock, and the strength of rock also de-
creases rapidly [2]. +erefore, it is of great significance to
study the gradual damage process of rocks, understand the
evolution process of internal cracks, and determine the
initiation stress of rocks.

Several theoretical and experimental studies have fo-
cused on an in-depth investigation of σci of rocks. Martin
et al. conducted uniaxial compression tests on Lac du Bonnet
granite and found that σci and damage stress (σc d) were 0.4

and 0.8 times of the peak strength of the rock, respectively
[3, 4]. Everitt and Lajtai experimentally studied the influence
of the internal structure of rock on σci and σc d and proved
that the strength of the rock is significantly affected by its
internal structure [5]. Zhu et al. performed conventional
triaxial tests on the +ree Gorges granite to observe that σci

was consistent with the variation range of confining pres-
sure, and σci was generally maintained at 30% to 50% of the
peak stress (σcu) [6]. Liu et al. established crack initiation
stress criteria for Jinping marble through acoustic emission
tests and compared the results with those based on field test
[7]. Cai et al. correlated the disturbance zone of surrounding
rock with σci by using on-site acoustic emission test and
microseismic monitoring [8]. Nicksiar and Martin used a
database of 336 samples and examined the effects of geology
and loading conditions on crack initiation stress [9]. Wu
et al. introduced the investigation of AE cumulative count to
identify the crack stress thresholds in the rock damage
process [10]. Gong et al. carried out the USLUC test of ten
rocks based on the principle of LURR theory and proposed a
method for determining the crack compaction and crack
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damage stress thresholds of rocks [11, 12]. Until now, most
researchers have primarily conducted indoor experiments to
examine the gradual damage process of rocks. However, the
crack propagation of rocks is an extremely complicated
process, and rock mass is heterogeneous with natural cracks.
Indoor experiments are random and require huge man-
power as well as material resources. Numerical simulation
methods are faster and more flexible than indoor experi-
ments, and the corresponding results are not affected by
environmental factors. With the advancement of computer
technologies, several numerical simulation methods have
been proposed to investigate the gradual damage process
and to obtain σci of rocks. Liu et al. proposed a constitutive
model by considering the gradual damage of granite and
implemented the model into the large-scale finite element
analysis software ABAQUS to simulate indoor compression
tests of granite under different confining pressures. +e
simulated stress-strain curve was in good agreement with the
test curve, and the model could reveal the prepeak nonlinear
mechanical behavior of brittle rocks such as granite [13]. In
the traditional finite element method (FEM), the direction of
crack propagation must be preset, which causes the calcu-
lation results to deviate from the actual situation, so it needs
to be remeshed each time the crack propagates. On the
contrary, the extended finite element method (XFEM)
employs an integral method to obtain the stress intensity
factor at the crack tip and adopts the maximum energy
release rate criterion to determine the propagation and
direction of the crack. During the calculation process, the
description of the discontinuous field is completely inde-
pendent of the grid boundary, which is highly beneficial for
dealing with fracture problems. Rabczuk et al. proposed a
new method for treating crack growth by particle methods
which is based on the cracking-particle method where the
crack is treated as a collection of cracked particles. And this
method split particles where the cracking criteria are met
and introduce crack segments instead of enriching the
particle and adding additional degrees of freedom [14, 15].
Ren et al. presented a dual-horizon peridynamics formu-
lation which allows for simulations with dual-horizon with
minimal spurious wave reflection and completely solved the
“ghost force” issue [16, 17]. Boundary element method
(BEM) has been applied in engineering calculations since
1960. It is considered to be more accurate and efficient than
the finite element method for the problems with a large
gradient of boundary variables, such as stress concentration
problems or crack problems with singular boundary vari-
ables. In addition, the grid needs to be set only on the
calculation boundary and the crack surface in BEM, which
facilitates the advantages of small data processing workload
and low memory consumption. However, the BEM is not
suitable to solve the heterogeneous or elastoplasticity
problems. +e above numerical methods are typical rep-
resentatives of continuum mechanics method. In fact,
several discontinuities such as joints and cracks exist in the
rock. Most continuum methods are based on some as-
sumptions and simplifications, and they cannot be used to
accurately describe the mechanical properties of rock from
the viewpoint of continuum mechanics. In contrast, the

discontinuous method is beneficial compared to continuum
mechanics methods for the simulation of discontinuities in
rocks. +e discrete element method (DEM) proposed by
Cundall [18] is a typical discontinuous method, which has
been developed to a mature commercial numerical calcu-
lation software called particle flow code (PFC) [19]. PFC can
be used to investigate the fracture damage of rock and soil
from a microperspective, thereby providing unique ad-
vantages in the simulation of the rock fracture and crack
propagation.

Although numerical simulation methods are fre-
quently used to examine the gradual damage and crack
propagation processes of rocks, only a few studies based
on DEM have been reported. In this paper, Griffith’s
strength theory is first introduced, and then PFC2D is
used to construct a simulation model for marble with
prefabricated elliptical crack. In addition, the biaxial
compression test is conducted under different confining
pressures, and σci of the rock is obtained by the volumetric
strain versus the axial stress curve and the number of
cracks. +e calculation results are compared with those
based on the crack initiation strength criterion deduced
from Griffith’s strength theory, which verifies the accuracy
and reliability of Griffith’s strength theory for predicting
σci of rock under compressive stress conditions. Subse-
quently, based on the numerical simulation results, the
evolution law for the strength parameters of marble as a
function of the degree of damage is presented, and a new
method for predicting σci is proposed based on the pro-
portional relationship between σcu and σci. Overall, this
study provides useful insights for solving the problems of
slab cracking and rockburst encountered in underground
space engineering.

2. Griffith’s Strength Theory

Rock strength theory is a vital part of rock mechanics, which
explains the effect of rock parameters, external loads, and
environmental factors on the strength of rock when it loses
stability under complex stress conditions. +e traditional
Mohr-Coulomb strength theory regards rock as a contin-
uous homogeneous medium without fractures. Although
this theory can describe the mechanism of plastic failure of
rocks, the rocks experience many violent and complex
tectonic movements during their long geological ages, and
many discontinuous interfaces such as faults, joints, and
fissures destroy their original integrity, so the rocks cannot
be treated as an ideal continuous medium. Besides, most
rocks exhibit brittle failure under load. Hence, these rock
strength theories have certain limitations, and they can
explain neither the failure mechanism of rocks with
microcracks nor the brittle failure mechanism of rocks [20].
Griffith’s strength theory solves this problem well, which
regards materials as discontinuous media and fully considers
the difference between rocks and other mechanical media.
Further, the discontinuities, that is, internal cracks of the
rocks, are considered in this theory. Consequently, it pro-
vides an effective way to study the failure mechanics of rock
masses.
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Considering that the actual tensile strength of materials
is usually much lower than that predicted theoretically,
Griffith [21] suggested that the fracture damage of brittle
materials is a result of the propagation of existing cracks. In
the surrounding area of these cracks, especially at the crack
tip, stress concentration occurs under the action of an ex-
ternal force, and once the tangential tensile stress becomes
highly concentrated near the crack tip and reaches the
molecular cohesive strength value of the material, brittle
damage occurs in a certain direction. In addition, σci of the
material has been determined under tensile stress by taking a
flat elliptical crack as an example, which was then extended
to the biaxial compression loading test [22]. Hoek verified
Griffith’s crack initiation strength criterion of rocks derived
from an elliptical single crack. However, he suggested that
Griffith’s strength theory is only applicable when the min-
imum principal stress is zero or equal to tensile stress [23].

In Griffith’s strength theory, to determine the stress
around the crack, it is assumed that there are microcracks in
a flat elliptical shape within the material with a small axial
ratio, as shown in Figure 1. Adjacent cracks are supposed to
not affect each other, and the elliptical crack is treated as a
single hole in a semi-infinite elastic medium. Further, the
ellipse and the stress system acting on its surrounding

materials are described using a two-dimensional problem
[21]. +e stress state of the crack edge is

σθ + σr � σx + σy � σ
m(m + 2) + 1 − m

2
 cos β − (1 + m)

2cos2(β − α)

m
2cos2 α + sin2 α

⎡⎣ ⎤⎦, (1)

where σθ and σr are the tangential stress and radial stress at
the edge of the crack, respectively.

+e extremumprinciple is used to calculate the value and
position of the maximum dangerous stress around the el-
liptical crack, and the direction and stress of the long axis of
the most dangerous crack are determined subsequently.
Finally, the obtained ultimate stress and the uniaxial tensile
strength are compared, and Griffith’s strength criterion is
established as follows:

σ1 − σ3( 
2

+ 8 σ1 + σ3(  St � 0, σ1 + 3σ3 ≥ 0,

σ3 � St, σ1 + 3σ3 ≤ 0,

⎧⎨

⎩ (2)

where σ1 and σ3 are the maximum and minimum principal
stress, respectively; St represents the tensile strength of rocks.

3. Calculation Model and Results

3.1. Establishment of theCalculationModel andCalibration of
Mesoscopic Parameters. Figure 2 shows a schematic of the
prefabricated elliptical crack model established by servo
control in the PFC. +e model size is 100mm× 100mm.
+ere is a prefabricated elliptical crack in the center of the
model, which is 10mm long. +e ratio of the short half axis
to the long half axis of an ellipse is the axial ratio. Inmaterials
such as rock mass, it can be considered that the ellipse has a
very small axial ratio; that is, the shape of the ellipse is
extremely flat. +e model contains 24747 particles, and the

particle radius R is uniformly distributed from 0.5 to
0.83mm.

Choosing appropriate mechanical parameters is the key
aspect of numerical simulation. +e PFC characterizes the
macroparameters of rock by setting the mesoparameters of
the particle and contact model. +e mesoparameters are
generally determined by the “trial and error” method, and
many researchers use the results of several numerical sim-
ulations and laboratory experiments to obtain the rela-
tionship betweenmesoparameters andmacroparameters: (1)
the material’s macroelastic modulus has a linear relationship
with the meso-Young’s modulus at each particle-particle
contact and parallel-bond contact (assuming that the two
modulus values are the same) and has a logarithmic rela-
tionship with the normal-to-shear stiffness ratio of the
particle-particle and parallel-bond contacts (assuming that
the two ratios are the same). (2) Poisson’s ratio is mainly
determined by the particle stiffness, and there was a loga-
rithmic relationship between them. (3) +e compressive
strength is determined by the particle bond strength ratio.
We calibrate according to the law between microscopic
parameters and macroparameters [24]. Here, the macro-
parameters of the marble of Jinping Hydropower Station are
calibrated through the numerical experiment of uniaxial
compression and Brazilian splitting [25].

+e uniaxial compression test is used to obtain the
uniaxial compressive strength, Poisson’s ratio, elastic
modulus, and other mechanical parameters of the rock. +e
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Figure 1: Force of microcracks in the rock.
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test model used in the simulation has a height of 100mm and
a width of 50mm. Figure 3 shows a schematic of the uniaxial
compression test, where the red part in the model denotes
cracks produced in the rock during compression process,
and the curve is the stress-strain curve. +rough this curve,
the uniaxial compressive strength and elastic modulus of the
rock can be obtained.

+e tensile strength of the rock can be obtained through the
Brazilian splitting test. Figure 4 shows a schematic of this test,
where the diameter of the test model is 50mm.+e red part in
the model shows the distribution of cracks in the rock, and the
curve is the load-strain curve in the process of rock com-
pression. In the simulation of rock test of PFC, the loading rate
and time step of loading plate will affect the simulation results.
We follow the proper loading rate of 0.05m/s and the time step
of 1.1× 10− 8 step− 1 for uniaxial compression test and Brazilian
splitting test [26]. +e tensile strength of the rock can be
expressed as follows:

St �
2pt

π DL
, (3)

where pt is the load corresponding to damage and L is the
sample thickness.

+e macromechanical parameters of Jinping marble
obtained through numerical experiments and actual indoor
tests are shown in Table 1. It is clear that the macro-
mechanical parameters obtained using the two sets of tests
are basically consistent with the indoor test parameters. +e
corresponding mesoparameters are shown in Table 2.

3.2. Stress-StrainCurve andCrackPropagationDistribution of
Marble. Figure 5 shows the numerically simulated stress-
strain curve obtained using the biaxial compression test of
the marble with an elliptical crack under confining pressure
of 0–50MPa. It is evident that the confining pressure sig-
nificantly affects the peak strength of marble. +e peak
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Figure 2: Schematic of a numerical model with prefabricated el-
liptical crack.
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Figure 3: Schematic of the uniaxial compression test.
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Figure 4: Schematic of the Brazilian splitting test.

Table 1: Mechanical parameters of Jinping marble.

Mechanical parameters Indoor test PFC model
UCS (MPa) 79.86 78.41
Poisson’s ratio 0.17 0.15
Tensile strength (MPa) 5.87 5.59
Elastic modulus (GPa) 84.2 83.3

Table 2: Mesoscopic parameters of marble.

Mesoscopic parameters Value
Minimum particle size, Rmin (mm) 0.5
Particle size ratio, Rmin/Rmax 1.66
Density, ρ (kg/m3) 2700
Particle-contact Young’ modulus, Ec (GPa) 50
Particle-contact stiffness ratio, kn/ks 2
Friction coefficient, μ 0.7
Parallel-bond Young’s modulus, Ecb (GPa) 50
Parallel-bond stiffness ratio, knb/ksb 2
Parallel-bond normal strength, σc (MPa) 45.5± 4.2
Parallel-bond shear strength, τc (MPa) 45.5± 3.8
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strength of the rock increases as the confining pressure
increases, while the stiffness of the rock is hardly affected by
the confining pressure. +e rock undergoes brittle damage
when the confining pressure is zero or lower, and the
damage gradually changes from brittle to ductile form with
the increase in the confining pressure. +e marble exhibits a
transition from brittleness to ductility when the confining
pressure increases to 40MPa and shows plastic flow when it
increases to 50MPa.

Figure 6 shows the relationship between the three strains
of the rock and the axial stress when the confining pressure is
40MPa. Among them, the volumetric strain can be hardly
measured, and hence it is obtained by the following ap-
proximate formula [27]:

εv � ε1 + 2ε2, (4)

where εv, ε1, and ε2 represent the volumetric, axial, and
lateral strains of the rock, respectively.

+e curves in Figure 6 can be divided into four stages
from the beginning of compression to the peak strength
within the rock. (1) Stage I indicates the closing stage of the
original cracks, during which the original cracks in the rock
begin to close under compression. (2) Stage II is the elastic
compression stage and starts from the closing stress (σcc),
during which the rock begins to deform elastically. +e axial
stress is linearly proportional to the three strains, and no new
cracks are formed in this stage. (3) Stage III indicates stable
crack growth and starts from crack initiation stress (σci). In
this stage, new cracks are formed and gradually increase.+e
axial stress basically remains linearly proportional to the
axial strain, but the axial stress-lateral strain relationship
begins to change from a straight line to a curve. +is is
attributed to the dilatancy effect caused by the lateral ex-
pansion of the main axial crack. At the end of this stage, a
typical conjugate shear plane begins to form in the rock
sample. (4) Stage IV represents the process of accelerated
crack growth and starts from damage stress (σc d). During
this stage, the lateral strain increases faster than the axial
strain, and the increased volume of the crack connecting and

expanding exceeds the elastic deformation formed by
compression, so the volume-strain curve begins to deflect to
the left, and the axial stress-axial strain relationship also
changes to nonlinear. +e typical conjugate shear surface of
the rock sample develops into a macroscopic shear surface;
the number of cracks increases gradually. Further, the
volume of the rock increases until the peak strength (σcu) of
the rock is reached when macroscopic damage occurs.

Figure 7 shows the crack propagation diagram corre-
sponding to each characteristic stress point of the rock
during compression. Figure 7(a) shows the crack propa-
gation diagram at the point σci. It is clear that the tensile
stress is concentrated at the joint end of the prefabricated
elliptical crack, so tensile stress damage occurs at this end,
and a tensile stress crack is initiated. Figure 7(b) shows the
crack propagation diagram at the point σc d. Here, the rock
experiences a steady growth of cracks. +e tensile cracks
initiated from the crack tips propagate along the direction of
the maximum principal stress and develop into tensile wing
cracks. Figure 7(c) shows the crack propagation diagram at
the point σcu. +e crack propagates rapidly, and the rock is
destroyed in a short period of time during the accelerated
growth of the crack.

4. Results and Discussion

4.1.Measurement of σci. +e biaxial compression test of rock
is performed by moving the upper and lower walls for
applying axial pressure to the rock with a loading rate of
0.05mm/s. Based on a large number of tests, σci of rock is
generally 30% to 50% of the rock peak strength. In this paper,
two methods are used for the measurement for σci of the
rock: volumetric strain versus axial stress curve and crack
number versus axial stress curve.

4.1.1. Calculation of σci by Volumetric Strain versus Axial
Stress Curve. Figure 8 shows the volumetric strain versus the
axial stress curve of the rock in the biaxial compression test
when the confining pressure is 40MPa. In the elastic
compression stage, the volume of the rock steadily increases,
and the curve is linear. However, the relationship between
stress and strain is nonlinear in other stages. +erefore, the
entire stress-strain curve is divided into curved-straight-
curved three segments. A reference line is used to determine
σci, where the point at which the reference line starts to
deviate from the straight corresponds to σci of the rock.

4.1.2. Calculation of σci Using Crack Number versus Axial
Strain Curve. Potyondy and Cundall [28] established a
parallel-bond model (PBM) to simulate the behavior of rock
in which parallel bonding (used to characterize bonds) is
used to cohere particles that are in contact with each other to
form an aggregate and characterize the whole rock. A
schematic of this model is shown in Figure 9. Parallel bonds
can be considered as a series of springs with a certain
stiffness, which act together on the contact of particles,
which can withstand the action of force and moment and
have a specific tensile and shear strength. +e parallel
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Figure 5: Stress-strain curves of rocks with an elliptical crack under
different confining pressures.

Advances in Civil Engineering 5



–0.20 –0.15 –0.10 –0.05 0.00 0.05 0.10 0.15 0.20
40

60

80

100

120

140

160

180

200

Axial strain × 10–2 
A

xi
al

 st
re

ss
 (M

Pa
)

Axial strain
Lateral strain
Volumetric strain

III

IV

II

I
σcc

σci

σcd
σcu

Figure 6: +ree kinds of stress-strain relationships of marble under confining pressure of 40MPa.

(a) (b) (c)
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bonding contact breaks when the force and moment gen-
erated at the contact exceed its strength. Contact fracture is
used to represent the generation of new cracks. Figure 10
shows the number of cracks in the rock during biaxial
compression.+e stress is defined as σci when the number of
microcracks is 1% of the microcracks at the peak strength
[29]. In the stage of stable crack growth, the number of
cracks increases slowly with the increase in axial strain, and
the relationship between the number of cracks and the axial
strain is approximately linear. After reaching the stage of
rapid crack growth, the slope of this curve increases
significantly.

4.2. 8eoretical and Calculated Values of σci. To verify
Griffith’s strength theory, the two methods described in the
previous subsection are used to calculate the values of σci for
the rock under different confining pressures, which are
compared with the theoretical value. +e theoretical and
calculated values of σci under each confining pressure are
shown in Figure 11 and Table 3. +e values of σci calculated
by the two methods are close to those obtained by Griffith’s
strength criterion, which verifies the feasibility of this cri-
terion. Further, it can be seen that the calculated value from
the crack number curve is closer to the theoretical value than
that from the volume-strain curve.+e average value of σci is
slightly higher and lower than the theoretical value when the
confining pressure is less and greater than 30MPa, re-
spectively, and it is closest to the theoretical value when the
confining pressure is 30MPa.

4.3. Relationship between σci and σcu and Confining Pressure.
Table 4 shows σci and σcu of the rock under different
confining pressures and their ratio Rσ . It can be observed
that σci is 35–51% of σcu, which is consistent with the re-
search result of Martin et al. [3], in which rock cracks when
σci � 0.4σc for Lac du Bonnet granite in Canada. When the
confining pressure is less than 30MPa, the ratio increases
with the increase in the confining pressure. When it is
greater than 30MPa, the ratio remains constant at 0.51.

Figure 12 shows the relationship between σci and σcu and
confining pressure. It is clear that both the stresses are
linearly proportional to the confining pressure, but σcu

changes more significantly than σci. +is is mainly because
the closure degree of primary microcracks increases with the
increase in confining pressure, and the contact area of these
microcracks under high confining pressure is larger than
that under low confining pressure, which increases the
friction strength and σci.

4.4. Evolution of Strength Parameters of Marble. Using the
measured characteristic strength values of marble under
different confining pressures, the strength parameters under
different stages of crack evolution can be analyzed quanti-
tatively. To characterize the effect of confining pressure, a
simple linear criterion is generally used to predict σci of rock;
that is, σci − σ3 � Aσc, where A is a parameter related to the
type of rock, σ3 is the confining pressure, and σc is the
uniaxial compressive strength of the rock. In this equation,
the coefficient of confining pressure is considered as 1; that
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is, it is assumed that the internal friction angle of the rock at
the crack initiation stage is 0, which is obviously inconsistent
with the actual situation. According to the previous sub-
section, σci can be expressed as

σci − 1.57σ3 � 0.43σc. (5)

Under the action of confining pressure, the original
cracks in the rock are in a closed state under compression,
and the new cracks need to overcome the frictional force on
the contact surface during the crack propagation process, so
the coefficient of σ3 in equation (5) is not 1.+e coefficient of
confining pressure is related to the friction properties of the
material, and hence the influence of friction should be
considered while analyzing the crack evolution process
under confining pressure. Rabczuk and Belytschko [15]
considered the influence of friction for deriving the local σci

at the end of the crack and obtained the crack initiation
damage criterion at the microscopic level as follows:

�����

1 + μ2


− μ σ1 −

�����

1 + μ2


+ μ σ3 � 4σt, (6)

where μ � tanφ, μ is the friction coefficient of rocks, and φ is
the internal friction angle.

After simplifying equation (6), the coefficient of con-
fining pressure can be obtained as follows:

K �
1 + sinφ
1 − sinφ

. (7)

+e internal friction angles at the initiation stage (φ0)
and peak stage (φ) of the marble can be obtained as 12.7° and
28.5° by substituting the fitting results into equation (7) and
using the Mohr-Coulomb criterion, respectively. φ0 is nearly
half of φ. It can be concluded from the above results that the
internal friction angle of the rock does not remain constant
during the damage process but gradually increases as the
degree of damage increases. +e internal structure of the
rock is dense, and it is generally difficult to generate relative
sliding between mineral crystals, so the rock strength is
primarily governed by the cohesion of the rock. +e friction
strength of the rock is not fully utilized, and the internal
friction angle of the rock is small when the rock does not
crack. When tensile damage of the rock occurs, it starts to
crack and expand, and its crystal structure is destroyed.
+ere is a tendency of squeezing and relative sliding between
the mineral particles of the rock, and the frictional resistance
between the crystals needs to be overcome when the cracks
further expand, which further increases the effective friction
resistance. At this time, both the internal friction angle and
the friction strength of the rock gradually increase.

4.5. Axial Stress-Strain Ratio at σcu and σci Points. +e ratio
(Rσ) of σci and σcu of rock can be expressed as follows:

Rσ �
σci

σcu

. (8)

Table 3: +eoretical and calculated values of σci (MPa).

Confining pressure σ3 +eoretical σ1 σci from volumetric strain curve σci from crack number curve Average value of σci

0 23.1 25.2 24.6 24.9
1 26.0 28.6 27.6 28.1
5 35.8 39.5 37.8 38.65
10 46.1 53.9 48.7 51.3
20 64.2 68.8 66.3 67.55
30 82.4 86.2 84.3 85.25
40 96.2 92.4 95.6 94.0
50 111.0 99.5 104.1 101.8

Table 4: σci and σcu of rocks under different confining pressures.

Confining pressure (MPa) 0 1 5 10 20 30 40 50
σcu (MPa) 72 76.7 96 114.3 143 166 184 201.4
σci (MPa) 24.9 28.1 38.65 51.3 67.55 85.25 94 101.8
Rσ 0.35 0.37 0.4 0.45 0.47 0.51 0.51 0.51
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Figure 12: Variation in σci and σcu as a function of confining
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+e specific data of Rσ is shown in Table 4. +e ratio of
axial strain (εci) corresponding to σci point to the axial strain
(εcu) corresponding to σcu point, that is, the axial strain ratio
Rε, is expressed as follows:

Rε �
εci

εcu

. (9)

Table 5 shows the values of εci, εcu, and Rε under different
confining pressures. It is clear that the variation trend of
axial strain with the confining pressure is the same as that of
the stress. When the confining pressure is less than 30MPa,
the ratio of the two increases as the confining pressure
increases. When the confining pressure is greater than
30MPa, the ratio of the two remains stable.

Figure 13 shows that the stress ratio is linearly pro-
portional to the axial strain ratio of the rock under different
confining pressures, indicating that the linear relationship is

not affected by the confining pressure or the nature of the
rock. +e slope of this linear curve is approximately 1.218,
which can be used to obtain the following equation:

1.218εci

εcu

�
σci

σcu

, (10)

where

k1 �
σci

εci

�
1.218σcu

εcu

� 1.218k. (11)

Here, k is the slope of the line from the origin to σcu, and
k1 is the slope of the line from the origin to the σci point.

As shown in Figure 14, the slope k of the straight line is
obtained through the line connecting the origin and σcu, and
a straight line with slope of 1.218k is drawn through the
origin. +e intersection point with the stress-strain curve is
the σci point. +is method can be used to predict σci of the

Table 5: Values of εci, εcu, and Rε under different confining pressures.

Confining pressure (MPa) 0 1 5 10 20 30 40 50
εcu(×10

− 4) 9.5 10.3 13.1 15.6 16.2 17.8 19.5 21.2
εci(×10

− 4) 2.7 3.1 4.3 6.0 6.5 7.3 8.0 9.0
Rε 0.28 0.30 0.33 0.38 0.4 0.41 0.41 0.42
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Figure 13: Stress ratio versus axial strain ratio curve.
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Figure 14: Predicted crack initiation stress.
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rock just through the stress-strain curve. Table 6 shows the
predicted values of σci under different confining pressures
through this method. +e error Δ is defined as follows:

Δ �
σ ’ci − σci

σci

, (12)

where σci
′ is the value of σci that is predicted by the present

method and σci is the calculated value of σci. It is clear that
the predicted values of σci are close to the actual calculated
values, and the error ranges between 3.1% and 10.7%, which
verifies the reliability of this method. It should be noted that
this method used here is not suitable for prepeak cyclic
loading, unloading, and double-humped conditions.

5. Conclusions

In this paper, PFC software was used to establish a cal-
culation model for marble with prefabricated elliptical
crack. We conducted biaxial compression tests under
different confining pressures and compared the values of
crack initiation stress (σci) determined by different
methods. Further, the calculation results were compared
with those based on Griffith’s strength theory using a
single elliptical crack. +e main results of the study can be
summarized as follows:

(1) Crack initiation stress (σci) of marble was obtained
by the volume-strain curve versus the axial stress
curve and the crack number versus the axial strain
curve. +e calculated values were consistent with
those based on Griffith’s theory, which verified the
applicability of Griffith’s strength criterion under
compressive stress conditions. +e calculated value
from the crack number versus the axial strain curve
was closer to the theoretical value than that from the
volume-strain curve. +e calculated values were
slightly higher and lower than the theoretical values
when the confining pressure was smaller and greater
than 30MPa, respectively.

(2) σci of marble was between 35% and 52% of σcu.+is is
consistent with the results of many studies.When the
confining pressure was less than 30MPa, the ratio
increased with the increase in the confining pressure.
When it was greater than 30MPa, the ratio remained
constant at 0.51.

(3) Using the linear fitting equation, it was obtained that
φ0 � φ/2. +e internal friction angle of the rock
gradually increased as the degree of damage in-
creased, and the evolution process of the internal
friction angle affected the brittle failure tendency of
the rock.

(4) +e stress ratio was linearly proportional to the axial
strain ratio between σci and σcu points. According to
the proportional relationship between these points,
the connection method was proposed and used to
directly obtain σci of the rock from the stress-strain
curve. +is provided a simple, rapid, and accurate
method for predicting σci.
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Deep brittle rock exhibits characteristics of rapid stress dropping rate and large stress dropping degree after peak failure. To
simulate the whole process of deformation and failure of the deep brittle rock under load, the Lemaitre strain equivalent theory is
modified to make the damaged part of the rock has residual stress. Based on the damage constitutive model considering residual
strength characteristics, a correction factor reflecting stress dropping rate is added, theWeibull distribution is used to describe the
inhomogeneity of rock materials, and Drucker–Prager criterion is used to quantitatively describe the influence of stress on
damage; a damage constitutive model of deep brittle rock considering stress dropping characteristics is established. According to
the geometric features of the rock stress-strain curve, the theoretical expressions of model parameters are derived. To verify the
rationality of the model, triaxial compression experiments of deep brittle rock under different confining pressures are conducted.
And the influence of model parameters on rock mechanical behaviour is analysed. )e results show that the model reflects the
stress dropping characteristics of deep brittle rock and the theoretical curve is in good agreement with the experimental results,
which indicates that the proposed constitutive model is scientific and feasible.

1. Introduction

With the reduction of mining resources in the shallow strata
of the world, the mining depth of resources is gradually
increased [1, 2]. In order to meet the needs of production
and life, China has proposed the “deep earth” strategy during
the 13th Five-Year period. )e number and scale of deep
rock engineering will increase significantly in the future
[3, 4]. )e deep rock is in the deep stratum, and its internal
damage is continuously generated and developed under the
action of external high stress, and it still has a certain bearing
capacity after the peak failure [5]. )erefore, the whole
process of deep rock failure under load is studied, and the
stress dropping characteristics in the postpeak stage are
analysed, which provides an important theoretical model for
the construction of deep rock engineering.

)e mechanical behaviour and constitutive relationship
of the rock in the postpeak stage have always been a frontier

research topic in the field of rock mechanics. Wawersik and
Fairhurst [6] found that with the increases of confining
pressure, the mechanical behaviour of marble transforms
from brittleness to ductility in the postpeak stage. Yang et al.
[7] carried out a series of postpeak cyclic loading and
unloading experiments on sandstone to study the me-
chanical behaviour, deterioration parameters, energy in-
dexes, and failure modes of rock samples in the postpeak
stage. Tang et al. [8] carried out three-point bending ex-
periments combined with digital image correlation and
acoustic emission technology on notched granite beams, and
obtained the crack development characteristics of rocks
under postpeak cyclic loading. Yang et al. [9] studied the
energy evolution trend of sandstone under cyclic loading
and unloading, and obtained the energy consumption law
and damage characteristics under different confining pres-
sures. Lin et al. [10] established a new postpeak strain-
softening model of rock, which can predict the postpeak
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mechanical behaviour of rock, and obtained the evolution
law of the rock strength parameters. Based on rock damage
model founded by the Lemaitre strain equivalent theory, Cao
et al. [11–13] established a damage statistical constitutive
model that can consider the effect of damage threshold and
simulate the whole process of strain-softening deformation
of rock. However, these models cannot show a phenomenon
that rock has residual strength in the postpeak stage, because
Lemaitre strain equivalent theory does not consider that the
rock still has a certain bearing capacity after damage, so
scholars have revised the damage model in recent years. Cao
et al. [14] established a statistical damage constitutive model
that can simulate the characteristics of the whole process of
rock deformation, which can reflect the residual strength of
the rock in the postpeak stage. Cao et al. [15] considered the
residual strength of rock in the postpeak stage, modified the
damage variable, and established a statistical damage con-
stitutive model, which can describe the stress-strain rela-
tionship and residual strength of rock. Jiang et al. [16] added
the damage threshold and residual strength of the rock to the
existing statistical damage model, and established the sta-
tistical damage model on the rock damage and the strain
softening.

)e existing damage constitutive models seldom con-
sider the stress dropping rate after peak failure. When the
research object is brittle rock, the stress dropping rate after
peak failure is faster [17]. )e above damage models cannot
reflect the characteristics of brittle rock. )erefore, in this
paper, the brittleness index that reflects the stress dropping
characteristics is added to modify the damage constitutive
model, and a new damage constitutive model of deep rock
considering the stress dropping characteristics is established.
)e model not only reflects the stress dropping rate but also
reflects the stress dropping degree.

2. Damage Constitutive Model of Deep Brittle
Rock considering Stress
Dropping Characteristics

2.1. Modification of Strain Equivalent .eory. According to
the strain equivalence theory [18], the axial load acting on
the rock microelements is completely supported by the
undamaged part. When the rock microelements are dam-
aged, the strength decreases to zero, showing the charac-
teristics of no residual strength. In fact, stress dropping
phenomenon occurs in the postpeak stage, and the mac-
rosections are formed inside the rock. )e residual stress is
supported by the friction between the sections and no longer
changes with the deformation growth. To establish the
constitutive model of residual strength, the following as-
sumptions are made:

(1) )e rock microelements under axial load in the axial
direction are abstracted into two parts: the un-
damaged part and the damaged part, and the axial
stress is supported by the two parts together.

(2) )e strength of the rock microelements after the
failure decreases to residual stress σr, and the un-
damaged part follows generalized Hooke’s law, i.e.,

σ ∗1 � Eε∗1 + μ σ ∗2 + σ ∗3( , (1)

where σ ∗i is the effective stress of the undamaged
part in the i direction; ε∗i is the effective stress of the
undamaged part in the i direction; E is the elastic
modulus; and μ is the Poisson ratio.

(3) )e undamaged part shares full lateral load.

2.2. Establishment of Damage Constitutive Model. )e de-
termination of the damage variable is the key to estab-
lishing a damage constitutive model. According to
continuum damage mechanics, the damage variable D
can be defined in a variety of ways, such as the axial strain
of the rock specimen and the area of the microelements
[19, 20]. )e article uses the second method to define the
damage variable. For the rock microelement analysis, the
total area of the rock microelements in the axial direction
is set as A, and its nominal axial stress and nominal axial
strain are σ1 and ε1, respectively. )e area of the rock
microelements in the undamaged part is A1, and its ef-
fective axial stress and effective axial strain are σ ∗i and ε∗i ,
respectively. )e area of the rock microelements in the
damaged part is A2, the axial stress is residual stress σr,
and the axial strain is εr. From assumption (1), it is solved
that

σ1A � σ ∗1 A1 + σrA2, (2)

A � A1 + A2. (3)

)e ratio of the damaged area to the total area is defined
as the damage variable D:

D �
A2

A
� 1 −

A1

A
. (4)

Substituting equations (3) and (4) into equation (1),

σ1 � σ ∗1 (1 − D) + σrD. (5)

Because the undamaged part and the damaged part of
the rock microelements are closely mixed with each other in
the macroscale, which conforms to the deformation coor-
dination principle, i.e.,

ε1 � ε∗1 � εr. (6)

From assumption (3), it is solved that

σ2 � σ ∗2 , (7)

σ3 � σ ∗3 . (8)

Substituting equations (6) to (8) into equation (1),

σ ∗1 � Eε1 + μ σ2 + σ3( . (9)

Substituting equation (9) into equation (5) and the
damage constitutive model considering residual strength
characteristics can be obtained as follows:
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σ1 � Eε1(1 − D) + N D + μ σ2 + σ3( , (10)

N � σr − μ σ2 + σ3( . (11)

When the research object is deep brittle rock, the damage
constitutive model should reflect not only the stress drop-
ping degree in the postpeak stage, but also the stress
dropping rate in the postpeak stage. )erefore, a correction
factor K is added to the model, which includes the brittleness
index η reflecting the stress dropping rate and the fitting
parameter n reflecting the rock homogeneity. It should be
noted that deep brittle rock only undergoes stress dropping
phenomenon in the postpeak stage, so the influence of the
stress dropping rate on the deformation characteristics of the
rock in the prepeak stage can be ignored:

K �

1, ε1 ≤ εp,

K0, ε1 > εp,

⎧⎪⎨

⎪⎩
(12)

K0 � (1 − η)
n
, (13)

η �
lgl

10
, (14)

l �
σp − σr

εp − εr




, (15)

where l is the stress dropping rate and n is the fitting pa-
rameter, which is related to the confining pressure.

Modifying equation (10), the following model can be
obtained:

σ1 � KEε1(1 − D) + N D + μ σ2 + σ3( . (16)

It is assumed that the rock microelement strength fol-
lows the Weibull random distribution, and the damage
variable can be expressed as

D � 
F

0
P(F)dF � 1 − exp −

F

F0
 

m

 , (17)

where F is the rock microelement strength; P(F) is the
distribution function of the probability density of the rock
microelement strength; and m and F0 are Weibull distri-
bution parameters.

Combining equations (16) and (17), a damage consti-
tutive model considering the characteristics of stress
dropping rate and residual strength is obtained:

σ1 � KEε1 exp −
F

F0
 

m

  + N 1 − exp −
F

F0
 

m

   + 2μσ3.

(18)

To measure the strength of the rock microelements, the
Drucker–Prager criterion is introduced:

F � αI
∗
1 +

���

J
∗
2



�
sinφ

���������

9 + 3 sin2 φ
 I

∗
1 +

���

J
∗
2



, (19)

where φ is the internal friction angle of rock and I∗1 and J∗2
are the first invariant of the stress tensor and the second
invariant of the deviatoric stress tensor, respectively. I∗1 and
J∗2 can be expressed:

I
∗
1 � σ ∗1 + σ ∗2 + σ ∗3 , (20)

J
∗
2 �

1
6

σ ∗1 − σ ∗2( 
2

+ σ ∗2 − σ ∗3( 
2

+ σ ∗1 − σ ∗3( 
2

 . (21)

Substituting equations (7) to (9) into equation (19),

F � PEε1 + Yσ3, (22)

P � α +

�
3

√

3
, (23)

Y � 2α +
2

�
3

√

3
 μ + 2α −

�
3

√

3
. (24)

2.3. Determination of Model Parameters. Based on the
geometric features of rock stress-strain curve, the following
boundary conditions are obtained:

ε1|σ1�σp
� εp,

dσ1
dε1

|σ1�σp
� 0.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(25)

Solving the partial differential of equation (16),

dσ1
dε1

� KE(1 − D) + N − KEε1( 
zD

zε1
. (26)

Combining equations (25) and (26),

zD

zε1
|σ1�σp,ε1�εp

�
KE 1 − Dp 

KEεp − N
(27)

Dp is the damage variable of rock at the peak stress,
which is solved by equation (16):

Dp �
σp − KEεp − 2μσ3

N − KEεp

. (28)

Solving the partial differential of equation (17),

zD

zε1
� exp −

F

F0
 

m

  m
F

F0
 

m− 1
⎡⎣ ⎤⎦

1
F0

zF

zε1
. (29)

Solving the partial differential of equation (22),

zF

zε1
� PE. (30)

Changing equation (17),

F

F0
 

m− 1

� −
F0

F
ln(1 − D) (31)
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Substituting equations (29) to (31) into equation (27), m
can be solved, i.e.,

m �
KFp

N − KEεp ln 1 − Dp P
, (32)

where Fp is the rockmicroelement strength at the peak point,
which can be solved by equation (22):

Fp � PEεp + Yσ3. (33)

Substituting Dp and Fp into equation (31), then

F0 � Fp − ln 1 − Dp  
− (1/m)

. (34)

3. Verification of Damage Constitutive Model

3.1. Triaxial Compression Experiment of Deep Brittle Rock.
)e rock samples were taken from the granite cores at the
depth of 1200m in the Shaling gold mine, Shandong
province, China. )e composition analysis result shows that
the content of the broken matrix is more than 50%, and the
granite is classified as granitic cataclasite. )e porosity of the
rock is determined to be 1.68% by the vacuum saturation test
and nuclear magnetic resonance experiment. According to
standards of the International Society for Rock Mechanics
(ISRM) [21], the cores are processed into standard cylin-
drical samples with a diameter of 50mm and a height of
100mm. )e samples with similar wave velocity are selected
by ultrasonic testing to reduce the mechanical experiment
errors.

Firstly, the rock sample is placed in the TAW-2000
electrohydraulic servocontrolled triaxial test machine, and
the confining pressure is applied to the predetermined value
at the loading rate of 100N/s in the initial stage, and then the
confining pressure is kept constant during the experiment.
After the confining pressure is stable, the axial deviatoric
stress is applied at the loading rate of 0.015mm/min until the
sample is damaged. )e confining pressure values used in
the experiment are 15MPa, 25MPa, and 35MPa. Different
confining pressures are used to simulate the stress envi-
ronment of rock mass in different depths.

As shown in Figure 1, the deformation of granitic cat-
aclasite under high confining pressure can be divided into
five stages: elastic stage (OA section), yield stage (AB sec-
tion), expansion stage (BC section), strain-softening stage
(BD section), and residual stress stage (DE section). Granitic
cataclasite has typical characteristics of deep brittle rock. In
the stress-strain curve, it shows no obvious crack closure
stage, longer yield stage, higher expansion point, and faster
stress dropping rate in strain-softening stage. It should be
noted that due to the low porosity of deep brittle rock and
the high confining pressure, the crack closure stage of the
rock is not obvious.

)e complete stress-strain curves of rocks under dif-
ferent confining pressures are shown in Figure 2. It can be
found that the peak stress of granitic cataclasite increases
with the increase of confining pressure, while the residual
strength shows an opposite trend. Because the confining

pressure increases below the critical confining pressure value
for the brittle-ductile transition, the energy accumulation
degree of the rock increases. When the peak failure occurs,
the energy is released violently and impacts the overall
structure of the rock, causing the rock to become more
brittle. )e elastic modulus and Poisson’s ratio increase with
the increase of confining pressure.

4. Evolution Law of Strength Parameters

Stress thresholds are very important in the investigating rock
deformation and failure. In the 1960s, Hoek and Bieniawski
[22] began to study the mechanical properties of brittle
rocks. Brace et al. [23] found that when the stress exceeds the
elastic limit of the rock sample, the rock sample exhibits
nonlinear mechanical behaviour, and as the stress continues
to increase, the volume of the rock sample changes from the
compressed state to the expanded state. Cook [24] has
proved that dilatancy is a volume property of brittle rocks
through mechanical tests. In order to determine the crack
initiation stress of the rock sample, Martin and Chandler
[25] proposed the concept of crack volumetric strain and
obtained the stress threshold of the rock sample through the
transformation of crack volumetric strain trend. In recent
years, many researchers have proposed new methods to
obtain stress thresholds. Peng et al. [26] proposed the axial
strain response method to determine the crack initiation
stress. Gong and Wu [27, 28] obtained crack damage stress
of rock more accurately by means of acoustic emission signal
detection and load-unload response ratio.

As the confining pressure increases from 15MPa to
35MPa, the damage stress and the peak stress increase
linearly (Figure 3), because the confining pressure can
improve the compactness of rock, limit the development and
expansion of cracks to a certain extent, increase the friction
force between rock particles, and enhance the rock support
capacity, so the volume expansion and peak failure of rock
are delayed.

Both the damage stress and the peak stress follow the
Mohr–Coulomb strength criterion. Based on the criterion,
the strength parameters φcd and ccd at the damage stress and
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the strength parameters φp and cp at the peak stress are
obtained, respectively. )e criterion is as follows:

σ1 � A + Bσ3, (35)

A �
2c cosφ
1 − sinφ

, (36)

B �
1 + sinφ
1 − sinφ

, (37)

where c is the cohesion of rock.
)e regression analysis method is used to calculate φcd,

ccd, φp, and cp, which are 40.61°, 20.09MPa, 48.75°, and
18.14MPa, respectively.

Equation (38) can quantitatively describe the stress
dropping degree in the strain-softening stage:

ω �
σp − σr

σp

, (38)

where ω is the stress dropping degree.
As shown in Figure 4, it can be found that the stress

dropping degree of rock increases with the increase of
confining pressure. )is is because confining pressure can
reduce the degree of inhomogeneity of rock, enhance the
friction between particles, and increase the level of stored
energy, which leads to the increase of energy released during
rock failure and the impact on the overall structure.
)erefore, the stress dropping degree increases.

4.1.Model Verification. Combining the experiment curves
and the equations of parameters in damage constitu-
tive model, the values of the parameters under differ-
ent 1confining pressures are calculated, as shown in
Table 1.

Based on the model parameters, the damage constitutive
model considering the stress dropping characteristics is
calculated from equation (18). To reflect the advanced and
reasonable of the damage constitutive model proposed in

this paper, the damage constitutive models established in
[13, 14] are compared with the model in this paper, which is
shown in Figure 5. )e theoretical curve of the model
established in this paper is in good agreement with the
experiment curve, which can reflect the whole process of
deep brittle rock deformation, especially in the strain-
softening stage.

5. Discussion of Model Parameters

5.1. Influence of Weibull Parameters on Experimental Result.
)e microelement strength of rock follows Weibull distri-
bution, and the damage constitutive model based on the
principle includes Weibull parameters F0 andm which affect
the geometry of the stress-strain curve. Based on the rock
constitutive parameters under confining pressure of 15MPa,
we keep other parameters constant and change the values of
F0 andm, respectively. )e stress-strain curves are shown in
Figures 6 and 7.

300

280

260

240

220

200

180

160 15 25 35

360

340

320

300

280

260

240

220

200

Cr
ac

k 
da

m
ag

e s
tre

ss
 (M

Pa
)

Pe
ak

 st
re

ss
 (M

Pa
)

Confining pressure (MPa)

σcd = 87.40 + 5.73σ3
R2 = 0.99

σp = 96.41 + 7.06σ3
R2 = 0.99

Fitting curve
Fitting curve

Data
Data

Figure 3: Relationship between damage stress, peak stress, and
peri-pressure.

350

300

250

200

150

100

50

0
–0.8 –0.6 –0.4 –0.2 0.0 0.2 0.4 0.6

Strain (%)

A
xi

al
 d

ev
ia

tio
n 

str
es

s (
M

Pa
)

15MPa
35MPa
25MPa

Figure 2: )e complete stress-strain curve.

1.0

0.8

0.6

0.4

0.2

0.0
15 25 35

St
re

ss
 d

ro
pp

in
g 

de
gr

ee

Confining pressure (MPa)

ω = –0.52 + 0.04σ3
R2 = 0.98

Fitting curve
Data

Figure 4: Relationship between peak strength and stress dropping
degree.

Advances in Civil Engineering 5



As shown in Figure 6, the change of F0 and m does not
affect the evolution trend of the curve in the prepeak stage,
that is, the axial deviatoric stress increases with the increase
of axial strain, and the stress growth rate decreases when it
approaches the peak stress. )e change of F0 and m can
slightly affect the stress-strain curve of rock before damage,
but it has a significant effect on the curve geometry of the
rock after damage. With the increase of F0 and m, the peak
stress increases, while the peak strain shows an opposite

trend. )e increase of F0 and m enhances the ductility and
brittleness of rocks, respectively.

It can be seen from Figure 7 that the change of F0 and m
does not affect the evolution trend of the curve in the
postpeak stage, that is, with the increase of axial strain, the
axial deviatoric stress decreases, and the stress does not
change when entering the residual strength stage. )e
change of F0 and m does not change the residual strength of
rock. With the increase of F0, both the peak stress and its

Table 1: )e value of parameters in the constitutive model at different confining pressures.

Number σ3 (MPa) E (GPa) μ σcd (MPa) σp (MPa) εp (%) σr (MPa) εr (%)
K� 1.00 K�K0

m F0 m F0 K0

1 15 55.58 0.20 169.44 205.17 0.44 172.77 0.45 3.79 203.90 81.31 202.00 0.83
2 25 61.62 0.27 238.64 267.19 0.43 150.66 0.44 12.38 260.61 139.75 232.26 0.93
3 35 74.94 0.34 284.09 346.37 0.46 0 0.47 19.31 331.98 179.87 292.90 0.95
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corresponding strain increase. And m has the same effect.
)e increase of F0 and m increases the stress dropping rate.

5.2. Influence of Correction Factor on Experimental Result.
)e correction factor is closely related to the properties of
deep brittle rocks and characterizes the brittleness of rocks.
)e correction factor K includes the brittleness index η
considering stress dropping rate and fitting parameter n
related to homogeneity. Both η and n are related to confining
pressure. )e values are shown in Table 2. η reflects the
brittleness of rock, and η increases with the increase of
confining pressure, which indicates that the brittleness of
rock gradually develops. n reflects the inhomogeneity of
rock, and n shows the opposite trend, which indicates that
the rock is more compact. Both of them lead to the increase
of stress dropping rate and stress dropping degree. To an-
alyse the influence of the correction factor on the consti-
tutive model, taking the complete stress-strain curve of rock
under 15MPa confining pressure as an example, the

theoretical curves with different K values are selected for
comparative analysis.

As shown in Figure 8, the change of K value does not
affect the evolution law of the theoretical curve, nor does it
change the position of the peak stress and peak strain of the
theoretical curve. With the decrease of K, the stress corre-
sponding to the same strain decreases in the postpeak stage,
which is because K reflects the brittleness of rock. )e in-
crease of confining pressure reduces the inhomogeneity of
rock. )e stress dropping phenomenon becomes more
obvious, and the stress dropping rate and stress dropping
degree increase. )e larger the K value, the earlier the
theoretical curve reaches the residual strength stage.
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Figure 6: )e influence of Weibull parameters on the stress-strain curve in the prepeak stage: (a) different F0; (b) different m.
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Table 2: Parameters related to correction factor.

Number σ3 (MPa) η n
1 15 0.33 0.46
2 25 0.39 0.14
3 35 0.43 0.09

Advances in Civil Engineering 7



6. Conclusions

)e study of the constitutive model of deep brittle rock is of
great theoretical significance for deep rock mass engineer-
ing. In this paper, the main conclusions are as follows:

(1) Based on the damage constitutive model considering
residual strength, the correction factor reflecting the
stress dropping rate is added, the damage consti-
tutive model considering the stress dropping char-
acteristics is established, and the theoretical
expression of the model parameters is derived.

(2) Triaxial compression tests of granitic cataclasite under
different confining pressures are carried out to verify
the rationality of the model. )e results show that with
the increase of confining pressure, the stiffness and
strength of rock increase, and its brittleness and stress
dropping characteristics are enhanced. )e model
established in this paper can reflect the stress-strain
relationship of deep brittle rock, especially the char-
acteristics of rapid stress dropping rate and large stress
dropping degree in the postpeak stage.

(3) )e change of Weibull parameters does change the
overall change trend of the stress-strain curve, hardly
affects the curve of the undamaged stage of the rock,
and also does not change the residual strength of
rock, but it has a greater impact on the damage stage.
)e change of the correction factor K can neither
affect the development trend of the theoretical curve
of the constitutive model, nor change the position
and size of the peak point. And with the decrease of
K, the stress corresponding to the same strain de-
creases in the postpeak stage.
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*rough the dynamic splitting tensile test under various loading rates, different mechanical parameters have been analyzed; not
only the dynamic peak stress but also the dynamic peak strain has a good linear relationship with the strain rate. *e tensile
sensitivity obtained from the dynamic tensile test increases with strain rate gradually, and it shows a nearly linear relation, which
fully indicates that the granite specimen is a strain rate sensitive material. Moreover, with the numerical simulation, the damage
area of the specimen is consistent with the actual failure mode of the specimen. Furthermore, the influenced factor on the dynamic
tensile strength is discussed, which illuminates that the most fundamental reason of the rate effect is that the stress wave velocity is
faster than the crack propagation velocity in the specimen during the impact process.

1. Introduction

Dynamic mechanics of rock materials are widely used in
rock engineering, such as tunnel excavation, blasting
mining, and other civil engineering projects. Loading on
the rock not only includes static load, such as in situ stress,
but also includes dynamic load, which ranges from low
strain rate to high strain rate, such as blasting excavation
or mechanical disturbance [1]. Meanwhile, as the rock
tensile strength is far less than the compressive strength,
the rock is more prone to tensile failure [2, 3]. *erefore,
one of the main mechanical factors charging of rock
failure is the tensile. Under the dynamic load, the me-
chanical response of rock is significantly different from
that under static conditions, with an obvious strain rate
effect. Many scholars have studied the dynamic me-
chanical properties of rocks, especially the dynamic
compressive mechanics [4, 5].

Stress wave propagation can not be ignored in the dy-
namic mechanical properties of rock and other materials [2].
For rock breaking or blasting excavation, dynamic load with
a strain rate generally ranges from 101 to 103s−1 [6]. And the
Split Hopkinson Pressure Bar (SHPB) is mainly used to
study the dynamic mechanical properties of rock. Due to the

difficulty of direct tensile testing of rock materials, indirect
tensile method is used to measure tensile property, and the
most commonly used method is Brazilian disc test, i.e., split
tensile test [7]. *erefore, the SHPB experimental device
with Brazilian disc specimen has become an efficient and
simple experimental method to study the dynamic tensile
properties of rocks. *e experiment technology and appli-
cation progress of Hopkinson pressure bar has been sum-
marized [7]. Gong [8] put forward the analytical algorithm
of tensile modulus in Brazilian disc splitting experiment
through relevant experimental research on Brazilian disc
specimen. Furthermore, using INSTRON hydraulic servo
testing machine and SHPB impact device, a unified dynamic
enhancement factor model based on rate effect is proposed
[9, 10], and the dynamic compressive strength and tangent
modulus could be well described. However, there are few
researches on dynamic tensile mechanical properties of rock.

As is known, the static loading test with Brazilian disc
specimen shows that the failure pattern is split along the
middle of the specimen [11, 12]. For the conventional SHPB
impact tensile test, the failure is also split from the specimen
center [13–15]. Nonetheless, the failure characteristics of
rocks under complicated tensile stress states are still not well
understood, and the effects of the dynamic loading rates on
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the tensile strength of brittle rocks have not been com-
prehensively investigated.

In this paper, the homogeneous granite samples are
focused. By the SHPB experimental device, the dynamic
splitting tensile tests of granite samples under different
impact speeds are carried out. And the dynamic tensile
mechanics of granite are analyzed, so the efficient excavation
and support scheme design of rock engineering could be
provided and referenced.

2. Dynamic Tensile Experiment

SHPB device with a 50mm diameter was used as the loading
equipment. *e dynamic tensile test was carried out on
granite specimens with different loading rates. *e failure
modes were analyzed, and then the dynamic tensile me-
chanics of granite under impact load were studied.

2.1. Experimental Device and Principle. SHPB device is the
main equipment for rock dynamic tensile testing.*e device
system is with bar diameter of 50mm. *e system is mainly
composed of impact device, incident bar, transmission bar,
and damping device. During the experiment, the specimen
should be placed between the incident bar and the trans-
mission bar along its radial direction.

During the dynamic tensile test, the stress wave is re-
flected and transmitted many times in the granite specimen,
and the impact simulation process is shown in Figure 1.

According to the one-dimensional stress wave as-
sumption and the uniform distribution of internal stress
assumption [16–18], through the dynamic force balance
verification of the experimental data, the data obtained are
effective and reliable, that is, εi + εr � εt. *e equation of two
waves method can be used to process the data, and it is
considered that the forces on the end face of the specimen
are approximately equal. Based on the two basic assump-
tions of Hopkinson bar test technique and Brazilian disc
splitting principle, the dynamic tensile strain, strain rate, and
tensile stress of granite samples could be calculated as
follows:

εs � −
2C0

ls


t0

0
εrdt, (1)

εs

·
�
dεs

dt
� −

2C0

ls
εr, (2)

σ � EAεt (3)

where E is the elastic modulus of the impact bar and A is the
sectional area of the impact bar.

*rough finite element calculation and photoelastic
experiment [19, 20], the stress and deformation of the
specimen in the dynamic Brazilian disc experiment have
been analyzed. It is considered that the dynamic stress
distribution is basically consistent with the static stress
distribution after the internal stress of the sample reaches an
equilibrium state, while small stress differences only exist at
the loading end of the specimen. *erefore, the dynamic

tensile stress formula at the center point of rock specimen
can be obtained by combining the tensile stress formula of
static Brazilian disc splitting with formula (3):

σs � −
2EAεt(t)

πDB
, (4)

where D and B are the diameter and thickness of the
specimen, respectively.

2.2. Preparation of Granite Sample. According to the ex-
periment regulations of rock mechanics by International
Society for Rock Mechanics (ISRM), granite samples are
processed and prepared. It means that the nonparallelism
and nonvertical straightness of the samples are less than
0.02mm, the height and diameter errors of the samples
should be less than 0.3mm, and the specification is V

25mm× 50mm, as shown in Figure 2.
*e collected rock is gray and has a medium-grained

porphyritic texture. To evaluate the geological nature of the
rock, an analysis was conducted using an optical microscope
and a scanning electron microscope (SEM). *e dominant
minerals in the rock are exposed to cross-polarized light to
identify. A microscopic view of a thin section of the rock is
presented in Figure 3. It was found that quartz, alkaline
feldspar, plagioclase, and biotite are the major rock con-
stituent minerals. In addition, SEM observations show that
the rock has a dense texture.

2.3. ExperimentalResult. It is necessary to verify whether the
specimen is clamped well between the incident bar and
transmission bar. In the meantime, it should be confirmed
that the radial direction of the specimen is coaxial with the
impact bar. Moreover, in order to reduce the friction force
between the specimen and the impact bar and to decrease the
influence of the loading constraint on the stress distribution
of the specimen, Vaseline should also be applied between the
specimen and the two-end face of the impact bar.

Use a C11000 copper disc to shape the incident wave. In
addition, a rubber disc is placed in front of the copper shaper
to reduce the rising slope of the incident pulse. *is com-
bined pulse shaping technique was also used. Forces on both
ends of the specimen in a typical test are shown in Figure 4.

*e dynamic force on one side of the specimen P1 is
proportional to the sum of the incident (In) and reflected
(Re) stress waves, and the dynamic force on the other side P2
is proportional to the transmitted (Tr) stress wave. It can be
seen from Figure 3 that the dynamic forces on both sides of
the specimens are almost identical during the whole dy-
namic loading period.*e inertial effects are thus eliminated
because there is no global force difference in the specimen to
induce inertial force.

A total of 70 granite specimens were tested. According to
the step size of impact velocity, i.e., the interval is 0.5m/s, all
the testing data have been adapted based on the dynamic
force balance, while the average values of impact velocity,
strain rate, and stress peak value of all specimens within the
step size range are calculated, respectively. Mechanical
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parameters of splitting tensile test of granite specimens are
shown in Table 1.

3. Failure Modes and Mechanical Properties of
Granite Samples

3.1. Failure Mode. After SHPB splitting tensile test under
different impact velocity, the typical fracture morphology of
granite specimens is shown in Figure 5.

It can be seen that different failure modes under different
impact velocities have been shown, which are intact, slight
crack, fracture, and smashed state separately. When the
impact velocity is less than 6m/s, the specimen is intact,
while the specimen shows a small crack when the impact
velocity ranges from 6m/s to 8m/s. In the meantime, the
specimen is broken when the impact velocity is 9m/s∼10m/

s, and the specimen is crushed totally when the impact
velocity is greater than 11m/s. *e results show that, with
the increase of loading rate, the incident kinetic energy
increases, and the internal fracture surface of rock specimen
becomes more, and then the fragmentation degree increases
obviously. It should be noticed that all the specimens under a
high impact velocity have been broken with the crack ini-
tiated from the center of the specimen, as the same phe-
nomenon during the static Brazilian testing.

3.2. Mechanical Analysis. According to formulas (1)–(4)
shown above, for granite samples collected under different
impact velocities, the reflected and transmitted wave signals
are processed by two-wave method, and the stress obtained
is the tensile stress, while the strain obtained is somewhat a
compressive strain, as the impact on the two bars and the

600µm

(a) (b)

Figure 3: Observations of medium-grained monzogranite at different scales.
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t
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Figure 1: Dynamic Brazilian disc splitting test.

Figure 2: Processed granite samples.
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specimen. *erefore, there is no stress-strain relationship
corresponding to the strain under a certain stress condition.

*e mechanical meaning of the strain-stress relationship
is that it reflects the basic dynamic response of the granite
under those strain rate tested.

It should be noticed that the strain here is compressive
strain, while the stress calculated by formulas (3) and (4) is
tensile stress. *erefore, the stress and strain by the com-
pressive strain and tensile stress just mean the loading sit-
uation of the sample corresponding to a certain
displacement during its impact progress. Furthermore, the
rate effect of the granite sample could be well reflected using
the compressive strain, as it is an intrinsic index, which can
fully represent the physical meaning of the rock.

It could be observed from Figure 6 that the dynamic peak
stress gradually increases with the increase of strain rate.
Especially, the peak stress has a good linear relationship with
the strain rate, and the specific expression is as follows:

σ � 0.055_ε + 17.65, (5)

in which _ε is the strain rate, and σ is the dynamic peak stress.
*e correlation coefficient of the fitted lines is R2 � 0.96.

Furthermore, in addition to the peak stress varies with
the strain rate, the peak strain vs. strain rate also should be
studied in deep.

It can be seen from Figure 7 that the dynamic peak strain
increases gradually with the strain rate, and the peak strain
decreases gradually. *e peak strain and strain rate have a
good linear relationship. *e fitting formula is as follows:

ε � −0.157_ε + 97.04, (6)

in which _ε is the strain rate, and ε is the peak strain. *e
correlation coefficient of the fitted lines is R2 � 0.98.

*e peak strain is inversely proportional to the strain
rate; that is, the peak strain decreases gradually with the
increase of strain rate, which indicates that the deformation
capacity becomes worse with the strain rate increases.

3.3. Tensile Sensitivity and Rate Effect Analysis. *e tensile
sensitivity is defined as the ratio of dynamic tensile strength
to static tensile strength.*e tensile sensitivity represents the
sensitivity of rock dynamic tensile strength to strain rate.*e
tensile sensitivity is expressed by St, which is defined as

St �
σt d

σt

, (7)

where σt d is the dynamic tensile strength and σt is the quasi-
static uniaxial tensile strength. *e static uniaxial tensile
strength is calculated as 12.59MPa.

It can be observed from Figure 8 that, in the dynamic
splitting experiment, the tensile sensitivity increases with
strain rate gradually, and it is close to the linear relationship,
which fully indicates that granite is a strain rate sensitive
material.

Figure 9 shows that the dynamic elastic modulus
gradually increases with the increase of strain rate. Espe-
cially, the changing amplitude increases with the increase of
strain rate.
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Figure 4: Dynamic balance for the original data.

Table 1: Impact test results of granite specimens.

V (m/s) _ε(s) εmax σmax(MPa)

5.5 92.12 0.00825 22.76
6 96.75 0.00817 23.13
6.5 95.14 0.00821 22.84
7 110.71 0.00796 23.61
7.5 105.11 0.00809 23.37
8 120.56 0.00786 23.93
8.5 116.11 0.00785 23.86
9 138.64 0.00754 25.23
9.5 122.47 0.00778 24.02
10 139.31 0.00752 25.31
10.5 143.3 0.00745 25.57
11 152.3 0.00728 26.29
11.5 153.7 0.00724 26.45
12 165.7 0.00715 26.82
12.5 165.7 0.00715 26.82
13 183.0 0.0069 27.49
13.5 155.8 0.00718 26.69
14 190.8 0.0067 27.43
14.5 194.8 0.0066 28.52
— — — —
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It can be seen from Figure 10 that, with the increase of
impact velocity, the strain rate gradually increases. *e
impact velocity forced on the granite specimen has a good
linear relationship with the strain rate, which indicates that
granite is a strain rate sensitive material. And the specific
relationship between strain rate and impact velocity is as
follows,

_ε � 27.50 + 11.16 v, (8)

while the correlation coefficient of the fitted lines is R2 � 0.92.

4. Numerical Simulation of Dynamic
Tensile Process

4.1. Dynamic SplittingModel Setup. ABAQUS finite element
program is used to simulate the impact splitting process.*e
finite element model and its mesh generation are shown in
Figure 11.

4.2. Numerical Simulation of Failure Process. *e simulation
process of dynamic splitting could be clearly divided into the
following stages.

(1) *e bullet impact could produce the incident pulse
stress wave in the input bar.

(2) *e dynamic force balance would be established in
the specimen after several reflections.

(3) *e stress wave would be reflected and transmitted
into the input bar and output bar, respectively. *e
whole stress wave propagation process is shown in
Figure 12.

Figure 13 shows the impact splitting failure of granite
measured here. It can be seen that the stress concentration
occurs firstly at the two contact surfaces of the specimen
under the impact stress wave. With the stress concentration
increases, the specimen is cracked under the concentrated
stress.*e crack fractures from the middle of the sample and
propagates to the contact surface until the crack penetrates
through the sample, and then the specimen totally cracked.
When the crack is generated, the stress at both ends of the
crack propagates to both sides in a fan-shaped pattern.

Furthermore, the experimental results are compared
with the simulation. It can be concluded that the cracks are
basically straight under different impact velocities, and the
fractured areas are all near the horizontal diameter of the
specimen.

5. Discussion

Based on Reinhart and Weerheijm [21], the decreased crack
velocity at higher loading rates could increase the rock
strength. As is known, according to the Griffith’s theory, the
crack propagation velocity during stable crack growth is
often estimated to be 0.38 c, in which c is the propagation
velocity of the stress wave. Usually, c was approximately
4000m/s, then the crack propagation velocity was roughly
1500m/s.

V = 5.53m/s

(a)

V = 6.51m/s

(b)

V = 9.52m/s

(c)

V = 12.68m/s

(d)

Figure 5: Failure mode of different impact velocity. (a) Intact. (b) Fractured. (c) Cracked. (d) Broken.
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*e crack propagation velocity decreased at higher strain
rates, leading to a higher dynamic tensile strength. *is
agrees well with Reinhart’s findings and implies that the
dynamic tensile strengths obtained in this study include the

mechanisms related to the crack propagation velocity. In-
deed, the stress wave velocity is faster than the crack
propagation velocity.
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Figure 8: Tensile sensitivity-strain rate.
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Figure 12: *ree stages of the dynamic splitting process.

Figure 11: Dynamic split finite element model.
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Figure 13: Failure mode of specimen under high speed impact.
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*erefore, the dynamic tensile strength based on Hop-
kinson’s effect combined with the spalling phenomena is
influenced by the inhomogeneity of the rock, the stress rate,
and the crack propagation velocity, as well as other factors.

6. Conclusions

*rough the dynamic splitting tensile test under various
loading rate, different mechanical parameters have been
analyzed, and the following conclusions are obtained.

(1) Both the dynamic peak stress and the dynamic peak
strain have a good linear relationship with the strain
rate.

(2) *e tensile sensitivity increases with strain rate
gradually, and it is close to the linear relationship,
which fully indicates that granite is a strain rate
sensitive material.

(3) Using the numerical simulation, the damage area of
the specimen is consistent with the actual failure
mode of the specimen.

(4) *e dynamic tensile strength is influenced by the
inhomogeneity of the rock, the stress rate, and the
crack propagation velocity, as well as other factors.
*emost fundamental reason of the rate effect is that
the stress wave velocity is faster than the crack
propagation velocity.
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+e study of the energy accumulation and rate of release in hard coal under dynamic, static, and coupled dynamic-static loading and its
failure mode is of significance when studying the mechanism underpinning coal mine dynamic disasters such as rock burst, coal, and gas
outburst. In this paper, four experimental methods (uniaxial compression, Brazilian splitting, and coupled dynamic-static tensile and
coupled dynamic-static compression) were used to analyze the energy accumulation, energy rate of release, and failuremodes of this type of
hard coal under different loading conditions. It was concluded that (1) the energy accumulation and rate of releases of this type of hard coal
under static compression are 17.63–179.90 times and 18.57–13157.89 times those under static tension; the energy accumulation and rate of
releases in dynamic compression are 2.11–248.53 and 0.23–48 times those under dynamic tension, respectively. (2) During dynamic
loading, the ratio of compressive energy accumulation to tensile energy accumulation is reduced by 1.6 times compared with static loading,
and the ratio of compressive energy release to tensile energy rate of release is decreased by 363.84 times compared with static loading. (3)
+e energy accumulation and rate of releases of this type of hard coal for dynamic tensile are, respectively, 2.64–17.42 and 1.07–5.26 times
those under static tensile load; the energy accumulation under dynamic compression is greater than that under static compression, being
0.24–15.04 times that under static compressive, but the energy rate of release under dynamic compression is 0.0003–0.56 times that under
static compression. (4)+e greater the prepeak energy accumulation, the greater the degree of damage of the coal sample at each stage, and
also the higher the degree of fragmentation after the failure.+e research results play an important guiding role in further understanding the
mechanism of coal mine dynamic disasters.

1. Introduction

With the increase in the scale of shallow coal mining, coal
mining has gradually developed to a greater depth, and coal
masses are more severely affected by high stress and mining
disturbance, therefore, studying the energy accumulation and
release and failure modes of coal under dynamic, static, and
coupled dynamic-static loading is useful for revealing the
mechanism underpinning coal mine dynamic disasters such as
rock bursts [1, 2], roof falls [3, 4], and coal gas outbursts [5, 6].

Many scholars have used various research methods to
investigate the accumulation and release of coal energy in
response to the occurrence and development of coal mine
dynamic disasters. Wu et al., with the mechanics experi-
mentations of coal samples, analyzed different flexibility
energy and researched quantificationally [7]. Zhang et al.
conducted a numerical modelling study to evaluate the roles
and contributions of different energy components [8]. Vardar
et al. employed the Universal Distinct Element Code (UDEC)
trigon method incorporating inherent discontinuities to
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investigate the changes in the pre- and postpeak behavior as
well as the energy release characteristics of different coal mass
samples [9]. Hao et al. used the stress-strain curve of the
uniaxial compressive test to establish a new bursting liability
evaluation index for coal [10]. Hao et al. considered unsteady
energy release at the postpeak stage and establish a new
brittleness index for hard coal [10]. Tang et al. obtained the
stress thresholds of coal that were in uniaxial and triaxial
compression, discussed the energy evolution during the
compression, and coupled with the crack volumetric strain
[11]. Zhang et al. considered the effects of depth on the in situ
stress environment and physical properties of coal and
conducted triaxial compression experiments on 128 coal
samples that were on this basis, showing that, with increasing
depth, the elastic energy and dissipated energy increase more
rapidly [12]. Lan et al. established the coal and rock system
model based on the tectonic stress and showed that the trend
of released energy of damaged coal has good consistency with
the variation of permeability, and water injection can reduce
the stress concentration and energy concentration of the rock
burst system [13]. Feng et al. studied the relationship between
stress-strain, uniaxial compressive strength, displacement
rate, loading rate, fractal dimension, and energy dissipation
rate through static loads and dynamic loads experiment [14].
Zhang et al. developed a simple and novel analytical solution
to calculate the amount of released energy due to varying joint
density and derived a novel analytical solution to calculate the
amount of released energy in coal with different joint densities
[15].

Studying the failure mode of coal is important to explain
the mechanism of coal mine dynamic disasters. Jiang et al.
pointed out that the inner cracking of hard rock is the root
factor for rock’s large deformation and failure [16]. Deng
et al. analyzed three types of cracks displayed by coal samples
under static load by uniaxial compression system [17]. Wang
et al. performed experimental tests under uniaxial cyclic
load-unload conditions using a microcomputer-controlled
electrohydraulic servo stiffness compressor with acoustic
emission (AE) monitoring to show a meaningful attempt for
predicting coal failure [18]. Li et al.’s qualitative and
quantitative analysis of fractures in anthracites indicated
that their damage evolution process could be divided into
three phases under the uniaxial test and four phases under
the triaxial test [19]. Liu et al. made research on the damage
evolution mechanism of the overall creep failure process of
coal rock under uniaxial and triaxial compression load [20].
Kong et al. performed dynamic impact experiments of gas-
bearing coal which showed that gas flow over the coal surface
will increase shear stress along the fracture surface, in turn
inducing coal fracture [21]. Li et al. set up a static load and
static and dynamic combination load failure test simulation
system, prepared with different particle sizes to study the
characteristics of coal cracks produced in the vibration
failure process [22]. Qin et al. conducted axial loading tests
on three different types of rock specimens (coal, gritstone,
and fine sandstone) and their composite specimens and
found that, in the composite rock strata, a small amount of
energy was stored, and energy accumulation was more
difficult in competent rock with large elastic moduli [23].

Jiang et al. provided a new way to quantitatively assess a
joint’s shear damage [24]. Hao et al. studied the crack de-
velopment pattern of the coal sample by the dynamic-static
tensile experiment [25]. Yang et al. established a new
nonlinear short-term and creep damage model of coal under
conventional triaxial compression [26]. Gong et al. found
that the symmetrical V-shaped failure modes on both
sidewalls under the four stress conditions are in line with the
statistical relationship of the far-field stress state and failure
mode of a deep circular cavern without support [27].

From the above research, it can be found that current
research into coal energy accumulation and release focuses
on the factor of energy accumulation capacity and energy
rate of release of coal, the theory of coal energy migration,
and the development of the brittleness index. Aiming at the
failure mode of coal, the research focuses on the initiation
and development of cracks in the failure stage of coal and the
description of its behavior after failure: however, few have
studied the energy accumulation and release of coal under
different loading conditions and different failure modes.
+ese are important when trying to understand the
mechanism of occurrence of, and preventive measures
against, coal mine dynamic disasters.

In the present research, four experimental methods
(uniaxial compression, Brazilian splitting, dynamic tension,
and dynamic compression under coupled dynamic-static
loading) were adopted to study the mechanical properties of
coal under different load regimes. +rough the analysis of
the stress-strain curve and failure mode, the energy storage
in, and release from, the coal body under different loading
conditions were obtained. +e analysis of coal failure modes
under different loading conditions is of significance to the
prevention and control of coal mine dynamic disasters.

2. Experimental Programme

To study the relationship between the mechanical properties
of hard coal under static tensile, static compressive, dynamic
tensile, and dynamic compressive loads, the classification of
test specimens seen in Table 1 was adopted. +e No. 14 coal
in Xinzhouyao coal mine, Datong City, Shanxi Province,
China, was selected. +e sampled coal is shown in Figure 1.
During the sampling process, the two ends of the sample are
flattened to ensure that the two planes are parallel and
perpendicular to the central axis. A total of 46 samples were
processed in the experiment. After processing, 31 coal
specimens with a height of 25mm and a diameter of 50mm
were formed. Among them, three were used for static tensile
strength testing, 12 for dynamic tensile strength testing, and
15 for dynamic compressive strength testing. At the same
time, 15 specimens with a height of 50mm and a diameter of
25mm were formed for static compressive strength testing.

In order to obtain the stress-strain curve of static tensile,
static compressive, dynamic tensile, and dynamic com-
pressive of the samples, the relevant data are recorded in
time during all the tests, and the crack propagation of the
samples is obtained by high-speed camera in real time. +e
test instrument and the specific operation process are as
follows.
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To measure the static compressive strength of the
samples, uniaxial compression tests were carried out on the
MT815.04 rock mechanics experimental machine in the
Institute of Rock and Soil Mechanics, Chinese Academy of
Science. +e loading rate of the machine is 5.0×10−6mm/s.

+e WDW-100E microcomputer-controlled electronic
universal testing machine was selected for Brazilian testing:
displacement control was selected for load application at
0.02mm/min.

+e dynamic tensile test and dynamic compression test
were conducted using the SHPB system of North China
University of Science and Technology, and an axial pressure
loading device was added at the end of the original SHPB
experimental system to provide static axial prestress. In this
experimental system, the diameters of the incident bar and
transmission bar are both 50mm, the wave velocity is
5667m/s, and the elastic modulus is 250GPa.

3. Test Results

3.1. Static Tensile Test Results. +e stress-strain curves of
Brazilian static tensile samples are shown in Figure 2. It can
be seen from the figure that the static tensile strength of the
sample undergoes four stages: compaction, elasticity, yield,
and failure. Among them, the compaction and linear elastic
phase of the sample account for a large proportion, while the

yield stage is very short. After reaching peak strength, the
curve first drops rapidly and then rises slowly, but the
amplitude change is not obvious, but then drops rapidly,
showing a step-down change, and finally, the sample is
destroyed.

+e crack initiation and propagation characteristics of
the sample during static tension in the Brazil test (as cap-
tured by camera) are shown in Figure 3. Each sample can be
divided into seven stages to failure. With increasing load, the
primary cracks in the sample are compacted, and the cracks
appear in the sample, and then, the cracks widen and in-
crease in length. With the continuous development of
cracks, many cracks on the surface of the sample begin to
penetrate, which leads to the penetrating fracture of the
sample. Finally, when the load increases to a certain strength,
the sample fails.

3.2. Static Compression Test. +ere are 15 groups of static
compression test, and the stress-strain curves are shown in
Figure 4. +e stress-strain curve of the static compression
test is similar to that of the Brazilian static tensile stress-
strain curve, which can be roughly divided into four stages:
compaction, elasticity, yield, and failure. It can be seen that
the compaction and linear elastic phase of the sample ac-
count for a large proportion, and the curve rises until it

Table 1: Sample grouping and loading situation.

Number
Test method

Dynamic loading Static loading
B-1 B-2 C-7 F-1 F-3 F-4 D-1 Dynamic compressive None
D-3 D-4 D-5 E-1 E-2 E-3 E-4 E-7 Dynamic compressive 60% of the static compressive strength
A-1 A-3 A-6 A-7 Dynamic tensile None
B-4 B-5 B-6 B-7 Dynamic tensile 30% of the static tensile strength
C-1 C-2 C-5 C-6 Dynamic tensile 60% of the static tensile strength
Z1 Z2 Z3 Z4 Z5 Z6 F1 F2 F3 F4 F6 N1 N2 N3 N4 None Static compressive
S1 S2 S3 None Static tensile

σ

σ

σ

σ

σ

P

P

P P P

Static load

Dynamic load

(a) (b) (c) (d)

Figure 1: Schematic diagram of different loading modes (in which, (a) represents the test of uniaxial compression, (b) represents the test of
Brazilian split, (c) represents the test of dynamic tensile, and (d) represents the test of dynamic compressive).
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reaches the peak intensity; however, some specimens
exhibited a small drop before reaching peak strength, such as
specimens F2, F3, and N4. After reaching the peak intensity,
the curves show a step-down drop. Finally, the sample is
destroyed, and the bearing capacity dropped.

+e crack initiation and propagation characteristics of
the samples during static compression testing are shown in
Figure 5. Each sample can be divided into five stages to
failure. With increasing load, the primary cracks in the
sample are compacted. +ere is no obvious crack on the
surface of sample, but the sample expanded. With the
gradual closure of primary cracks and the continuous ex-
pansion of the sample, cracks begin to appear on the surface
of the samples. With increasing load, the cracks begin to
penetrate. Finally, the load increases until reaching the
strength of the sample at failure.

3.3. Results of Dynamic Tensile Strength Testing. +e stress-
strain curve of the coal sample dynamic tensile test is shown
in Figure 6. Overall, as the strain of the coal sample con-
tinues to increase, the stress on the sample also continues to
increase until it reaches the peak strength whereafter the
drop is relatively gentle. And the prepeak rising rate of the
dynamic tensile curve shows a downward trend with the
increase of strain which is different from static tensile, and
there is no step-down shape in the postpeak stage.

+e characteristics of crack initiation and propagation of
the sample in the dynamic tensile process are shown in
Figure 7. In the process of dynamic tensile test, the sample
can be divided into the following seven stages to failure. +e
picture shows specimens A-1, B-4, and C-5 taken by high-
speed cameras at different stages during the test. Take B-4 as
an example: at 0 μs, the bullet penetrates the sample. At
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Figure 4: Stress-strain curve: static compression test.
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210 μs, crack initiation occurs; at 293 μs, the crack begins to
widen; at 405 μs, the crack length begins to increase; at
405 μs, multiple cracks began to penetrate; at 885 μs, the
sample broke through; and the sample failed at 1530 μs.
From the occurrence of the first cracking to complete failure
of the sample, it takes 1268 μs for sample A-1, 1320 μs for
sample B-4, and 825 μs for sample C-5. According to the
analysis of the dynamic tensile stress-strain curve, when the
sample is subject to a static axial prestress of 30% σt, the
dynamic tensile strength of the coal sample is higher than
when there is no static axial prestress and 60% σt static axial

prestress, so the time to the destruction of sample B-4 is
longer than that of samples A-1 and C-5, which corroborates
the previous conclusions.

3.4. Results of Dynamic Compressive Strength Testing. +e
dynamic compressive stress-strain curve of the sample is
shown in Figure 8. +e dynamic compression curve shows
an overall upward trend in the prepeak stage, and some
samples (F-3, F-4) dropped slightly before reaching peak
intensity. +e curve drops slowly after reaching the peak,
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Figure 6: Stress-strain curve of the dynamic tensile test. (a) Axial static load of 0MPa. (b) Axial static load of 0.289MPa. (c) Axial static load
of 0.578MPa.
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which is equivalent to the rising rate of the prepeak curve.
Different from the static compressive curve, the prepeak
rising rate of the dynamic compression curve shows a
downward trend with the increase of strain, and there is no
step-down shape in the postpeak stage.

+e characteristics of crack initiation and propagation of
the sample in the dynamic compression process are shown
in Figure 9: the sample can be divided into the following five
stages to failure. +e picture shows specimens C-7, F-3, and
F-4 (as captured by high-speed camera) at different stages
during the test. Take F-3 as an example: at 0 μs, the bullet
penetrates the sample. At 98 μs, crack initiation occurs. At
165 μs, the crack length begins to increase. At 315 μs,
multiple cracks begin to penetrate, and at 743 μs, the sample
failed. From the time of occurrence of cracking to the
complete destruction of the sample, sample C-7 takes the
shortest time, at only 750 μs; sample F-4 takes the longest

time at 16,140 μs; and the time to failure for sample F-3 is
645 μs. It can be seen from Table 1 that sample C-7 has the
highest impact velocity, followed by sample F-3, and sample
F-4 has the lowest impact velocity. So it can be seen from
Figure 9 that the greater the impact velocity, the shorter the
sample failure time; and in each stage of sample failure, the
greater the impact velocity, the greater the damage to the
sample.

4. Analysis

4.1. Difference of the Stress-Strain Curve under Static and
Dynamic Tensile. +e stress-strain curve comparison be-
tween dynamic tensile tests (specimens A-1, A-3, A-6, and
A-7) and static tensile tests (S1, S2, and S3) without static axial
prestress is shown in Figure 10: the prepeak nonlinear elastic
phase and linear elastic phase show that the dynamic tensile
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Figure 8: Stress-strain curve: dynamic compressive testing. (a) A static axial prestress of 0MPa. (b) A static axial prestress of 12MPa.
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curve lasts longer than the static tensile curve at the applied
load rates, and the slope of the dynamic tensile curve
decreases with increasing strain, while the slope of the static
tensile curve increases with increasing strain. In the
postpeak failure stage, the static tensile test data present a
sharp drop and slow rise (a step-down shape), while the
curve of dynamic tensile drops more slowly.+e peak of the
dynamic tensile curve appears at a strain of 0.005∼0.016,
and the peak of the static tensile curve appears at a strain of
0.007∼0.009.+e static tensile strength is between 0.08MPa
and 0.13MPa, and the dynamic tensile strength is between
2.5MPa and 5.5MPa.

4.2. Difference in the Stress-Strain Curve under Static and
Dynamic Compression. +e comparative relationship be-
tween the dynamic compression curve and the static
compression curve without static axial prestress is shown in
Figure 11. In the prepeak nonlinear and linear elastic phases,
the slope of the dynamic compression curve (F-1, B-1, D-1,
and D-2) decreases with increasing strain, while the slope of
the static compression curve (Z1, Z2, and Z4) increases with
increasing strain. In the postpeak failure stage, the dynamic
compression curve falls more gently, and the static com-
pression curve shows a sharp drop or a step-down trend.+e
peak of the dynamic compression curve appears at a strain of
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0.015∼0.035, and its average dynamic compressive strength
is 61.95MPa, while the peak of the static compression curve
appears at a strain of 0.018∼0.021, and its average static
compressive strength is 45.19MPa. A comparison of the two
sets of curves shows that the dynamic compressive strength
of the coal sample is higher than the static compressive
strength of the coal sample, and the strain at the peak of the
dynamic compression curve is greater than the strain at the
peak of the static compression curve.

4.3. Differences of Crack Initiation and Propagation Processes
under Dynamic and Static Load. Comparing the crack ini-
tiation and propagation process of the static (Figure 3) and
dynamic (Figure 7) tensile samples, it is found that all the
samples have cracks in the loading direction at the crack
appearance stage, but dynamic tensile test specimens have a
greater degree of crack initiation than samples under static
tensile load. At the crack widening stage, the crack width of
the dynamic tensile sample is greater than the width of static
tensile cracks, and in the loading direction, new small cracks
are being generated under dynamic load. As cracking in-
creases, the number of cracks in the dynamic tensile sample
increases more than in static tensile samples, and cracks
normal to the loading direction appear under dynamic load.
At the crack penetration stage, the crack penetration of
dynamic tensile samples was more severe. After failure, the
dynamic tensile test specimens were broken into four or five
pieces, and static tensile test specimens were broken into two
pieces: the damage was more severe than that to static tensile
test specimens.

Comparing the crack initiation and propagation process
of the static (Figure 5) and dynamic (Figure 9) compression
samples, it is found that, at the volume expansion stage, the
volume expansion of the dynamic compression samples
exceeded that of the static compression samples, and cracks
have appeared at the tip of the force under dynamic loading.
At the onset of cracking, the main crack that appears in the

process of dynamic compression is longer and wider, and
there are other small cracks generated around the main
crack, while, in the static compression process, only one
small main crack appears. At the crack penetration stage, the
crack penetration of dynamic compression samples is more
severe. After samples fail, the dynamic compression samples
are broken into powders, while the static compression
samples can retain their basic shape, and the degree of
damage to dynamic compression test samples is more severe
than that under static compression.

5. Discussion

+e study of the prepeak energy accumulation and the
postpeak rate of release of energy is of significance when
trying to understand the mechanism underpinning coal mine
dynamic disasters. According to the law of conservation of
energy, the value of the work done by the external force on the
object is equal to the magnitude of the energy change in the
object.+erefore, the prepeak energy accumulation of the coal
sample is equal to the work done by the press on the sample,
that is, the prepeak energy accumulation of the coal; from the
perspective of energy release, the magnitude of the unsteady
rate of release of postpeak energy of the coal sample can be
characterised by the absolute value of the slope of the line
between the peak strength and the residual strength during
the postpeak stress-drop (Figure 12 and Table 2).

5.1. Comparison of Prepeak Energy Accumulation and Rate of
Release of Coal

5.1.1. Comparison of Energy Accumulation and Release under
Static Tensile and Compressive Load. As can be seen from
Table 2, the prepeak energy accumulation ranges from 0.085
to 0.42456 J·m−3 under static compression, and the average
energy accumulation is 0.219 J·m−3; the prepeak energy
accumulation ranges from 0.00236 to 0.00482 J·m−3 under
static tension, and the average energy accumulation is
0.00387 J·m−3. +e prepeak energy accumulation during
static compression is much higher than the prepeak energy
accumulation during static tension. +e prepeak energy
accumulation during static compression is 17.63–179.90
times the prepeak energy accumulation during static ten-
sion, with an average of a 56.59-fold increase. In terms of
postpeak energy rate of release, the rate of release of static
compression samples ranges from 5.2×103–2.5×106, with
an average of 2.0×105, while the rate of release of static
tensile samples ranges from 1.9×102–2.8×102, with an
average of 2.3×102. +e postpeak energy rate of release of
static compressive samples is 18.57–13157.89 times the
postpeak energy release of static tensile samples, with an
average of 869.57 times. +e comparison of the aforemen-
tioned data indicates that this type of hard coal can store
more energy under compression than under tension.

5.1.2. Comparison of Energy Accumulation and Release
under Dynamic Tension and Compression of Coal. As seen
from Table 2, the prepeak energy accumulation ranges from
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0.00595 to 0.0482 J·m−3 during dynamic tension, with an
average energy accumulation of 0.0234 J·m−3; the prepeak
energy accumulation ranges from 0.1017 to 1.47878 J·m−3

during dynamic compression, with an average energy ac-
cumulation of 0.836 J·m−3. +e energy accumulation during
dynamic compression is greater that during dynamic ten-
sion. +e prepeak energy accumulation during dynamic
compression is 2.11–248.53 times the prepeak energy ac-
cumulation during dynamic tension, with an average of
35.72 times. Compared with the above conclusions, it is
found that the ratio of prepeak energy accumulation to
tensile prepeak energy accumulation is reduced by nearly 1.6
times during dynamic loading. In terms of postpeak energy
release, the postpeak energy rate of release of dynamic
compression ranges from 7.5×102–2.9×103, with an aver-
age rate of release of 1.7×103, while the postpeak energy rate
of release range of dynamic tensile samples ranges from
6.0×101–3.2×103, with an average rate of release of
7.1× 102. +e postpeak energy rate of release under dynamic
compression is 0.23–48 times the postpeak energy rate of
release under dynamic tension, with an average of 2.39
times. After a comparison of the above data, during dynamic
loading, the energy stored in this type of hard coal under
compression is still greater than that under tension.

5.1.3. Comparison of Energy Accumulation and Release under
Different Loading Conditions for Coal. As seen from Table 2,
the prepeak energy accumulation ranges from 0.01272 to
0.0441 J·m−3 during dynamic tension, with an average
prepeak energy accumulation of 0.0279 J·m−3. +e prepeak
energy accumulation ranges from 0.00236 to 0.00482 J·m−3

during static tension, with an average prepeak energy ac-
cumulation of 0.00387 J·m−3. +e dynamic tensile prepeak
energy accumulation peak is 2.64–17.42 times the static
tensile prepeak energy accumulation, with an average of 7.21
times. In terms of postpeak energy rate of release, the
postpeak energy rate of release from dynamic tensile samples

ranges from 3.0×102–1.0×103, with an average rate of re-
lease of 5.66×102, while the rate of release from static tensile
samples ranges from 1.9×102–2.8×102, with an average of
2.3×102. +e postpeak energy rate of release from dynamic
tensile samples is 1.07–5.26 times that from static tensile
samples, with an average of 2.41 times.

+e prepeak energy accumulation ranges from 0.10171 to
1.27806 J·m−3 during dynamic compression, with an average
prepeak energy accumulation of 0.714 J·m−3. +e prepeak
energy accumulation ranges from 0.085 to 0.42456 J·m−3

during static compression, with an average prepeak energy
accumulation of 0.219 J·m−3. +e dynamic compressive
prepeak energy accumulation is 0.24–15.04 times that of the
static compressive prepeak energy accumulation, with an
average of 3.26 times. In terms of postpeak energy rate of
release, the postpeak energy rate of release from dynamic
compressive samples ranges from 7.5×102–2.9×103, with
an average rate of release of 2.0×103, while the rate of release
from static compressive samples ranges from 5.2×103 to
2.5×106, with an average of 2.0×105. +e postpeak energy
rate of release from dynamic compressive samples is
0.0003–0.56 times that from static compressive samples,
with an average of 0.01 times.

A comparison of the above data shows that the energy
accumulation increases in the case of dynamic loading;
however, the increase in accumulated energy during
dynamic tension is greater than that during dynamic
compression (by about 2.21 times), which also confirms
the conclusion in Section 5.1.2. +e rate of release of
energy during dynamic tension is greater than that during
static tension, and the rate of release of energy during
dynamic compression is lower than that during static
compression.

5.1.4. Influence of Axial Prestress on the Energy Accumu-
lation and Release. As shown in Table 2, when the axial
prestress is zero, the dynamic tensile prepeak energy
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accumulation ranges from 0.01272 to 0.0441 J·m−3, with an
average prepeak energy accumulation of 0.0279 J·m−3. +e
postpeak rate of release of energy ranges from
3.0×102–1.0×103, with an average of 5.6×102. When the
axial prestress is 30% σt, the dynamic tensile prepeak energy
accumulation ranges from 0.00772 to 0.04553 J·m−3, with an
average of 0.0254 J·m−3. +e postpeak rate of release of
energy ranges from 1.5×102–3.2×103, with an average of
1.2×103. When the axial prestress is 60% σt, the dynamic
tensile prepeak energy accumulation ranges from 0.00595 to
0.02801 J·m−3, with an average of 0.0169 J·m−3. +e postpeak
energy rate of release ranges from 5.0×101–5.2×102, with an
average of 3.6×102. In the case of dynamic tension, for this
type of hard coal, the prepeak energy accumulation grad-
ually decreases with increasing axial prestress within a

certain range. +e postpeak rate of release of energy in-
creases with the axial prestress within a certain range and
decreases with the increase of axial prestress after exceeding
a certain threshold.

When the axial prestress is zero, the prepeak energy
accumulation during dynamic compression ranges from
0.19908 to 1.27806 J·m−3, with an average of 0.714 J·m−3. +e
postpeak rate of release of energy ranges from
1.1× 103–2.9×103 J·m−3, with an average of 2.0×103 J·m−3.
When the axial prestress is 40% σc, the prepeak energy
accumulation during dynamic compression ranges from
0.37796 to 1.47878 J·m−3, with an average of 0.942 J·m−3.+e
postpeak rate of release of energy ranges from
7.5×102–2.1× 103, with an average of 1.4×103. In the case of
dynamic compression, for this type of hard coal, the prepeak

Table 2: Calculation results of energy accumulation and release rate under different loading states of coal.

Number
Axial

prestress
(MPa)

Prepeak energy
accumulation (J·m−3)

Unsteady release
rate of postpeak

energy
Number Loading

method
Prepeak energy

accumulation (J·m−3)

Unsteady release
rate of postpeak

energy
Dynamic compressive Static compressive

B-1 0 0.81876 2.1× 103 Z1 Uniaxial
compression 0.39206 5.2×104

B-2 0 0.91154 1.1× 103 Z2 Uniaxial
compression 0.33203 5.1× 104

C-7 0 0.89884 2.5×103 Z3 Uniaxial
compression 0.40908 1.8×104

F-1 0 1.27806 2.8×103 Z4 Uniaxial
compression 0.34479 1.2×104

F-3 0 0.19908 2.9×103 Z5 Uniaxial
compression 0.30413 2.1× 105

F-4 0 0.1017 1.7×103 Z6 Uniaxial
compression 0.42456 2.5×106

D-1 0 0.79244 1.1× 103 F1 Uniaxial
compression 0.10732 5.2×103

D-3 40% σc 0.75666 1.7×103 F2 Uniaxial
compression 0.10201 9.0×103

D-4 40% σc 0.49132 1.0×103 F3 Uniaxial
compression 0.11466 4.1× 104

D-5 40% σc 0.37796 1.3×103 F4 Uniaxial
compression 0.12371 5.5×104

E-1 40% σc 1.25233 1.4×103 F6 Uniaxial
compression 0.18963 5.0×103

E-2 40% σc 1.22993 1.8×103 N1 Uniaxial
compression 0.11253 1.2×104

E-3 40% σc 1.47878 2.1× 103 N2 Uniaxial
compression 0.11452 1.6×104

E-4 40% σc 0.86412 7.5×102 N3 Uniaxial
compression 0.12217 3.3×104

E-7 40% σc 1.08444 1.1× 103 N4 Uniaxial
compression 0.08508 5.4×103

Dynamic tensile Static tensile
A-1 0 0.02 3.2×102 S1 Brazil split 0.00442 2.8×102

A-3 0 0.03463 1.0×103 S2 Brazil split 0.00482 1.9×102

A-6 0 0.0441 5.7×102 S3 Brazil split 0.00236 2.2×102

A-7 0 0.01272 3.0×102 Dynamic tensile
B-4 30% σt 0.03015 3.2×103 C-1 60% σt 0.00595 6.0×101

B-5 30% σt 0.01809 2.9×102 C-2 60% σt 0.02353 5.2×102

B-6 30% σt 0.00772 1.5×102 C-5 60% σt 0.01023 4.0×102

B-7 30% σt 0.04553 1.1× 103 C-6 60% σt 0.02801 4.6×102
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energy accumulation gradually increases with the axial
prestress within a certain range. +e postpeak rate of release
of energy decreases with increasing of axial prestress beyond
a certain threshold.

6. Conclusion

In the present research, the prepeak energy accumulation
and postpeak energy release behaviors of this type of hard
coal under different loading conditions are obtained.
Combining the aforementioned data with the failure mode
of the sample, the conclusions are as follows:

(1) Under static loading, for this type of hard coal, the
static compression prepeak energy accumulation is
17.63–179.90 times that under static tension. +e
static compression postpeak rate of release of energy
is 18.57–13157.89 times that under static tension.

(2) Under dynamic loading, for this type of hard coal, the
dynamic compression prepeak energy accumulation
is 2.11–248.53 times that under dynamic tension. +e
dynamic compression postpeak energy release rate is
0.23–48 times that under dynamic tension.

(3) During dynamic loading, the compression prepeak
energy accumulation and postpeak energy release
rate are both greater than that under tension, but the
ratio of energy accumulation in compression to that
under tension is 1.6 times lower than that under
static load.+e ratio of compression postpeak energy
release rate to that under tension is 363.84 times
lower than that under static load.

(4) +e dynamic tensile prepeak energy accumulation,
for this type of hard coal, is 2.64–17.42 times that
under static tensile load. +e dynamic tensile post-
peak energy release rate is 1.07–5.26 times that under
static tensile load. Under dynamic tension, the
prepeak energy accumulation and the postpeak
energy release rate both increase compared with that
under static tension.

(5) +e dynamic compressive prepeak energy accumu-
lation is 0.24–15.04 times the static compressive
energy accumulation. +e dynamic compressive
postpeak energy release rate from the specimen is
0.0003–0.56 times that under static compression.
Under dynamic compression, the prepeak energy
accumulation increases compared with that under
static compression, and the postpeak energy release
rate is lower than that under static compression.

(6) +e order of the damage degree of this type of hard
coal sample is dynamic compression, static com-
pression, dynamic tension, and static tension. Which
is the same as the order of the prepeak energy ac-
cumulation. It shows that the prepeak energy ac-
cumulation is positively related to the damage degree
of the coal sample. +e greater the prepeak energy
accumulation, the greater the degree of damage of
the coal sample, also the higher the degree of frag-
mentation after the failure.
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Conventional triaxial strength criteria are important for the judgment of rock failure. Linear, parabolic, power, logarithmic,
hyperbolic, and exponential equations were, respectively, established to fit the conventional triaxial compression test data for 19
types of rock specimens in the Mohr stress space. .en, a method for fitting the failure envelope to all common tangent points of
each two adjacent Mohr’s circles (abbreviated as CTPAC) was proposed in the Mohr stress space. .e regression accuracy of the
linear equation is not as good as those of the nonlinear equations on the whole, and the regression uniaxial compression strength
(σc)r, tensile strength (σt)r, cohesion cr, and internal frictional angle φr predicted by the regression linear failure envelopes with the
method for fitting the CTPAC in the Mohr stress space are close to those predicted in the principal stress space. .erefore, the
method for fitting CTPAC is feasible to determine the failure envelopes in the Mohr stress space..e logarithmic, hyperbolic, and
exponential equations are recommended to obtain the failure envelope in the Mohr stress space when the data of tensile strength
(σt)t are or are not included in regression owing to their higher R2, less positive x-intercepts, and more accurate regression
cohesion cr. Furthermore, based on the shape and development trend of the nonlinear strength envelope, it is considered that
when the normal stress is infinite, the total bearing capacity of rock tends to be a constant after gradual increase with decreasing
rates. .us, the hyperbolic equation and the exponential equation are more suitable to fit triaxial compression strength in a higher
maximum confining pressure range because they have limit values. .e conclusions can provide references for the selection of the
triaxial strength criterion in practical geotechnical engineering.

1. Introduction

.e Mohr-Coulomb strength criterion has been widely
applied in rock engineering. Cohesion c and internal friction
angle φ obtained from the conventional triaxial compression
tests are commonly used as strength parameters of rock.
Rock is a kind of anisotropic material with natural fractures
and defects, and inaccuracies, such as loading cell friction,
end plate roughness, and membrane stiffness, are inevitable
in the triaxial compression tests, so it is hard for Mohr-
Coulomb failure envelope to be tangent to all Mohr’s circles
[1–4]. Many scholars put forward various methods to obtain
more accurate strength parameters of rock. Stafford et al. [4]
suggested a method of resorting to a plot of (σ1–σ3)/2 against

(σ1 + σ3)/2 for each test and drawing the best fitting straight
line through the points and then deriving c and φ from this
as shown in Figure 1(a). Another commonmethod is to use a
linear equation to fit the relationship between the major
principal stress σ1 and the minor principal stress σ3 at failure
with the least square method as shown in Figure 1(b), and
then 6∼8 points are equidistantly selected on the regression
line to determine Mohr’s circles. Finally, the linear regres-
sion failure envelope can be drawn based on the common
tangent points of all Mohr’s circles, and thus c and φ can be
obtained as shown in Figure 1(c). Yang et al. [6] presented a
linear equation obtained by fitting the relationship between
σ1 and σ3 with the least square method, in which the slope
and the y-intercept of the regression line are obtained, and c

Hindawi
Advances in Civil Engineering
Volume 2020, Article ID 8858363, 13 pages
https://doi.org/10.1155/2020/8858363

mailto:18336860596@163.com
https://orcid.org/0000-0002-7238-4109
https://orcid.org/0000-0003-1184-9328
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8858363


and φ can be further calculated. Wang firstly calculated the
coordinates of common tangent points on each two Mohr’s
circles, and then c and φ can be predicted by fitting a straight
line to all the common tangent points with the least square
method [5]. For example, in Figure 1(d), there are three
Mohr circles, three common tangent lines, and six common
tangent points, which are used to obtain the linear regression
failure envelope.

With the increasing depth in geotechnical engineering,
the rock failure mechanism changes, and the brittle rock
under a low confining pressure gradually presents ductile
failure feature under a higher confining pressure [7].
Moreover, the differential stress (σ1–σ3) at failure of rock
would approach being a constant, and the dip angle of the
failure plane is close to π/4 when the maximum confining
pressure becomes high enough [8]. In this case, the inac-
curacy is quite large using a linear equation to obtain the
failure envelope, so that the above-mentioned methods of
determining linear strength envelopes are unavailable.
.erefore, the nonlinear equations are needed to fit the test
data. Specifically, when using Wang’s method to get c and φ,
the slope of common tangent line is relatively steep for two
adjacent Mohr’s circles under low confining pressures, and
then it gradually tends to be gentle with the increase in
confining pressure. .eoretically, for two nonadjacent
Mohr’s circles, the farther the distance between them, the

smaller the slope of common tangent line. Moreover, the
common tangent points will significantly differ from those
on the adjacent Mohr’s circles, which may result in an
unavailable failure envelope. .us, the common tangent
points on only two adjacent Mohr’s circles (CTPAC) are
adopted here to obtain the failure envelope. In particular, we
use only four common tangent points 1, 3, 4, and 6 generated
from the two common tangent lines L1 and L2 and three
Mohr’s circles to obtain the rock failure envelope as shown
in Figure 1(d).

As mentioned above, the nonlinear strength envelope
can obtain a better fitting accuracy and reflects the bearing
characteristics of rock more accurately in a larger range of
the maximum confining pressure. Many studies have been
conducted on the nonlinear strength criteria [8–13], in
which You compared 16 strength criteria composed of one,
two, and three parameters, respectively. In this paper, some
empirical equations for conventional triaxial strength cri-
teria of intact rock are proposed and studied comparatively.
From the review authored by Cartrin [14], most empirical
formulas of strength criteria are simple elementary function
forms, such as power function, exponential function, and
logarithmic function, and most of them are in the form of
power function. Among them, linear function, parabolic
function, and hyperbolic function can be regarded as the
variation form of power function. .erefore, this paper
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Figure 1: Methods of obtaining strength criteria. (a).emethod by Stafford et al. [4]. (b) A linear curve in the commonmethod. (c) Mohr’s
circles in the common method. (d) .e method by Wang [5].
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mainly focuses on the applicability of linear equation,
parabolic equation, power equation, logarithmic equation,
hyperbolic equation, and exponential equation in describing
the intact rock strength criterion. Finally, more suitable
empirical equations are recommended based on the bearing
mechanism of rock.

2. Conventional Triaxial Strengths and
Empirical Equations

2.1. Test Data of Conventional Triaxial Strengths. Table 1
shows σ1 and σ3 at failure of red sandstone (RS) [15], Tyndall
limestone (TL) [16], Lac du Bonnet granite (LG) [16],
Dunham dolomite (DD) [17], Inada granite (IG) [17],
Mizuho trachyte (MT) [17], Marazuru andesite (MA) [17],
Orikable monzonite (OM) [17], Bunt sandstone (BS) [18],
Yamaguchi marble (YM) [18], Solnhofen limestone (SL)
[18], Carrara marble (CM) [18], Granite (G) [19], Quartzite
(Q) [19], and Basalt (B) [19].Moreover, σ1 and σ3 at failure of
powder-grained marble (PGM), fine-grained marble (FGM),
middle-grained marble (MGM), and coarse-grained marble
(CGM) were obtained using RMT-150B rock mechanics test
machine and are also shown in Table 1.

When the test data of uniaxial tensile strength (σt)t and
uniaxial compressive strength (σc)t are included in the pa-
rameters calculation of the Hoek-Brown strength criterion, a
better fitting result than that using only the triaxial data can
be obtained [9]. .erefore, whether the tensile strength data
(σt)t should be included in regression is discussed here, and
the tensile strengths of seven kinds of rock are listed in
Table 1.

.e marble samples were collected from a quarry in
Nanyang City, Henan Province, and the main minerals are
calcite, dolomite, and magnesite. According to the re-
quirements of the International Society of Rock Mechanics
(ISRM), the standard cylindrical specimens with the di-
ameter of 50mm and the length of 100mmwere prepared, as
shown in Figure 2(a).

After treating P wave testing on rock specimens with the
ultrasonic detector (Figure 2(b)), a serious test of uniaxial
compression, Brazilian splitting and triaxial compression
were conducted using the RMT-150B electrohydraulic servo
rock mechanics testing system developed by Wuhan Insti-
tute of Geotechnical Engineering, Chinese Academy of
Sciences (Figure 2(c)). .e basic mechanical parameters of
rock, such as uniaxial compressive strength, tensile strength,
internal friction angle, cohesion, elastic modulus, and
Poisson’s ratio, were obtained, as shown in Table 2..e axial
and lateral loading capacities of this system are 100 t and 50 t,
respectively. One vertical displacement sensor with the
stroke of 20mm was used to monitor the axial deformation
of rock specimen, and two horizontal displacement sensors
with the stroke of 2.5mm were used to monitor the
transverse deformation of rock specimen.

2.2. Empirical Equations. Six equations (linear, parabola,
power, logarithm, hyperbola, and exponent) were used here
to fit the failure curves, respectively, in theMohr stress space.

When the conventional strength criteria are fitted to CTPAC
in the Mohr stress space, it should be ensured that each two
adjacent Mohr’s circles cannot wrap each other, because
their common tangent points are not obtained. Besides, the
latter Mohr’s circle (the center is located on the right side)
should be removed in regression if its diameter is smaller
than that of a former one (the center is located on the left
side), because it is unreasonable that the common tangent
points locate on the right side of the vertex of aMohr’s circle.
.e removed data in specimens MA, SL, Q, B, and PGM
were marked with ∗ as shown in Table 1.

.e linear equation is

τ � a1σ + b1, (1)

where a1 and b1 are the regression.
.e parabolic equation is

τ �

���������

a2 σ − b2( 



, (2)

where a2 and b2 are the regression constants and a2> 0,
x> − b2, and σ > b2.

.e power equation is

τ �
σ − d3

a3
 

1/b3
, (3)

where a3, b3, and d3 are regression constants and a3> 0,
b3> 1, and σ > d3.

.e logarithmic equation is

τ � a4 ln σ + b4(  + d4, (4)

where a4, b4, and d4 are regression constants and a4> 0.
.e hyperbolic equation is

τ �
1
a5

1
σ − d5

+
1

a5b5
 

− 1

, (5)

where a5, b5, and d3 are regression constants and a3> 0 and
σ > d3. .e slope of regression failure envelope k,
k5 � a3

5b
2
5/(x + a5b5d5)

2, decreases with increasing σ. When
σ �∞, k� 0, and τ � b5, the radius of the ultimate Mohr’s
circle in Mohr stress space b3 does not increase with σ.

.e exponential equation is

τ � a6 1 − e
− σ/b6  + d6, (6)

where a6, b6, and d6 are regression constants, and a6> 0 and
b6> 0. In the Mohr stress space, the slope of regression
failure envelope k decreases with increasing σ. When σ �∞,
k� 0, τ � a6 + d6, and y � a6 + d6, the radius of the ultimate
Mohr’s circle in the Mohr stress space does not increase with
σ3.

3. Regression Results of Linear
Strength Criterion

In this paper, the newly added subscript t expresses the test
values, the subscript r expresses the regression values, the
subscript m expresses the values in the Mohr stress space,
and the subscript p expresses the values in the principal
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Figure 2: Specimen and test equipment: (a) marble specimen; (b) ultrasonic detector; (c) RMT-150B rock mechanical test system.

Table 1: Conventional triaxial compression strengths (MPa).

Rock σ3 and σ1 at failure

RS [15] σ3 −3.46 0 2.5 5 10 15 20 25 30 35
σ1 0 68 83.1 100.9 130.3 153.4 172.3 200.3 212.1 238.3

TL [16] σ3 −3.8 0 5 10 15 20 25 30 35 40
σ1 0 52 88 106 118 137 149 164 176 190

LG [16] σ3 −13 0 4 5 7 10 12 14 18 21 25 30 35 40
σ1 0 226 289 317 337 365 396 426 445 487 528 571 593 637

DD [17] σ3 0 25 45 60 65 85 105 125
σ1 262 400 487 540 568 620 682 725

IG [17] σ3 0 20 40 70 100 150 200 230
σ1 229 508 692 860 1013 1168 1374 1497

MT [17] σ3 0 15 30 45 60 75 100
σ1 100 196 259 302 341 368 437

MA [17] σ3 0 16 20 40 70 100 110 130∗
σ1 140 349 372.5 552 671 806 875 881

OM [17] σ3 0 5 20 40 80 140 200
σ1 234 339 504 584.7 751.3 962 1107

BS [18] σ3 0 6 12.5 25 40 55 70 85 100 150 200
σ1 81 113 130 175 210 246 272 295 324 397 454

YM [18] σ3 0 5 10 20 30 40 50 60 70 80 90 100
σ1 60 100 122 154 193 221 253 275 310 323 346 361

SL [18] σ3 0 6 15 24 46 72 111 162 195∗ 304∗
σ1 293 335 360 381 426 467 518 558 595 709

CM [18] σ3 0 25 50 68.4 85.5
σ1 137 234 314 358 404

G [19] σ3 0 32 100 120 150 200 300 400 500 600
σ1 233 630 1030 1180 1310 1380 1670 2135 2320 2650

Q [19] σ3 0 100 300 400∗ 500
σ1 327 1297.5 2430 2480 2986

B [19] σ3 0 150 200 300∗ 400 500 550 600∗
σ1 349 1455 1400 1490 1860 2020 2320 2340

PGM σ3 −1.78 0 5 10 15 20 25∗
σ1 0 141.68 176.86 192.2 204.31 221.7 225.8

FGM σ3 −2.826 0 5 10 15 20 25
σ1 0 70.93 95.52 107.9 118.34 133.3 146.3

MGM σ3 −2.137 0 5 10 15 20 25
σ1 0 65.17 94.33 119.4 131.81 143 152.4

CGM σ3 −1.568 0 5 10 15 20 25
σ1 0 48.38 72.3 90.03 96.52 113.2 122.5

∗Removed when fitting a strength envelope in the Mohr stress space.
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stress space. Moreover, the subscript umeans that (σt)t is not
included in regression, while the subscript imeans that (σt)t
is included in regression. For example, (σt)t means a test
tensile strength value of a rock specimen, and (σc)rmu means
a regression compressive strength value of a rock specimen
obtained in the Mohr stress space with (σt)t not being in-
cluded in regression.

.e linear strength criterion is most commonly used in
geotechnical engineering. .us, it is necessary to analyze the
following contents, including the regression results of the
linear equation in the Mohr stress space and in the principal
stress space, the influences of (σt)t contained in regression on
the validity of regression, and the applicability of fitting
strength envelopes to CTPAC in the Mohr stress space.

3.1. Regression Squared Correlation Coefficient. Figure 3
shows the regression squared correlation coefficients R2 of
linear equation in two different stress spaces. With (σt)t
being included in regression in the principal stress space, the
minimum (0.632), the average (0.844), and the maximum
(0.958) of (R2)rpi of linear equation are all lowest. .e re-
gression coefficients (R2)rmi of linear equation in the Mohr
stress space with (σt)t included in regression were shown as
follows, with the minimum, average, and maximum values
of 0.923, 0.948, and 0.983, respectively. However, when (σt)t
is not included in regression, the average R2 are all above
0.961 and the maximum R2 are all above 0.991. .us, R2 of
linear equation would generally reduce when (σt)t is in-
cluded in the regression.

3.2. Regression Strength Parameters. .e strength parame-
ters of rock (c, φ) are usually determined by fitting a line to
common tangent points on the ultimateMohr’s circles in the
Mohr stress space, and then (σc)r and (σt)r can be calculated
from the regression line (linear Mohr-Coulomb criterion) in
application. Especially in this paper, the linear strength
envelopes were fitted to CTPAC in the Mohr stress space.
Besides, (σc)r, (σt)r, cr, and φr also can be predicted by fitting
the relationship between σ1 and σ3 at failure in principal
stress space using equation (1). If (σc)r, (σt)r, cr, and φr
predicted by above two methods have no obvious differ-
ences, the linear strength envelope fitted to CTPAC can be
considered in the application.

Figure 4 shows (σc)r, Abs. (σt)r, cr, and φr predicted by
above two methods. In Figure 4(a), (σc)rpu has a linear re-
lation with (σc)rmu and they are almost equivalent with each
other. (σc)rpi and (σc)rmi are also equivalent with each other,
and they are both lower than the corresponding (σc)rpu and
(σc)rmu. However (σc)rpi and (σc)rmi are closer to (σc)t than

(σc)rpu and (σc)rmu. (σc)t is lower than (σc)rpu, and it has an
exponential relation with (σc)rpu, which is expressed as
follows:

σct � 382.08 × 1 − exp
−σcrpu
274.76

   − 32.35, (7)

in which R2 is 0.894. .erefore, equation (7) can be used to
modify (σc)rpu for more accurate estimation of the value of
(σc)t.

In Figure 4(b), Abs. (σt)rpu is about equal to Abs. (σt)rmu,
and it has a linear relation with Abs. (σt)rmu, but there is
some difference between them in a higher part of Abs.
(σt)rmu. Abs. (σt)rpi and Abs. (σt)rmi are close to each other,
and they are both lower than the corresponding Abs. (σt)rpu
and Abs. (σt)rmu but higher than Abs. (σt)t. .e difference
between Abs. (σt)rpi, Abs. (σt)rmi, and Abs. (σt)t would also
increase with increasing Abs. (σt)rmu on the whole..us, it is
recommended to get more accurate (σt)r using (σt)t in
regression.

Similarly, in Figure 4(c), when (σt)t is not included in
regression, crpu is about equal to crmu, and it has a linear
relation with crmu. However, there is some difference be-
tween them in the higher part of crmu. When (σt)t is included
in regression, crpi and crmi are close to each other, and they
are both lower than the corresponding crpu and crmu. In
Figure 4(d), when (σt)t is not included in regression, φrpu is

Table 2: Summary of mechanical parameters of marble specimens.

Group Particle size (mm) Color UCS (MPa) Elastic modulus (GPa) Poisson’s
ratio Frictional angle (°) Cohesion (MPa) P wave (m/s)

PGM 0.2∼0.5 Grey 141.68 83.87 0.377 25.28 50.90 5854.56
FGM 0.5∼1 Pink 70.93 47.45 0.316 25.28 25.79 5235.98
MGM 1∼3 Pink 65.17 53.12 0.293 23.6 28.96 5270.34
CGM 3∼5 White 48.38 41.88 0.119 30.0 15.04 5414.74
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Figure 3: Regression squared correlation coefficient of equation (1)
in two stress spaces.
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about equal to φrmu, and it has a linear relation with φrmu.
But there is some difference between them in the middle and
lower parts of φrmu. When (σt)t is included in regression, φrpi
and φrmi are close to each other, and they are mostly higher
than the corresponding φrpu and φrmu.

All in all, whether (σt)t is included in regression or not,
(σc)r, (σt)r, cr, and φr predicted by linear equation in the
principal stress space are similar to those obtained in the
Mohr stress space with the method of fitting CTPAC.
Consequently, the method of fitting CTPAC is completely
suitable to obtain conventional triaxial failure envelopes in
the Mohr stress space.

4. Regression Results of Nonlinear
Strength Criterion

4.1.TypicalRegressionCurves of SpecimenLG. In this section,
CTPAC was fitted with equations (1)–(6), respectively, to
obtain the conventional triaxial failure envelopes for 19
kinds of rock specimens when (σt)t is not included in re-
gression and for 7 kinds of rock specimens when (σt)t is
included in regression in the Mohr stress space.

Under the maximum normal stress σ of 139MPa in the
Mohr stress space, regression curves of specimen LG were
taken as examples to analyze the regression validities of all
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empirical equations as shown in Figure 5. (σt)t is not in-
cluded in regression in Figure 5(a), and (σt)t is included in
regression in Figure 5(b). Figure 5 shows that the regression
curves are close to each other in the middle range of the
tangent points, but they are divergent in the two ends, es-
pecially when the tangent points are lower. .e linear re-
gression curves (equation (1)) are below the tangent points
in the middle range of the tangent points, and they are above
the tangent points in two ends of the tangent points.
Moreover, the parabolic regression curves (equation (2))
also have larger deflections, but they are above the tangent
points in the middle of the tangent points and below the
tangent points in two ends of the tangent points. .us, R2 of
these two equations should be relatively lower. However, the
other nonlinear regression curves show good regression
validities, and most of them coincidently go through the
tangent points.

.e diverging characteristics in the lower range of the
tangent points are described as follows: in Figure 5(a), when
(σt)t is not included in regression, the logarithmic regression
(equation (4)), hyperbolic regression (equation (5)), and
exponential regression curves (equation (6)) are invariably
close to tangent points and achieve a good regression result.
However, the regression validities are better when (σt)t is
included in regression as shown in Figure 5(b); thus the
regression cohesions (cr) and the x-intercepts of these three
failure envelopes (equations (6), (8), and (10)) are more
accurate. Based on the method of uniaxial tension with
Mohr’s circles being tangent to the envelopes, the tensile
strengths predicted by regression envelopes from low to high
are, respectively, as follows: parabolic equation (equation
(2)), power equation (equation (3)), logarithmic equation
(equation (4)), hyperbolic equation (equation (5)), expo-
nential equation (equation (6)), and linear equation
(equation (1)).

4.2. Regression Squared Correlation Coefficients. Figure 6
depicts the relationships between the squared correlation
coefficients R2 of the six equations, which are used to fit
conventional triaxial failure envelopes in the Mohr stress
space and maximum σ3/σc, in which (σt)t is not included in
regression as shown in Figure 6(a), while (σt)t is included in
regression as shown in Figure 6(b).

In Figure 6, compared to nonlinear equations, R2 of
linear equation (equation (1)) are lowest on the whole and
decrease with increasing maximum σ3/σc. When (σt)t is not
included in regression, R2 of parabolic equation (equation
(2) in Figure 6(a)) are also lower obviously and increase on
the whole with increasing maximum σ3/σc. .e fit accuracy
of other equations is all higher, and their minimums, av-
erages, and maximums of R2 are above 0.985, above 0.996,
and close to 1.000, respectively. When (σt)t is included in
regression, as for the average value, R2 of nonlinear equa-
tions used in the Mohr stress space become higher or remain
unchanged but R2 of linear equation (equation (1)) become
lower a little in Figure 6(b) compared with those in
Figure 6(a). All in all, the power equation (equation (3)), the
logarithmic equation (equation (4)), the hyperbolic equation

(equation (5)), and the exponential equation (equation (6))
are recommended to fit conventional triaxial failure enve-
lopes for their higher R2.

4.3. :e x-Intercepts of the Regression Curves of τ and σ in the
Mohr Stress Space. In the Mohr stress space, if the x-in-
tercept of the regression curve is positive, the y-intercept of
the regression curves must be negative. In this case, re-
gression cohesion cr, regression uniaxial compression
strength (σc)r, and regression tension strength (σt)r of
specimens cannot be predicted correctly by the failure en-
velopes. .erefore, these regression equations are not
suitable for fitting the failure envelopes in the Mohr stress
space if some x-intercepts of the regression curves are
positive. Figure 7 shows the x-intercepts of the regression
envelopes. .e x-intercepts of the regression nonlinear
envelopes are larger than those of the linear envelopes. No
matter (σt)t is included or not included in regression, some
x-intercepts of the parabolic envelope (equation (2)) and the
power envelopes (equation (3)) are positive, which show that
cr, (σc)r, and (σt)r may not be obtained when parabolic
equation (equation (2)) and power equation (equation (3))
are used in the Mohr stress space. .us, logarithmic
equation (equation (4)), hyperbolic equation (equation (5)),
and exponential equation (equation (6)) are optimal to fit the
failure envelopes in the Mohr stress space. Moreover, when
(σt)t is included in regression (Figure 7(b)), the x-intercepts
of the logarithmic regression (equation (4)), hyperbolic
regression (equation (5)), and exponential regression curves
(equation (6)) are more concentrated than those with (σt)t
being not included in regression. All in all, the logarithmic
equation (equation (4)), the hyperbolic equation (equation
(5)), and the exponential equation (6) are recommended to
fit conventional triaxial failure envelopes for they have no
positive x-intercepts.

4.4. cr Predicted by the Relationship between τ and σ in the
Mohr Stress Space. We know from Figure 6 that the squared
correlation coefficients of logarithmic equation (equation
(4)), hyperbolic equation (equation (5)), and exponential
equation (equation (6)) are higher, and their failure enve-
lopes go through nearly all tangent points in the Mohr stress
space when (σt)t is included in regression; thus the cohesion
cr predicted by the above three envelopes should be closer to
their true values, and the above three regression envelopes of
the same set of tangent points are relatively close to each
other. Besides, we know from Figure 7 that some x-inter-
cepts of two regression envelopes of parabolic equation
(equation (2)) and power equation (equation (3)) are pos-
itive, so some cr cannot get obtained; therefore, cr predicted
by power envelopes (equation (3)) and parabolic envelopes
(equation (2)) are not shown in Figure 8.

Figure 8 depicts that cr predicted by nonlinear envelopes
are all lower than those predicted by linear envelope
(equation (1)). .us, cr predicted by linear regression en-
velope (equation (1)) is significantly larger and is far from
the true values. In particular, cr predicted by logarithmic
(equation (4)), hyperbolic (equation (5)), and exponential
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(equation (6)) envelopes with (σt)t being included in re-
gression are more focused than those predicted by the above
three regression strength envelopes with (σt)t being not
included in regression. .us, using (σt)t in regression could
improve the regression validities of logarithmic (equation
(4)), hyperbolic (equation (5)), and exponential equations
(equation (6)). (σt)t are advised to be included in fitting
nonlinear failure envelopes to get more accurate conven-
tional triaxial strength parameters. .e logarithmic equation
(equation (4)), the hyperbolic equation (equation (5)), and
the exponential equation (equation (6)) are all recom-
mended to fit conventional triaxial failure envelopes for they
have relatively close cr.

5. Friction and Cohesion Bearing
Characteristics of a Rock Specimen

5.1. Negative Friction Bearing Capacity. In order to explain
the existence of negative friction bearing capacity, the stress
diagram of potential failure plane of a specimen under
triaxial compression is shown in Figure 9. When the axial
pressure σ1 and the confining pressure σ3 are positive
(Figure 9(a)), their components in the potential failure plane
are the normal compressive stress component σ3n in the
downward vertical direction of the potential failure plane
and the shear stress component σ3τ in the upward parallel
direction of potential failure plane. .e components of axial
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pressure σ1 in the potential failure plane are the normal
compressive stress component σ1n in the downward vertical
direction of the potential failure plane and the shear stress
component σ1τ in the downward parallel direction of the
potential failure plane. .us, the composition of the total
bearing capacity Q can be expressed as

Q � Qs � Qf + Qc, (8)

Qs � B
Σ

σ1τ − σ3τ(  dS, (9)

Qf � k1 B
Σ

σ1n + σ3n(  dS, (10)

Qc � B
Σ

c dS, (11)

where S is the failure fracture surface area, both the friction
bearing capacity Qf and cohesion bearing capacity Qc are
positive, so that the total bearing capacityQ is larger than the
cohesion bearing capacity Qc, and the friction bearing
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capacity Qf> 0 and can be named as a positive one
(Figure 9(d)). Besides, the directions of the above two shear
stress components are contrary; therefore, when the spec-
imen fails and slides down along the fracture surface, the
shear force produced by the confining pressure σ3 in the
opposite direction is not conducive to the failure of the
potential failure plane and will increase the axial pressure σ1
at failure.

When the axial pressure σ1 is positive and the confining
pressure σ3 is negative (Figure 9(b)), the component di-
rections of the confining pressure σ3 in the potential failure
plane will be opposite to the condition that it is positive..at
is to say, when the axial pressure σ1> 0 and the confining
tensile stress σ3< 0, these two shear stress components are
both in the downward parallel direction of potential failure
plane; therefore, when the specimen fails and slides down
along the fracture surface, the shear force produced by the
confining pressure σ3 in the same direction is conducive to
the failure of the potential failure plane and will decrease the
axial pressure σ1 at failure. Under these circumstances, the
cohesion bearing capacity Qc is a positive constant, while the
friction bearing capacity Qf may be positive or negative
according to the value of σ1n+ σ3n, so that the total bearing
capacityQmay be higher or lower than the cohesion bearing
capacity Qc, and the friction bearing capacity Qf can be
named as a negative one when Qf< 0 (Figure 9(f)).

When the confining pressure σ3 and the axial pressure σ1
are both negative (Figure 9(c)), the cohesion bearing ca-
pacityQc is still a positive constant, while the friction bearing
capacity Qf is negative according to the value of σ1n+ σ3n, so
that the total bearing capacity Q is lower than the cohesion
bearing capacity Qc, and the friction bearing capacity Qf is a
negative one (Figure 9(f )).

.e above analysis expresses the possibility of the ex-
istence of negative friction bearing capacity Qf ; in order to

understand the above analysis more clearly in the Mohr
stress space as shown in Figure 10, a further explanation is
made here.

.e tangent point P of circle O1 and linear strength
envelope is on the vertical axis, and the value of P at the
vertical coordinate is the cohesion c of a rock. When the
ultimate stress circle is on the right side of circle O1, the
friction bearing capacity Qf is positive, and the total bearing
capacity is higher than the cohesion bearing capacity Qc;
when the ultimate stress circle is on the left side of circle O1,
the friction bearing capacity Qf is negative, and the total
bearing capacity Q is lower than the cohesion bearing ca-
pacity Qc.

5.2. Friction and Cohesion Bearing Characteristics of Rock in
Linear Strength Criterion. Friction and cohesion will not
work for one point at the same time in a rock specimen [8].
.at is to say, every point on the potential failure plane
cannot provide friction and cohesion at the same time.
When the point is not damaged, it provides bearing capacity
with cohesion; when the point is damaged, it provides
bearing capacity with friction. Evolution schematic diagram
of rock bearing capacity composition is shown in Figure 11,
in which total bearing capacity Q is the sum of the cohesion
bearing capacity Qf and the friction bearing capacity Qc. As
shown in Figure 11(a), when a linear equation is used in
regression, the friction coefficient of rock k� tanφ is a
constant, and the cohesion bearing capacity Qc is also a
constant, but the total bearing capacity Q and friction
bearing capacity Qf increase linearly as the normal stress σ
increases. .e contribution proportion of cohesion bearing
capacity Qc to increment of total bearing capacity ΔQ is 0,
while the increment of friction bearing capacity ΔQf is equal
to the increment of total bearing capacity ΔQ with the
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Figure 9: Stress diagram of potential failure plane of a specimen under triaxial compression.
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normal stress increasing, and the ratio of friction bearing
capacity Qf to total bearing capacity Q approaches 100%
finally. When the normal stress σ is less than 0, there is a
negative friction bearing capacity Qf that counteracts a same
value of cohesion bearing capacityQc, thus reducing the total
bearing capacity Q.

5.3. Friction and Cohesion Bearing Characteristics of Rock in
Nonlinear StrengthCriterion. When nonlinear equations are
used in regression, friction coefficients are all reducing
variables that decrease with the increase of normal stress. It
means that the frictional coefficient is larger when the
normal stress is lower, and it is lower when the normal stress
is larger. So, the contribution proportion of friction bearing
capacity ΔQf to the increment of total bearing capacity ΔQ
gradually reduces and even disappears in the end with in-
creasing normal stress. Barton [20] divided shear strength
envelope of rock joint under different normal stress into two
parts by a critical normal stress. When the normal stress is
lower than the critical normal stress, the friction coefficient
is large as it is the tangent value of two angles: a friction angle
and a climbing angle; when the normal stress exceeds the
critical value, the frictional coefficient is small as it is only the
tangent value of the friction angle. .ere is a similar
viewpoint here, but the friction coefficient decreases grad-
ually with normal stress increasing. However, the difference
is that the friction coefficient in nonlinear strength criteria is
always a nonlinear curve but is not only two constants as in
Barton’s method [17].

As normal stress increases, total bearing capacity Q
increases with a reducing increasing rate as shown in
Figure 11(b), the friction coefficient k decreases gradually,
the cohesion bearing capacity Qc decreases firstly and then
increases before and after the normal stress is 0MPa, and the
friction bearing capacity Qf increases firstly and then de-
creases. It needs to be explained that the cohesion bearing
capacity Qc of the rock specimen under each normal stress is
the intercept of the tangent line of each corresponding point
on the total bearing capacity curve on the longitudinal axis,
the friction coefficient k of the rock specimen under each
normal stress is the tangent slope value of each corre-
sponding point on the total bearing capacity curve, and the
friction bearing capacity Qf of the rock specimen under each
normal stress is the product of the normal stress σ and its
corresponding friction coefficient k.

According to the above assumption, when the normal
stress is less than 0, there is a negative friction bearing
capacity Qf and a larger positive cohesion bearing capacity
Qc; when the normal stress is 0, friction bearing capacity Qf
is 0 and the cohesion bearing capacity Qc reaches its lowest
value; when the normal stress is larger than 0, as the normal
stress increases, the friction bearing capacity Qf increases
firstly and then decreases to approach 0 gradually, while the
cohesion bearing capacity Qc increases to approach the total
bearing capacity Q gradually. When the normal stress rises
to infinity, the frictional angle will tend to be zero and the
increment of friction bearing capacity ΔQf also tends to be
zero with increasing normal stress, and the friction bearing
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Figure 10: Relationship between rock bearing capacity composi-
tion and ultimate stress circles.
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capacity Qc is close to the total bearing capacity Q under this
condition; thus the total bearing capacity Q and its incre-
ment ΔQ will be provided by only the cohesion bearing
capacity Qc and its increment ΔQc. .erefore, if the incre-
ment of cohesion bearing capacity ΔQc has a limit, the total
bearing capacity Q also has a limit; otherwise, the total
bearing capacity Q of rock will increase with the increment
of cohesion bearing capacity ΔQc in a same quantity. If the
former is in existence, the hyperbolic equation and the
exponential equation are more suitable for fitting triaxial
compression strengths in a higher maximum confining
pressure range in the Mohr stress space.

If used to evaluate the strength characteristics of rock in
high-stress state at deep or extra deep depts, the applicability
of the empirical equations obtained from the test data with a
lower maximum confining pressure needs a further study.
Only by determining the strength characteristics of rock in
the high confining pressure range can a more reasonable
rock strength criterion be determined in the lower confining
pressure range, and the rock strength criterion can be used
without confining pressure range restriction. If a reasonable
strength criterion and its parameters are determined only
based on the test data in a lower confining pressure range,
the applicability of the criterion and parameters under high
confining pressure will be more questioned. .erefore, the
next step should be to improve the rock mechanical
equipment and test methods, obtain the strength test data of
higher confining pressure range, determine the character-
istics of rock bearing capacity limit, and then determine a
more reasonable rock strength criterion.

6. Conclusions

.e following conclusions were reached in this research
study:

(1) Whether (σt)t is included or not included in re-
gression, (σc)r, (σt)r, cr, and φr predicted by linear
equation in the principal stress space are similar to
those obtained in the Mohr stress space with the
method of fitting CTPAC, and thus the method of
fitting CTPAC is completely suitable to obtain
conventional triaxial failure envelopes in the Mohr
stress space.

(2) .e squared correlation coefficients of linear equa-
tion are generally lower than those of nonlinear
equations and would further reduce when (σt)t is
included in regression. (σc)t are lower than all the
corresponding predicted values and have an expo-
nential relation with (σc)rpu when (σt)t is not in-
cluded in regression. (σc)r and Abs. (σt)r are more
closer to their test values, respectively, when (σt)t is
included in regression.

(3) In the Mohr stress space, logarithmic equation,
hyperbolic equation, and exponential equation are
recommended to fit conventional triaxial failure
envelopes because some x-intercepts of the regres-
sion curve of power equation and parabolic equation

are positive. Using (σt)t in regression can further
improve the regression validities.

(4) According to the assumption that the cohesion is
constant, the negative friction bearing capacity exists
when the ultimate stress circle is on the left side of
the critical ultimate stress circle whose tangent point
and strength envelope are on the longitudinal axis.
.rough the analysis of the evolution process of the
nonlinear strength envelope, it is considered that
when the normal stress is infinite, the total bearing
capacity of a rock is about equal to the cohesive
bearing capacity, while the friction no longer pro-
vides the bearing capacity. It is concluded that the
hyperbolic equation and the exponential equation
are more suitable to fit triaxial compression strength
under higher maximum confining pressures for they
have limit values.
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In this study, dynamic triaxial cyclic tests were conducted to examine the liquefaction properties and post-liquefaction volumetric
strain of calcareous sand from a dredger fill site in the midst of the islands and reefs of the South China Sea. *e test results
indicated that there were some differences in micromorphology and composition between the calcareous sand obtained via
dredging and natural calcareous sand. Axial cyclic stress attenuation can lead to higher cyclic vibration than actual liquefaction
vibration, and the modified method can eliminate the effect of axial cyclic stress attenuation. Saturated calcareous sand liquefies
under undrained and cyclic loading conditions, and the liquefaction resistance of the calcareous sand decreases with an increase of
the effective confining pressure in the dense state. Calcareous sand obtained via dredging exhibited a higher liquefaction resistance
compared with other types of calcareous sand. Furthermore, the proposed pore pressure development modified model better
describes the pore pressure growth of the calcareous sand from the filling site.*e fitting parameters of this model exhibited a high
correlation with the relative density. Moreover, the post-liquefaction volumetric strain of the calcareous sand is larger than that of
quartz sand, exhibiting a linear relationship with relative density.

1. Introduction

Coral soil is formed by the physical, biological, and chemical
processes corresponding to the remains of marine organisms,
such as corals, shells, and algae; because its carbonate content is
more than 50%, it is called calcareous soil [1, 2]. When cal-
careous soil is dominated by sand silt and its particle gradation
can be classified as sandy soil, it is called calcareous sand.
Calcareous soil is distributed in the coastal area between 30° N
and 30° S latitudes and covers approximately 40% of the ocean
surface [3]. Many countries have carried out large-scale land
reclamation projects, such as the airport expansion project in
the Maldives, the Colombo port project in Sri Lanka, and the
island and reef filling project in the South China Sea. Most of
thematerials used in reclamation are obtained bywinch or rake
suction via large on-board equipment. *e calcareous soil

obtained through the winch or rake suction process is mainly
coral reef debris and coral wreckage. Several structures have
been built in these areas; however, these structures are at risk
from seismic action. Seismic damage surveys from the 1993
Guam earthquake [4], 2006 Hawaii earthquake [5, 6], and 2010
Haiti earthquake [7, 8] indicated that calcareous soil in dredger
fill sites can liquefy and cause critical damage.*erefore, it is of
great significance to study the liquefaction characteristics and
post-liquefaction volumetric strain of calcareous soil to prevent
and reduce the risk of an earthquake disaster at calcareous soil
sites.

Considerable international research has been performed
on calcareous soils in the 1980s as a result of the North
Rankin “A” oil platform engineering problems [9]. For
instance, Liu and Wang [10], Coop et al. [11], and Zhu et al.
[12] studied the mechanical properties, particle breakage,
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and internal pore characteristics of calcareous sand, and Ma
et al. [13, 14] studied the mechanical properties of coral sand
particles and the compression properties of coral rocks,
respectively. *ese studies demonstrated that calcareous
sand is a special geotechnical material with many pores and
an irregular shape, and it can be easily broken in a particle-
based manner. *e engineering properties of calcareous
sand are different from those of general continental cohe-
sionless soil. *e consensus of many scholars [15–20] is that
the liquefaction resistance of calcareous sand is higher than
that of quartz sand, but there are still differences in our
understanding of whether calcareous sand is liquefied and
the influence of various factors on its liquefaction resistance.
Gao and Ye [21] noted that calcareous sand in the South
China Sea Island and Reef filling site reached a partial
liquefaction state under the condition of unobstructed
drainage and no liquefaction occurred under these condi-
tions. Hyodo et al. [22] observed that the confining pressure
had only a slight effect on the liquefaction resistance (CRR)
of calcareous sand with a relative density of 60%. For cal-
careous sand with a relative density of 80%, the CRR de-
creased significantly with an increase in the confining
pressure. Salem et al. [23] reported that for the same initial
relative density and cyclic stress ratio, the number of liq-
uefaction cycles decreased with an increase in the effective
confining pressure. Ma et al. [24] considered that the dy-
namic strength of coral sand in the South China Sea in-
creased with the increase of relative density and effective
confining pressure.

However, scholars are more concerned about the liq-
uefaction resistance of calcareous sand and less about the
pore pressure growth and volumetric strain after vibration.
Sandova and Pando [25] examined the growth character-
istics of the excess pore water pressure of calcareous sand
and reported that compared with Ottawa quartz sand, Cabo
Rojo calcareous sand exhibited a higher CRR as well as a
greater fluctuation in the excess pore water pressure curve.
Moreover, calcareous sand samples with a higher specific
gravity and more uniform grading exhibited a higher CRR.
Gao and Ye [21] noted that the normalized cumulative pore
pressure to vibration ratio of calcareous sand in the South
China Sea islands and reefs conformed with the anti-
sinusoidal pore pressure development model proposed by
Seed under the undrained condition. Ma et al. [24] con-
sidered that the development mode of the pore water
pressure of calcareous sand in the South China Sea was
considerably different from that of siliceous sand and
proposed a modified Seed model for characterization. In
addition, research on the volume deformation of calcareous
sand has also been discussed. Shahnazari et al. [26] pointed
out that the relative density, effective confining pressure,
dynamic stress ratio, pore pressure ratio, and maximum
shear strain were related to the postcyclic volumetric strain
of calcareous sand, and the maximum shear strain was the
most important factor. Rezvani et al. [27] studied how
physical properties of soil particles play a key role in the
mechanical behavior of deposits and provided an estimation
method of volume settlement after sand circulation in
Hormuz Island.

*e above research indicates that conclusions of various
studies on the liquefaction characteristics of calcareous sand
are different, which may be related to its physical properties.
*e shape and appearance of calcareous sand in various
regions are different, and the particle gradation of calcareous
sand obtained using different methods will be different.
*erefore, it is necessary to study more liquefaction char-
acteristics of calcareous soil in different regions and sites.
*e study of post-liquefaction volumetric strain of calcar-
eous sand has an important reference for further study of the
antiliquefaction treatment of calcareous sand, i.e., the ef-
fective control of drainage conditions of calcareous sand can
effectively reduce its potential for liquefaction. To address
this, in this study, undrained cyclic triaxial tests of calcareous
sand in dredger fill sites of islands and reefs in the South
China Sea were conducted. Moreover, the effects of relative
density, effective confining pressure, and cyclic stress ratio
on the liquefaction resistance of calcareous sand, the pore
pressure growth, and post-liquefaction volumetric strain
were investigated.

2. Test Design

2.1. Physical Properties of Calcareous Sand

2.1.1. Shape Characteristics of Calcareous Sand. *e cal-
careous soil used in our tests came from the dredger fill site
of the South China Sea Islands and reefs. It is coral debris
obtained by the cutter suction or rake suction of large-scale
ship-borne equipment. Figure 1 shows screened samples of
calcareous sand. *e particle size range of the calcareous
soil was 0–100mm, the thicker calcareous soil comprising
coral branches and coral reef blocks, and the finer cal-
careous soil being coral clastic and coral reef block frag-
ments. *e calcareous soil was sieved, and the calcareous
sand (with a particle size of less than 2mm) accounted for
more than 60% of the total mass. *ere was more silt in the
calcareous sand with a particle size of less than 2mm. A
particle size of less than 0.075mm accounted for 5.88% of
the total calcareous sand, which may indicate the occur-
rence of considerable particle breakage during the cutter
suction and dredger filling processes [28]. From its ir-
regular appearance, the thicker calcareous soil shape
comprised mainly columnar fragments, including block
and limb shapes. *e finer calcareous soil comprised co-
lumnar, spherical, and block shapes, and the surface of the
particles was rough and holey.

Electron microscope scanning tests were carried out on
the calcareous sand from the dredger fill site and the natural
calcareous sand. Figure 2 shows the SEM images of the two
types of sand. It can be seen from the figure that the fine
grains of the calcareous sand in the dredger fill site were
irregular in shape (column, block, and angle), with uneven
surfaces and undeveloped pores.*e natural calcareous sand
was mainly spherical in shape but comprised irregular an-
gular and columnar shapes. Compared with the calcareous
sand from the dredger fill site, the biggest difference was that
the surface was full of holes, the larger holes containing the
remains of marine microorganisms.

2 Advances in Civil Engineering



(a)

(b)

Figure 1: Calcareous sand samples with different particle sizes (mm).

(a)

(b)

Figure 2: SEM images of calcareous sands. (a) Calcareous sand from dredger fill site. (b) Natural calcareous sand.
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*e above analysis shows that the particle shape and
micromorphology of the calcareous sand from the dredger
fill site obtained by cutter suction or trailing suction are quite
different from those of the natural calcareous sand, which
significantly affects the mechanical properties of the cal-
careous sand.

2.1.2. Physical Properties of Calcareous Sand. *e soil
samples had a particle size of 0–2mm, and Fujian standard
sand of China was used as the siliceous sand sample. Table 1
lists the physical properties of the calcareous and the Fujian
sands, and Figure 3 shows their gradation curves, deter-
mined according to the Geotechnical Test Rules SL237-1999
(Nanjing Hydraulic Research Institute) [29]. *e Gs of the
calcareous sand is larger, the curvature coefficient is
1<Cc � 1.53< 3, and the nonuniformity coefficient is
Cu � 4.82.*is indicates that the grading curve of calcareous
soil is continuous, and the variation range of grain com-
position is wide, which is close to the index of nonuniform
soil. *e equivalent carbonate content of the calcareous sand
is more than 99%, according to XRF element analysis.

2.2. Sample Preparation and Testing Procedures. *e diam-
eter and height of the sand samples were 50mm and
100mm, respectively.When the ratio of height to diameter is
2.0, the phenomenon of stress concentration can be effec-
tively eliminated [30]. Dry packed samples were used. *e
dried sand was weighed according to the relative density of
each sample. Specifically, the sand was poured into the open
die in three to five layers and hammered to the design height
using a compactor. Scraping was performed between layers
to ensure the uniformity of the sample. *e finished sample
was uniform in size and smooth without obvious rubber film
compression, as shown in Figure 4. *e rubber film em-
bedding effect of the sample was small and could be
neglected [31].

*e saturation process of the calcareous sands was as
follows: first, after making the sample and connecting the
pipeline, air in the CO2 displacement sample, which had a
purity of more than 99.9%, was injected from the base intake
for 10–20min. Subsequently, distilled water was added for
30–60min. Finally, sequential backpressure saturation was
performed. When the pore pressure coefficient, B, of the
sample rose to more than 0.97, the sand was considered to be
saturated.

For isobaric consolidation, the relative density, Dr, of the
calcareous and the Fujian sands was 30–75% at effective
confining pressures, σ3c, of 100–400 kPa, respectively. After
consolidation, undrained cyclic triaxial tests were conducted
with applied cyclic stress ratios (CSR) ranging from 0.1 to
0.4, in increments of 0.05. Here, CSR� σd/(2σ3c), with σd

being the axial dynamic stress.*e standard dynamic triaxial
test system manufactured by UK-based GDS Instruments
was employed for the testing. Loading was applied using
stress control mode.*e input waveformwas sinusoidal, and
the frequency was 1Hz. *e standard pore pressure ratio
Ru � 1.0, and Ru �Δu/σ3c, where Δu is the excess pore water
pressure [32].

*e test procedure was as follows. First, after the sample
was saturated, the loading was stopped manually when the
sample reached the liquefaction failure standard. Subse-
quently, the water in the sample was discharged through the
volume change controller of the dynamic triaxial apparatus
until the excess pore water pressure dropped to zero, and the
discharged water was the volume change of the sample after
liquefaction [33].*e relative density Dr in the chart was the
relative density after consolidation.

3. Results and Discussion

3.1. Cyclic Triaxial Test Results of Representative Samples.
Figure 5 shows the measured time history curve of the
volume of discharged water (V), pore water pressure ratio
(Ru), axial strain (εDA), and cyclic stress (σd) of the cal-
careous and the Fujian sands. It can be observed that with
the increase of cyclic vibration times, the cyclic stress (σd)
gradually decreased, as shown by the arrow in the figure.*e
reason is that with the development of excess pore water
pressure, the stiffness of the sample becomes smaller,
resulting in softening. *e axial strain of the calcareous sand
increases gradually, and the axial strain curve begins to warp
up until the specimen is destroyed. *e axial strain curve of
the Fujian sand grows slowly during the initial stage of
loading and then rapidly increases after the dynamic stress
decays and warps up as a whole due to the instability of the
sample. *e difference in the axial strain growth modes
between the two types of sand also indicates the particularity
of the physical properties of the calcareous sand particles.
*e excess pore water pressure (Δu) of the two samples
increases continuously with an increase in the cyclic vi-
bration time until ru � 1.0. After the liquefaction failure of
the samples, the drainage volume increases gradually and
stays stable after the excess pore water pressure drops to
zero, indicating that the drainage process has been com-
pleted. *e test results of other samples are similar, which
shows that the feasibility of the test scheme.

3.2. Modification of the Number of Cycles to Failure (N).
*e dynamic strength of soil reflects the dynamic stress of
soil under the condition of failure, which can be expressed as
the vibration number required to cause soil failure under
certain dynamic stress amplitude. It is expressed by drawing
a relationship curve between the cyclic stress ratio (CSR) and
the number of cycles (N) during the liquefaction failure of
sand samples.

Figure 5 shows that σd remains unchanged in the early
stage of loading for both the sands. In the later stage of
loading, σd decreases as the specimen stiffness decreases and
attenuation occurs before sample liquefaction, as indicated
by the arrow in the figure. *is phenomenon has been re-
ported in other literature, but there is no relevant treatment.
*e attenuation of σd leads to an increase in N, the liq-
uefaction resistance of the sample is overestimated, and thus
Nf must be corrected.

Martin and Seed [34] calculated the stress equivalent of
seismic waves with irregular stress magnitudes and reported
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the corresponding calculation approach. According to this,
the number of cycles to failure was modified. *e correction
method is as follows: firstly, the braking strength curve,
CSR ∼ N, is drawn according to the test results, as shown by

the dotted line in Figure 6, and the following formula is
obtained:

CSR � 0.561 × N
(− 0.169)

. (1)

According to equation (1), the CSR and N of any point
on the fitting curve can be obtained.

Next, the dynamic stress time history curve of the
specimen is drawn. *e cyclic vibration times with the same
cyclic stress (σi) are divided into one segment, and the
corresponding action times Ni(i � 1, 2, ..., n) are obtained,
as shown in Figure 7. According to equation (2), the number
of actions, Ni, is converted into an equivalent action number
xi, as follows:

xi �
Ni

Ni,L

· Ne,L, (2)

where Ne,L is the number of cycles determined by the test
and Ni,L is the cyclic vibration number calculated from
equation (1).

Finally, based on equation (3), the equivalent cyclic
vibration number (Neq) of the sample is obtained, where Neq
is the corrected cyclic vibration number.

Neq � Ne,L · 
i

Ni

Ni,L
. (3)

*e above three steps are repeated to obtain the
equivalent cyclic vibration times (N) of all of the samples on
the dotted line in Figure 6. *e solid line shown in Figure 6
can be obtained, which is the dynamic strength curve
corrected by the cyclic vibration number.

It can be seen from equation (3) that Neq will be equal to
Ne,L for the case of equal radial stress. According to the
above steps for iterative calculation, Neq will be infinitely
close to Ne,L for a dynamic stress of variable amplitude. It
can be seen from Figure 6 that the fitting effect of the dy-
namic strength curve after cyclic vibration number N is
better. In the case of the same CSR, the corrected cyclic
vibration number N is smaller, which indicates that the
above correction method of cyclic vibration number N is
effective and necessary.

3.3. Cyclic Strength Characteristics of Calcareous Sand.
*e dynamic strength curve, CSR ∼ N, of the calcareous
sand under different working conditions is drawn after the
cyclic vibration times of each sample are corrected using the

Table 1: Physical properties of various calcareous and siliceous sands.

Type of sand Calcareous sand Cataño [19] Salem et al. [23] Ma et al. [24] Fujian sand
Specific gravity, Gs 2.87 2.86 2.79 2.80 2.65
Diameter corresponding to 50% finer, D50 (mm) 0.37 — — 0.31 0.662
Diameter corresponding to 10% finer, D10 (mm) 0.092 0.2 0.15 — 0.101
Coefficient of uniformity, Cu

a 4.82 1.05 2.4 4.67 7.82
Coefficient of curvature, Cc

b 1.53 — — 0.86 2.733
Minimum void ratio, emax 1.116 1.71 1.04 1.72 0.725
Maximum void ratio, emin 0.569 1.34 0.75 0.99 0.329
aCu �D60/D10; bCc �D30

2/(D60 ×D10).

Coral sand
Ma et al. [24]
Salem et al. [23]

Cataño Arango J. [19]
Fujian sand
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Figure 3: Grain-size distribution curves of various calcareous
sands and Fujian sand [19, 23, 24].

Figure 4: Calcareous sand sample.
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above method. It should be noted that the larger N is, the
more difficult it is to liquefy the calcareous sand at the same.

3.3.1. Effect of Relative Density on the Cyclic Strength of
Calcareous Sand. Figure 8 shows the cyclic strength curve of
the calcareous sand under different σ3c values. *e cyclic
strength curve of the calcareous sands pertains to a negative-

ghost exponential function, which is the same as that of
siliceous sands. *e cyclic strength increases with increasing
Dr; because the porosity of the sand sample decreases, the
distance between the sand particles reduces, and the biting
force and friction force between the sand particles increases.

3.3.2. Effect of the Effective Confining Pressure on the Cyclic
Strength of Calcareous Sand. Figure 9 shows the cyclic
strength curve of the calcareous sand for different Dr values.
It can be observed from the figure that the effect of effective
confining pressure on the dynamic strength of the calcareous
sand varies with the degree of soil compaction, which is
similar to that in reference [22]. In the loose state
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Figure 5: Cyclic triaxial test results of two types of samples: (a) calcareous sand; (b) Fujian sand.
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(Dr < 45%), the dynamic strength of the calcareous sand is
close. *e reason may be that the loose calcareous sand
particles do not make close contact, the structural strength is
insufficient, and the increase of effective confining pressure
has a limited effect on improving the compactness of the
calcareous sand particles. When 50%<Dr < 75% and
σ3c < 400 kPa, the cyclic strength of the calcareous sand
increases with increasing σ3c, which is consistent with the
results for siliceous sand. *is phenomenon occurs because
the contact force between the particles increases with in-
creasing σ3c. *e cyclic strength of the calcareous sand
decreases with increasing σ3c when Dr � 75%. Weng et al.
[35] noted that the crushing degree of the calcareous sand
particles increased with the increase of effective confining
pressure and the increase of compactness led to the ag-
gravation of particle breakage so that particle breakage

reduced the structural strength of sand, thus reducing the
dynamic strength of the calcareous sand.

3.3.3. Comparison of the Cyclic Strengths of Calcareous and
Siliceous Sands. Figure 10 shows the cyclic strength curves
of the calcareous and siliceous sands for different Dr values.
Both the sands indicate isotropic consolidation. *e cyclic
strength of the calcareous sand was higher than that of the
siliceous sand under the same testing conditions. *is is
likely due to the calcareous sand involving many edges and
irregularly shaped particles, which leads to a higher bite
friction between the sand grains than that between the grains
of the siliceous sand; this is the same as the literature
[13–20, 26]. *is effect is more prominent in a loose state.
Martin et al. [36] suggested that underM7.5 earthquakes; the
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Figure 8: Effect of Dr on the cyclic strength curves of calcareous sand. (a) σ3c � 100 kPa. (b) σ3c � 200 kPa. (c) σ3c � 400 kPa.
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CSR corresponding to 20 times the liquefaction under cyclic
loading should be used to characterize the CRR of soils.

Table 2 presents the CRR values of the calcareous and the
Fujian sands when liquefaction occurs 20 times under cyclic
loading for σ3c � 100 kPa. It can be observed that under the
same working conditions, the dynamic strength of the cal-
careous sand is close to that of the Fujian sand in themedium-
dense state, but it is much higher than that of the Fujian sand
in the loose and dense states. A possible reason is that the
dynamic strength is determined by the contact force rather
than the shape of the particles in the medium-dense state.

3.3.4. Comparison of Cyclic Strengths of Different Types of
Calcareous Sands. Figure 11 shows a comparison of the
cyclic strength of different types of calcareous sands at

σ3c � 100 kPa. It can be seen that the cyclic strength of the
calcareous sand used in the study is the highest, primarily
due to the following reasons:

(1) Grain grading characteristics: Table 1 lists the
physical properties of several types of calcareous
sands. It can be observed that the calcareous sand
employed in this study had a larger GS and better
grading.

(2) Influence of particle shape: SEM image analysis
shows that the particles of the calcareous sand from
the dredger fill site were the fragments and crushed
materials of coral reef rocks. Compared with the
natural coral sand, the pores were smaller, the sur-
face was rough, and the structural strength of the
samples may have been higher.
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Figure 9: Effect of σ3c on the cyclic strength curves of calcareous sand. (a) Dr � 34.6–40.6%. (b) Dr � 53.4–57.6%. (c) Dr � 67.1–70.6%. (d)
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(3) Effect of average particle size D50: Martin et al. [37]
reported that under the same conditions, the pore
pressure growth of undrained soil was proportional
to the residual strain of the drained soil; in other
words, a larger volume of the undrained soil cor-
responded to a more rapid pore pressure growth.
Moreover, Shen et al. [38] suggested that the coarser
calcareous sand particles exhibited a higher com-
pressibility. *is means that a larger D50 corre-
sponded to a larger change in volume of the
calcareous sand. According to Martin’s theory, it can
be considered that a larger D50 corresponds to a
higher compressibility of the soil skeleton, and
therefore, a more notable soil drainage trend. When
no drainage occurs, the pore pressure of the soil
increases more rapidly. *erefore, the D50 values of
the other types of calcareous sand are larger, which
correspond to a higher compressibility and more
rapid increase in the pore pressure under the un-
drained conditions, thereby leading to a lower cyclic
strength.

3.4. Pore PressureGrowthCharacteristics of Calcareous Sands.
*e development of excess pore water pressure is not only
the fundamental reason affecting the deformation and
strength of saturated sand but also an important factor
affecting the seismic stability of geotechnical engineering.
*e development of excess pore water pressure is usually
described by the relationship between pore water pressure
ratio Ru and vibration number ratio N/Nf of saturated sand,
where Nf is the cyclic vibration number of the sand liq-
uefaction failure.

3.4.1. Effect of Cyclic Stress Ratio and Effective Confining
Pressure on the Pore Pressure Growth. Figures 12(a) and
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Figure 10: Comparison of cyclic strength of calcareous and Fujian sands.

Table 2: Comparison of CRR values of calcareous and Fujian
sands.
Dr (%) 34.6 53.4 67.1 76.7
Calcareous sand 0.280 0.291 0.420 0.693
Fujian sand 0.169 0.268 0.412 0.538
Percentage difference 39.68 8.02 2.06 22.37

Salem et al. [23],
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Figure 11: Comparison of the cyclic strength of different types of
calcareous sand [19, 23, 24].
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12(b) show the pore pressure growth curves of the calcareous
sand under the following conditions: Dr � 53.2–58.6%,
CSR� 0.2, and Dr � 53.2–53.3%, σ3c � 100 kPa, respectively.
*e data points exhibit a high correlation under similar Dr.
*is aspect is also true when Dr changes.

*e formation of excess pore water pressure is caused
mainly by the compression of the pores between soil par-
ticles under the action of a load, the pore water being too late
to discharge, resulting in increasing pore pressure. *e ir-
regular calcareous soil has a certain structure. When the
relative density is similar to each other, its ability to resist
deformation is equivalent. Under different working condi-
tions, the variation of pore compression between soil par-
ticles is relatively close, resulting in similar pore pressure
development curves.

3.4.2. Effect of the Relative Density on the Pore Pressure
Growth of Calcareous Sand. Figure 13 shows the pore
pressure growth curves of the calcareous sands for different
Dr values. It can be observed that the relative density has a
great influence on the development of the pore water
pressure of the calcareous sand. With the increase of relative
density, the pore pressure development curve of the cal-
careous sand tends to bulge upward. *e excess pore water
pressure of the loose calcareous sand increases gradually in
the process of loading and increases rapidly when it is close
to liquefaction failure, similar to quartz sand. In the initial
stage of loading, the excess pore water pressure of the
calcareous sand develops rapidly and then increases slowly
until liquefaction failure. *e reason may be that the po-
rosity of the calcareous sand is small under the dense state.

In the initial stage of loading, the pores between the
calcareous sand particles are compressed, which leads to the
rapid development of pore water pressure. After being

compacted, the indirect contact force of the calcareous sand
particles increases, and the overall structural strength is high.
*e elastic deformation is the main deformation of the
sample, resulting in the slow development of pore pressure.

3.4.3. Comparison of the Pore Pressure Growth Curves of
Different Types of Calcareous Sands. Figure 14 shows the
pore pressure growth curve of different calcareous sands
reported in the literature. It can be observed that the increase
in the pore pressure of the calcareous sands exhibits a similar
trend. Specifically, in the initial stage of vibration, the pore
pressures of the calcareous sands increase rapidly and later
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Figure 12: Pore pressure growth curves of typical samples. (a) CSR� 0.2 of calcareous sands. (b) σ3c � 100 kPa of calcareous sands.
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decrease. In addition, with increasing Dr, the pore pressure
growth curves of the calcareous sands exhibit an upward
convex trend.

*e compressibility of the calcareous sand is higher than
that of the siliceous sand. For calcareous sand with a larger
Dr value, the volume change is larger in the initial stage of
vibration, and the pore pressure increases more rapidly.
After the initial vibration, the Dr value is considerably
higher, and the volume change caused by the cyclic vibration
decreases in the later stage, resulting in a slow increase in the
pore pressure.

Overall, Dr is a key factor affecting the growth curve of
the excess pore water pressure. Figure 14 also shows that the
relative density influences the pore pressure growth char-
acteristics of the calcareous sand.

3.4.4. Establishment of Pore Pressure Growth Model for
Calcareous Sand. *e pore pressure development curves
measured under all test conditions in this test are plotted in
Figure 15. *e pore pressure curves with similar relative
density are represented by the same symbol, and the test
conditions are shown above. It can be observed that, under
different effective confining pressures and cyclic stress ratios,
the development rule of the excess pore water pressure is
consistent when the relative densities of the samples are
similar.

Considering different experimental conditions, several
models of the excess pore water pressure growth of saturated
sand under cyclic loading in the undrained condition have
been developed, among which, the most popular model is
the empirical formula based on the test data proposed by
Seed et al. [39]:

Ru �
1
2

+
1
π
sin−1 2

N

NL

 

1/θ

− 1⎡⎣ ⎤⎦, (4)

where Ru is the residual pore pressure ratio after the Nth
vibration, NL is the number of vibrations when the sample
reaches initial liquefaction, and θ is the test parameter.

At present, there are few studies on pore pressure de-
velopment models of calcareous sand, especially in the South
China Sea. Ma et al. [24] noted that it is not suitable to use
the model of Seed directly to describe the pore pressure
development of coral sand, so they proposed a modified
model of Seed suitable for describing the pore pressure
development of coral sands:

Ru � a ×
2
π
arcsin

N

NL

 

1/2θ

+ b × arctan
N

NL

 . (5)

Equations (4) and (5) were used to fit the pore pressure
data of the calcareous sand studied in this paper, and the
results are shown in Figure 15. It can be seen that the fitting
effect of the two models is better when the relative density is
small, and the fitting effect of equation (5) is better when the
relative density is large. When equation (5) is used to de-
scribe the pore water pressure development of the calcareous
sand in a dense state, there is some deviation, especially in
the later stage of pore pressure development, which cannot
reflect the influence of relative density on the development of
pore water pressure. *erefore, in this study, a modified
model to describe the pore pressure development of the
calcareous sand was established based on equation (5):

Ru � (3.92∗ θ − 2.6)∗ arcsin
N

NL

 

1/2θ

+(3.22 − 3.9∗ θ)∗ arcsin
N

NL

 ,

(6)

where θ is the test parameter, and the fitting curve is shown
as a solid line in Figure 15. *e fitting parameters of
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equations (4)–(6) are summarized in Table 3, and the av-
erage value of the relative density in the table is obtained.

Table 3 shows that the fitting effect of the data with the
modified model was satisfactory, with R2 being greater than
0.96. *e relationship between the relative density and the
modified model parameters was plotted as shown in Fig-
ure 16. It can be seen that the consolidated relative density of
the calcareous sand was highly correlated with the param-
eters of the modified model, indicating that the relative
density was the main factor affecting the pore pressure
growth of the calcareous sand. When the relative density is
known, the parameters θ of the modified model can be
obtained by considering Figure 16, making it possible to
predict the pore pressure growth curve.

3.5. Volumetric Strain of Calcareous Sand after Liquefaction.
When the dynamic load stops, the soil deforms with the
dissipation of excess pore water pressure. Scholars have
studied the volume deformation characteristics of quartz
sand after vibration and achieved many results, but research
on the volume deformation characteristics of calcareous
sand after liquefaction remains rare. In this test, the effects of
relative density, effective confining pressure, and cyclic stress

ratio on the volume deformation of saturated calcareous
sand after liquefaction are discussed. *e volume defor-
mation of the saturated Fujian sand was measured under the
same working conditions, for comparison. *e volumetric
strain after liquefaction is defined as

εV �
ΔV
V0

× 100%, (7)

where ΔV is the volume change of sand before and after
liquefaction failure and V0 is the volume of sand after
consolidation.

3.5.1. Effect of Cyclic Stress Ratio on the Post-Liquefaction
Volumetric Strain of Calcareous Sand. Figure 17 shows the
εV ∼ CSR curve of the calcareous sand and the Fujian sand
after liquefaction. *e solid symbol in the figure is the data
point of the calcareous sand, and the hollow symbol is the
data point of the Fujian sand. *e data points with the same
relative density and effective confining pressure are plotted
on the same curve. It can be seen from the figure that under
the same relative density and effective confining pressure,
the effect of cyclic stress on the post-liquefaction volumetric
strain of the two types of sand is reduced. *e reason is that
the decrease of porosity is directly proportional to increasing
pore pressure. When the porosity of the samples is similar,
the change of pore pressure during liquefaction is also
similar. Compared to the Fujian sand, the volume of the
calcareous sand in the loose state should be higher after
liquefaction due to its higher compressibility.

3.5.2. Effect of the Effective Confining Pressure on the Post-
Liquefaction Volumetric Strain of Calcareous Sand.
Figure 18 shows the εV ∼ σ3c curve of the calcareous sand
and the Fujian sand after liquefaction. It can be observed
from the figure that when the relative density and cyclic
stress ratio are the same, the volume deformation of the
calcareous sand after liquefaction increases with increasing
effective confining pressure. *e volume change of the
saturated sand is related to pore pressure.*e increase of the
effective girth requires more volume deformation in order to
achieve the same pore pressure ratio. *erefore, the volume
change of sand liquefaction is large.

Table 3: Fitting coefficients of the model.

Model Dr (%) a b θ R2

Model of Seed [39]

37.5 — — 1.615 0.984
55.4 — — 1.108 0.990
68.7 — — 0.522 0.916
77.8 — — 0.338 0.855

Modified model of Seed [24]

37.5 1.435 −0.391 0.665 0.989
55.4 1.128 0.038 0.752 0.992
68.7 1.081 0.356 1.488 0.951
77.8 1.850 −0.297 1.391 0.955

Modified model

37.5 — — 0.732 0.989
55.4 — — 0.847 0.991
68.7 — — 1.003 0.964
77.8 — — 1.091 0.976
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Figure 16: Relationship between Dr and θ.
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3.5.3. Effect of Relative Density on the Post-Liquefaction
Volumetric Strain of Calcareous Sand. It can be observed
from Figure 18 that at the same effective confining pressure
and cyclic strain ratio, the post-liquefaction volumetric
strain of the calcareous sand increases with decreasing
relative density. Lee and Albaisa [33] noted that the average
post-liquefaction volumetric strain of quartz sand was re-
lated to the relative density. *e average value of the post-
liquefaction volumetric strain of all the calcareous sand and
the Fujian sand samples with similar relative density in this
test was taken, εV ∼ Dr, and a relationship curve was drawn,
as shown in Figure 19. *e legend in the figure indicates the
number of data samples, and the lines in the figure are the

data fitting lines of the calcareous sand, the Fujian sand, and
the Monterey sand [33]. It can be observed from Figure 19
that there is a good correlation between the average value of
post-liquefaction volumetric strain of the three types of sand
samples and the relative density, but the fitting line of the
calcareous sand is linear. *e fitting curves of the Monterey
sand and the Fujian sand are different in shape, which may
be related to the test conditions. *e number of samples and
the effective confining pressure at the corresponding points
of the Monterey sand and the Fujian sand were insufficient.
Generally, under the same relative density, the post-lique-
faction volumetric strain of the calcareous sand is larger,
which may be related to the special particle shape and
gradation of the calcareous sand.

4. Conclusions

A series of undrained cyclic triaxial tests were conducted on
calcareous sand samples obtained from a reef reclamation
project site in the South China Sea. *e factors influencing
the liquefaction resistance, the pore pressure growth, and the
post-liquefaction volumetric strain of the saturated calcar-
eous sand were analyzed. *e following conclusions were
derived:

(i) *e particle shape and micromorphology of the
calcareous sand from the dredger fill site obtained
by cutter suction or trailing suction are quite dif-
ferent from those of natural calcareous sand, which
will affect the mechanical properties of the cal-
careous sand.

(ii) *e dynamic stress attenuation leads to cyclic vi-
bration times higher than the actual liquefaction
vibration times. A correction method based on the
equivalent concept can better eliminate the influ-
ence of dynamic stress attenuation.

(iii) Saturated calcareous sand will liquefy under un-
drained cyclic load. *e liquefaction resistance of
calcareous sand with high relative density is high,
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but the liquefaction resistance of calcareous sand
decreases with increasing effective confining pres-
sure under the dense condition.

(iv) Due to the porous and irregular shape of the cal-
careous sand, its liquefaction resistance is higher
than that of the Fujian sand, and the difference
between them is the largest in the loose and dense
states. Compared with the calcareous sand studied
in other literature, the particle size distribution of
the calcareous sand from the dredger fill site was
better and had higher anti-liquefaction ability.

(v) *e experimental results show that the model of
Seed was not suitable for describing the pore
pressure development of calcareous sand, and a
modified model was proposed, which better de-
scribed the pore pressure growth characteristics of
calcareous sand. *e fitting parameters of this
model were well-correlated with the relative
density.

(vi) *e post-liquefaction volumetric strain of the cal-
careous sand should be larger under conditions of
higher effective confining pressure and smaller
relative density. *e results show that the post-
liquefaction volumetric strain of the calcareous
sand was larger than that of the quartz sand, and the
post-liquefaction volumetric strain of the calcare-
ous sand had a linear relationship with relative
density.

(vii) *e above research has some limitations. It is
necessary to further study the influence of different
types of calcareous sand shape on liquefaction
characteristics and volumetric strain of calcareous
sand.
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In order to provide a theoretical basis for the design of underground shaft coal pocket and support parameters in coal mines, a
mechanical model and a dynamic analysis of the silo wall are established based on the engineering background of Ganhe Coal
Mine. *e numerical calculation is carried out by using the new model. *e back analysis of the silo wall damage in the actual
project is carried out, and the deformation law and fracture mechanism of the silo wall affected by different lateral pressure
coefficients are analyzed and studied research. Based on the Mohr–Coulomb strength criterion, five sets of orthogonal simulation
experiments were carried out for lateral pressure coefficients of 0.6, 0.8, 1.0, 1.2, and 1.4, respectively. *e results show that the
lateral pressure coefficient is the main factor affecting the deformation of the silo wall, the radial displacement of the silo wall
increases gradually with the increase of the lateral pressure coefficient, and the displacement follows the quadratic polynomial
function distribution. *e maximum tensile stress area of the silo wall is located in the middle and lower part of the shaft coal
pocket, which better explains the engineering phenomenon that the actual fracture location of the silo wall is mostly concentrated
in the middle and lower part of the underground shaft coal pocket. *e targeted repair technology can be used for reference
in engineering.

1. Introduction

*e underground shaft coal pocket plays a crucial role in the
storage and transportation of coal for the mines, which can
balance the transport capacities for both the main shaft and
the main haulage roadway. Due to its long service duration,
the shaft coal pocket generally serves for a special level as
vital and lasting importance, determining the production
safety of the whole mine. It is absolutely necessary and even
sometimes exhibits themultibunkers for themode of vertical
shaft development, which was also frequently utilized for the
inclined shaft development. *e silo wall of vertical cylin-
drical concrete is the most versatile mode for the shaft coal
pocket. Practice has indicated that the damage of the shaft
coal pocket frequently occurs due to the destruction and
instability of the silo wall. Recently, underground shaft coal

pocket accidents have occurred occasionally and even
caused serious casualties.

For the present underground shaft coal pocket in the
mines, the origin silo wall could be damaged of various
degrees and some could even be destroyed despite several
maintenances with the increase of coal amount and service
duration. *ere exists great significance to investigate the
stability of the silo wall under different lateral pressure
coefficients. *ere have been fruitful investigations on the
shaft lining, surface silo, and oil drilling engineering to date.
However, systematic research on the silo wall of the shaft
coal pocket has been minimally reported. Compared with
the common underground roadways, the silo wall passes
through several anisotropic mediums and frequently con-
tacts with several or even dozens of strata, increasing the
complexity of this research. *e phenomenon of unloading

Hindawi
Advances in Civil Engineering
Volume 2020, Article ID 8892091, 11 pages
https://doi.org/10.1155/2020/8892091

mailto:liumingyin2004@163.com
https://orcid.org/0000-0002-2950-4224
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8892091


overpressure in shaft coal pocket has been proved, which can
be revealed by the mechanical behaviors under different
lateral pressure coefficients. *us, it is critical for the rea-
sonable determination of the mechanical model of the silo
wall and the investigation of the stability for the silo wall
under different lateral pressure ratios.

*rough the two-dimensional stress distribution solu-
tion around the circular pores in the elastic plate, Ma
proposed that the coefficient of lateral pressure is a direct
reflection of the stress environment of the surrounding rock
[1]. Zhu et al. explored the relationship between the well
deformation of the underground chamber and the load and
considered that the sidewall displacement can be affected by
conditions such as being deeply buried, poor rock quality,
and high lateral pressure coefficient [2]. Jia analyzed the
stress and elastic properties of the surrounding rocks for a
circular roadway with two-way equal pressure [3]. Xu [4]
and Xu [5] have conducted an analysis of the elastic-plastic
basic theory of thick-walled cylinders. *e Chinese standard
concerning coal mine silo has classified the side pressure
coefficients of deep bin as 0.9–1.4 [6]. Both Fan and Zheng
[7] and Yuan [8] calculated the side pressure of the silo wall
via the finite element method and concluded that the
maximum horizontal pressure is 1.42 times the minimum
value. Liu and Wu [9] have investigated the repair design of
the underground shaft coal pocket engineering process.
Chen [10] considered that the unloading form has a great
influence on the lateral pressure of silo. Wang and Yang [11]
conducted the wellbore stress analysis for the lateral pressure
coefficient of 0-1. Xiong et al. [12] investigated the uniform
pressure distribution in the silo. Shao et al. [13] analyzed the
coal unloading technology of coal bunker given the lateral
pressure coefficient of 1.0. Li et al. [14] experimentally in-
vestigated the stability of the concrete arch under different
lateral pressure coefficients. Sun et al. [15] derive four wall
pressure coefficients in quasiplane strain to consider the
intermediate stress effect under four criteria. Tatkoa and
Kobielak [16] carry out the laboratory tests in the steel flat-
bottomed silo model filled with sand. Kong et al. [17] carry
out the triaxial compression tests under different confining
pressures and loading methods to investigate the defor-
mation characteristics of the coal specimens.Wang et al. [18]
study the large-deformation failure mechanism of coal
feeder chamber and construction of wall-mounted coal
bunker. Yan et al. [19], on the basis of the engineering
background of Nantun Coal Mine, studied the shaft de-
formation and failure characteristics. All these have pro-
vided preliminary research proposals for the stress analysis
of the bunker wall at the shaft coal pocket.

Here, the mechanical model of the shaft lining was
constructed concerning the underground shaft coal pocket
of Ganhe mine. Five series of orthogonal numerical simu-
lation experiments were conducted considering different
side pressure coefficients to analyze the stress-strain

properties and distribution of the ductile zone following the
Mohr–Coulomb strength criterion. Finally, the deformation
law and damage mechanism were investigated, which
provide the theoretical basis for engineering practice and
foundation for the later investigation on the stability of the
coal bunker wall.

2. Background

*e Ganhe Coal Mine is located in the north of Huozhou
mining area in Huoxi coalfield, Shanxi Province, and its
administrative division is under the jurisdiction of Hon-
gtong County, Linfen City. *e shape of the minefield is NE-
SW long strip distribution. *e length of NE-SW is about
9 km, and the width of NW-SE is about 4 km, with an area of
35.559 km2.

Ganhe Coal Mine shaft coal pocket is the only one in this
mine. It is located at 24.5mWest by north of the main shaft,
with a net diameter of Φ 7m and a height of 47.39m. *e
level of the upper coal bunker opening is +79.8m and the
Earth’s surface level is +546.4m.*e silo wall is made of C20
plain concrete arch with a supporting thickness of 450mm
and a capacity of 1700m3, which is a high-capacity shaft coal
pocket. *e construction of the shaft coal pocket began in
December 2007 and was completed in February 2008. *e
bunker body was damaged for the first time in 2011, then
collapsed gradually, and became serious from the end of
2015 to April 2016. According to the observations on May
25, 2016, and June 2, 2016, the damaged section is located at
the level of +44.8m to +62.8m, with the maximum collapsed
areas depth of 5m and height of 7-8m. *e damage and
collapse direction are mainly in the south side and some
extend to the east and west sides of the shaft coal pocket. *e
serious collapse area accounts for two-thirds of the section
perimeter, and the surrounding rock collapsed areas volume
reaches about 1000m3.

3. Mechanical Model

Based on the actual engineering practice of Ganhe mine, the
rock mechanical model can be constructed as Figures 1(a)
and 1(b). *e size and end effect of the coal bunker upper
end was ignored to highlight the stress state of the silo wall.
*e overlying strata which are not simulated here are
simplified as uniformly distributed loads applied on the
upper boundary of the model. Additionally, there exist
unconformity contacts between the silo wall and sur-
rounding rocks due to the excavation of rocks and concrete
arch support. *is can be classified into three cases: (1)
perfect contact, (2) hinged contact between upper and lower
ends, and (3) partial contact between silo wall and sur-
rounding rocks, where case 2 was the most unfavorable and
prone to deformation and damage.*e simplifiedmechanics
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model of the silo wall and inclusion of the surrounding rocks
are depicted in Figures 1(c) and 1(d), respectively.

As the height of bulk coal is constantly changing in the
actual mine production process, the two limit static con-
ditions were preferentially considered: A, empty position
status, and B, full-position status. *en, the dynamic
working processes between these two conditions were
considered, that is, the coal loading process I (dynamic
behaviors from condition A to condition B) and coal
unloading process (dynamic behaviors from condition B to
condition A). Based on the novel established model, the
mechanical analysis is conducted via the theoretical research
and numerical experiment.

4. Mechanical Analysis of Silo Wall

4.1. Elastic-Plastic Mechanical Analysis of Silo Wall

4.1.1. Stress Components. Actually, the wall of the coal
bunker at the underground coal mine is buried in layered
strata; however, for the wall in a specific rock stratum, when
at the full-position status, it can be equivalent to the me-
chanical model of cylinder bearing internal pressure in the
infinite elastic body [4]. *e stress distribution of the cyl-
inder wall with bearing uniform pressure qa is depicted in
Figure 2(a). *e equivalent diagram of the internal and
external pressure model is depicted in Figure 2(b) when
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Figure 1: Simplified mechanical model of concrete shaft wall and surrounding rocks. (a) Damage site of the silo wall where “A” is the
collapse area. (b) Comparison of the collapse area and integrated area [9]. (c) Simplified mechanics model of the silo wall. (d) Simplified
mechanics model of the silo wall and surrounding rocks.
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there exists a bulk coal medium inside the silo wall.
Figure 2(c) depicted the internal pressure model for the case
when there is an unconformity contact outside and loose
coal medium inside the coal bunker wall.

*e stress component of the silo wall can be expressed as

σr � − qa

[1 +(1 − 2μ)n] b
2/r2  − (1 − n)

[1 +(1 − 2μ)n] b
2/a2

  − (1 − n)
,

σθ � qa

[1 +(1 − 2μ)n] b
2/r2  − (1 − n)

[1 +(1 − 2μ)n] b
2/a2

  − (1 − n)

σr
′ � − σθ′ � − qa

2(1 − μ)n b
2/r2 

[1 +(1 − 2μ)n] b
2/a2

  − (1 − n)
,

, (1)

where

n �
E′(1 + μ)

E 1 + μ′( 
, (2)

σr—radial principal stress of concrete silo wall, Pa;
σθ—circumferential principal stress of concrete silo wall, Pa;
σr′—radial principal stress of surrounding rocks, Pa;
σθ′—circumferential principal stress of surrounding rock,
Pa; E—elastic modulus of concrete silo wall, Pa; E′—elastic
modulus of surrounding rock, Pa; μ—Poisson’s ratio of
surrounding rock; μ′—Poisson’s ratio of concrete silo wall;
qa—internal pressure of coal bulk on silo wall, N/m; and
qa � 0 corresponds to empty position status (Condition A).

4.1.2. Elastic Displacement Function of Silo Wall. Based on
the thick-walled cylinder theory in elasticity mechanics,
the displacement function u of silo wall when enduring
the medial pressure qa and lateral qb can be expressed as
[4]

u �
1
E

(1 + μ)
a
2
b
2

qb − qa( 

b
2

− a
2

 r
+(1 − μ)

qaa
2

− qbb
2

b
2

− a
2

⎡⎢⎣ ⎤⎥⎦ ,

qb � λp .

(3)

(1) From Figure 2(b), when qa � 0, the radial displace-
ment component of the silo wall derived from qb was

ub �
b
2
qb

E b
2

− a
2

 

(1 + μ)a
2

r
+(1 − μ)r  . (4)

(2) From Figure 2(b), when qb � 0, the radial displace-
ment component of the silo wall derived from qa was

ua �
a
2
qa

E b
2

− a
2

 

(1 + μ)b
2

r
+(1 − μ)r  . (5)

4.1.3. Plastic Stress Component of Silo Wall

(1) Plastic limit pressure and stress components
For the cylindrical concrete silo wall, when the stress
P on the upper boundary of the pressure model
increases, the plastic zone expands and the elastic
zone shrinks. Due to the limitation of the external
elastic zone, the deformation of the internal plastic
zone can only be the same order of magnitude as the
elastic deformation.When the plastic zone extends to
the whole cylinder wall, the plastic deformation will
occur without restraint, and the silo wall cannot
continue to bear the inner pressure, which is called
the plastic limit state. If the pressure of the plastic
limit state is pl, and rs � b, then the plastic limit stress
and stress components were [5]

pl � σs ln
b

a
,

σr
′ � σs ln

r

a
,

σθ′ � σs 1 + ln
r

b
 ,

(6)

where σs is the plastic limit pressure.
(2) *e stress distribution of the silo wall and sur-

rounding rock in the plastic section is given as [6]
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Figure 2: Stress distribution of the shaft wall. (a) Stress distribution of the silo wall mechanical model. (b) Equivalent diagram of internal
and external pressure model on the silo wall. (c) Equivalent diagram of the internal pressure model on the silo wall.
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σv( z �
11cegr

λk0
1 − e

− λk0/11r( )  . (7)

*e distribution of the horizontal ground pressure stress
is

σh( z � λ σv( z �
11cegr

k0
1 − e

− λk0/11r( )  , (8)

where k0 is the maximum static friction coefficient between
the surrounding rock and silo wall and λ is the lateral
pressure coefficient.

4.2. Coal Loading Process. *e variations of the dynamic
parameters of coal flow fromCondition A to Condition B are
as follows:

(1) *e height of bulk coal increases from 0 to H of
Condition B. Q1 and V depicted the coal capacity on
the upper belt conveyor and bunker volume, re-
spectively. *en, the theoretical time to fill the coal
bunker is V/Q1, where Q1 is the upper belt freight
volume, t/s; V is the capacity of the shaft coal pocket,
t; andH is the coal height in the shaft coal pocket,m.

(2) *e velocity of coal flow can be equivalent to free
falling motion. *e final velocity of falling coal flow
is high for Condition A and low for Condition B.*e
velocity vmax was gradually reduced to the initial
speed of the upper belt conveyor v0 which is de-
termined by the running speed of the belt conveyor
in the upper main transport roadway
(vmax �

����
2gH


).

4.3. Coal Unloading Process. *e variations of the dynamic
parameters of coal flow fromCondition B to Condition A are
opposite to the above.

(1) *e height of bulk coal increases fromH to 0.Q2 and
V depicted the coal capacity on the lower coal feeder
and coal bunker volume, respectively. *en, the
theoretical time to fill the coal bunker is V/Q2,where
Q2 is the capacity lower coal feeder, t/s.

(2) For this case, the movement state of coal flow is the
most complex. It is not only related to the physical
properties of granular particles but also related to the
flow state (tubular flow, overall flow, or “turbulent
flow”) and additionally depends on the scale utility
and geometry of the lower discharge port as well,
especially for the ratio of the height to radius k�H/
D. Also, the granular mechanical structure, such as
arching and bonding can be formed during the coal
loading process, resulting in the blocking accident.
*e coal loading velocity can be obtained via nu-
merical simulation and filed measurement. How-
ever, the field initial coal loading also increased from
0 to the rated speed of coal feeder control plus the
additional velocity due to the free fall from the lower
port to the height of the belt surface of the belt
conveyor. Finally, the stability of the belt conveyor in

the transportation system can be ensured, and thus
the coal flow velocity of the coal unloading process
can be simplified from 0 to v1, which is determined
by the flow speed of the lower coal feeder.

5. Numerical Simulation Experiment

5.1. In Situ Rock Stress. *e actual engineering site of the
numerical experiment simulation was in Huozhou mine of
the Huoxi coalfield, Shanxi Province. *e distribution of the
in situ rock stress can be referred to in [3]. *e maximum
horizontal stress is 1.36 times higher than the vertical stress
which equals the overburden thickness multiplied by unit
weight [20]. *e buried depth of this area is 466.6m,
equivalent to the horizontal pressure of 11.7MPa applied on
the upper of the experimental model.

5.2. Yield Criterion. FLAC3D, the general numerical simu-
lation software of rock concrete material, was adopted here,
following the Mohr–Coulomb yield criterion to judge the
failure of the rock mass. *e criterion is

fs � σ1 − σ3Nφ + 2c
���
Nφ


� 0 , (9)

where

Nφ �
1 + sinφ
1 − sinφ

, (10)

where c is the cohesive force (Pa) and φ is the internal
friction angle of the rock mass (°).

5.3. Numerical Modeling. Based on the actual layered sur-
rounding rock stratum of Ganhe Coal Mine, the 3D nu-
merical model is established by FLAC3D using the following
boundary conditions. In this paper, the 0 displacement
constraint was used in both the vertical direction of the lower
boundary and horizontal direction of the upper boundary.
Additionally, the stress boundary condition was utilized in
the vertical direction of the upper boundary, the horizontal
direction of the left and right boundary, and the horizontal
direction of the front and rear boundary.

*e basic structure unit of the silo wall model was gen-
erated via the Generate order, where the inner diameter,
thickness, and height were 7.0m, 0.5m, and 45m, respectively.
*e bin is filled with loose coal particles. *e rock strata and
wall were simulated via the RADCYL and CSHELL unit re-
spectively, generating the 8640 units and 8878 nodes.

*e numerical model constructed via the mine geo-
logical conditions is depicted in Figures 3(a) and 3(b).

5.4. Designed Normal Test. *e lateral pressure of the silo
wall varied due to the varying coal loading depth. *e lateral
pressure coefficients of 0.6, 0.8, 1.0, 1.2, and 1.4 were selected
to conduct the orthogonal experiment here based on the
actual in situ stress distribution in Huozhou mining. *e
mechanics response of the silo wall was simulated con-
cerning the coal unloading process of the underground coal
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bunker. *e distribution characteristics of stress and the
strain and plastic zone were also analyzed and determined
under various supporting types.

In the coal bunker, the bulk coal was filled first; then the
coal body is excavated to simulate the coal unloading
process, analyzing the radial displacement and deformation
characteristics of the silo wall under different lateral pressure
coefficients.

5.5. Determination of Experimental Parameters. *e con-
crete strength grade was C30 in this engineering. *e elastic
modulus, compressive strength, and tensile strength were
30GPa, 20.1MPa, and 2.01MPa, respectively, following the
Chinese standard concrete structure design code (GB 50010-
2010) [21]. *e plain concrete support was utilized to in-
vestigate the inversion of silo wall deformation based on the
actual mine engineering.

According to the mechanical parameters of previous
experiments, the physical and mechanical properties of rock
masses in the simulation experiment are shown in Table 1
after considering a certain strength reduction factor.

6. Deformation Analysis of Silo Wall

*e working process of the underground coal bunker was
actually the loading or unloading of coal for the silo wall.
And the stress environment of the silo wall and surrounding
rock continually changes, resulting in the deformation of the
silo wall under the inner lateral pressure.

6.1. Stress Analysis. Numerical analysis is conducted at the
maximum lateral pressure coefficient of 1.4 under the most
unfavorable case of wall stress. Figure 4 depicted the stress
nephogram of the vertical section in the stress field on the silo
wall. Figure 4 depicted the stress distribution of the vertical
profile. It could be concluded that the vertical stress distri-
bution is highly inhomogeneous. *ere are obvious stress
concentration areas in the middle and lower parts of the silo
wall, and this is also the area where the maximum tensile stress
of the silo wall is generated. As the concrete of the silo wall
belongs to the brittle materials, the allowable tensile strength is
much lower than the allowable compressive strength, resulting
in the preferable damage site in the area of maximum tensile
stress. *e silo wall will generate fractures under the tensile
stress until failure. *is is the cause of the actual phenomenon
that the damage frequently occurs in the middle and lower part
of the silo wall. According to the lithology analysis of the wall
rock, the surrounding rocks of this area are composed of the
weakest aluminous mudstone.

*e stress distribution for other λ values was similar to
Figure 4 despite their lower stress values. From Figure 4, we
can found that the maximum pressure is 44.7MPa, which
occurred in a lower area of the shaft coal pocket. *us, the
following will emphatically analyze the displacement
properties.

6.2. Deformation Analysis. Like other concrete structures,
the deformation of the concrete shaft coal pocket wall chiefly
consists of stress deformation and volume deformation. *e

No.1
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Figure 3: Numerical model of the shaft wall.

Table 1: Physical and mechanical parameters of rock mass used in numerical simulation.

Rock type Density
(kg·m− 3)

Internal friction angle
(°)

Tensile strength
(MPa)

Elastic modulus
(GPa)

Cohesion
(MPa)

Poisson
ratio

Coal 1430 39.5 0.2 0.10 0.42 0.32
Concrete silo wall
C30 2385 54.9 1.0 30 3.18 0.2
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former mainly refers to the deformation caused by one
short-term loading, long-term loading, or multiple repeated
cyclic loading, while the latter refers to the deformation
caused by the concrete itself when it hardens and shrinks or
the ambient temperature changes. *is research mainly
focuses on the deformation under stress.

According to the experimental results of numerical
simulation, number 1 measuring point was selected for
typical analysis of its radial displacement at 11m from the
lower end of the shaft coal pocket, the deformation of the
shaft wall, and the radial displacement data table of mea-
suring point 1 as Table 2.

According to the experimental results of numerical
simulation, number 2 measuring point was selected for
typical analysis, including its horizontal displacement at
23.5m from the lower end of the shaft coal pocket, the
deformation of the shaft wall, the displacement nephogram
under diverse lateral pressure coefficients, and so forth, as
shown in Figure 5. Figures 5(a)–5(e) show the horizontal
displacement nephograms when the coefficients of lateral
pressure (λ) are 0.6, 0.8, 1.0, 1.2, and 1.4, respectively, at the
same elevation (the position shown in the figure is Z� 23.5m
and the bottom end of the shaft is set to Z� 0.0). Meanwhile,
the radial displacement along the horizontal section of the
shaft wall presents nonlinear increase with the rise of the
lateral pressure coefficient. *e circumferential displace-
ment nephogram in the stress field on the shaft wall indicates
that the distribution of circumferential deformation is ex-
tremely uneven. *e shaft wall is displaced by hoop tension
and then develops into fractures until damaged.

Figure 6 is a dynamic diagram of the radial displacement
of number 1 measuring point on the shaft wall arranged
11m from the bottom of the shaft coal pocket when the
coefficients of lateral pressure are 0.6, 0.8, 1.0, 1.2, and 1.4,
respectively.

As shown in Figure 6, the radial displacement of number
1 measuring point enlarges simultaneously when the coef-
ficient of lateral pressure (λ) gradually grows and the other
factors remain unchanged, and the displacement of the
measuring point tends to reach a stable value when the

number of cycles reaches around 20,000 times. While λ
increases from 0.6 to 1.4, the radial displacement of number
1 measuring point gradually increases from 0.28mm to
1.47mm and the coefficient of lateral pressure increases by
2.3 times; however, its displacement value basically increases
by 5 times. In the meantime, the growth rates of radial
displacement are 60.7%, 22.2%, 23.6%, and 79.4%, respec-
tively. On the whole, the growth rate of radial displacement
basically decreases first and then increases.

Figure 7 displays the displacement curve of the shaft wall
at number 1 measuring point under diverse lateral pressure
coefficients.

Figure 7 shows that the slope of the curve increases
significantly when the coefficient of lateral pressure exceeds
1, indicating that the increasing range of the radial dis-
placement (λ> 1) is obviously greater than the stage when λ
is less than 1. In addition, the displacement of the silo wall
enlarges distinctly at this critical point, which can easily
result in structure deterioration and instability of the silo
wall.

According to the experimental results of numerical
simulation, the maximum radial displacement of the silo
wall during coal unloading is 14.1mm and located in
the middle and lower areas of the shaft coal pocket, which
isconsistent with the actual records of on-site observation.

By analyzing the radial displacement curve of the
shaft wall, the fitting curve can be obtained as shown in
Figure 8. Number 1measuring point is set at a radial distance
of 0.3m from the inner shaft wall and 11m from the
bottom part of the shaft wall. As shown in Figure 8, the
quadratic polynomial curve of this measuring point is fitted
and the R2 value is 0.9562. *e radial displacement of other
measuring points set along the axial direction under dif-
ferent lateral pressure coefficients has indicated a similar rule
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Figure 4: Cloud chart of stress distribution in the vertical section of the shaft wall (unit: MPa).

Table 2: Results of shaft coal pocket wall displacement test
(measuring point 1).
Lateral pressure coefficient 0.6 0.8 1.0 1.2 1.4
Radial displacement (mm) − 28 − 45 − 55 − 73 − 141
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to that of number 1 measuring point, which will not be
repeated here.

*rough analyzing the displacement of the shaft wall and
its surrounding rockmasses, it has been found that the radial
displacement of some areas with the surrounding rock made

up of aluminum and carbonaceous mudstone is significantly
larger than that of other rock layers under the same lateral
pressure. In the meantime, these areas tend to be damaged at
first due to the poor mechanical properties of rock strata, so
they are key to dominating the entire support system. When
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Figure 5: Cloud chart of radial distribution along displacement horizontal section, z� 23.5m from the bottom (unit: m). (a) λ� 0.6. (b)
λ� 0.8. (c) λ� 1.0. (d) λ� 1.2. (e) λ� 1.4.
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the fracture develops to a certain degree, the concrete
material on the shaft wall will peel off and drop inside the
shaft coal pocket. *en, the peeling phenomenon further
expands under repeated loading and unloading actions on
the silo wall and larger holes are formed in the working
process of the shaft coal pocket. Eventually, the shaft wall
gets damaged and the surrounding rock collapses, forming a
situation where the shaft wall reaches a depth of several
meters like Ganhe Coal Mine and the collapse depth exceeds
the radius of the coal bunker and endangering the normal
production of the entire main transportation system as well
as the mine.

6.3.Analysis of thePlasticZone. *e structure of the concrete
shaft wall is also made of multiphase composite material
composed of coarse aggregate and hardened cement slurry.
*ere exist original pores and microcracks. *e structural
damage is a process of gradual changes. In the following
part, the distribution scope of the plastic zone is employed as
an indicator to determine the instability process of the silo
wall.

According to the results of numerical experiments, the
distribution of the plastic zone of the silo wall under different
λ values is shown in Figures 9(a)–9(e). *e analysis shows
that the vertical plastic zone along the silo wall expands and
becomes increasingly uneven when the lateral pressure
coefficient grows. When λ reaches a certain value, plastic
failure first occurs in the middle and lower areas of the
silo wall and then gradually expands. In the later period,
shear failure appears in the lower andmiddle areas of the silo
wall.

Figure 9 also suggests that the plastic zone on the silo
wall is mainly concentrated in the middle and lower areas
and gradually expands from bottom to top as the lateral
pressure coefficient increases. *is is mainly due to the

complex flow pattern of loose coal particles during the coal
unloading process in this area, which causes the change of
the stress state on the silo wall in this area and results in
stress concentration. Nevertheless, as the middle part of the
silo wall is mostly in the state of tubular flow, the plastic zone
in this area is small. Under the action of the internal dynamic
pressure, the actual difference between the inner and outer
pressure of the silo wall is at its maximum in this area due to
the pressure imbalance between the inside and outside of the
silo wall, which is conducive to the formation of the plastic
zone. As time goes by, the plastic zone will firstly fracture
and turn unstable under the action of long-term nonlinear
cyclic loading in this area, and the expansion of failure
regions may lead to the instability and damage of the in-
tegrated system if not restored timely. According to the
results of numerical experiments and through numerical
simulation experiments analysis, the numbers of plastic zone
elements are 2326, 2868, 2959, 4096, and 4291 under five
different lateral pressure coefficients, and the total numbers
of elements in the shaft coal pocket wall model are 8640. *e
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Figure 6: Dynamic diagram of the radial position of number 1
measuring point in the middle of the shaft wall (z� 11m from the
bottom).
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proportion of plastic zone in each state is 26.9%, 33.2%,
34.3%, 47.4%, and 49.6%, respectively.

6.4. Mechanism Analysis on the Fracture of the Silo Wall.
Due to the repeated loading and unloading of coal flow in the
silo as well as the limitation of the outer surrounding rock,
the silo wall is working under different lateral pressure.*us,
deformation at the original concrete defect position caused
by the internal stress of the silo wall is first generated and
further develops into fractures, which finally lead to
macrodamage.

Since the construction of the lower lock of the shaft coal
pocket and the loading chamber is an integrated whole, the
intensity of the lower part is far stronger than that of the
other areas. However, the upper mouth of the bunker which
contacts the surrounding rock is only supported by a simple
concrete arching structure without special treatment, which
results in the silo wall mechanical structure with consoli-
dation in the lower part and hinged constraint in the upper
part.*erefore, the silo wall fracture shows asymmetry in the
vertical deformation, for which the main reason is that the
constraint of the silo wall in the surrounding rock is
asymmetric. *e lateral pressure coefficient plays an im-
portant role in the deformation and fracture of the silo wall,
which is most prominent in the middle and lower areas of
the silo wall.

6.5. Spot Effects. *e research results have been successfully
applied in Ganhe Coal Mine, Huozhou Mining Area, Shanxi
Province. According to the on-site monitoring status, the
roof-off-the-strata indicator set at the bottom of the shaft
coal pocket kept monitoring within six months (from July
2016 to December 2016) and no obvious deformation oc-
curred. Meanwhile, the cumulative displacement was less
than 10mm according to the observation. Now after 5 years
(from 2016 to 2020) of safe and stable operation, the silo wall
at the shaft coal pocket is still solid and intact, and no much
damage occurred during the period. Up to now, the safe-
service time of the repaired shaft wall has exceeded the
previous maximum damage interval since the mine was put
into production, with no record of repair. *e restoration

project has been proven to be a complete success with good
effects.

7. Conclusions

*e newly established mechanical model and numerical
simulation experiments have revealed the feature of stability
characterized by the wall of shaft coal pocket under different
lateral pressure coefficients. *e coal unloading process of
the shaft coal pocket will lead to the changes of the stress and
displacement of the shaft wall. Moreover, the lateral pressure
coefficients have significantly different effects in controlling
the stability of the shaft wall.

(1) *e numerical simulation experiments have revealed
that the middle and lower areas of the silo wall are
the tensile stress concentrated region and the dis-
placement reaches its maximum value, which is
more conducive to the destruction of the silo wall in
which tension plays a key role. *e on-site obser-
vation is also consistent with this phenomenon, so
this region on the shaft wall should be provided with
key support andmaintenance. Under different lateral
pressure coefficients, the plastic zones preferentially
expand in the middle and lower areas of the silo wall
vertically.

(2) *e radial displacement of the silo wall gradually
expands with the increase of lateral pressure coef-
ficients. *e growth rate of the radial displacement
basically decreases first and then increases. In ad-
dition, the radial displacement of the shaft wall
follows the distribution of quadratic polynomial
function and its R2 value is 0.9562.

(3) *e silo wall overall presents the mechanical
structure with consolidation in the lower part and
hinged constraint in the upper part. Since the silo
wall fractures exhibit constraint asymmetry in ver-
tical deformation, the lateral pressure of different
sides plays an important role in the silo wall de-
formation and fracture. Fractures occur in the
middle and lower areas before they get damaged and
turn unstable and then expand. Finally, the upper
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rock layers are damaged and tumble down from
bottom to top by layers.
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In order to investigate the effect of the microproperties of bedding and strain rate on the fragment size distributions of layered
phyllite with different bedding dip angles, a split Hopkinson pressure numerical model was established and verified by comparing
with the experimental results. A newmethod to obtain reasonable layered rock dynamic simulation result was proposed.+en, the
cumulative distribution curve and average fragment size of layered rocks were calculated after changing the strain rate and
microparameters of bedding in the model. +e results showed that the samples tend to become pulverized under high strain rate,
and it was harder for the samples with low dip angle to be damaged if the bedding shear strength is added, while the fragmentation
of high angle samples did not change significantly. Furthermore, the failure of layered specimens was not affected by the tensile
strength and stiffness. +e wider bedding and narrower space promoted the crack initiation and propagation.

1. Introduction

Rock splintering under high rate load could be observed in
blasting [1], tunneling [2], earthquakes [3], rock bursts, and
shale gas well fracturing [4, 5]. +erefore, it is essential to
investigate the rock fragmentation behavior for solving
many practical engineering problems, such as blasting and
excavation could be achieved more safely and economically,
efficient rock disintegration, and reliable architectural design
[6–8].

During a brittle fragmentation event, microcracks
originate under stress concentrations, open, propagate
rapidly to interact with another, and eventually coalesce to
form separated fragments. Due to the complexity of dynamic
rock fracture, a range of experiments, theoretical models,
and computational simulations have been pursued to enrich
the knowledge of the fragmentation over the past several
decades [9–12]. Rosin and Rammler [9] constructed a
fragment size distributions function, which is quoted to
form the widely used blasting prediction fragmentation

model [1]. Besides a series of theoretical analysis [10, 11], a
variety of simulation methods have been done to provide
insights into the rock pulverization process. Zhou and
Molinari [12] used a finite element ring model to study the
dynamic fragmentation properties of materials under tensile
impact load. +e effects of ring size, the energy conversions,
and related properties are discussed. With the help of the
grain-based discrete element method (GB-DEM), Li et al.
[13] put forward that there exist two classes of broken be-
havior corresponding to the different rock pulverization
phenomenon under dynamic loads.

Recent investigations have reported that the debris size is
determined by initial defect properties [14], and thus more
attention has been paid to the effect of heterogeneity on rock
fragmentation. Levy and Molinari [15] extended the work of
Zhou and Molinari [12] by including defect distributions to
analyze the influence of defects on average fragment size.
+e results showed that the distribution tail has a critical
influence on the fragmentation process. Paliwal and Ramesh
[16] concluded that the spread of the preexisting flaw
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distribution is critical at low rates, while the flaw density is
crucial under high strain rate load. +e rock appears
transversely isotropic as the microstructural defects are
arranged in a preferred orientation, which means the bed-
ding plane dominates the fragment size distributions.
However, on the one hand, defects and fragmentation re-
main an open issue [16]; especially the effect of rock het-
erogeneity on fragment is not clear. On the other hand,
although there are some reports on the mechanical prop-
erties of layered rocks [17, 18], few studies have involved
how the bedding properties affect rock fragmentation.

+e discrete element model not only could simulate the
initiation, growth, and coalescence of microcracks during
rock failure, but also directly reproduce the fragmentation of
the rock [18–20]. Defects in rock such as bedding could also
be simulated [21]. +ree-dimensional discrete element
model has obtained fragment with high fidelity [19].
Nonetheless, 3D simulations of rock fragmenting structures
show technical limitations related to the computational cost
when analyzing an extensive amount of data. +e 2D nu-
merical model could be utilized to observe a number of
phenomena, for example, fragmentation, spallation, and
damage evolution [22, 23]. Considering that numerous
model calculations are needed in the study of layered rocks,
the 2D model approach offers an efficient compromise
between accuracy and complexity. +erefore, 2D discrete
element model is selected to explore the effect of different
parameters on the layered rock fragmentation.

In this study, quasistatic and dynamic tests for layered
phyllite with different bedding dip angle were done to
calibrate themicroscopic parameters of the two-dimensional
discrete element model. Experimental and numerical stress-
time curves and ultimate fragment states were compared to
validate the model. +en the parameters of the bedding
plane and the strain rate were changed to investigate the
dynamic fragmentation. +e numerical results were ana-
lyzed to determine how the microscopic properties of
bedding plane and strain rate affect the fragment size dis-
tributions of layered rock with different bedding dip angle.

2. Specimen Preparation and
Experimental Setup

2.1. Specimen Preparation. Since there is no well theoretical
method to define the parameters of the discrete element
model through the macroparameters of rock and also to
provide reference for the verification of the model, the
layered phyllite is selected as the sample of dynamic ex-
periment. +e X-ray analysis indicates that the sample is
mainly composed of three kinds of mineral: muscovite
(28.94%), chlorite (20.82%), and albite (19.47%), respec-
tively. +e rest of the minerals are quartz (19.16%), calcite
(9.55%), and others (2.06%). +e typical layered structure
has been inspected by a scanning electron microscope
(SEM), as shown in Figure 1. According to the International
Society for Rock Mechanics (ISRM) suggestion [24], the
diameter and height of samples are 50mm and 25mm,
respectively. All 30 samples are divided equally into qua-
sistatic and dynamic group, which are cut from a block, as

shown in Figure 2(a). Five bedding dip angles (0°, 22.5°, 45°,
67.5°, and 90°) are included in each group, and the definition
of bedding dip angle β is presented in Figure 2(b).

2.2. Split Hopkinson Pressure Bar (SHPB). +e SHPB tests
system, located at the State Key Laboratory of Wuhan In-
stitute of geotechnical mechanics, is employed to obtain rock
fragment. +e apparatus comprises a striker
(400mm×Φ50mm), an incident bar (2500mm×Φ50mm),
a transmitted bar (2500mm×Φ50mm), and an absorber
(1000mm×Φ50mm), as shown in Figure 3. All these
components are constructed by alloy steel with elastic
modulus of 210GPa, P-wave velocity 5189m/s, and density
of 7800 kg/m3. +e layered phyllite is placed between the
incident bar and the transmitted bar. In order to satisfy the
assumptions of stress equilibrium in the sample and stress
wave propagation in one dimension [25, 26], a bullet-shape
striker and pulse shaper are used to provide a smooth in-
cident wave stress [27]. +e incident strain wave εI (t), the
reflected strain wave εR (t), and the transmitted strain wave
εT (t) are recorded by the dynamic strain gauges mounted on
the incident bar and transmitted bar to calculate the strain
rate _ε (t), strain ε(t), and stress σ(t)[28]:

_ε(t) �
c

l0
εI − εR − εT( 

ε(t) �
c

l0


t

0
εI − εR − εT( dt

σ(t) �
A

2A0
E εI + εR + εT( 

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (1)

where c is the P-wave velocity of the bar material, l0 is the
length of the specimen, E is the Young modulus of the bar
material, and A and A0 are the cross-sectional area of the
bars and sample, respectively.

2.3. Experimental Results. +e three-wave method should be
done to judge whether the stress at both ends of the sample is
the same to guarantee stress equilibrium during the appli-
cation of impact load [29]. Figure 4 shows the dynamic stress
at the incident and the transmission bar ends of samples.+e
agreement between σt and σi+ σr indicates that stress
equilibrium is achieved.

Quasistatic tests of layered phyllite were carried out on
the rock mechanics experimental (RMT) device. +e qua-
sistatic and dynamic mechanical properties of layered
phyllite are listed in Table 1, which would be utilized to
calibrate parameters of numerical model.

3. Numerical Model in DEM

3.1. Model Setup. +e bonded-particle model (BPM) [30] is
performed to build the SHPB numerical simulation test
system.+e SHPB bars and rock matrix are characterized by
the parallel bond model and the smooth joint model is
inserted to solve the inherent roughness problems [31]. As
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illustrated in Figure 5, the incident bar and the transmitted
bar are all set to 1500mm, which is long enough to avoid
superposition between the stress wave [20]. +e microscopic
properties of particles and bonds assigned to the SHPB bars
are tabulated in Table 2.+e Young modulus and density are

consistent with the laboratory apparatus. Using regular-
distributed particles to construct the SHPB simulation de-
vice model could only reproduce the homogeneous of alloy
steel, but also effectively ensure the one-dimensional wave
propagation [13]; thus, the regular distribution of 5mm

(a)

50mm

Bedding plane

50mm
β

(b)

Figure 2: Preparation of layered phyllite specimens with different bedding angles. (a) Schematic diagram of sample acquisition. (b)
Definition of bedding angle and specimen size.
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Ultrahigh dynamic strainometer

Striker

Ti
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Gauge Gauge
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Absorber
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Transmission wave
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Figure 3: SHPB system and stress wave propagation situation.

Bedding plane

Rock matrix

Figure 1: Layered structure observed under SEM.
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Figure 4: +ree-wave method to check experimental stress equilibrium.
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particles is employed to form the bar model. +e tensile
strength and shear strength of the SHPB bars are both set as
1e100 Pa to ensure that they would not be damaged during
wave propagation.

Calibration for sample parameters is cautious to ac-
complish several steps to reproduce the real experimental
process. +e 0° sample and 90° sample under quasistatic load
are employed to preliminary determine the strength and
Young’s modulus of numerical model, respectively.+e 67.5°
sample is selected to identify the smooth joint bond strength
considering the layered rock with this angle failed along the
bedding planes. +en, the stiffness of the bedding are ob-
tained by using the equivalent continuous model [22]. Be-
fore completing the model, dynamic test results are utilized
to correct the parameters. +e microscopic properties of
particles and bonds of the sample are listed in Table 3.

3.2. Validation of the DEM Model

3.2.1. Dynamic Stress Equilibrium. A successful SHPB ex-
periment must meet two requirements: the stress wave
propagates in the form of one-dimensional wave in the bar,

and the dynamic stress at both ends of the specimen remains
equal during the loading process. Li et al. [20] have proved
that homogeneous particles could well maintain the one-
dimensional propagation of stress waves in the DEMmodel.
+e three-wave method, as an indirect approach, is
employed to compare the force of the specimen on two ends
in laboratory experiments, after considering that the axial
force of the specimen is hard to measure directly [26].
However, the forces at both ends of specimen could be
directly obtained to judge whether it is in a stress equilib-
rium state in the numerical model.+erefore, the three-wave
method and the direct measurement method are both ap-
plied to guarantee that the sample be in the dynamic stress
equilibrium state during the impact loading process. +e
result of the three-wave method is presented in Figure 6(a),
which demonstrates that forces at both ends of the specimen
calculated by the incident bar and the transmission bar are
basically equal.

For the direct measurement method, stress on the left
and right end of the sample is directly recorded. +e stress
equilibrium coefficient η � 2(σright − σ left)/(σright + σ left) is
calculated to compare the stresses at both ends of the sample.
As shown in Figure 6(b), η remains around zero near the
peak sections, which directly indicates that the axial force of
the specimen is equal during the loading process.

3.2.2. Ultimate Fragment States. To further validate the
BPM numerical model, dynamic tests on the 45° samples are
simulated. +e incident stress wave of 45° sample is derived
from the experiment to ensure the numerical dynamic stress
is comparable with the experimental, as shown in
Figure 7(a). Figures 7(b)∼7(f) illustrate the experimental and
numerical dynamic uniaxial compression stress–time curve
for five angle samples, whose values and change trends are
basically consistent. +e dynamic compressive strength of
layered rock changes in U-shape with the increase of bed-
ding angle, and the strength is the minimum at 67.5°.
Figure 7(g) depicts ultimate fragment state of five angle

1000mm 1000mm500mm500mm

Incident bar Transmitted barSpecimenMeasure Measure

kn

ks

Measure circle in bar Layered specimen Smooth joint model

Figure 5: +e SHPB numerical simulation test system.

Table 1: Quasistatic and dynamic mechanical properties of layered phyllite.

Bedding angle β 0 22.5 45 67.5 90
Quasistatic elastic modulus (GPa) 17.1 29.1 25.6 27.7 19.4
Quasistatic compression strength (MPa) 152.2 127.7 73.6 63.1 115.7
Dynamic strain rate (s−1) 94.8 99.4 138.2 142.6 137.2
Dynamic compression strength (MPa) 248.1 214.6 143.2 122.5 187.0

Table 2: Microscopic properties of particles and bonds of the SHPB
bars.

Properties Material parameters’ value
Particles
Ball density (kg/m3) 7900
Ball radius (m) 0.5e-3
Particle-based material parameters
Young’s modulus (Ec, Pa) 182e9
Stiffness ratio (kn/ks) 2.35
Parallel bond model parameters
Young’s modulus (Ec, Pa) 182e9
Stiffness ratio (kn/ks) 2.35
Normal strength (σc, Pa) 1e100
Shear strength (τc, Pa) 1e100
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samples after the experimental and numerical tests at the
strain rate ≈140 s−1. +e simulation results of low bedding
angle samples show that the bedding plane affects the local
failure of the samples. High bedding angle samples are
broken into schistose along the bedding and partially pul-
verized in both situations. +ese results indicate that the
SHPB numerical simulation test system is reasonable to
characterize the realistic behaviors of layered phyllite.

4. Results and Discussion

+e particles that are still bonded together after loading are
defined as a fragment. +e fragment that is composed by
individual particle is not counted to simplify the calculation.
+e cumulative distribution curve of layered rocks with five

bedding angles is counted in different situation. What is
more, the average fragment size is calculated to quantita-
tively compare the damage:

δ �


n

i�1ηiδi


n

i�1ηi

, (2)

where n is the total fragment number, δ is the area of the ith
fragment, and η represents the percentage of the ith frag-
ment area.

4.1. Effect of Strain Rate. Five impact velocities were applied
to the simulation layered samples to obtain the fragmen-
tation under different strain rates. As shown in Figure 8, the
loading strain rate has a significant effect on the strength and

Table 3: Microscopic properties of particles and bonds of the sample.

Properties Material parameters’ value
Particles
Ball density (kg/m3) 2620
Minimum ball radius (m) 0.2e− 3
Maximum ball radius (m) 0.332e− 3
Young’s modulus (Ec, Pa) 16.4e9
Stiffness ratio (kn/ks) 1.15
Parallel bond model
Young’s modulus (Ec, Pa) 16.4e9
Stiffness ratio (pb kn/pb ks) 1.15
Normal strength (pb σc, Pa) 52e6± 13e6
Shear strength (pb_τc, Pa) 140e6± 35e6
Smooth joint model
Normal stiffness (sj kn (Pa/m)) 15.73e12
Shear stiffness (sj ks (Pa/m)) 6.38e12
Friction coefficient (φ) 35°
Cohesion (sj_τc, Pa) 36e6± 3e6
Tensile strength (sj σc, Pa) 3e6± 0.5e6
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Figure 6:+e dynamic stress equilibrium state of SHPB numerical model. (a)+ree-wavemethod to check numerical stress equilibrium. (b)
Direct measurement method to check stress equilibrium.
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Figure 7: Continued.
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(g)

Figure 7: SHPB numerical model and simulation results. (a) Numerical and experimental incident stress wave of 45° sample. (b–f)
Numerical and experimental dynamic compression stress of five angle samples. (g) +e ultimate fragment state of five angle samples after
experiment and simulation.
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Figure 8: Continued.
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failure of the specimen. Under any dynamic load, the
strength of the specimen always presents a U-shaped change
with the increase of bedding angle, and the minimum
strength occurs at 45°–67.5°.

+e fragment size decreases gradually as the strain rate
increases, while the strength presents an opposite trend. +e
samples with low bedding angle show minor damage under
smaller impact load and that changes at higher strain rate.
With the increase of strain rate, more cracks initiate along
the loading direction and propagate to intersect with the

cracks on the weak bedding plane of 0°–22.5° sample, which
leads to further failure of the specimen.

Although the impact splitting effect is increased, the
weak bedding plane limits the crack to the local part of
45°–67.5° specimen and hinders its further expansion,
causing specimens’ difficulty to be further destroyed. As
shown in Figure 8, when reaching a certain strain rate, the
shiver of rocks with β� 45°–67.5° tends to be stable. +e
results explored that in order to achieve better fragmentation
under high strain rate, the relationship between the loading
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Figure 8: +e cumulative distribution curve and average fragment size of layered rocks under different strain rates. (a–e) +e distribution
curve of 0°, 22.5°, 45°, 67.5°, and 90° samples, red: _ε ≈ 80 s−1, blue: _ε ≈ 140 s−1, yellow: _ε ≈ 170 s−1, green: _ε ≈ 200 s−1, and gray: _ε ≈ 215 s−1. (f )
Average fragment size vs. strain rate under different bedding angles. (g) Dynamic strength vs. strain rate under different bedding angles.

Advances in Civil Engineering 9



β = 0°

Pe
rc

en
t p

as
sin

g

0

20

40

60

80

100

101 102 103100

Fragment size (mm2)

(a)

β = 22.5°

Pe
rc

en
t p

as
sin

g

0

20

40

60

80

100

101 102 103100

Fragment size (mm2)

(b)

β = 45°

Pe
rc

en
t p

as
sin

g

0

20

40

60

80

100

101 102 103100

Fragment size (mm2)

(c)

β = 67.5°

Pe
rc

en
t p

as
sin

g

0

20

40

60

80

100

101 102 103100

Fragment size (mm2)

(d)

β = 90°

Pe
rc

en
t p

as
sin

g

0

20

40

60

80

100

101 102 103100

Fragment size (mm2)

(e)

β = 67.5°
β = 90°

β = 45°
β = 22.5°
β = 0°

1.5

2.0

2.5

3.0

3.5

lg
δ_

50 100 1500
Coh (MPa)

(f )

Figure 9: Continued.
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direction and the bedding dip angle should be changed
under different impact forces.

4.2. Effect of Weak Bedding Strength

4.2.1. Effect of Weak Bedding Shear Strength. +e weak
bedding plane is endowed with cohesion strength for 4MPa,
24MPa, 36Mpa, 72Mpa, and 140MPa, respectively, as
shown in Figure 9. +e minimum strength corresponds to
the weak bedding immediately destroyed; the last is the bond
strength of matrix.

Tien et al. [32] studied the properties of homogeneous
rock-like materials and layered materials under static
loading. It is considered that the failure of β� 0° samples is
not affected by the bedding as the compressive strength is
similar to that of isotropic rock. However, from the view of
rock failure, it was found that the bedding would disturb the
crack propagation of the specimen. When the shear strength
of the bedding plane is minor, the bedding as a weak plane
leads to the local fracture of 0°–22.5° specimen. And there is
no preferential defect in the sample as the shear strength
increases, so the degree of fragmentation decreases.

+e situation becomes complicated for 45° specimens.
+e bedding plane was destroyed first at low bedding shear
strength, and the failure that was perpendicular to the weak
plane of bedding has happened, which leads to the further
fracture of the specimen. However, in the case of high
bedding shear strength, the bedding no longer hinders the
propagation of the splitting crack, resulting in smaller
fragments of the specimen. At the same time, the bedding

shear strength makes no contribution to the crack growth
and dynamic strength of the 90° samples.

4.2.2. Effect of Weak Bedding Tension Strength. At each
bedding angle, five kinds of tensile strength weak plane
specimens are loaded, from the weakest 0.01MPa to 52MPa
as same as with the matrix. +e results listed in Figure 10
illustrate that the tensile strength of the weak plane has little
effect on the ultimate fragment state and the dynamic
compression strength. In most cases, the upper part of the
cumulative curve causes differentiation, pointing that the
tensile strength mainly limits the generation of large pieces.

Only for 0° specimen, the crack was harder to develop as
the strength enhanced. Compared with the bedding shear
strength situation, it could be seen that the bedding shear
strength influences the failure of 22.5° specimen, while the 0°
specimen is mainly damaged by tensile strength at strain
rate≈120 s−1. +e average size of high bedding angle spec-
imen is kept at a small level and near-zero strength results in
less fragmentation.

4.3. Effect of Weak Bedding Stiffness. +e initial kn/ks of
bedding is 2.46, which is changed to explore the influence
of stiffness on rock fragmentation, as shown in Figure 11. It
is obvious that the bedding stiffness has no effect on the
failure of layered rock. However, the average fragment size
of high angle samples tends to be consistent when the kn
gradually increase. +e failure of bedding plane occurs in
the initial loading stage, which results in its ability to resist
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Figure 9: +e cumulative distribution curve and average fragment size of layered rocks with different bedding shear strength. (a–e) +e
distribution curve of 0°, 22.5°, 45°, 67.5°, and 90° samples, red: coh� 4MPa, blue: coh� 24MPa, yellow: coh� 36MPa, green: coh� 72MPa,
and gray: coh� 140MPa. (f ) Average fragment size vs. bedding shear strength under different bedding angles. (g) Dynamic strength vs.
bedding shear strength under different bedding angles.
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Figure 10: +e cumulative distribution curve and average fragment size of layered rocks with different bedding tensile strength. (a–e) +e
distribution curve of 0°, 22.5°, 45°, 67.5°, and 90° samples, red: ten� 0.01MPa, blue: ten� 3MPa, yellow: ten� 18MPa, green: ten� 42MPa,
and gray: ten� 52MPa. (f ) Average fragment size vs. bedding tension strength under different bedding angles. (g) Dynamic strength vs.
bedding tension strength under different bedding angles.
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Figure 11: Continued.

Advances in Civil Engineering 13



β = 45°

Pe
rc

en
t p

as
sin

g

0

20

40

60

80

100

101 102 103100

Fragment size (mm2)

(c)

β = 67.5°

Pe
rc

en
t p

as
sin

g

0

20

40

60

80

100

101 102 103100

Fragment size (mm2)

(d)

β = 90°

Pe
rc

en
t p

as
sin

g

0

20

40

60

80

100

101 102 10310010–1

Fragment size (mm2)

(e)

2.0

2.5

3.0

3.5

lg
δ_

2 4 6 8 100
kn/ks

β = 67.5°
β = 90°

β = 45°
β = 22.5°
β = 0°

(f )

Figure 11: Continued.

14 Advances in Civil Engineering



St
re

ng
th

 (M
Pa

)
90

180

270

2 4 6 8 100
kn/ks

β = 67.5°
β = 90°

β = 45°
β = 22.5°
β = 0°

(g)

Figure 11: +e cumulative distribution curve and average fragment size of layered rocks with different bedding stiffness. (a–e) +e
distribution curve of 0°, 22.5°, 45°, 67.5°, and 90° samples, red: ks/kn� 10, blue: ks/kn� 2.46, yellow: kn/ks� 1, green: kn/ks� 2.46, and gray:
kn/ks� 10. (f ) Average fragment size vs. bedding stiffness under different bedding angles. (g) Dynamic strength vs. bedding stiffness under
different bedding angles.
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deformation having no longer an effect on the crack
propagation.

4.4.Effect ofWeakBeddingAickness. As shown in Figure 12,
weak plane models with thicknesses of 0.8mm, 1.4mm,
2.0mm, 3.6mm, and 5.0mm are constructed. +e bedding
strength is half of the original matrix, rather than using SJ
model to avoid the distortion of the simulation results led by
all the SJ model damage during loading. +e smallest
thickness represents the existence of a weak surface. In the
case of 5.0mm, half sample is strong matrix and the other is
weak. It could be seen from Figure 12 that when there exist
weak planes in the 45° specimen, the central bedding plane
divides the specimen into two parts, bearing the load sep-
arately. As a result, the bearing capacity of the 45° specimens
changed little under different conditions, which lead to
similar failure patterns for 45° specimens.

However, the bearing capacity and failure mode of
specimens with other bedding angles change greatly when the
proportion of weak plane increases. +e simulation reveals
that more defects lead to greater fragmentation and the size
has a significant downward trend for all angles except 45°,
which means most angle rocks are sensitive to it. At the same
time, the distribution curves for 45° specimen have little
differences and others move left as a whole. +e weak plane
always makes the specimen with high angle easier to develop
more cracks regardless of its width, compared to 22.5°
specimen being the most difficult to be further damaged.

4.5. Effect of Weak Bedding Space. A smaller spacing means
that the number of laminations increases, which changes
from 10 to 1. It could be analyzed from Figure 13 that when
the bedding angle is greater than 45°, the failure of the
specimens under any spacing is influenced by the bedding
plane. And more split cracks begin to appear due to the
barrier effect of weak plane being weakened when there is
only one weak plane. +e smaller fragment would emerge as
the split crack intersects with the weak plane. +e local
failure of specimens is controlled by the bedding planes
when the spacing is less than 12mm for the specimens with
low bedding angle. However, the effect of bedding planes for
0° specimens is no longer significant with the space in-
creasing, while that of 22.5 specimens still affects local
fracture. As a result, the fragment distribution of other
bedding dip angle samples except 22.5° correspondingly
shifts to the left when the bedding space decreases. Nev-
ertheless, the average fragment size rises slightly when the
space exceeds a quarter.

5. Conclusions

+e effect of the microscopic properties of bedding and
strain rate on the fragment size distributions of layered rock
with different bedding dip angles was investigated by using
the 2D discrete element model. Several conclusions were
drawn from the experiment:

(1) A SHPBnumerical model was established and validated.
A new method to obtain reasonable layered rock
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Figure 13:+e cumulative distribution curve and average fragment size of layered rocks with different bedding space. (a–e)+e distribution
curve of 0°, 22.5°, 45°, 67.5°, and 90° samples, red: space� 5mm, blue: space� 6.5mm, yellow: space� 10mm, green: space� 12.5mm, and
gray: space� 25mm. (f) Average fragment size vs. bedding space under different bedding angles. (g) Dynamic strength vs. bedding space
under different bedding angles.
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dynamic simulation result is proposed. +e quasistatic
and dynamic test results are combined to calibrate the
elastic modulus and strength of layered rock to repro-
duce the stress–strain curve and ultimate fragment state.

(2) +e average size of samples with different bedding
angles decreases as the strain rate increases, while the
strength presents an opposite trend. +e samples
tend to become pulverized under high strain rate,
especially for the low bedding angle samples as more
cracks initiate along the loading direction and
propagate to intersect with the cracks.

(3) It is harder for the samples with low dip angle to be
damaged if the bedding shear strength is added, while
the fragmentation of high angle samples does not
change significantly. +e average fragment size of 45°
samples varies greatly with the shear strength because
the failure mode of the specimens changed. And the
failure of layered specimens with all dip angles is not
affected by the tensile strength and stiffness.

(4) +e wider bedding may promote the crack initiation
and propagation under the same impact load, which
means large fragments develop into small ones. It was
initially considered that the effect of bedding plane on
lowdip angle samples is not considerable.However, the
bedding has a dramatic impact on the final fragment.

(5) Because the effect of hindering splitting crack has
always existed for the bedding plane of 22.5° sample
and more cracks initiate along the loading direction,
the fragment size distribution curve of all bedding
angle samples gradually moves to the right when the
bedding space increases except for the 22.5° samples.
Nevertheless, the average fragment size rises slightly
when the space exceeds a range.
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As the mining depth increases, the deformation of the roadway becomes more difficult to control. As a main supporting structure
for maintaining the stability of roadway, the fully anchored bolt is widely used to reinforce deep mine. At the same time, the
analysis of the stress distribution law of fully anchored bolt is the basic work to optimize anchor design. .erefore, this paper
establishes a fully anchored bolt-surrounding rock interaction model based on the law of surrounding rock deformation and
derives the analytical expressions for the axial force and shear stress of the fully anchored bolt during normal support and critical
failure. At the same time, the effects of surrounding rock properties, support resistance, and bolt length on the stress distribution
of fully anchored bolt are analyzed. .e results show that the stress distribution of fully anchored bolt is consistent with the
“neutral point” theory and the most important is the fact that the conditions of surrounding rock, the supporting resistance, and
the length of bolt affect the actual stress distribution of the fully anchored bolt. It provides a certain theoretical basis for the design
and development of anchoring and supporting technology.

1. Introduction

As one of the important branches of the field of geo-
technical engineering, anchoring support technology is
widely used in defense engineering, mining engineering,
and water conservancy engineering due to its effective
support effect, low cost, and convenient construction [1–9].
Especially in mining engineering, due to the increasing
mining depth of coal mines in China, the maximummining
depth has reached 1500m [10, 11], resulting in increasingly
complex surrounding rock conditions, and the carrying

capacity of anchors needs to be continuously strengthened.
At the same time, due to the impact of in situ stress, the
surrounding rock of the roadway will interact with the
anchor bolt, and the anchor bolt will restrain the sur-
rounding rock around the roadway in the form of active
support. However, the fully anchored bolt is subjected to
complex forces during the support process, resulting in the
development of anchoring technology theory and relatively
slow anchoring design [12–14]; anchoring support tech-
nology lacks theoretical basis. .e stress characteristics of
the fully anchored bolt and the stress distribution law at the
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anchoring interface are important contents in anchoring
support technology.

Many scholars have done a lot of research work on the
stress characteristics and stress distribution laws of fully
anchored bolt through numerical simulation, pull-out tests,
and actual field measurements [15–21]. Freeman made a
groundbreaking research work on the study of the stress
distribution laws of fully anchored bolt. Pull-out tests and
fieldmeasurements were used to study the stress distribution
of fully anchored bolt, and the neutral point theory and the
concepts of anchoring section and drawing section were
proposed, where drawing section refers to the distance from
the surrounding rock surface to the neutral point along the
length of the bolt. At the neutral point, the shear stress on the
bolt body is 0MPa, the axial force reaches the maximum
value, the shear stress direction of the pull-out section of the
bolt points to the orifice, and the shear stress direction of the
anchoring section is opposite to it [22]. .ese theoretical
concepts clearly outlined the mechanical properties of the
fully anchored bolt in deformed surrounding rock of
roadway. In order to analyze the stress of the fully anchored
bolt during the supporting process, Chen et al. mainly
analyzed the support reliability of fully anchored bolt to
surrounding rock with different properties. .e results show
that the main source of anchoring force is the bonding force
between the anchor bolt and the surrounding rock of
roadway. At the same time, increasing the anchoring
strength will increase the stability of the surrounding rock
within the anchoring range [23]. Hyett et al. obtained the
shear and axial force distribution of the anchor bolt in the
fractured rock under the condition of the linear relationship
between the relative shear displacement of the surrounding
rock and the anchor bolt [24]. Yuan et al. used FLAC3D to
establish a numerical model of nonlayered homogeneous
roof and layered weak roof roadway, analyzed the sup-
porting effect of fully anchored bolt on these 2 roadways with
different conditions, and studied the stress distribution and
displacement distribution in the anchorage area [25]. Cai
et al. proposed a theoretical analysis model for the stress
distribution of fully anchored bolt based on the existing
theoretical research, described the interaction mechanism
between the bolt and the surrounding rock, and discussed
the influence of the bolt length on its supporting effect [26].
You obtained the elastic solution of the shear force distri-
bution along the body of the fully anchored bolt based on the
displacement analysis of the Mindlin problem and also
analyzed the stress characteristics and influencing factors of
the fully anchored bolt [27]. Li and Stillborg believe that
there are two types of shear stress in different directions and
properties on the anchoring interface of the fully anchored
bolt: one is the deformation shear stress caused by the
deformation of the surrounding rock, and the other is the
pull-out shear stress caused by the deformation shear stress
[28].

On the basis of the aforementioned theoretical research,
many scholars have also tested and studied the mechanical
properties of fully anchored bolt through pull-out experi-
ments [29, 30]. Chen et al. designed a support plate that can
detect whether the fully anchored bolt is debonded. At the

same time, the pull-out experiment was performed on the
full-length anchor bolt to analyze the load transfer behavior
of it [31]. Soparat and Nanakorn used the element-free
Galerkin method (EFG) to conduct numerical simulation
analysis on the bolt pullout experiment and proposed a bolt
pull-out analysis that can be carried out without redividing
or preassuming the crack path; it is basically consistent with
the results obtained in the past actual pull-out experiments
[32]. However, the model based on the experience and data
obtained from the pull-out test and field measurement does
not essentially explain the actual action mechanism of the
fully anchored bolt.

In summary, a lot of research results have been obtained
on the stress characteristics and stress distribution law of the
fully anchored bolt, but most of the above research results
have simplified the anchoring effect of fully anchored bolt in
the analysis process and less consideration is given to the
effect of actual surrounding rock deformation on the an-
choring effect of fully anchored bolt; the conclusions ob-
tained have certain limitations..erefore, this paper is based
on the relationship between the actual surrounding rock
deformation and the support resistance and the balance of
the stress on the bolt, and the analytical expressions of the
axial force and shear stress of the fully anchored bolt during
the normal support process and critical failure are obtained;
also, the distribution law of axial force and shear stress of the
fully anchored bolt are obtained. At the same time, the effects
of surrounding rock conditions, bolt length, and support
resistance on the stress distribution of the fully anchored
bolt are also discussed; a certain theoretical basis for an-
choring technology and design is provided. In order to
facilitate subsequent analysis, this paper first makes the
following assumptions [33]:

(1) .e length of the roadway is unlimited, the cross
section of roadway is circular, and the deformation is
a plane deformation problem.

(2) .e surrounding rock is isotropic and belongs to a
homogeneous and continuous body. .e sur-
rounding rock not affected by excavation is in a state
of hydrostatic pressure.

(3) .e anchor bolt is a linear elastic body and is
arranged along the radial direction of the roadway.

2. Analysis of Surrounding Rock Deformation
Law and Its Relationship with
Support Resistance

Various supporting structures are installed in the roadway to
maintain the long-term stability of the roadway; these
supporting structures restrain the deformation of the
roadway by providing a certain amount of supporting re-
sistance. .erefore, in order to study the control effect of
support resistance on the surrounding rock deformation of
the roadway, Lu and Jiang proposed that there is a huge
difference in the effectiveness of the support resistance to
control the deformation of the surrounding rock in the
roadway of different lithology by studying the measured data

2 Advances in Civil Engineering



of Huainan, Pingdingshan, and other mining areas in China
[34, 35]. .e relationship between the deformation of sur-
rounding rock surface and the support resistance is as
follows:

U0 � ap
− b

, (1)

where U0 is the deformation of surrounding rock on
roadway surface (mm), p is the support resistance (MPa),
and parameters a and b depend on the types of the sur-
rounding rock, as shown in Table 1.

However, when the fully anchored bolts support the
roadway, the bolt body must be inserted into the sur-
rounding rock to achieve the purpose of support; in order to
analyze the stress characteristics of the fully anchored bolt,
we must understand the relationship between the deep
deformation of rock mass and the deformation of sur-
rounding rock on roadway surface during the support of the
fully anchored bolt. Scholars have achieved many important
research results on this issue. Among them, Lu et al. pro-
posed the important indicator of deep surface ratio, which
represents the ratio of the deep displacement of rock mass to
the deformation of surrounding rock surface [36] (Figure 1),
as follows:

ηr �
Ur

U0
, (2)

whereUr is the displacement of deep rock mass (mm) and ηr
is the deep surface ratio; it takes the maximum value on the
surrounding rock surface of the roadway and attenuates
according to the negative exponential curve from the
roadway surface to the depth of the surrounding rock. .e
curve equation is as follows:

ηr � e− c r− a0( ), (3)

where a0 is the radius of roadway (m), r is the distance from
center of roadway to a certain point in the surrounding rock
(mm), and c is the stability coefficient of the rock mass.

By substituting equations (1) and (3) into equation (2),
the deep displacement Ur of rock mass is expressed as

Ur � ap
− b

· e
− c r− a0( ). (4)

Now suppose that the difference F(r) between the dis-
placement Ur of the rock mass without the support of the
fully anchored bolt and the actual displacement Ua(r) of the
rock mass with the support of the fully anchored bolt is as
follows:

F(r) � Ur − Ua(r). (5)

Assume that there is no relative displacement between the
bolt body and the surrounding rock as follows:

Ub � Ua(r), (6)

where Ub is the displacement of the fully anchored bolts
(mm).

By substituting equation (6) into equation (5), the dif-
ference F(r) between the displacement of the rock mass

without the support of the fully anchored bolt and the actual
displacement of the rock mass with the support of the fully
anchored bolt is expressed as

F(r) � Ur − Ub, (7)

and F(r) is expressed as a power series as follows:

F(r) � n1 + n2r + n3r
2

+ n4r
3
, (8)

Combining equations (4), (7), and (8), the displacement
Ub of the fully anchored bolt can be expressed as follows:

Ub � ap
− b

· e
− c r− a0( ) − n1 − n2r − n3r

2
− n4r

3
. (9)

3. Analysis and Calculation of Stress
Distribution Law of Fully Anchored Bolt

3.1. Establishment of Mechanical Model of Fully Anchored
Bolt. In order to analyze the stress of the fully anchored bolt
during support process, the microunit of the fully anchored
bolt is taken as shown in Figure 2. According to the force
balance relationship of the fully anchored bolt, the rela-
tionship between the axial force and the shear force on the
surface of the bolt body can be shown as follows:

dN � Tdr, (10)

whereN is the axial force on the fully anchored bolt (kN) and
T is the shear force on the surface of the microunit of the
fully anchored bolt (kN).

According to Hooke’s law, the axial force N on the fully
anchored bolt can be obtained as follows:

N � AaEa

dUb

dr
, (11)

where Aa is the converted cross-sectional area of the anchor
bolt and Ea is the elastic modulus of the fully anchored bolt,
which can be expressed as follows:

Aa � As + Ac

Ea

Ec

, (12)

where As is the cross-sectional area of the fully anchored
bolt, Ac is the cross-sectional area of the anchoring agent,
and Ec is the elastic modulus of the anchoring agent;
combining equations (11) and (12), the axial force N on the
fully anchored bolt can be shown as follows:

N � Ea · As + Ac

Ea

Ec

 
dUb

dr
. (13)

By substituting equation (13) into equation (10), the
shear force T on the surface of the microunit of the fully
anchored bolt can be shown as follows:

T � Ea · As + Ac

Ea

Ec

 
d2Ub

dr
2 . (14)

.e relationship between the shear stress and shear force
on the fully anchored bolt can be expressed as follows:
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τ �
T

π d
, (15)

where τ is the shear stress on the fully anchored bolt (MPa)
and d is the fully anchored bolt cross-sectional diameter (m).
.e balance between the shearing force T of the fully an-
chored bolt and the reaction force Q of the pallet can be
expressed as follows:

Q + 
a0+L

a0

Tdr � 0, (16)

where L is the length of the fully anchored bolt (m). At the
same time, combining equations (9), (13), (14), and (15), the
axial forceN and the shear stress τ on the fully anchored bolt
can be expressed, respectively, as follows:

N � Ea · As + Ac

Ea

Ec

  × −c · ap
− b

e
− c r− a0( ) − n2

− 2n3r − 3n4r
2
,

(17)

τ �
Ea · As + Ac Ea/Ec( (  × c

2
· ap

− b
e

− c r− a0( ) − 2n3 − 6n4r 

πd
.

(18)

In the normal support process of the fully anchored bolt,
due to the different deformation of the surrounding rock at
different depths, the shear direction of each part of the fully
anchored bolt is not exactly the same. Some shear forces are
in the same direction as the reaction force of the tray and

Table 1: .e coefficients a and b of surrounding rock.

Types of surrounding rock a b
Soft rock 9.20 1.190
Medium hard rock 2.14 1.160
Hard rock 0.53 1.020

a0
r

Ur

U0
x

y

Figure 1: .e relationship between the deformation of surrounding rock on roadway surface and the displacement of deep rock mass.

Surrounding rock

Bolt

Grout

N + dN N

T

T

Figure 2: .e microunit of the fully anchored bolt.
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point to the direction of the orifice and the sum balanced
with the shear force directed to the end of the anchoring
section; there is a neutral point on the bolt, that is, the fully
anchored bolt with neutral point, as shown in Figure 3(a). At
the neutral point, the shear stress is 0MPa and the axial force
reaches the maximum value.

As the deformation of surrounding rock increases
continuously, the strength of support cannot effectively
suppress the deformation of the roadway, and the bolt and
the surrounding rock will slide relative to each other. When
the support fails critically, the direction of the shear force on
the bolt will point to its end and be balanced with the re-
action force Q of the pallet; the shear stress at the orifice and
the bolt end is 0MPa, that is, the fully anchored bolt without
neutral point, as shown in Figure 3(b).

.erefore, firstly analyzing the stress condition of the
anchored bolt in Figure 3(a), the boundary conditions can be
expressed as follows:

r � a0 + rn, τ � 0,

r � a0 + L, τ � 0,

r � a0 + L, N � 0,

⎧⎪⎪⎨

⎪⎪⎩
(19)

where rn is the radius of the neutral point, which represents
the distance from the orifice to the neutral point.

By substituting equation (19) into equations (17) and
(18), the parameters n2, n3, and n4 can be expressed, re-
spectively, as follows:

n2 � −c · ap
− b

e
− cL

− a0 + L(  · c
2

· ap
− b

e
− crn −

c
2

· ap
− b

· a0 + rn(  e
− crn − e

− cL
 

rn − L
⎛⎝ ⎞⎠

−
c
2

· ap
− b

e
− crn − e

− cL
  · a0 + L( 

2

2 rn − L( 
,

n3 �
c
2

· ap
− b

e
− cL

2
−

c
2

· ap
− b

e
− crn − e

− cL
  · a0 + rn( 

2 rn − L( 
,

n4 �
c
2

· ap
− b

e
− crn − e

− cL
 

6 rn − L( 
,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(20)

.e analytical formula for the axial force and shear stress
of the fully anchored bolt can be obtained, as well as the
analytical formula for shear stress calculation; and equation

(15) can be substituted into equation (16) to obtain the
relationship between the pallet reaction force Q and the
neutral point radius rn. It can be expressed as follows:

Q � −Ea As + Ac

Ea

Ec

  ×

a · cp
− b 1 − e

− cL
− cLe

− crn  +
a0c

2
· ap

− b
a0 + rn(  e

− crn − e
− cL

 

rn − L

−
ap

− b
· c

2
e

− crn − e
− cL

  L
2

+ 2a0L 

2 rn − L( 

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (21)

For the stress condition of the fully anchored bolt in
Figure 3(b), the boundary conditions can be expressed as
follows:

r � a0, τ � 0,

r � a0 + L, τ � 0,

r � a0 + L, N � 0.

⎧⎪⎪⎨

⎪⎪⎩
(22)
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Similarly, by substituting equation (22) into equations
(17) and (18), the parameters n2, n3, and n4 can be obtained,
which can be expressed as follows:

n2 � −c · ap
− b

e
− cL

− a0 + L(  · c
2

· ap
− b

−
a0c

2
· ap

− b
e

− cL
− 1 

L
⎛⎝ ⎞⎠

− a0 + L( 
2c

2
· ap

− b
e

− cL
− 1 

2L
,

n3 �
c
2

· ap
− b

2
−

a0c
2

· ap
− b

e
− cL

− 1 

2L
,

n4 �
c
2

· ap
− b

e
− cL

− 1 

6L
.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(23)

By substituting equation (23) into equations (17) and
(18), analytical formulas for calculating the axial force and
shear stress of the fully anchored bolt under the second stress
condition can be obtained. From the above analysis, it can be
seen that the surrounding rock conditions, anchoring pa-
rameters, and support resistance affect the stress distribution
law of the fully anchored bolt. .erefore, this paper will
analyze the stress distribution of the fully anchored bolt
under two different working conditions of it.

3.2. Analysis of the Stress Distribution Law of the Fully An-
chored Bolt during Normal Support Process. It can be seen
from equations (17) and (18) that the anchoring parameters,
support resistance, and surrounding rock conditions affect
the stress distribution of the fully anchored bolt. In this
paper, the effects of surrounding rock conditions, support

resistance, and the length of bolt on the stress distribution
law of the fully anchored bolt are now analyzed, respectively.

3.2.1. Influence of the Surrounding Rock Conditions on the
Stress Distribution Law of the Fully Anchored Bolt during
Normal Support Process. In order to analyze the stress
distribution law of the fully anchored bolt under different
surrounding rock conditions, we assume that the radius of
the roadway is 3.0m, the cross-sectional area of the an-
choring agent is 6.158×10−4m2, and its elastic modulus is
17GPa; for analysis of the influence of the different sur-
rounding rock conditions on the stress distribution law, the
value of the support resistance is set as 0.2MPa, the length of
the bolt is 2.2m, and its cross-sectional area and elastic
modulus are 4.155×10−4m2 and 200GPa, respectively.
However, the stability coefficient c of surrounding rock is

Q

T T

(a)

Q

T T

(b)

Figure 3: Stress condition of fully anchored bolt. (a) .e fully anchored bolt with neutral point. (b) .e fully anchored bolt without neutral
point.

Table 2: .e stability coefficient c of surrounding rock.

Types of surrounding
rock

Soft
rock

Medium hard
rock

Hard
rock

C 0.65 0.95 1.35
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not consistent under different surrounding rock conditions.
Yang et al. [35] assigned this parameter, as shown in Table 2.

.erefore, we substitute the values of the above pa-
rameters into equation (21) to obtain the relationship curve
between the neutral point radius rn on the fully anchored
bolt and the pallet reaction force Q under different sur-
rounding rock conditions, as shown in Figure 4.

From Figure 4, we can understand that as the reaction
force of the pallet increases, the radius of the neutral point
will decrease and the neutral point will move toward the

orifice under the same surrounding rock conditions. .e
harder the surrounding rock is, the greater the neutral point
movement range will be, and the overall pallet reaction force
becomes smaller. .e main reason is that the softer the
surrounding rock is, the serious its deformation will be, the
greater the force of the fully anchored bolt will be, and the
greater the reaction force of the pallet will be. At the same
time, due to the different types of the surrounding rock, the
actual change range of the pallet reaction force is also dif-
ferent, which makes it impossible for us to analyze the
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Figure 4: .e relationship curve between the neutral point radius rn and the pallet reaction force Q under different surrounding rock
conditions.
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Figure 5: .e curves of stress distribution of the fully anchored bolt under different surrounding rock conditions. (a) .e curve of shear
stress. (b) .e curve of axial force.
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influence of the lithology on the stress distribution of the
fully anchored bolt.

In order to analyze the stress distribution law of the fully
anchored bolt during normal support under different sur-
rounding rock conditions, we now assume that the radius of
the neutral point under different surrounding rock condi-
tions is 0.4m and then obtain the stress distribution curve of
the bolt under different surrounding rock conditions, as
shown in Figure 5, respectively.

From Figure 5, it can be seen that, nomatter what kind of
rock mass, the stress distribution law of the fully anchored

bolt is consistent with the neutral point theory in normal
support process. At the neutral point, the shear stress on the
bolt is 0MPa, and the axial force has the maximum value.
.e most important is that the lithology of the surrounding
rock affects the stress distribution law of the fully anchored
bolt; as the surrounding rock becomes softer, the axial force
and shear stress on the anchor bolt increase. .e main
reason for this is that the harder the surrounding rock is, the
smaller the deformation of the surrounding rock will be and
the less chance that the anchored bolt will participate in
suppressing the deformation of the surrounding rock.
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Figure 6: .e relationship curve between the neutral point radius rn and the pallet reaction force Q under different support resistances.
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Figure 7: .e curves of stress distribution of the fully anchored bolt under the conditions of different support resistances. (a) .e curve of
shear stress. (b) .e curve of axial force.

8 Advances in Civil Engineering



.erefore, when selecting anchored bolts to support the
roadway, the lithology and other relevant factors of the
surrounding rock should be considered.

3.2.2. Influence of the Support Resistance on the Stress Dis-
tribution Law of the Fully Anchored Bolt during Normal
Support Process. In order to explore the influence of the
support resistance on the stress distribution law of the fully
anchored bolt during normal support, except for the sur-
rounding rock conditions and the support resistance, other
relevant parameters should be consistent with the above
example to obtain the relationship curve between the pallet
reaction force Q and the neutral point radius rn, as shown in
Figure 6. .erefore, we assume that the condition of sur-
rounding rock is hard rock and set the support resistance as
0.2MPa, 0.25MPa, 0.3MPa, 0.35MPa, 0.4MPa, and
0.45MPa, respectively.

From Figure 6, it is clear that the movement range of the
neutral point is the part with a distance of 1.7m from the
orifice under the condition of different support resistance. It
indicates that the increase or decrease of the overall support
resistance does not affect the movement range of the neutral
point during the normal support process of the bolt, but as
the reaction force of the pallet increases, the radius of the
neutral point continues to decrease, and the neutral point
gradually moves toward the orifice. When the neutral point
is at the orifice position, the maximum reaction force of the
pallet appears. However, with the increase of the overall
support resistance, the variation range of the pallet reaction
force has been continuously reduced. .erefore, we set the
pallet reaction force as 48 kN to explore the influence of the
change of support resistance on the stress distribution of the
fully anchored bolt, as shown in Figure 7.

.e curves of stress distribution of the fully anchored
bolt under different support resistance are plotted in Fig-
ure 7. It is clear that the support resistance has a certain
influence on the stress distribution of the fully anchored bolt.
When the support resistance is 0.45MPa, the maximum
axial force and shear stress on the bolt are 31.6 kN and
0.31MPa, respectively. When the support resistance is
0.20MPa, the maximum axial force and shear stress on the
bolt are 7.8 kN and 0.1MPa, respectively. .e results show
that as the support resistance increases from 0.20MPa to
0.45MPa, the axial force and shear stress on the fully an-
chored bolt increase as a whole, the axial force and shear
stress are unevenly distributed, and the neutral point
gradually moves toward the orifice. .e most important is
the fact that the shear stress on the fully anchored bolt is
unevenly distributed along the bolt body. At the position of
the orifice, the shear stress is greater, and its direction points
to the orifice. At the position of the neutral point, the shear
stress decreases to 0MPa, and then as it keeps away from the
neutral point, the shear stress quickly increases to the
maximum value and its direction points to the end of the
bolt. After reaching the peak value, the shear stress decreases
at a faster rate until it reaches the end of bolt. As the overall
support resistance increases, the neutral point moves for-
ward along the anchor bolt, and the shear stress distribution

becomes gradually smoother. At the same time, the shear
stress decreases at the orifice location, but the peak value of
the shear stress becomes larger.

From Figure 7(b), it can be seen that the axial force is
larger at the orifice, but as the distance from the orifice
continues to increase, the axial force gradually increases to
the peak value and then decreases rapidly. .e increase rate
of it is obviously smaller than its decrease rate, and its
maximum value appears at the neutral point. As the support
resistance continues to increase, the more uneven the axial
force distribution is, the more the neutral point moves to-
ward the orifice, and the axial force on the bolt also increases
significantly. .e above analysis shows that, during normal
support of the fully anchored bolt, support resistance is an
important factor affecting its stress distribution. As we all
know, the spacing between the fully anchored bolts is an
important factor that affects the resistance of the support of
roadway. .erefore, the anchored bolts should be laid out
reasonably in conjunction with other important factors such
as deformation of surrounding rock in actual support.

3.2.3. Influence of the Length of Bolt on the Stress Distribution
Law of the Fully Anchored Bolt during Normal Support
Process. For the purpose of researching the influence of the
bolt length on the stress distribution law of the fully an-
chored bolt during normal support, except for the sur-
rounding rock conditions and the length of bolt, other
relevant parameters should be consistent with the above
example to obtain the relationship curve between the pallet
reaction force Q and the neutral point radius rn under the
conditions of the different length of the fully anchored bolt,
as shown in Figure 8. .erefore, we assume that the con-
dition of surrounding rock is medium hard rock and set the
length of bolt as 2.0m, 2.05m, 2.1m, 2.15m, 2.2m, and
2.25m, respectively.

Figure 8 illustrates that the neutral point movement
range becomes larger as the length of the fully anchored bolt
increases, and the value of pallet reaction force decreases
overall..e value of pallet reaction force is now set as 215 kN
to obtain the stress distribution curve of the fully anchored
bolt under the conditions of different length of bolt, as
shown in Figure 9.

From Figure 9, it can be seen that, no matter how long
the bolt is, the stress distribution of the bolt is consistent with
the neutral point theory during the normal support of the
fully anchored bolt. More importantly, the neutral point is
always located at 1/4 of the length of the bolt to the range of
the orifice, the neutral point moves toward the orifice, and
the stress on bolt continues to increase as the length of the
bolt increases. However, the increments of axial force and
shear stress decrease with the increase of the length of the
bolt. .erefore, simply increasing the length of the bolt
cannot significantly improve the anchoring effect of the bolt
during normal support process.

3.3. Analysis of the Stress Distribution Law of the Fully An-
chored Bolt during Failed Support Process. In the above
analysis, it has been explained that the fully anchored bolt
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has two states of stress in the support process. .erefore, the
stress distribution law of the fully anchored bolt during
failed support process will be analyzed.

3.3.1. Influence of the Surrounding Rock Conditions on the
Stress Distribution Law of the Fully Anchored Bolt during
Failed Support Process. .e radius of roadway and an-
choring parameters are consistent with the parameters of the
fully anchored bolt during normal support process under

different surrounding rock conditions, so as to obtain the
stress distribution curve of the fully anchored bolt when it
supports critical failure under different surrounding rock
conditions, as shown in Figure 10.

Figure 10 illustrates that, no matter what kind of rock
mass the fully anchored bolt supports, when the bolt cannot
effectively suppress the deformation of the surrounding rock
of roadway, the shear stress is unevenly distributed, and the
value of shear stress is 0MPa at the position of orifice. .e
shear stress rises to the peak and then quickly decays to
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Figure 8: .e relationship curve between the neutral point radius rn and the pallet reaction force Q under the conditions of different length
of bolt.
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Figure 9: .e curves of stress distribution of the fully anchored bolt under the conditions of different length of bolt. (a) .e curve of shear
stress. (b) .e curve of axial force.
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0MPa along the direction of the bolt length. When the fully
anchored bolt supports the soft rock, the shear stress in-
crease rate is obviously the largest, and the shear stress
reaches a peak value of 0.74MPa at the position of 1.0m
from the orifice. When the fully anchored bolt supports the
medium hard rock, the shear stress reaches a peak value of
0.57MPa at the position of 0.9m from the orifice; when the

fully anchored bolt supports the hard rock, the shear stress is
significantly smaller, and the shear stress reaches a peak
value of 0.33MPa at a distance of 0.8m from the orifice.
.ese data indicate that when the fully anchored bolt
supports critical failure, the shear stress on the bolt increases
when the rock mass becomes soft. .e most obvious is the
fact that the maximum shear stress on the fully anchored
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Figure 10: .e curves of stress distribution of the fully anchored bolt under the conditions of different surrounding rock. (a) .e curve of
shear stress. (b) .e curve of axial force.
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Figure 11: .e curves of stress distribution of the fully anchored bolt under the conditions of different support resistances. (a) .e curve of
shear stress. (b) .e curve of axial force.
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bolt increases by about 1.24 times when the surrounding
hard rock becomes soft rock, and the peak of shear stress also
moves toward the orifice. For the distribution of the axial
force of the fully anchored bolt, it can be seen from Figure 10
that when the bolt supports the soft rock, the axial force at
the orifice reaches a maximum value of 78.0 kN and then
rapidly decreases in the direction of the end of the bolt until
it decays to 0 kN. When the bolt supports the medium hard
rock and the hard rock, respectively, the axial force distri-
bution is similar to the axial force distribution when the bolt
supports the soft rock, and the peak values of their axial
forces are 60.0 kN and 34.7 kN, respectively. .e force decay
rate is obviously smaller than the axial force decay rate when
the bolt supports soft rock.

.e above analysis shows that, in the critical failure of
bolt support, serious rock deformation will cause the stress
distribution of the fully anchored bolt to be more
concentrated.

3.3.2. Influence of the Support Resistance on the Stress Dis-
tribution Law of the Fully Anchored Bolt during Failed
Support Process. In order to explore the influence of the
support resistance on the stress distribution law of the fully
anchored bolt during failed support process, except for the
support resistance, other relevant parameters should be con-
sistent with the above example to obtain the stress distribution
curve of the fully anchored bolt when it supports critical failure
under different support resistances. .erefore, we set the
support resistance as 0.2MPa, 0.3MPa, 0.4MPa, 0.5MPa,
0.6MPa, and 0.7MPa, respectively, as shown in Figure 11.

From Figure 11, it can be seen that when the fully an-
chored bolt critically supports failure, the support resistance

has a certain effect on the stress distribution of the fully
anchored bolt. When the support resistance increases from
0.2MPa to 0.7MPa, the shear stress and axial force on the
bolt are reduced. Moreover, the shear stress is 0MPa at the
position of the orifice and the end of the bolt, while the shear
stress reaches the maximum value at the middle of the bolt,
and the axial force reaches the maximum value at the po-
sition of the orifice, which is to decay until the end of the bolt
decay to 0 kN along the direction of the length of the bolt.

.e most important is the fact that although the increase
of the support resistance can reduce the stress of the bolt
when the fully anchored bolt critically supports failure, as the
support resistance increases, the total amount of stress re-
duction decreases continuously. .is means that it is not
feasible to blindly increase the support resistance to control
the stability of the roadway during failed support process.
.erefore, relevant supporting measures should be taken to
comprehensively reinforce the surrounding rock of the
roadway under the condition of considering the deformation
of the surrounding rock and other factors.

3.3.3. Influence of the Length of Bolt on the Stress Distribution
Law of Fully Anchored Bolt during Failed Support Process.
.e radius of roadway and some relevant parameters are
consistent with the parameters of the fully anchored bolt
during normal support process under the condition of
different length of bolt except for the length of bolt, so as to
obtain the stress distribution curve of the fully anchored bolt
when it supports critical failure under the conditions of the
different length of bolt, as shown in Figure 12.

It is illustrated that the axial force and shear stress are
unevenly distributed on the fully anchored bolt during failed
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Figure 12: .e curves of stress distribution of the fully anchored bolt under the condition of different length of bolt. (a) .e curve of shear
stress. (b) .e curve of axial force.
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support process. As the length of the bolt increases, the axial
force and shear stress at each position on the bolt increase,
but the increments of shear stress decrease. It is shown that
when the fully anchored bolt cannot suppress the defor-
mation of the surrounding rock, increasing the length of the
fully anchored bolt can improve the anchoring effect of the
fully anchored bolt. However, increasing the length of the
bolt cannot significantly improve the anchoring effect when
the length of the fully anchored bolt exceeds a certain range.

4. Conclusions

Based on the deformation law of surrounding rock, the
interactive model of the fully anchored bolt and the sur-
rounding rock is established, and the analytical expressions
of the axial force and shear stress of the fully anchored bolt
during normal support process and failed support process
are derived. .e main conclusions can be summarized as
follows:

(1) .e stress distribution of the fully anchored bolt is
consistent with the neutral point theory during the
normal support process. .e main factors affecting
the stress distribution of the fully anchored bolt are
the types of the surrounding rock, the anchoring
parameters, and the support resistance, respectively.

(2) .e influence of the surrounding rock properties on
the stress distribution of the fully anchored bolt in
the normal support process is mainly manifested as
follows: the softer the surrounding rock is, the axial
force and the shear stress at each position on the fully
anchored bolt will increase accordingly. .e main
reason for this is the fact that the softer the sur-
rounding rock is, the greater the deformation of the
surrounding rock will be, and the deformation of the
fully anchored bolt will increase, resulting in more
opportunities for the fully anchored bolt to partic-
ipate in suppressing the deformation of the sur-
rounding rock of the roadway. .erefore, the
important factor of surrounding rock properties
should be considered when selecting the fully an-
chored bolt to support the roadway.

(3) .e main influence of the support resistance on the
stress distribution of the fully anchored bolt in the
normal support process is mainly manifested in the
increase of the support resistance, which will in-
crease the axial force and shear stress of the fully
anchored bolt and make the neutral point move
toward the orifice on the bolt. .erefore, the support
resistance is one of the main factors affecting the
stress distribution of the fully anchored bolt; in-
creasing the support resistance by changing the row
spacing can improve the anchoring effect of the fully
anchored bolt. However, when the fully anchored
bolt support critically fails, although increasing the
support resistance can reduce the stress distribution
of the fully anchored bolt, the total reduction of
stress decreases continuously. .erefore, when the
existing supports cannot effectively control the

deformation of the surrounding rock, the roadway
cannot be reinforced only by increasing the support
resistance and should be controlled in combination
with other effective measures.

(4) .e length of the bolt has a certain influence on the
stress distribution of the fully anchored bolt. In the
process of fully anchored bolt support, due to the
timeliness of the interaction between the fully an-
chored bolt and the surrounding rock, increasing the
length of the bolt can improve the support perfor-
mance of the fully anchored bolt when it is within a
reasonable range. However, increasing the length of
the bolt beyond a certain range does not significantly
improve the anchoring effect of the fully anchored
bolt.
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*e stability of the surrounding rock masses of underground powerhouses is always emphasized during the construction period.
With the general trends toward large-scale, complex geological conditions and the rapid construction progress of underground
powerhouses, deformation and failure issues of the surrounding rock mass can emerge, putting the safety of construction and
operation in jeopardy and causing enormous economic loss. To solve these problems, an understanding of the origins and key
affecting factors is required. Based on domestic large-scale underground powerhouse cases in the past two decades, key factors
affecting the deformation and failure of the surrounding rock mass are summarized in this paper. Among these factors, the two
most fundamental factors are the rock mass properties and in situ stress, which impart tremendous impacts on surrounding rock
mass stability in a number of cases. Excavation is a prerequisite of surrounding rock mass failure and support that is classified as
part of the construction process and plays a pivotal role in preventing and arresting deformation and failure. Additionally, the
layout and structure of the powerhouse are consequential. *e interrelation and interaction of these factors are discussed at the
end of this paper.*e results can hopefully advance the understanding of the deformation and failure of surrounding rock masses
and provide a reference for design and construction with respect to hydroelectric underground powerhouses.

1. Introduction

With the economic boom came the vigorous development of
hydropower resources in China. Due to abundant hydro-
power resources, a number of hydropower stations have
been constructed in southwest China, which has complex
geological conditions and topography characterized by high
mountains and deep valleys. Considering the constraints of
both topography and engineering layout, most of the
powerhouses here are arranged underground. For instance,
most large-scale powerhouses built in the past two decades
or to-be-built on major developed rivers (Figure 1 and
Table 1) are underground [1–11]. Figure 2 shows the layout
of the Houziyan underground powerhouse inside the
mountain on the right bank of the Dadu River. Recent
development of underground powerhouses in hydropower

stations has witnessed a new trend of large-scale, complex
geological conditions and fast construction progress. Under
this circumstance, the deformation and failure of the rock
mass surrounding underground powerhouses appear to be
an inevitable and significant issue.

Rock mass, prior to excavation, remains in a state of
complicated initial stress equilibrium. During excavation,
the equilibrium state around the powerhouse is disturbed,
and stress is redistributed to a certain area of the rock mass,
which is usually called the surrounding rock mass. If the
local redistributed stress exceeds the rock mass strength or if
excessive deformation of the surrounding rock mass occurs,
instability or failure of the rock mass will arise [12]. Many
large-scale underground powerhouses for hydropower sta-
tions were constructed in the past two decades [13], and a
number of surrounding rock mass deformation and failure
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problems arose (Table 2). During the construction period of
the Baihetan underground powerhouse, the shotcrete layer
cracked, and local collapse occurred at the arch. During the
first excavation step of the Dagangshan main powerhouse, a
β80 diabase dike at the arch collapsed with a volume of
3,000m3 rock mass, which required a year and a half of
disposal, resulting in a serious construction delay [14]. *e
surrounding rock mass deformation at the upstream side-
wall of the Houziyan main powerhouse surged to 100mm in
July 2013. As a result, the project was shut down for more
than two months, delaying construction and causing

massive economic losses [15]. After the rock mass sur-
rounding the Jinping I underground powerhouse was
supported, deformation and failure of the supporting
structure occurred as the load value of bolts and cables
exceeded limits, and subsequent supplementary measures
increased the monetary investment [16]. *e deformation
and failure of the rock mass surrounding an underground
powerhouse not only lead to economic loss but also pose a
threat to construction and operation safety. Moreover, it is
more difficult and expensive to dispose of surrounding rock
mass failures in large-scale powerhouses than in smaller or
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Dadu Shuangjiangkou

Houziyan
Changheba

Huangjinping
Dagangshan
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Ertan

Wudongde

Baihetan

Xiluodu

Xiangjiaba
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China

River

River

River

River

Figure 1: Hydropower stations with large-scale underground powerhouses in southwest China.

Table 1: Overview of large-scale underground powerhouses in southwest China [1–11].

Project name Basin Dimensions of the main powerhouse
(length×widtha × height (m))

Lithology of the surrounding
rock mass

Overburden depth
(m)

Wudongde (left
bank)

Jinsha River

333× 32.5× 89.3 Limestone, marble, and
dolomite 280–550

Baihetan (left bank) 438× 34× 88.7 Basalt 260–330
Xiluodu (left bank) 400× 31.9× 71.5 Basalt 340–480
Xiangjiaba 255.4× 33.4× 85.5 Sandstone 105–225
Lianghekou

Yalong
River

275.94× 28.4× 66.8 Sandstone 410–560
Jinping I 276.99× 28.9× 68.8 Marble 160–420
Jinping II 352.4× 28.3× 72.2 Marble 231–327
Guandi 243.4× 31.1× 76.8 Basalt 420
Ertan 242.9× 30.7× 55.7 Orthoclase 250–350
Shuangjiangkou

Dadu River

198× 29.3× 63 Granite 421–598
Houziyan 219.5× 29.2× 68.7 Limestone 400–660
Changheba 228.8× 30.8× 73.35 Granite 285–480
Huangjinping 204.3× 28.8× 67.3 Granite and diorite <290
Dagangshan 226.6× 30.8× 74.3 Granite 390–530
Pubugou 294.1× 30.7× 70.15 Granite 200–360
Xiaowan Lancang

River
298.1× 30.6× 86.43 Granite and gneiss 380–480

Nuozhadu 418× 29× 77.8 Granite 184–220
Note. a*is width is the width above the rock anchor beam.
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single-cavern spaces. It is of significance, therefore, to study
the deformation and failure of the surrounding rock mass as
well as its prevention and control for large-scale under-
ground powerhouses, which can help settle practical engi-
neering issues and assemble pertinent experience, provide
technical support for further hydropower development, and
give potential reference to large-scale underground engi-
neering in other industries, such as the energy industry.

To research the deformation and failure of the sur-
rounding rock mass, its key affecting factors should be
determined above all else. *e preliminary design of an
underground powerhouse involves scoping analysis and
comprehensive assessment of these factors to avoid insta-
bility and failure of the surrounding rock mass [17]. In
regard to failure mitigation, factors are studied to reveal the
failure pattern and mechanism, which are quite useful for
designing or optimizing countermeasures. Hence, it is
viewed as a fundamental part to analyze affecting factors,
and the key to ensuring surrounding rock mass stability is to
master pivotal factors. Furthermore, there are a myriad of

factors to consider, such as the diversity and characteristics
of failure patterns. Previous studies were done on a case-by-
case basis and investigated the failure phenomenon, in-
cluding the triggers and mechanism of stability problems, in
a single project rather than exploring the universalities and
contrasting individualities among multiple engineering
projects. Within the general trend of large-scale, complex
geological conditions and rapid construction progress
emerging in rapid domestic development of hydroelectric
underground powerhouses in the past two decades, some
affecting factors were universal, while their effects showed
some differences. As a consequence, the analysis of factors
should be summarized at a macrolevel of multiple engi-
neering cases rather considering a single case; only in this
way will universal results applicable to similar projects be
gained. Based on domestic underground powerhouse cases
in the past two decades and combining the work of pre-
decessors, this paper summarizes key factors affecting the
deformation and failure of the surrounding rock mass with a
goal of advancing the understanding of surrounding rock

Houziyan
underground
powerhouse

Houziyan
Dam

Pressure piping

Main powerhouse
Transformer

chamber
Tailrace surge

chamber

Tailrace
tunnels

Dadu River

Right bank Left bank

Figure 2: *e Houziyan underground powerhouse inside the mountain on the right bank of the Dadu River.

Table 2: Statistics of deformation and failure of the surrounding rock mass in some large-scale underground powerhouses during
construction [1–11].

Project name Deformation and failure issues
Baihetan Spalling and large deformation of the surrounding rock mass, collapse, and shotcrete layer cracks
Dagangshan Dike collapse at the arch
Ertan Rockburst, peeling off of the surrounding rock mass and circumferential cracks in the omnibus bar cave

Houziyan Splitting, slabbing, and large deformation of the surrounding rock mass, bolt head caving in, ballooning, and cracking of the
shotcrete layer

Jinping I Spalling, splitting, bellying, and large deformation of the surrounding rock mass and shotcrete layer cracks
Jinping II Rockburst and spalling
Laxiwa Unstable block at the arch and circumferential cracks in the omnibus bar cave
Longtan Bedding toppling deformation of the surrounding rock mass and bolt fracture
Pubugou Rockburst and cracks at the rock anchor beam
*ree Gorges Tensile fracture and shear deformation of blocks
Xiaowan Unstable blocks and cracks on the sidewall
Xiluodu Potential sliding blocks
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mass failure in hydroelectric underground powerhouse
projects.

2. Powerhouse Layout and Structure

*e layout and structure of underground powerhouses, as
well as in situ stresses, determine the basic pattern of the
redistributed stress field in the surrounding rock mass after
excavation, and the redistributed stress is the determinant of
surrounding rock mass stability [18]. Among properties of
the powerhouse layout, the most important are location,
direction, and geometry. Additionally, for powerhouse
structures, the intersection of caverns is an important factor.
Preliminary powerhouse design involves scrutiny of these
properties to see if design requirements can be met for the
purpose of designing a stable powerhouse with minimal
failure possibility.

2.1.LocationandDirection. *e location of the underground
powerhouse is one of the key factors affecting surrounding
rock mass stability within the construction and operation
periods. It is universally known the powerhouse should be
located in favorable geology. However, the geological en-
vironment is often quite complex, and structures adverse to
stability are likely to be encountered including faults, weak
interlayers, and fracture zones, which increase the failure
risk in the surrounding rock mass. *erefore, these struc-
tures should be avoided as far as possible. If they are un-
avoidable, the powerhouse location and direction should be
selected to minimize undesirable effects. In addition, the
surrounding rock mass property is important, and poor rock
mass quality is unfavorable for underground excavation.
Selecting a proper location for the powerhouse, therefore, is
of great importance to surrounding rock mass stability.
Generally, underground powerhouses should be located, in
terms of topography, in massive, intact, and stable moun-
tains. *e overlying and lateral overlying rock mass should
be hard and intact and have appropriate thickness. Re-
garding geology, regional faults, active faults, and large karst
caves should be avoided. Tunnels belonging to the power-
house system should be located in areas characterized by
favorable geological structure and intact and stable rock
mass. In the presence of a large fracture structure, adverse
structural zone, or weak zone, tunnel design should be
assessed according to the influence extent of adverse
structures on surrounding rock mass stability together with
other factors including construction, operation, and
investment.

In addition to the location, the powerhouse axis direc-
tion affects the surrounding rock mass stability in two ways:
the relationship between the axis and the direction of in situ
stress and the relative position relationship between the
selected axis and adverse geology. In the presence of adverse
geological structures, the angle between the powerhouse axis
and the strike of the fault and major joints should be large to
reduce the negative impact of these structures on sur-
rounding rock mass stability. For the diversion tunnel, the
tunnel axis should also have a large intersection with the

altitude of rock formation and the strike of the tectonic
fracture zone [18, 19]. Under high in situ stress, the angle
between the powerhouse axis and the direction of the
maximum principal stress should be small [20]. *is con-
sideration is important because if this angle is large, the
stress concentration around the powerhouse is more serious
after excavation and stress redistribution, which is disad-
vantageous to surrounding rock mass stability. And it is
advantageous if the powerhouse axis is parallel or intersects
at a small angle with the direction of the maximum principal
stress because the stress concentration can be mitigated. For
instance, the angle between the axis of the Baihetan left bank
underground powerhouse and the direction of the maxi-
mum principal stress is about 50°∼70°, and the maximum
principal stress is 19∼23MPa (Figure 3(a)). After excavation,
stress concentrated at the upstream side of the arch, which
brought about some stress-dominated failures including
spalling and cracking of the surrounding rock mass and
shotcrete layer, as shown in Figure 3(b).

As a result of various relationships between the pow-
erhouse axis and the direction of in situ stress, the redis-
tributed stress state around the powerhouse changes,
impacting the surrounding rock mass stability to varying
degrees. Numerical calculation done by Zhang et al. [21] on
powerhouse excavation under various directions of in situ
stress indicated that the redistributed horizontal maximum
principal stress σmax and stress differential σmax − σz went up
as the angle between the powerhouse axis and the direction
of the maximum principal stress increased. *e increase of
these two reflected an increasing probability of spalling
failure, which was detrimental to powerhouse stability. *is
calculation analysis process was based on the assumption
that the initial maximum principal stress was horizontal.
Nevertheless, under the condition of vertical gravity stress
larger than horizontal tectonic stress, the conclusion may be
different. Li et al. [22] found that, in the stress field dom-
inated by tectonic stress, the maximum tangential stress
peaked when α1 was approximately 90° and decreased when
α1 was small, which was in accordance with the general rule
mentioned above. For the stress field dominated by gravity
stress, however, the conclusion was different. For instance, at
approximately α1 � 0°, the maximum tangential stress in the
rock mass surrounding the Shiziping underground power-
house reached its minimum, and the maximum tangential
stress peaked when α1 was 156° instead of 90°. *e effect of
the powerhouse axis on surrounding rock mass stability is
related to the actual in situ stress state, and the differences in
effects clearly emerge between the stress field dominated by
gravity stress and tectonic stress. Accordingly, compre-
hensive assessment on multiple factors, including in situ
stress as well as geological conditions and project layout
rather than merely depending on the direction of the
maximum principal stress, is necessary for determining the
powerhouse axis. Specific issues need concrete analysis, and
specifications and experiences should be incorporated.

Essentially, the selection of the powerhouse location and
direction indirectly alters the impacts of in situ stress and
rock mass properties on surrounding rock mass stability,
and different locations and directions play a role of enlarging
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or moderating impacts of these two factors. Reasonable and
scientific location and direction of the powerhouse can avert
or mitigate the deformation and failure of the surrounding
rock mass to some extent, ensuring the construction and
operation safety of the project.

2.2. Powerhouse Geometry. *e geometry of underground
powerhouses, including the shape and size of the section and
the spacing between caverns, can make a difference to
surrounding rock mass stability [23]. An arch shape with
straight sidewalls is widely used for the section of domestic
underground powerhouses. *e shape presented in
Figure 4(a), showing the three main caverns of the Baihetan
underground powerhouse, is the most prevalent section
shape of domestic powerhouses at present.

Diverse section shapes have different effects on sur-
rounding rock mass stability. *e section of the tunnel
belonging to the powerhouse system usually adopts an arch
shape with straight sidewalls or a horseshoe shape. Differ-
ences exist between these two shapes; the former is prone to
tensile stress in certain situations as a result of barely curved
sidewalls and floors, while the latter is not because its
sidewall and floor have a large radius. For the powerhouse
section shown in Figure 4(a), a stress concentration is likely
to occur near the rock anchor beam on account of the
protrusion there, and cracks would initiate if there were
unfavorable local conditions, such as a weak structural
surface. A horseshoe-shaped section, as is demonstrated in
Figure 4(b), is employed in the Imaichi underground power
station and has advantages in alleviating stress concentra-
tions. Powerhouses with this section shape have smaller
displacements and loosened zones in the surrounding rock
mass [24]. Obviously, an optimal powerhouse section shape
can improve the redistributed stress field and make full use
of the self-bearing capacity of the surrounding rock mass,

minimizing the damage and failure of the surrounding rock
mass and contributing to long-term powerhouse stability.
Hence, shape optimization of the powerhouse section is
quite necessary in view of the undesirable conditions in-
cluding high in situ stress and complex geological structure
[25].

Apart from the section shape, section size can also in-
fluence surrounding rock mass stability. *e excavation of
the large-scale underground powerhouse, compared with a
small chamber, causes longer and wider range of stress
adjustment, which has undoubtedly bigger influence on the
surrounding rock mass. Under the same geological condi-
tion, the stress adjustment caused by the excavation of the
small chamber tends to be stable more quickly, while the
deformation and damage of the rock mass surrounding a
large underground powerhouse may develop continuously
with the excavation process, and eventually, instability oc-
curs. *us, the support design of a large underground
powerhouse is more complex than that of a small chamber,
and safetymonitoring for the surrounding rockmass is more
demanding. Meanwhile, as the size of the powerhouse,
which includes length, span, and height, has increased re-
cently, the possibility of encountering adverse geological
structure also increases. For instance, the Jinping I under-
ground powerhouse did not avoid the high in situ stress
region, and the Baihetan left bank underground powerhouse
encountered weak interlayer zone C2 and internal staggered
zones LS3152 and LS3255∼LS3257. *ese factors became po-
tential hazards to surrounding rock mass stability during the
powerhouse construction.

Powerhouse geometry also includes the spacing between
caverns. If the spacing is too small, stress concentrations in
rock pillars between powerhouses will be severe, and the
resulting thin rock pillar is unstable, threatening the con-
struction and operation safety of the powerhouse. Take the
Ertan underground powerhouse for instance. *e two most
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severe rock bursts occurred when adjacent excavations con-
nected on September 8, 1995, and April 30, 1996. Adjacent
powerhouses are considered to pose amplification effects on in
situ stress, and these effects will become greater when the
middle rock pillar is thin. *e rock pillar of the Ertan un-
derground powerhouse, unfortunately, was the thinnest among
all domestic powerhouses so far at only 35m thick, which
aggravated the stress concentrations and resulted in rock bursts
[4]. For diversion tunnels, small spacing would increase the risk
of seepage instability and hydraulic fracture within the oper-
ation period. However, in view of construction cost and general
layout, the spacing between caverns should not be too large. As
is stated in the specification [26], the thickness of a rock pillar
between adjacent caverns should not be less than two times the
cavern diameter or width. If smaller spacing is needed for the
layout, the thickness can be reduced properly after discussion
but should not be less than one time the cavern diameter or
width. In specific engineering cases, the spacing between
caverns should be determined via overall analysis on factors
such as layout requirements, geological conditions, stress and
deformation of the surrounding rock mass, section geometry,
construction method, and operation conditions.

2.3. High Sidewall Effect. *e recent economic boom and
construction technique development have witnessed a
surging scale of hydroelectric underground powerhouses in
China. Whether the excavation volume or the height and
span of the sections are considered, China ranks first in the

world. Figure 5 shows the high sidewall in an underground
powerhouse with a height beyond 30m. During the con-
struction process of a large-scale underground powerhouse
marked by a large span and high sidewall, the high sidewall
effect appears quite prominent and serious. *e high side-
wall effect, a phenomenon involving large rebound defor-
mation of the sidewall towards the free face and tensile crack
growth in the surrounding rock mass, compromises the
stability of the sidewall. Due to the impact of horizontal in
situ stress, as the aspect ratio of the powerhouse section
increases and, therefore, the sidewall becomes relatively
higher, the probability of failure rises [27]. *is effect would
be more severe under high in situ stress as a consequence of
strong unloading induced by excavation.

*rough numerical implementation of the stratified
excavation process of the Baihetan underground power-
house, the evolution of the high sidewall effect can be
presented clearly. *e specific stratified excavation scheme,
which covers eight excavation steps, is presented in
Figure 4(a). *e unit 2# section, owing to the more intact
surrounding rock mass and the absence of a fault, can be
selected as the observation section to analyze the distribution
of displacement and the plastic zone within the excavation
process. Figure 6 shows the horizontal displacement dis-
tribution of the surrounding rock mass at the unit 2# section
in each excavation step.

As shown in Figure 6, the maximum horizontal dis-
placement of the main powerhouse is approximately 20mm
and that of the transformer chamber is approximately 8mm
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after the first excavation step. Within this step, the arch area
of both the main powerhouse and the transformer chamber
is excavated using a similar aspect ratio, but the main
powerhouse has a larger displacement because its section
size overshadows the transformer chambers. In subsequent
excavation of the second, third, and fourth step, the high
sidewall of the transformer chamber takes shape with an
aspect ratio beyond 1, and the displacement of the sidewall
keeps increasing. *e sidewall displacement of the trans-
former chamber overshadows that of the main powerhouse.
Since the high sidewall of the transformer chamber forms
prior to the main powerhouse and the aspect ratio of the
transformer chamber exceeds 1 while that of the main
powerhouse remains under 1, the transformer chamber
witnesses more pronounced high sidewall effects, and the
rebound deformation of its sidewall appears more serious.
As excavation progresses, the displacement of both the main
powerhouse and the transformer chamber keeps increasing.
After the fifth step, the excavation of the transformer
chamber is completed with sidewall displacement larger
than that of the main powerhouse. *e high sidewall of the
main powerhouse takes shape, and sidewall displacement
reaches the value of the transformer chamber with dis-
placement at upstream and downstream sides approximately
90mm after the sixth step. During later excavation pro-
cesses, the aspect ratio of the main powerhouse keeps
swelling, and the high sidewall effect becomes more ap-
parent. *e sidewall displacement of the main powerhouse
eventually hits approximately 120mm overshadowing that
of the transformer chamber.

What can be learned from the comparison of dis-
placement evolution between the main powerhouse and the
transformer chamber is that the sidewall deformation is
closely related to the change in the aspect ratio during
excavation and that large deformation first arises at the
cavern where the high sidewall forms earlier. Since the main
powerhouse has a larger excavation size, its cumulative
displacement overshadows that of the transformer chamber
after excavation. Even though the high sidewall of the draft-
tube bulkhead gate chamber takes shape first, the change in
sidewall displacement of this chamber is not as obvious as
that of the other two caverns because of its small excavation
size. *us, large excavation size is also a precondition for the
high sidewall effect, which usually occurs in large-scale
underground powerhouses. Failures caused by the high
sidewall effect, such as large sidewall deformation and cracks
of the surrounding rock mass, are common in large un-
derground powerhouses subjected to high in situ stress and
strong unloading. In view of the impacts of the high sidewall
effect on the surrounding rock mass stability, optimal ex-
cavation design and practical supportingmeasures should be
taken [28].

2.4. Intersection of Caverns. *e underground powerhouse
of a hydropower station, such as the Baihetan underground
powerhouse in Figure 7, features large-scale and complex
structures, including the main powerhouse, transformer
chamber, tail gate chamber, diversion tunnel, tailrace tunnel,

omnibus bar cave, cable tunnel, access tunnel, and con-
struction adit, and the whole cavern group is interconnected
centering on three main caverns. Among the cavern group,
the surrounding rock mass at the intersection of caverns, in
the presence of multiple free faces, is more subject to in-
stability and failure, for instance, the intersection between
the main powerhouse and the omnibus bar cave shown in
Figure 8(a), and the intersection of access tunnels is also
shown. In effect, by reason of multiple free faces are gen-
erating severe unloading during excavation together with the
interaction between adjacent excavations, the surrounding
rock mass at the intersection of caverns has a higher like-
lihood of instability issues than other positions. With recent
underground powerhouses growing in scale and complexity,
this problem becomes acute.

*is problem is quite prominent at the Baihetan main
powerhouse. *e downstream sidewall is linked with the
transformer chamber via omnibus bar caves and, thus, the
intersecting caverns take shape, which do not exist at the
upstream sidewall. *e surrounding rock mass displacement
is measured via a multipoint extensometer, and the average
displacement and displacement rate along the axial direction
are obtained. *e displacement rate, a value equal to dis-
placement divided by monitoring time, is introduced to
indicate the deformation rate of the surrounding rock mass
in consideration of different starting times of measurement
at different parts of the main powerhouse. For contrasting
analysis, averages of three parts (arch area, rock anchor
beam, and sidewall) on both sides (the upstream side and the
downstream side) are demonstrated in Figure 8(b). As is
reflected, the average of both displacement and displacement
rate at the downstream side exceeds that on the upstream
side with regard to these three parameters. *e average
displacement rate of the downstream sidewall exceeds that
on the upstream side by 0.238mm/d to 0.125mm/d, and the
former is almost twice as much as the latter. *e dis-
placement rate of 0.238mm/d is quite large, which will bring
about large deformation in the surrounding rock mass
unless control actions are instigated, and large deformation
has been observed at several points on the downstream
sidewall. As to the arch area and rock anchor beam, the
average on the downstream side is also larger than that on
the upstream side, but the difference, as well as the mag-
nitude of displacement rate, is clearly less than that of the
sidewall.

*e reasons for these observations are as follows. Om-
nibus bar caves connect the downstream sidewall to the
transformer chamber; thus, the rock pillar between the main
powerhouse and the transformer chamber has four free
faces: front, back, left, and right, as shown in Figure 8(a).
Excavation disturbance triggers stress redistribution and
unloading of the surrounding rock mass towards the free
face. Due to the presence of multiple free faces, the
downstream rock pillar undergoes more intense unloading
than the rock pillar on the upstream side. More intense
unloading means greater sidewall deformation, and hence,
the deformation rate of the downstream sidewall over-
shadows that on the upstream side. Eventually, the defor-
mation magnitude of the downstream sidewall exceeds that
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on the upstream side as well as that of the arch area and rock
anchor beam. *erefore, because of more intense unloading
triggered by excavation disturbance, the surrounding rock
mass at the intersection of caverns has a higher deformation
rate and greater risk of large deformation, spoiling the
stability of the underground powerhouse.

*e downstream sidewall of the main powerhouse has
larger deformation than the upstream side because the in-
tersection has been a prevalent phenomenon, which also
occurs in the other underground powerhouses [29]. In
addition to the intersection of the main powerhouse and the
omnibus bar cave, there are many intersections of caverns in
the underground powerhouse, such as the intersection of the
main powerhouse and the diversion tunnel, of the tailrace
tunnel and the construction adit, or of access tunnels.
*ough sharing different sizes or numbers of intersecting
caverns, these intersections may experience varying degrees
of instability problems from the surrounding rock mass, for
example, large deformation, circumferential cracks, or local
collapse, thus posing a threat to the safety of construction
and operation. For intersecting caverns, there are also many
factors influencing the deformation and failure of the sur-
rounding rock mass, such as the crossing angle between

caverns and the difference in the size of the cavern when they
are in the same rock layer or different rock layers. *e effect
and mechanism of these factors need to be further studied in
the subsequent work combining engineering cases. Overall,
in regard to the surrounding rock mass stability, the in-
tersection of caverns is a factor of nonnegligible importance
as well.

3. In Situ Stress

Of all the factors that affect the deformation and failure of
the rockmass surrounding an underground powerhouse, the
two most fundamental are rock mass properties and in situ
stress. Once the powerhouse site is determined, the geo-
logical conditions and in situ stress remain unchangeable,
the impacts of which can only be altered indirectly by
adjusting other pertinent factors. In situ stress is the fun-
damental force leading to the deformation and failure of the
surrounding rock mass. Excavation disturbance results in
stress adjustment in the surrounding rockmass, generating a
redistributed stress field. If the redistributed stress exceeds
the ultimate strength of the rock mass, the surrounding rock
mass will be subject to failure.
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Figure 7: A three-dimensional representation of the Baihetan underground powerhouse.
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In situ stress is a crucial factor for surrounding rockmass
stability. Via its magnitude, direction, and distribution
characteristics, in situ stress influences properties of the
redistributed stress field, thereby affecting the surrounding
rock mass stability.*e first factor is the magnitude of in situ
stress. It is well known that high in situ stress is the trigger of
some failure phenomena, such as rock bursts, spalling, core
disking, borehole or tunnel breakout, and shear rupture
[30–32], putting the construction and operation safety of
underground engineering in jeopardy. Recently, hydro-
power resources have been developed energetically in
southwest China; this region features high in situ stress as a
result of tectonic movement, which triggers many failure
phenomena in the surrounding rock mass and poses a
challenge to project construction. High in situ stress has
consequently become a matter of great concern and vital
importance. With respect to the definition of high in situ
stress, there are many methods at home and abroad, which
can be divided into three types. *e first type of high in situ
stress is based on the magnitude of in situ stress.*e second,
considering the magnitude of in situ stress and the uniaxial
compressive strength of the rock, uses the strength-stress
ratio as the criterion.*e last one takes the combination of in
situ stress magnitude and strength-stress ratio into account
[4].

According to the in situ stress rating scheme in the
technical code for the power industry [19], which belongs to
the third definition mentioned above, together with the
collected engineering data [33], in situ stress rating results
from fourteen domestic large-scale underground power-
houses are presented in Figure 9. As shown in Figure 9, high
in situ stress is a prevalent issue among these powerhouses.
For instance, the Houziyan underground powerhouse
exhibited high in situ stress, the Baihetan underground
powerhouse showed medium-high in situ stress, and a
minority even demonstrated high-extremely high in situ
stress, as seen in the Jinping I underground powerhouse.
*ese three underground powerhouses suffered failures
induced by high in situ stress during construction. Spalling,
splitting, bellying, and deep fracture of the surrounding rock
mass, large deformation of the sidewall, and cracking of the
shotcrete layer occurred in the Jinping I underground
powerhouse. Splitting, slabbing, and large unloading de-
formation of the surrounding rock mass, bolt head caving in,
and ballooning and cracking of the shotcrete layer happened
in the Houziyan underground powerhouse. *e construc-
tion of the Baihetan underground powerhouse encountered
rock burst, spalling, and large deformation of the sur-
rounding rockmass, as well as shotcrete layer cracks. High in
situ stress and low rock mass strength-stress ratio, which are
common in the underground powerhouse in southwest
China, have caused many stress-dominated failures of the
surrounding rock mass and posed severe challenges to the
construction of domestic large underground powerhouses.

*ree projects in high-extremely high in situ stress areas,
high in situ stress areas, and medium-high in situ stress
areas, the Jinping I underground powerhouse, the Houziyan
underground powerhouse, and the Baihetan underground
powerhouse, respectively, are selected, and the surrounding

rock mass deformation of the main powerhouse is measured
and statistically analyzed. Figure 10 presents different
proportions of each deformation magnitude and the max-
imum deformation. According to Figure 10, the surrounding
rock mass deformation of the three powerhouses is generally
at a larger level. Specifically, although the deformation under
30mm has the largest proportion at Jinping I, accounting for
80.3%, the share of deformation beyond 50mm exceeds 10%.
Houziyan has three types of deformation magnitude;
Houziyan demonstrates the smallest quantitative differ-
ences, but overall, its deformation is the largest of three
powerhouses, presenting the largest maximum deformation
and the most deformation magnitude, beyond 30mm and
50mm, compared to the other two powerhouses. For Bai-
hetan, the distribution of each deformation magnitude is
normal: the larger the deformation is, the smaller the
proportion is. However, the deformation beyond 30mm of
Baihetan takes a share of 26.23%, greater than that of Jinping
I. Generalizing from these three cases, it can be seen that the
surrounding rock deformation of the underground pow-
erhouse with high in situ stress is also at a large level among
similar powerhouses.

*ese three powerhouses are ranked according to the in
situ stress rating results in Figure 9, and the order of as-
cending in situ stress is Baihetan, Houziyan, and Jinping
I. However, the surrounding rock mass deformation of
Houziyan is shown to be the largest of the three. From an in
situ stress perspective, the surrounding rock mass at Hou-
ziyan is the most deformed, indicating that the major de-
terminant of large deformation may not be the maximum
principal stress measured in the powerhouse area or the
strength-stress ratio obtained from calculation involving the
maximum principal stress. Apart from high maximum
principal stress, the second principal stress affecting the
Houziyan underground powerhouse area is also high and
has a direction subvertical to the axis of the main power-
house, which plays a more significant role in the large de-
formation as well as other failures of the surrounding rock
mass.

As mentioned in Section 2, the axis of the powerhouse is
usually set to subparallel to the direction of the maximum
principal stress in order to ease the detrimental effects of in
situ stress on powerhouse stability. *is layout gives priority
to the maximum principal stress; however, it neglects the
impacts of the second principal stress, particularly in cases
under high second principal stress. *e Houziyan under-
ground powerhouse is a typical case where the high second
principal stress makes bigger impact on surrounding rock
mass failure. As shown in the stress measurement results of
the Houziyan underground powerhouse area, the maximum
principal stress was 21.53∼36.43MPa and had a direction of
almost parallel to the powerhouse axis, while the second
principal stress was 12.06∼29.08MPa and was subvertical to
the powerhouse axis (Figure 11). *e layout of the power-
house axis intersecting with the direction of the maximum
principal stress at a small angle brought the undesirable
outcome that the axis was subvertical to the direction of the
second principal stress. As results of numerical simulation
show, when the value of the second principal stress increases,
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the stress concentration at the upstream spandrel and
downstream arch foot of the main powerhouse intensifies,
and the horizontal deformation of the sidewall enlarges.
When the value of the second principal stress remains
constant, the horizontal deformation of the sidewall swells
with the increase of the angle between the axis of the main
powerhouse and the direction of the second principal stress.
*e high second principal stress subvertical to the power-
house axis puts the surrounding rock mass under high
confining pressure. During the excavation process, stress is
unloaded in the direction of the second principal stress, and
tangential stress is concentrated at the upstream spandrel
and the downstream arch foot. Strong unloading led to large
deformation of sidewalls, and stress concentration resulted
in splitting of the surrounding rock mass and cracking of the
shotcrete layer, as is shown in Figure 11 [34]. Moreover,
results of field investigation showed stress-dominated failure
accounted for more in surrounding rock mass failures, while
rock mass property-dominated failure was relatively less,
which indicated the significant role of high in situ stress on
failures. *erefore, the high second principal stress with a
direction subvertical to the powerhouse axis led to the
aforesaid large deformation and failure of the surrounding
rock mass in the Houziyan underground powerhouse.

Current in situ stress rating schemes, whether via the
maximum principal stress solely, via strength-stress ratio
solely, or via the combination of the two, are mainly based
on the maximum principal stress. Cases under high second
principal stress, such as the Houziyan underground pow-
erhouse, may arise again in the future, to which current in
situ stress rating schemes may not apply. *erefore, it is a
question worth discussing whether the second principal
stress should be taken into consideration in in situ stress
rating schemes. In addition, the selection of the in situ stress
value is also a topic worthy of further discussion. In the area
of high mountain canyon topography, the distribution of in
situ stress is uneven, and its magnitude may vary greatly at
different locations within a project. Hence, the challenge of
how to select a representative value of in situ stress is also
important.

Not only can the value but also the direction of in situ
stress can make a difference to the surrounding rock mass
stability. As mentioned in Section 2, the relationship be-
tween the powerhouse axis and the direction of the maxi-
mum principal stress affects the property of the redistributed
stress field, and a small intersection angle is conducive to the
stability of the underground powerhouse. *e axes of both
the Houziyan underground powerhouse and the Baihetan
underground powerhouse intersect with the direction of the
principal stress at a large angle, which caused stress-dom-
inated failures in these two powerhouses. Furthermore,
diverse directions of in situ stress determine different failure
modes. Emerging from the excavation process of the Jinping
I underground powerhouse were two different failure
modes, high tangential stress-induced failure and progres-
sive failure, which mainly resulted from the difference in the
in situ stress direction between two areas. Consequently, the
surrounding rock mass in these two areas exhibited different
deformation properties and the evolution law of EDZ [1].

4. Rock Mass Properties

In addition to in situ stress, rock mass property is another
most fundamental factor affecting the deformation and
failure of the rock mass surrounding the underground
powerhouse. Rock mass properties cover many aspects such
as physical, mechanical, hydrophilic, and structural, among
which the most significant for surrounding rock mass sta-
bility are strength and structural properties.

4.1. Strength Property. *e strength property of the rock
mass, defined as the resistance of the rock mass to external
damage, is vital to the surrounding rock mass stability.
Powerhouse excavation causing stress adjustment: if the
adjusted stress in the surrounding rock mass exceeds its
ultimate strength, failure will occur. An underground
powerhouse is always located inside the hard and intact rock
mass, and this hard and intact rock mass usually remains
stable after excavation, and it is conducive to the efficiency
and safety of construction. Recent domestic large-scale
underground powerhouses opt for rock mass with higher
strength as much as possible, such as basalts with a uniaxial
compressive strength of 155–179MPa in the Xiluodu un-
derground powerhouse and 130∼206MPa in the Guandi
underground powerhouse [33]. If excavated in weak, frac-
tured, and loose rock mass, the roof of the powerhouse is
susceptible to collapse, and the sidewall and floor are prone
to ballooning and extrusion. Under these circumstances,
excavation and support should be simultaneous or the latter
be conducted in advance, which would lead to long con-
struction periods, high costs, and potential safety risks. A
typical example of low-strength rocks is soft rock. Soft rock,
one defined as a kind of rock with uniaxial compressive
strength less than 25MPa by the ISRM, features low me-
chanical strength, large deformation, and difficulty in sup-
porting, which cause many accidents in engineering
construction [35, 36]. For instance, soft-rock tunnels along
the Guang-Gan Expressway suffered from many large de-
formation and collapse problems and incurred great risks
during the construction process [37]. Regarding hydro-
power stations, the second and third excavation layers of the
Shuibuya underground powerhouse, which is characterized
by poor geological conditions, are in the soft-rock area. To
ensure construction safety, only after the rock mass sur-
rounding the sidewall is replaced with concrete could the
subsequent excavation progress [38].

However, it is of little significance to consider rock mass
strength alone, and what is generally considered is the
relative magnitude between rock mass strength and in situ
stress, which can be represented by strength-stress ratio.*is
is because the criterion for rock mass failure is that stress
exceeds ultimate strength, and it is pointless to discuss rock
mass strength without reference to the magnitude of in situ
stress. Besides, in the presence of fissures, joints, bedding,
faults, and other structural planes, the strength of the rock
mass is determined by the strength of both rock and
structural plane. Especially in the case where the rock mass
slides along a structural plane, the strength of the structural
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plane plays a dominant role in rock mass stability. In actual
engineering, therefore, the strength of the rock and struc-
tural plane should be comprehensively assessed in combi-
nation with the geological condition.

4.2. Structural Properties. Structural properties of the rock
mass cover the shape, size, property, and composition rela-
tionship of structural planes and rocks. Structural plane affects
the mechanical properties of the rock mass by making it
discontinuous and anisotropic. In underground openings,
structural planes such as faults, fissures, joints, and fracture
zones have a great impact on surrounding rock mass stability.
*ese adverse structural planes compromise the integrity and
continuity of the rock mass, debase its strength and stability,
and provide seepage channels for groundwater, which provide
preconditions for the deformation and failure of the rock mass
surrounding an underground powerhouse. During the
unloading induced by excavation, stress concentration is apt to
arise at the tip of the joint and crack, which makes cracks grow,
develop, and aggregate and eventually cause unloading damage
and large deformation of the surrounding rock mass. In the
presence of a large fault or fracture zone, the rockmass is highly
unstable, and collapse or caving in is very likely to occur during
the underground excavation. *e degree of joint development
and the strike and dip of the joint can make a difference in the
failure pattern of the surrounding rock mass. If joints develop
less and the rock mass is relatively intact, failure usually shows
as rock bursts, spalling, splitting, or slabbing depending on the
magnitude of in situ stress. For a set of parallel joints in the rock
mass, the major failure pattern is shear deformation failure
along the joint surface. When two sets of joints interlace at a
large angle, collapse may take place. Additionally, joint per-
sistence is also an important parameter affecting rock mass
strength [39].

Cases of surrounding rock mass failure triggered by
structural planes abound. *ere are many structural planes
in the rock mass surrounding the downstream sidewall of
the Houziyan underground powerhouse, such as com-
pression-crushed zones g1-4-2∼g1-4-12 and faults f1-4-2
and f1-4-5. *e surrounding rock mass of the downstream
sidewall is cut bymultiple, interlaced, steep structural planes.
During the excavation process, stress is relieved approxi-
mately in the direction of the second principal stress, leading
to tensile stress concentrations at the downstream rock
bench. Under the action of tensile stress, intermittent
fractures and block slipping occurred [34], as is reflected in
Figure 11. Affected by tectonic movement, the rock mass at
the Jinping I underground powerhouse area has many
structural planes which caused deformation and failure of
the surrounding rock mass. Geological investigation reveals
three large-scale faults, F13, F14, and F18, and many small
faults and a lamprophyre dike (X) including many joints and
cataclastic rock mass. Under the cutting action of these
structural planes, unstable blocks were formed in this area.
Two sections, K0 + 31.7m and K0+ 126.8m, are selected for
comparative analysis of measured surrounding rock mass
deformation. Section K0 + 126.8m is crossed by F14, F18, and
X, as shown in Figure 12(a). *irteen measured points are

selected in each of the two sections (Figure 12(a)), and the
deformation of points is presented in Figure 12(b). As is
reflected, the surrounding rock mass deformation in section
K0 + 126.8mwith faults and X is generally larger than that in
section K0 + 31.7m with relatively intact surrounding rock
mass, especially at the downstream sidewall of the trans-
former chamber. In the presence of large-scale faults and X,
the quality of the surrounding rock mass in section
K0 + 126.8m is poor, and thus, the deformation is larger, the
maximum even reaching 236.7mm in September 2010
(point 12 on the downstream sidewall of the transformer
chamber) [1]. In addition, F18 and X also resulted in rock fall
during the excavation of the auxiliary powerhouse, and
shotcrete layer cracks on the downstream sidewall in section
K0 + 197∼0 + 204m.

*ere is a weak interlayer zone C2 in the Baihetan left bank
underground powerhouse area (Figure 13(a)). C2 is 10∼60 cm
thick and appears at the north endwall of the installation
chamber and the sidewall of the main powerhouse. It is mixed
with mud and debris and is susceptible to softening when wet.
Even if deep antishear tunnel and shallow antishear adit as well
as reinforcing cables were employed, shear deformation along
C2 still occurred on the downstream sidewall during excava-
tion. During the excavation of layer VII2 of the powerhouse, C2
was exposed remarkably. In the meantime, the multipoint
extensometers of the downstream sidewall alongC2witnessed a
displacement rise of 9.9∼37.53mm, and shear deformation of
38.90mm and 23.99mm was measured by clinometers in 3#
and 4# omnibus bar caves, as shown in Figure 13(b). Sur-
rounding rock mass was cut by the combination of gently
dipping C2, steep fissures, and columnar joints. As a result,
some rocks fell along C2 during excavation (Figure 13(c)). *e
shotcrete layer of the downstream sidewall cracked from stake
ZC0+134m to ZC0+163m, and the crack extended along C2,
as shown in Figure 13(d). After the excavation of the pow-
erhouse, the crack reached a total length of 78m and was
0.3∼2.0m wide. Similar to the Jinping I underground pow-
erhouse, the Baihetan left bank underground powerhouse was
also affected by structural planes, which leads to large defor-
mation of the local surrounding rock mass. Several gently
dipping internal staggered zones, including LS3152,
LS3253∼LS3256, were above the arch of the powerhouse at the
1#∼4# unit, which compromised the integrity of the sur-
rounding rock mass. As a consequence, the surrounding rock
mass of this area had larger deformation than that at the 5#∼8#
unit during excavation.

Apart from the fracture structure mentioned above, the
attitude of strata sometimes influences powerhouse stability
as well. A strike perpendicular to the powerhouse axis is
beneficial to the stability of the surrounding rock mass,
particularly to the stability of the sidewall. However, if the
strike of strata is parallel to the powerhouse axis and the
strata are thin and poorly connected, roof collapse would
occur, especially for the powerhouse with a large span.
Hence, in the case of horizontal strata, the powerhouse
should be located in homogeneous, thick, and hard strata.

Some properties of the rock mass, which have an impact
on the stability of underground openings, can be used as the
basis for assessment and classification of the surrounding
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rock mass and are prevalent methods to judge surrounding
rock mass stability and guide construction and supporting
design.*eQ systemmethod [40] and RMRmethod [41] are
two internationally common means of the rock mass clas-
sification. *e former covers six parameters: rock quality
designation (RQD), the number of joint sets, joint rough-
ness, joint alteration, rock load, and water pressure. *e
latter includes rock compressive strength, RQD, joint
spacing, joint state, groundwater state, and joint direction.

5. Construction Factors

Excavation of the underground powerhouse is the prereq-
uisite for the deformation and failure of the surrounding

rock mass. Rock mass remains in a state of complicated
initial stress equilibrium prior to excavation. Excavation
alters the initial geometry of the rock mass, and stress
constraints of the excavated rock mass on the remaining are
unloaded at the excavation face. By unloading, stress is
adjusted and redistributed, facilitating the initiation and
propagation of cracks in the surrounding rock mass. *ese
cracks could significantly influence the strength and de-
formation behavior of the surrounding rock mass, thereby
creating conditions for deformation and failure [42]. Except
for excavation, the rock mass would stay in the equilibrium
state, and the likelihood of deformation and failure would be
low. Support, which belongs to the construction process
together with excavation, plays a pivotal role in preventing
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and arresting deformation and failure of the surrounding
rock mass.

Considering displacement measured by a multipoint
extensometer, the impacts of excavation disturbance on the
deformation of the surrounding rock mass can be dem-
onstrated. To this end, the monitoring result of the multi-
point extensometer that reported a large deformation
magnitude is selected for analysis; MZC 0 + 077–2 is located
on the upstream sidewall of the Baihetan main powerhouse
at an elevation of 592.002m and has an orifice displacement
that exceeds 50mm. *e blue curve in Figure 14(a) is the
orifice displacement, and the red one is the displacement
rate. As is reflected, the displacement has step growth, and
the rate curve has a peak at every beginning of the excavation
at the same elevation, illustrating that the deformation is
strongly linked to the excavation process and that excavation
disturbance at each elevation canmake the surrounding rock
mass deformation increase. When the excavation at an el-
evation of 591.96m started, the displacement rate reached
the maximum of the entire monitoring phase, 1.14mm/d
(August 24, 2016), because at that time, the excavation face
was closest to the measured point vertically. As excavation
progresses, the excavation face moves away, and these peaks
generally present a reduction tendency; this tendency in-
dicates that, with the vertical distance between the measured
point and the excavation face enlarging, the influences of
excavation disturbance on the surrounding rock mass de-
formation fade away, and the deformation rate diminishes.
On November 21, 2016, excavation from stake ZC0+ 70m to
ZC0+ 85m at elevation 583.9m was in progress. *e ex-
cavation face was close to the measured point horizontally,
and thus, the displacement rate reached a maximum of
0.96mm/d. *e horizontal and vertical distance between the
measured point and the excavation face, therefore, turn out
to be closely related to the surrounding rock mass defor-
mation at the measured point. As the distance increases, the
effects of excavation disturbance on surrounding rock mass
deformation are moderate, and the deformation rate
dwindles.

Large underground powerhouse is featured by big size,
complex structure, and long construction period; thus, the
range of stress adjustment is wide, and the time is long.
Large-scale stress adjustment makes greater impact on the
surrounding rock mass and is likely to cause extensive
failure, such as the long shotcrete cracks on the arch of the
Baihetan left bank underground powerhouse. And in some
cases, it may influence the adjacent caverns and lead to
surrounding rock mass failures. Long-lasting stress adjust-
ment may cause the deformation and failure of the sur-
rounding rock mass to develop over time and even
deteriorate. When the excavation is completed, failures
usually stop developing. *us, a reasonable excavation de-
sign based on the structural property of the powerhouse and
geological conditions is vital to curbing deformation and
minimizing failure of the surrounding rock mass. Optimal
construction techniques, such as refined blasting techniques,
that can control the undesirable effect of the blasting vi-
bration on the surrounding rockmass also play an important
part [16, 43–45]. Moreover, the construction of large

underground powerhouses featuring complex structures
and intersecting caverns experiences interaction between
adjacent or intersecting caverns and a complex process of
stress adjustment. And it is worth for further research, in
combination with engineering practice, to design reasonable
construction procedures for adjacent and intersecting cav-
erns so as to mitigate adverse impacts on the safety and
stability of the underground powerhouse.

Support is a key factor in preventing the deformation
and failure of the surrounding rockmass. Generally, the rock
mass surrounding large-scale underground powerhouses is
reinforced with anchor bolts, shotcrete, and prestressed
anchor cables. With anchor bolts anchored in the rock mass,
a common bearing body is formed via the combination of
anchor bolts and rock mass, which can improve the strength
of the rock mass and the shear resistance of the structural
surface, thus reinforcing the surrounding rock mass. Pre-
stressed anchor cables can moderate the negative effects of
unloading induced by excavation on powerhouse stability
and reduce surrounding rock mass deformation [46, 47].
Figure 14(b) shows the displacement curve of MZC0 + 229–2
on the upstream sidewall of the Baihetan main powerhouse
and the stress curve of its anchor bolts. As is reflected, the
displacement and stress demonstrate step growth, and they
share a similar response to excavation disturbance. *e
anchor bolt limits the surrounding rockmass deformation to
the free surface, and the step-growing displacement makes
the stress present a stage evolution process. As the exca-
vation face moves away, the growth of displacement slows
down, as does the growth of stress. Eventually, the dis-
placement and stress tend to converge under the function of
the supporting system. *e displacement at a depth of 1.5m
is controlled below 50mm, which prevents large deforma-
tion of the surrounding rock mass. *us, the effect of anchor
bolts on limiting the surrounding rock mass deformation is
obvious. Along the hole depth, the displacement as well as
the stress decreases with the increase of depth.

On the contrary, belated or inappropriate support is
sometimes responsible for the deformation and failure of the
surrounding rock mass. During the excavation of the Bai-
hetan underground powerhouse, surrounding rock mass at
the upstream spandrel and downstream sidewall cracked.
Unfortunately, local cracked rock mass remained unrein-
forced for a long time, and damage and cracks extended
gradually. Ultimately, rockfall and collapse occurred in these
areas.

6. Discussion

*rough the analysis of recent large underground power-
house cases, powerhouse layout and structure, rock mass
properties, in situ stress, and construction factors are key
factors affecting the deformation and failure of the sur-
rounding rock mass. Among these factors, the two most
fundamental factors are in situ stress and rock mass
properties as these two remain unalterable for a determined
powerhouse site, and their impacts can only be changed
indirectly via adjusting other pertinent factors. Furthermore,
in hydropower resource-rich southwest China that features
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complex geological conditions and high in situ stress, these
two factors pose tremendous impacts on the deformation
and failure of the surrounding rock mass.

As typical underground powerhouses under high in situ
stress, Jinping I, Houziyan, and Baihetan experienced many
stress-dominated failures of the surrounding rock mass
during construction. Spalling, splitting, and large unloading
deformation of the surrounding rock mass and cracking of
the shotcrete layer were common issues of the three pow-
erhouses, which were mainly caused by stress concentration
after excavation. *ese failures accounted for a large pro-
portion, indicating that the high in situ stress had a re-
markable impact on the deformation and failure of the
surrounding rock mass. On the contrary, the characteristic

and mechanism of in situ stress among these three projects
were quite different. *e maximum principal stress in
Baihetan had a large intersection angle with the powerhouse
axis, and as a result, stress concentrated remarkably at the
upstream side of the arch. *ough the maximum principal
stress intersected with the powerhouse axis at a small angle,
the high second principal stress was subvertical to the axis,
which played a dominant role in many surrounding rock
mass failures. In spite of the similarly small angle between
the maximum principal stress and the powerhouse axis, the
relatively low rock mass strength under extremely high in
situ stress provided a prerequisite for failures in the Jinping I
underground powerhouse. In general, surrounding rock
mass failures induced by high in situ stress have become a

Displacement
Displacement rate

Time (year/month/day)

D
isp

la
ce

m
en

t (
m

m
)

D
isp

la
ce

m
en

t r
at

e (
m

m
/d

)

1.14mm/d,
2016/8/24

0

0.5

1

1.5

2

0

10

20

30

40

50

60

2016/6/11 2016/8/11 2016/10/11 2016/12/11 2017/2/10 2017/4/12 2017/6/12

Excavation elevation (m)

Downtime 578.9591.9 587.9 583.9 573.4 567.9

591.9

0.96mm/d,
2016/11/21

0.81mm/d,
2017/3/2

Excavation at
ZC0 + 68 ~ ZC0 + 80

Excavation at
ZC0 + 70 ~ ZC0 + 85

Excavation at
ZC0 + 50 ~ ZC0 + 70

(a)

Time (year/month/day)
2016/6/11 2016/8/11 2016/10/11 2016/12/11 2017/2/10 2017/4/12 2017/6/12

0

60

120

180

240

300

0

10

20

30

40

50

60

Displacement at a depth of 1.5m

Displacement at a depth of 3.5m
Displacement at a depth of 15m Displacement at a depth of 6.5m

Anchor bolt stress at a depth of 1.5m

Anchor bolt stress at a depth of 6.5m

D
isp

la
ce

m
en

t (
m

m
)

St
re

ss
 (M

Pa
)

Excavation elevation (m)591.9

Downtime 578.9591.9 573.4583.9587.9 567.9
Layer II Layer IV Layer V Layer VI Layer VII

(b)

Figure 14: Monitoring result of the multipoint extensometer and anchor bolt: (a) displacement and displacement rate curves at stake
ZC0 + 77m; (b) displacement and anchor bolt stress curves at stake ZC0 + 229m.

16 Advances in Civil Engineering



common key issue in the construction of large underground
powerhouses.

Due to the complexity of the geological environment,
some failures occurred in these three powerhouses which
were induced by complex rock mass structure or adverse
geological structures, such as collapse, block sliding,
cracking, and shear deformation. *ese failures were not
only rock mass property-dominated type but also rock mass
property-stress-dominated type. Each project had a unique
topographical and geological condition, and thus, the mode
and extent of failure manifested difference among these
powerhouses. For instance, unstable blocks and local col-
lapse induced by structural planes’ cutting and excavation
disturbance were common problems in the three power-
houses. *e deformation and failure caused by large-scale
weak interlayer zone C2 in Baihetan, however, belonged to
an individual problem.

Excavation of the underground powerhouse is the
prerequisite of deformation and failure as it breaks the initial
stress equilibrium state of the rock mass and disturbs the
rock mass, thereby providing conditions for deformation
and failure [48]. Underground powerhouse has a large scale
and long construction period, and the stress adjustment
caused by excavation is long-lasting. *us, it has been a
prevalent phenomenon that the deformation and failure of
the surrounding rock mass develop with the excavation
process. Support is an effective measure to curb the de-
formation and failure of the surrounding rock mass. Con-
versely, belated support is very likely tomake failure develop,
and under such circumstances, supplementary reinforce-
ment is necessary. *e construction of some underground
powerhouses has encountered this problem, and relevant
experience should be summarized based on typical cases.
*e layout and structure of the underground powerhouse
also affect surrounding rock mass stability. *e relationship
between the powerhouse axis and the direction of in situ
stress has an effect on the property of the redistributed stress
field, and the relative position relationship between the
powerhouse and detrimental geological structures exerts an
influence on surrounding rock mass stability as well.

For specific project backgrounds, the importance and
influence degree of these factors vary. Li et al. [49] deter-
mined the weight of each factor in underground powerhouse
stability based on an analytic hierarchy process.*is method
can quantify the influence degree of factors, and if it is
applied in multiple large-scale underground powerhouses
and the results are summarized, a better understanding of
key factors affecting the deformation and failure of the
surrounding rock mass will be acquired.

In many cases, two or more factors come into play, not
just one. *e tension failure of the Houziyan main pow-
erhouse mentioned in Section 4.2 results from two factors, in
situ stress and rock mass structure. *e effects of the
powerhouse shape on stability were proven to be linked to
both lateral stress and vertical stress ratios (k), which are in
situ stress field characteristics and to the rock property. For
0.2< k< 2.2, an elliptical shape shows the least displacement.
When k< 0.2, however, a mushroom shape is optimal in the
surrounding rockmass with better quality, while a horseshoe

shape is preferred for weak rock masses [50]. *e failure risk
of a surrounding rock mass with a weak interlayer zone is
greatly affected by the shape and dimension, particularly by
the span. *e increased excavation span induces changes in
the combination of the weak interlayer zone and the
powerhouse, thereby triggering more massive collapses or
contact shear slips [51]. *e phenomenon of deformation of
the upstream sidewall being greater than that of the
downstream sidewall during the excavation of a large-scale
underground powerhouse in high dipping laminar strata
closely relates to the high-dip rock strata, joint arrays, and
high horizontal in situ stress [52]. Deep fracturing of the
surrounding rock mass is attributable to the combined ef-
fects of high in situ stress, enhanced stress concentration in
deeper parts of the rock mass when excavated, and low
strength of jointed surrounding rockmass [53]. As a result of
the complexity of the geological environment, surrounding
rock mass failures induced by high in situ stress and rock
mass property jointly are common such as the surrounding
rock mass fracture and block sliding at the downstream
sidewall of the Houziyan underground powerhouse, the
splitting failure along bedding fissures in the stress con-
centration zone at the downstream sidewall foot, and the
shear deformation of the weak interlayer zone caused by
unloading in the Baihetan underground powerhouse. Rock
mass property-stress-dominated failure took place in many
projects and showed various failure modes and mechanisms.
Besides, it can be seen that factors are interrelated and in-
fluence each other, and the combined impact is likely to be
more pronounced or severe than that of a single factor, for
example, the rock mass splitting failure in the stress con-
centration zone at the downstream sidewall foot of the
Baihetan underground powerhouse. In this stress concen-
tration zone, the high maximum principal stress approxi-
mately parallel to the rock mass bedding made bedding
fissures open and grow, and eventually, it caused the sur-
rounding rock mass to split. *e main factors of this failure
are the high redistributed stress and bedding fissures. *e
former is trigger, and the latter is precondition with respect
to the rock mass property. Without either factor, the failure
would not have occurred. Hence, it is of necessity to study
the synergistic mechanism of multiple factors and put
forward measures for each factor.

7. Conclusions

*rough the analysis of the cause and mechanism of de-
formation and failure in typical cases, this paper provides an
overview of key factors affecting the deformation and failure
of the rock mass surrounding large-scale underground
powerhouses in hydropower stations, including the layout
and structure of the powerhouse, in situ stress, rock mass
properties, and construction factors. In situ stress and rock
mass properties, on account of their immutability and
dramatic impacts demonstrated in a large number of cases,
are the two most fundamental factors of all the considered
factors. *e layout and structure of the powerhouse, as well
as construction factors, are also significant. Essentially, the
selection of the powerhouse location and direction indirectly
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alters impacts of the rock mass properties and in situ stress
on surrounding rock mass stability. *e construction pro-
cess consists of two major events, excavation and sup-
porting. *e former is the prerequisite to surrounding rock
mass failure, and the latter is the key to prevent and arrest the
deformation and failure of the surrounding rock mass. In
many cases, two or more factors come into play, not just one,
and these factors are also interrelated and influence each
other.

Affected by the unique topographical and geological
condition in southwest China, the construction of many
large-scale underground powerhouses has encountered
failure issues caused by high in situ stress or rock mass
property, or both. *us, the countermeasures for these
factors in design and construction are critical to the sur-
rounding rock mass stability. In the design stage, the impact
of these adverse factors on surrounding rock mass stability
should be avoided or mitigated through optimized design
based on the experience and theory from similar projects.
Comprehensive assessment on the impact is indispensable
when making a reasonable support design, and avoiding
supplementary reinforcement is implemented repeatedly.
During the construction period, the constructionmethod for
large-scale underground powerhouses under high in situ
stress and complex geological environment, together with
the multisource safety monitoring system for the sur-
rounding rock mass, should be adopted. *e former covers
novel excavation methods for the long-span arch, high
sidewall, and intersecting chambers, support fast follow-up
excavation technology, and reinforcement measures for
unfavorable geology, through which excavation damage can
be alleviated, and surrounding rock mass deformation can
be curbed within a reasonable range. *e latter includes
conventional monitoring for surrounding rock deformation,
anchor cable load and bolt stress, acoustic test, and advanced
monitoring technology, by which the stability evaluation for
the surrounding rock mass, safety warning for the cavern
group, and dynamic control for deformation and failures can
be realized. In this way, the key problem of deformation and
failure can be overcome, and the construction safety and
efficiency can be guaranteed.
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Based on the blasting principle of the cutting seam cartridge, smooth blasting with the charge structures of the usual cartridge and
cutting seam cartridge has been designed and implemented, respectively, for different peripheral holes in the same face.
Meanwhile, the blasting vibration has been monitored. ,rough the analysis of the frequency spectrum of blasting vibration
signals, it is found that the maximum blasting vibration velocity of the cutting seam cartridge charge is lower than that of the usual
cartridge charge, from 0.21m/s to 0.12m/s. Moreover, the blasting energy distribution is more balanced. Especially in the low-
frequency part, the blasting energy is less, and there is a transferring trend to the high-frequency part, which shows that the cutting
seam cartridge charge has a better optimization effect. Furthermore, using wavelet packet analysis, the cutting seam cartridge
charge could effectively reduce the energy concentration in the low-frequency part. ,e energy distribution is much more
dispersed, and the disturbance to the structure could be less, which is conducive to the stability of the structure. According to the
blasting effect, the overbreak and underexcavation quantity at the cutting seam cartridge charge is better than that at the usual
cartridge charge.

1. Introduction

,e directional fracture blasting technology with the cutting
seam cartridge charge was originally put forward by Fourney
et al. [1]. ,e compressive stress concentration and shear
stress difference are caused along the cutting direction,
which leads to the fracture surface formation under the
action of blasting. As the directional fracture blasting of the
cutting seam cartridge has a significant role, it is applied to
underground engineering. ,e directional fracture blasting
technology with the cutting seam cartridge charge is mainly
based on the principle of shaped charge blasting. ,e
blasting energy propagates in the way of shock waves or
stress waves and explosion gas. ,e stress waves cause
tension damage or break, and then the gas expands the crack.
At the same time, it plays a good role in protecting the
surrounding wall. It means that the directional fracture
blasting technology with the cutting seam cartridge charge

has the function of blasting energy guidance in the slit di-
rection and the wall protection in the nonslit direction. As it
is known, the purpose of the smooth blasting technique is to
form a smooth final contour, and presplit blasting is to
protect the remaining wall or surrounding rock mass.
However, the impact of directional fracture blasting tech-
nology on the surrounding rock could also be reduced,
providing a new technical access for the smooth blasting
method [2, 3]. Meng et al. found that shaped charge blasting
leads to the directional propagation of fractures. ,e field
monitoring results showed that shaped charge blasting is
able to realize the directional propagation of blasting-in-
duced fractures and release mining pressure [4].

,e basic principle of cutting seam cartridge blasting is
shown in Figure 1. ,e left side is the cutting seam pipe and
its longitudinal section along the diameter direction, and the
right side is the detailed description of the cutting seam
pipe’s cross section, in which A is the longitudinal side view
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of the cutting seam pipe with a certain width, and B is the
cross section of the cutting seam pipe, while 1 is the loading
part, 2 is the air medium, 3 is the cutting seam pipe, 4 is the
hole wall, and 5 is the rock particle with a distance R away
from the center of the explosive bag.

When the cutting seam cartridge explodes, the deto-
nation products directly impact the cutting seam pipe at the
noncutting position. Because the density of the inner rock
wall is greater than that of the detonation product and the
compressibility of the rock wall is generally less than that of
the detonation product, the detonation product reflects from
the rock wall surface, and then the reflected shock wave
generates. After the transmission wave is attenuated, the
energy acting on the hole wall is reduced efficiently, and the
possibility of radial cracks in the noncutting position is
decreased significantly.

However, at the cutting direction, the detonation
products directly impact the air medium. ,e shock wave is
generated to form a concentrated, high-speed, and high-
pressure jet, which is oriented on the hole wall at the cutting
direction. When the strength of the stress wave is greater
than the critical strength of rockmass, the fracture will occur
on the blasting hole wall, and the initial fracture could be
formed in advance. ,e detonation gas is also concentrated
at the cutting direction, while the destructive and blasting
effect along the cutting direction could be well strengthened.

Blasting vibration is generated at the same time, con-
necting with the rock dynamic strength. Zhu et al. found that
the dynamic strength of deep rocks increases with increasing
depth or the ratio of horizontal-to-vertical initial stresses
[5, 6]. ,rough the analysis of blasting vibration signals, the
rock-breaking mechanism and blasting effect of different
blasting methods can be mastered more profoundly. Gou
et al. pointed out that the average frequency and its modified
frequency equation perform well in the rock mass. ,e soil
overburden has a low impact on the ground motion, while
the influence of charge weight per delay on the ground wave
frequency has diminished [7, 8]. Ataei et al. found that as the
blasting vibration signal is a nonstationary signal, which has
the characteristics of short duration and fast mutation, its
analysis mainly depends on the signal analysis mathematical
methods and the development of corresponding analysis
instruments [9–12].

Fourier transform is a powerful tool for vibration signal
analysis [13–16]. Fourier transform is always the most widely
used and effective analysis method. It is the basis and the

classic technology in signal processing. It can transform the
time series data to the spectrum in the frequency domain.
Fourier transform is a tool of time domain to frequency
domain conversion. Its essence is to decompose the signal
waveform into the superposition of various sine waves with
different frequencies. Its standard basis is composed of sine
wave and its higher harmonics.

Hilbert–Huang transform is a breakthrough in the linear
and steady-state spectral analysis based on Fourier trans-
form. It is mainly composed of the empirical mode de-
composition method and transformation [17]. According to
the time difference characteristics between the adjacent
peaks of the time scale signal itself, the signal could be
decomposed using the Hilbert–Huang transform, which has
the adaptive ability [18].

Ling et al. found that, with the increase of the blast
center distance, the main frequency and amplitude of
blasting waves show the decreasing trend. Besides, the
frequency superposition phenomenon aggravates in the far
field. It can be seen that the wavelet transform used here
adopts the window size to be fixed, but its shape can be
changed. It means that the time window and frequency
window can be varied, while the contradiction between
time resolution and frequency resolution could be solved
well. Meanwhile, it has a good localization property both in
time domain and frequency domain [19–21]. Wavelet
transform, as an adaptive signal feature method, has been
widely used in signal processing, especially in the blasting
vibration, which is characterized by short duration and
sudden change [22].

,e concept of wavelet packet is put forward on the basis
of the wavelet transform, and it is deduced mathematically.
,e high-frequency part which is not decomposed by the
wavelet method is also conducted, and it is divided into
high-frequency part and low-frequency part separately with
several layers. It can adaptively select the corresponding
frequency band to match the signal spectrum according to
the signal characteristics, while the time-frequency resolu-
tion could be improved. ,erefore, it is more precise than
the wavelet analysis [23–25]. Prediction of vibration is very
important in mining operations as well as civil engineering
projects. Meanwhile, for the blasting vibration signal
characteristics, the wavelet packet analysis of a single
blasting vibration signal has been carried out, and the energy
distribution is illuminated [26]. Furthermore, the blasting
vibration energy in different frequency ranges of the blasting
vibration signal is studied [27, 28]. In addition, other
scholars have carried out the blasting vibration signal
analysis of different structural forms, such as the frozen shaft
[29].

For tunnel engineering, based on the principle of di-
rectional blasting fracture technology, at the peripheral
hole’s different positions of the same face to be excavated,
two charge structures, i.e., usual cartridge charge and cutting
seam cartridge charge separately, are used to compare and
analyze the vibration signals and blasting effects. In par-
ticular, the wavelet packet analysis method is accepted to
study the energy distribution and to explore the influence of
cartridge charge way.
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Figure 1: Schematic of the cutting seam cartridge blasting
principle.
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2. Charge Structure Design of the
Peripheral Hole

In the light of actual engineering geology, the cutting seam
cartridge charge and usual cartridge charge technology were
designed and carried out at the same free face in the pe-
ripheral hole with the left and right positions separately. ,e
peripheral hole of the left side uses the usual cartridge charge
structure, while that of the right side adopts the cutting seam
cartridge charge structure. ,e excavation section area is
12.15m2.

,e peripheral hole spacing both in the left side and the
right side was 300mm.,e designed footage of each blasting
cycle is 2m, and in each peripheral hole, the explosive is
divided into three intervals with the same interval 550mm.
Among them, half of a cartridge was charged at the bottom
of the blasting hole, and the other two quarters of the
cartridge were charged at each section. As mentioned above,
the peripheral hole in the right side was charged using the
cutting seam cartridge structure with the above charging
pattern. At the meantime, the peripheral hole in the left side
was charged using the ordinary cartridge with the same
charging pattern. ,e ordinary cartridge means that the
cartridge is charged alone, and it is just a common cartridge
charging way. Meanwhile, straight parallel cutting is con-
sidered and designed here.

With the directional fracture technology of the cutting
seam cartridge charge structure, the section view and the
longitudinal view of the blasting hole layout are designed
here, as shown in Figure 2.

9 detonators with different explosion initiationtimes
were designed, corresponding to the blasting sequence. It
means that blasting starts from cutting holes firstly, then the
auxiliary holes, to the peripheral holes, and in the end to the
bottom corner holes. Usually, for the cutting holes, the
blockage length is 600mm, while for the auxiliary holes, the
peripheral holes, and the other holes, it is 300mm.

All the blasting parameters, including the number and
quantity of explosives and detonator segments in each hole,
are shown in Table 1, and the total explosive weight is 60.9 kg
with the specific charge 2.51 kg/m3.

3. Frequency Spectrum Analysis of the Blasting
Vibration Signal

,e blasting vibration signals generated by the conventional
charge form and the cutting seam charge form of peripheral
holes are shown in Figure 3 separately.

From the above blasting vibration signal waveform of
different charge structures, it can be seen that the maximum
blasting vibration velocity of the usual charge structure
reaches 0.21m/s, which is far greater than 0.12m/s of the
cutting seam charge structure. Moreover, the blasting signal
of the ordinary charge is more complex, and the peak and
valley changes more frequently and violently, which is not
conducive to the stability of engineering facilities.

It must be noticed that the vibration waveforms given
above are produced by all of the blast holes, and they should
compare the frequency spectra of the vibration waves

generated by the peripheral holes in the left side and the
peripheral holes in the right side, while as the property of the
blasting monitoring method, the vibration waveforms are
produced by all of the blasting holes, and it is convenient to
show the whole vibration waveform. However, it is im-
portant to focus on the specific waveforms which are just
originated from peripheral holes in the two sides. Neither the
monitoringmethod nor frequency spectra is very suitable for
the testing purpose as the blasting vibration signals have not
been separated well. It should be improved in the following
research.

,e frequency spectrum of the blasting vibration signal
with the conventional charge form and cutting seam charge
form of the peripheral hole is shown in Figure 4.

From the above blasting vibration signal spectrum, it can
be seen that the blasting PSD (power spectrum density)
accounts for a large proportion in the low-frequency seg-
ment when the usual charge is adopted, while the blasting
power spectrum density accounts for a small proportion in
the low-frequency segment when the cutting seam charge is
considered, with a transfer to the high-frequency segment.
,e above signal phenomenon and its physical revelation
show that the cutting seam charge has an obvious optimi-
zation effect.

4. Wavelet Packet Analysis of the Blasting
Vibration Signal

When the blasting vibration signal is analyzed by the wavelet
packet, the number of decomposition layers is determined
by the specific signal and the working frequency band of the
blasting vibration analyzer. Blasting vibration recorder 3850
developed by Chengdu Zhongke Dynamic Instrument Co.,
Ltd., is used for the blasting vibration test, while the min-
imum working frequency is 1Hz. Since the main vibration
frequency of the blasting vibration signal is generally below
200Hz, based on the sampling theorem, the Nyquist fre-
quency is 1000Hz if the sampling frequency of the signal is
set to 2000Hz. According to the wavelet packet decompo-
sition algorithm, the analysis signal can be decomposed to
the fourth layer, and the corresponding minimum frequency
band is 0∼7.8125Hz.

According to the theory of wavelet packet decomposi-
tion, the blasting vibration signal waveforms of different
charging modes at the same measuring point are decom-
posed into the fourth layer by wavelet packet decomposition,
and then the energy distribution at different layers could be
obtained, as is shown in Figures 5 and 6, corresponding to
the usual charge and cutting seam charge separately.

From the detailed decomposition of the fourth layer
using the wavelet packet method, it can be seen that the
energy of the blasting vibration in the range of 0–500Hz
accounts for 91.65% and 53.59% of the total energy, re-
spectively, corresponding to the usual charge and cutting
seam charge. It shows that although the energy of the
blasting vibration is widely distributed in the frequency
domain, most of the energy is concentrated in the range of
0∼500Hz. ,e energy of the usual charge is mainly con-
centrated in the range of 0∼250Hz, in which the energy of
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Figure 2: Section view and longitudinal view of the blasting hole of the cutting seam cartridge technology.

Table 1: Blasting parameters for the designed scheme.

Hole name Hole no. Sum of holes
Charge quantity

Roll/each hole Total weight (kg) Detonator order
Empty hole 1 1 0 0.0
Cutting hole 2–7 6 5 9.0 1
Auxiliary hole 8–10 3 5 4.5 3
Auxiliary hole 11-12 2 5 3.0 5
Auxiliary hole 13–21 9 3.5 9.45 7
Auxiliary hole 22–32 11 2.5 8.25 9
Auxiliary hole 33–46 14 2.5 10.5 11
Peripheral hole 47–72 26 1.5 9.0 15
Bottom hole 74–79 6 3 5.4 17
Bottom corner hole 73,80 2 3 1.8 19
Total 80 60.9
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0∼250Hz accounts for 58.11%, and the energy of
250∼500Hz accounts for 33.54%. However, the energy of the
cutting seam charge is also mainly concentrated in the range
of 0∼500Hz, in which the energy of 0∼250Hz accounts for
10.51%, and the energy of 250∼500Hz accounts for 43.08%.

Compared with the cutting seam charge, the energy
distribution of the usual charge is more concentrated on the
main vibration band. ,is is mainly because the blasting
energy which adopted the cutting seam charge will be re-
leased rapidly along the slit direction with weak restriction.
However, the single-stage explosion of the MS19 detonator
reduces the mutual interference of the blasting wave,
resulting in the energy more concentrated in the low-fre-
quency band.

,e energy release duration of the blasting vibration is
generally short, and it has certain transient vibration
characteristics. After the stress wave is transformed into the
blasting vibration wave, the high-frequency component is

rich and lasts for a short time when it is close to the blasting
source. With the blasting vibration propagation, the high-
frequency component is gradually absorbed, the vibration
amplitude attenuates, the high-frequency component is
smaller, and the main vibration frequency is transferred to
the low-frequency segment. ,e vibration energy in the far
region is concentrated in one or several important bands,
rather than evenly distributed in each frequency band.
However, by the cutting seam charge in the peripheral hole,
the energy concentration in the low-frequency segment can
be effectively reduced. And the energy could be more dis-
persed, the frequency spectrum could also be wider, and the
disturbance to the structure could be much less, which is
conducive to the stability of the structure. Table 2 shows the
energy distribution percentage of blasting vibration signals
with different charging patterns in the range of 500Hz. It
should be noticed that the testing data in Table 2, i.e., variant
frequency bands and the energy distribution percentage of
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Figure 4: Power spectrum density wave of the (a) usual charge and (b) cutting seam charge.
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blasting vibration signals for the usual charge and cutting
seam charge, strictly correspond to blasting parameters
designed in Table 1. Meanwhile, the data also conform to the
blasting effect of the peripheral hole of the left side and that
of the right side separately.

In order to refine the frequency range, energy changes
within 250Hz will be described here, as is shown in Figure 7.

,e main frequency band of the blasting vibration signal
is relatively wide, and the main frequency band can be divided
into multiple subfrequency bands. Here, taking 8 frequency
bands as an example (it means that each frequency band
width is 31.25Hz), the energy proportion within 250Hz of the
two charge forms is shown in Table 3. And it should be
noticed that the original data used here are the same as those
in Table 2. ,e other frequency spectra are not concerned as
the advance frequency is within 250Hz, which has various
influences to the surrounding environment. ,erefore, the
frequency bands within 250Hz are considered here.

It can be seen that the cutting seam charge plays an
obvious role of frequency shift, which means that it can
transfer the vibration energy from the low frequency which

is unfavorable to the surrounding structures to the high
frequency and weaken the phenomenon of low-frequency
energy concentration.

,e distance between the measuring points of the two
kinds of charge forms and the explosion source is the same,
but the maximum energy value of the usual charge far exceeds
that of the cutting seam charge. It shows that the vibration
effect could be obviously reduced by the cutting seam charge.

It should be noted that, with the increase of the maxi-
mum explosive, the main frequency of vibration tends to be
within the low-frequency range. As the natural frequency of
the engineering structure is generally low, it is obviously not
conducive to the structure safety. ,erefore, the blasting
holes should be designed optimally to reduce the impact of
the maximum explosive.

5. Discussion

After the blasting cycle, the footage of blasting has reached
1.7m in the left and 1.95m in the right, corresponding to the
usual charge and cutting seam charge separately. Obviously, the
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Figure 5: Energy distribution of the usual charge by wavelet packet decomposition.
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utilization ratio of the blasting hole in the right side is higher
than that in the left side. ,e half-hole rate of the right side is
more than 90%, and the blasting effect is smooth and even.

Image processing is carried out on the profile of the
tunnel after blasting [30-36], and the ratio of overexcavation
or underexcavation is calculated by the proportional image.
It is found that the overexcavation quantity of the right side
using the cutting seam charge is small than that of the left
side. All these phenomena illuminate that using the cutting
seam charge could achieve a better blasting effect.

,rough the above analysis and description, the charge
structure is the main reason for the difference. According to
the blasting principle of the cutting seam charge, the di-
rectional fracture could be easily achieved compared to the
usual charge. ,e rock around the surrounding hole is
destroyed strictly along the cutting direction under blasting.
As mentioned above, the cutting seam charge plays an
important role in orientation, guidance, energy accumula-
tion, blasting hole wall protection, and so on. ,e charge
structure and its corresponding frequency spectrum have a
much closer relationship, which reflects the blasting energy
distribution delicately.

With the explosive being detonated, the blasting gas is
triggered subsequently along the crack caused by the shock
wave. ,e energy accumulates at the crack tip, and the stress
concentration is more obvious, which leads to a greater
dynamic stress intensity factor. When the dynamic stress
intensity factor exceeds the dynamic fracture toughness of
the rock, the new crack could easily extend and expand along
the direction of the initial crack. All of these are much more
beneficial for the subsequent action of the explosion stress
wave.

,rough the blasting frequency spectrum and the
maximum blasting vibration velocity, the blasting effect of
different charge structures is studied. It can be seen that the
maximum blasting vibration velocity of the usual charge
structure reaches 0.21m/s, which is far greater than 0.12m/s
of the cutting seam charge structure. Indeed, the peak
particle velocity could be achieved based on the blasting
holes and the corresponding detonator. As it is mentioned
above, the peak particle velocity of 0.12m/s occurs in the
sixth delay, while the following velocity is under 0.12m/s,
corresponding to the peripheral hole of the cutting seam
cartridge charge. ,erefore, the particle velocity could be
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Figure 6: Energy distribution of the cutting seam charge by wavelet packet decomposition.
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Table 2: Energy distribution percentage of blasting vibration signals with different charges (%).

Frequency band (Hz)
Charge of the peripheral hole

Usual charge Cutting seam charge
0～7.8125 2.229991269 1.787380786
7.8125～15.625 1.039173505 1.166917023
15.625～23.4375 3.769197911 0.295469186
23.4375～31.25 1.731948796 0.863437309
31.25～39.0625 3.810539675 0.331075298
39.0625～46.875 2.889728257 0.140676688
46.875～54.6875 3.899942775 0.725965092
54.6875～62.500 2.526712103 0.36629761
62.500～70.3125 0.96876886 0.639425781
70.3125～78.125 0.655996568 0.096318144
78.125～85.9375 1.200286895 0.20576525
85.9375～93.75 0.551350271 0.151802148
93.75～101.5625 5.299342072 0.617296493
101.5625～109.375 3.166754601 0.159958934
109.375～117.1875 1.15016411 0.158657431
117.1875～125 1.491769733 0.114527373
125～132.8125 1.184100843 0.19667787
132.8125～140.625 0.581154786 0.227530343
140.625～148.4375 0.381662 0.364889045
148.4375～156.25 0.617057835 0.135266024
156.25～164.0625 2.140549217 0.210894837
164.0625～171.875 0.750862991 0.207379654
171.875～179.6875 0.696653323 1.140918129
179.6875～187.5 0.697106629 0.097205295
187.5～195.3125 2.952418532 1.961319675
195.1875～203.125 1.294974842 0.330344305
203.125～210.9375 2.00305259 0.234988512
210.9375～218.75 1.478116589 0.187356376
218.75～226.5625 1.239580217 0.611954966
226.5625～234.375 0.770995618 1.247538037
234.375～242.1875 2.087185512 0.278642608
242.1875～250 0.917105416 0.162207238
250～257.8125 0.430405954 0.820937054
257.8125～265.625 0.166238642 0.166558523
265.625～273.4375 0.152336083 0.310912838
273.4375～281.25 0.161985449 0.23733022
281.25～289.0625 0.13309732 0.431862593
289.0625～296.875 0.141422741 0.245409739
296.875～304.6875 0.126769439 1.18991625
304.6875～312.5 0.1091704 0.166339565
312.5～320.3125 0.19894952 0.375063156
320.3125～328.125 0.275914094 0.28557955
328.125～335.9375 0.207938627 0.278342079
335.9375～351.5625 0.134050918 1.168340532
351.5625～359.375 0.368801353 1.333380002
359.375～367.1875 0.19657867 0.239051763
367.1875～375 0.335578707 0.254780878
375～382.8125 0.292799121 0.270129656
382.8125～390.625 1.364984144 1.417864314
390.625～398.4375 0.440328038 0.213662935
398.4375～406.25 0.677690601 0.291063252
406.25～414.0625 0.557850063 0.275318342
414.0625～421.875 0.672880217 0.329961157
421.875～429.6875 0.528820833 0.236063615
429.6875～437.5 0.680489098 0.31556361
437.5～445.3125 0.722819807 0.234589634
445.3125～453.125 0.375598477 0.819661957
453.125～460.9375 0.363141557 0.353280394
460.9375～468.75 0.615660307 0.212132555
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reduced more for the cutting seam cartridge charge. Espe-
cially, the blasting signal of the usual charge structure is
more complex, and the blasting signal’s peak value changes
more frequently and violently, which is not conducive to the
stability of engineering facilities. Meanwhile, for the usual
charge condition, the blasting power spectrum density ac-
counts for a large proportion in the low-frequency segment.
However, for the cutting seam charge condition, the blasting
power spectrum density accounts for a small proportion in
the low-frequency segment, with a transfer to the high-
frequency segment.

Correspondingly, the overexcavation is less, and the
smooth blasting effect could be improved. ,erefore, the
reasonable directional fracture technology using the cutting
seam charge is significant.

6. Conclusion

(1) ,rough the analysis of the frequency spectrum of the
blasting vibration signal, it is found that the maximum
blasting vibration velocity of the cutting seam cartridge
charge is lower than that of the usual cartridge charge.

(2) ,e blasting energy distribution is much more
balanced using the cutting seam charge, especially in
the low-frequency part. ,e blasting energy is less,
and there is a transferring trend to the high-fre-
quency part, which shows that the cutting seam
cartridge charge has a better optimization effect.

(3) By the fourth-layer decomposition of the wavelet
packet, the cutting seam cartridge charge could

Table 3: Energy proportion of 8 frequency bands within 250Hz.

Usual charge

1 (0–31.25Hz) 2 (31.25–62.5Hz) 3 (62.5–93.75Hz) 4 (93.75–125Hz)
8.77% 13.13% 3.38% 11.11%

5 (125–156.25Hz) 6 (156.25–187.5Hz) 7 (187.5–218.75Hz) 8 (218.75–250Hz)
2.76% 4.29% 7.73% 5.02%

Cutting seam charge

1 (0–31.25Hz) 2 (31.25–62.5Hz) 3 (62.5–93.75Hz) 4 (93.75–125Hz)
4.11% 1.56% 1.09% 1.05%

5 (125–156.25Hz) 6 (156.25–187.5Hz) 7 (187.5–218.75Hz) 8 (218.75–250Hz)
0.92% 1.66% 2.71% 2.30%
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Figure 7: Energy percent distribution diagram of the usual charge and cutting seam charge during 250Hz. 1: 0–31.25Hz, 2: 31.25–62.5Hz,
3: 62.5–93.75Hz, 4: 93.75–125Hz, 5: 125–156.25Hz, 6: 156.25–187.5Hz, 7: 187.5–218.75Hz, and 8: 218.75–250Hz.

Table 2: Continued.

Frequency band (Hz)
Charge of the peripheral hole

Usual charge Cutting seam charge
468.75～476.5625 0.450106325 0.187167038
476.5625～484.375 0.429959551 0.332138932
484.375～492.1875 0.371237143 0.213792763
492.1875～500 0.232942681 0.244471176
500～4000 8.35 46.41
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effectively reduce the energy concentration in the
low-frequency part. ,e energy distribution is much
more dispersed, and the disturbance to the structure
could be attenuated, which is conducive to the sta-
bility of the structure. According to the blasting
effect, the overbreak and underexcavation quantity at
the cutting seam cartridge charge is better than that
at the usual cartridge charge.

,erefore, the wavelet packet analysis is suitable for the
energy distribution and the blasting vibration in various
frequency bands. ,e cutting seam charge structure is
beneficial for the blasting effect.
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During the full-mechanized caving mining, the overburden strata in the double system and extrathick coal seam of the Datong
mining area are largely damaged. Water and harmful gas in the old goaf may be discharged when overburden fractures evolve to
the upper goaf, which poses a major threat to the normal production of the panel. To study themovement of overburden strata and
the evolution of fracture field under the full-mechanized caving mining of the double system and extrathick coal seam, panel 8309
of Tongxin mine was taken as the research object; the evolution rule of fracture field in the full-mechanized caving mining of the
double system and extrathick coal seam was obtained through field measurement and physical similar simulation. .e results
show the following: (1) the far-field and near-field key strata play a decisive role in controlling the fracture evolution of overburden
strata. When the far-field key strata break and the development height of fractures reaches 220.9m, panel 8309 is connected with
the overburden goaf. (2) Based on the “O-shape circle” theory of mining fracture, with the continuous advance of the panel, the
overburden breaks periodically, and a “fracture surface” with a certain angle of 61°–67° can be formed along with the advancing
direction of the panel. (3) When the key strata are broken and the development height of fractures reaches the maximum, the
fracture surface is formed as the “main fracture surface,” which is the only downward discharge pathway for goaf water and
harmful gas. .e overall shape fracture surface is “inverted trapezoid” in the upper part and “positive trapezoid” in the lower part.
(4) Based on the field measurement of the water level of borehole and the observation of mine pressure, the correctness of the
evolution law of the similar simulated fracture field is verified.

1. Introduction

Underground mining is widely applied to extract coal re-
sources. With the gradual depletion of the upper coal re-
sources, deep mining has been gradually developed [1, 2].
During the deep mining of coal, a large amount of old goaf
water and hazardous gas is accumulated in the overburden
goaf [3, 4]. With the continuous advance of the panel from
the open-off cut, the overburden fracture continues to evolve
upward [5, 6]. If the caving space is large enough and the
fracture develops from the bottom to the goaf, the old goaf
water and harmful gas will be discharged, threatening the
normal mining of the panel [7–9]. .erefore, it is necessary
to study the law of fracture evolution of overburden strata.

.e research shows that different mining fractures can be
formed in the overburden strata and the goaf after mining

under different geological conditions [10, 11]. Academician
QianMinggao proposed the O-shape circle theory of mining
fractures [12]. Xu et al. studied the influence of the location
of the main key strata of the overburden on the height of the
water-conducting fracture zone and the calculation method
[13–16]. Considering the geological conditions of the
Datongmining area, Bin et al. established the “triangle plate”
structural mechanics model of the formation of the “hori-
zontal O-X” fracture of far-field key strata [17–19]. Li et al.
established a mathematical model for the dynamic evolution
of the mining-induced fracture elliptic paraboloid zone
considering the mining height and the spacing between the
first key strata and the roof of the coal seam [20]. Wang et al.
studied two different evolution states of structural stability
changes of the main key strata under the influence of mining
height and coal seam spacing [21]. Lin et al. proposed a
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simplified engineering model and its dynamic evolution
process of “mining-induced fracture rounded rectangular
ladder belt [22].” .e above achievements have played a
positive role in the practice of coal mine safety production
and disaster prevention.

However, the above research studies are concentrated on
the mining of thick coal seam and the coal seam with
thickness below. At present, many scholars at home and
abroad have studied the development law of overburden
breakage characteristics and mining-induced fracture in
overburden strata, and the mining thickness of coal seam is
below 8m [6, 23, 24]. However, the average thickness of
Carboniferous ultrathick coal seam in Datong mining area is
15m, and the damage area of the rock strata is usually
enlarged with the highly developedmining fractures [25, 26].
.e water and harmful gas in the old goaf are discharged
when overburden fractures evolve to the upper goaf. .e
research on the evolution process of mining overburden
fracture in the mining of extrathick coal seam (coal seam
thickness >8m) has been rarely performed. .erefore, the
study on the evolution law of fracture field in full-mecha-
nized caving mining of the double system and extrathick
coal seam should be carried out systematically.

Based on the fully mechanized panel 8309 in Tongxin
mine, the relationship between far-field key strata, near-field
key strata, and the evolution of overburden fracture is an-
alyzed in this paper. .e generation and evolution of the
overburden fracture under the condition of superthick coal
seam are explained. .is study provides a theoretical basis
for the study of the development of the overburden fracture
and the treatment of the water and gas drainage in the
overburden goaf.

2. Engineering Geological Conditions

Datong mining area is a mining area of double-system coal
seam with the occurrence of Jurassic and Carboniferous coal
seams. Jurassic coal seams have a wide occurrence with
numerous layers. After mined for more than 100 years in
Jurassic coal seams, a large number of mined-out areas are
generated. At present, the main coal seam in the mining area
is coal seams 3–5# of the carboniferous system, with a
thickness of 14–20m. .e longwall mining with top coal
caving was performed. After mining, the overburden col-
lapsed and moved in a large space, with a wide range of
influence. In Tongxin coal mine, coal seams 3–5# were the
main coal seams.

In this paper, panel 8309 was taken as the research
background. .e coal seam thickness of the panel was
10.8–18.00m, the dip angle was 0°–3°, the coal seam ele-
vation was 818–842m, the ground elevation was
1294.3–1443m, the inclined length of the panel was 200m,
and the strike length was 2843m. Panel 8309 was covered
with 14# coal seam goaf of the Jurassic system. A large
amount of water and toxic and harmful gas was accumulated
in the goaf, as shown in Figures 1 and 2.

3. Field Observation Results of Water
Level in Borehole

To study the affected area of the overburden strata and the
evolution law of the rock fracture during the mining process,
a water level monitoring device was installed for borehole 1#.
Borehole 1# was located in the middle of the front of the
panel, and the final depth of drilling was 592.1m. .e initial
water level monitoring probe was 57.62m below the water
surface. When the probe was pushed from the panel 8309 to
232.6m away from borehole 1# and from the panel 8309 to
85.9m away from borehole 1#, the water level changes were
recorded, as shown in Figure 3.

It can be seen from the above figure that the water level
change of water level monitoring hole 1# can be roughly
divided into three stages as follows:

(1) Slow decline stage: within 232.6–136.6m from panel
8309 to water level monitoring hole 1#, water level of
the borehole slowly drops at the speed of 0.1-0.2m/d.

(2) Slowly rising stage: within 132.1m to −5.5m from
the panel 8309 to the borehole, the water level of the
borehole rises at a speed of 0.02–0.93m/d.

(3) Sudden drop stage: within −5.5m–85.9m through
the borehole of panel 8309, the water level of the
borehole drops rapidly. In the range of −5.5 to
−62.5m, the drilling water level drops at a speed of
1.5–4.2m/d, and in the range of −62.5 to −72.5m, the
drilling water level drops at a speed of 18.48–25.7m/
d. Mining activities result in the evolution of over-
burden fracture, and the change of borehole water
level significantly affects the evolution of overburden
fracture. .erefore, the similar simulation and the
mine pressure observation were used to explore the
evolution law of overburden fracture during the
mining of extrathick coal seam.

4. Similar Simulations of the Evolution
Characteristics of Overburden Fracture Field

4.1. Experimental Design of the Physical Model

4.1.1. Establishment of the Physical Model. .e discrimi-
nation results were obtained by the location discrimination
method of key strata of overburden [27, 28], and the defi-
nition of near-field and far-field key strata [29, 30], as shown
in Table 1. .e research basis for the physical similar
simulation includes the geometric similarity, the kinematic
similarity, and the dynamic similarity [31, 32]. According to
similar conditions, physical and mechanical parameters of
coal seam, and simulated height of overburden strata (see
Tables 1 and 2), the material proportion of physical similar
simulation was determined. .e plane model was adopted,
the model size was 2500mm× 1283mm× 200mm
(length× height×width), the geometric similarity ratio
CL� 1 : 200, the unit weight similarity ratio Cc � 1 :1.5, and
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the similarity ratio of stress to strength Cσ � 1 : 300. Similar
materials included river sand, cement, light calcium car-
bonate, gypsum, borax, and water. Mica powder was
sprinkled on each layer of the laid rock to simulate the layer
stratification. .e unsimulated rock layer above the model
was compensated by hydraulic cylinder loading. Referring to
geological data, the buried depth of the top layer of the
model was 340m, the average unit weight of the overburden
strata was 2.4 t/m3, and the value of the upper boundary was
8.2MPa.

4.1.2. Excavation Steps in the Physical Model. .e layout of
measuring points and excavation part of the model is shown
in Figure 4. .e key strata refer to the strata which control
the whole or partial overburden movement from the
overburden to the surface. In this paper, the near-field key
strata are the key strata close to the 8309 working face, which
are the siltstone; while the far-field key strata are the key
strata far from the 8309 working face, which are the coarse
sandstone. After the model was naturally air-dried, the
pressure above the rock strata was slowly increased from
0MPa to 0.1MPa by adjusting the control console. .en, the
pressure was gradually increased to 0.18MPa and main-
tained at 0.18MPa. Coal seam 14# was excavated 380m from
left to right, and then coal seams 3–5# were excavated 380m
from left to right, and 20m for each excavation.

4.2. Overburden Movement and Fracture Evolution in Stope

4.2.1. Overburden Fracture and Fracture Evolution Char-
acteristics in Stope. .e far- and near-field key strata were
relatively thick with the large strength and good bearing
capacity, and the soft strata were relatively small in thickness
and low in strength. When 3–5# extrathick coal seams were
mined, the overburden fractured with the breakage of near-

field key strata or far-field key strata. .erefore, the key
stratum structure has a controlling effect on the whole
stratum movement, and the fracture of near- and far-field
key strata determines the movement and fracture evolution
of the whole overburden.

According to the experimental results, the failure of
overburden can be divided into two stages, near-field key
stratum fracturing stage and far-field key stratum fracturing
stage:

(1) Near-field key stratum fracturing stage: when the
panel was advanced to 120m, the overburden
fractured to the bottom of the near-field key strata,
and there was a large separation area at the bottom;
when the panel was advanced to 160m, the near-field
key strata fractured, and a part of the upper strata
also broke down. .e overburden break did not
develop to the bottom of the far-field key stratum 1.
.e reasons are as follows: the space of the separation
area is not enough, the overburden fracturing dis-
tance is not reached, and the overburden fracture
does not develop upward.

(2) Far-field key stratum fracturing stage. When the
panel was advanced to 180m, the overburden was
fractured to the bottom of the far-field key strata, and
the rock layer inside and above the far-field key strata
was stable; when the panel was advanced to 240m,
the far-field key stratum 1 was broken, the interlayer
in the middle of the far-field key strata was fractured
along with the far-field key stratum 1, and the
bottom of the far-field key stratum 2 was separated
from the layer. However, due to the lack of space in
the separation zone, the far-field key stratum 2 did
not break, with the continuous advance of the panel,
when the panel advanced to 300m, the far-field key
stratum 2 fractured, and overburden strata were
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Figure 1: Schematic diagram of water and gas discharge disasters in double-seed mining in Datong mining area.

Advances in Civil Engineering 3



subsequently bent and separated. .e horizontal
fracture developed directly to the goaf in coal seam
14#. At this time, there were also small vertical

fractures. .e panel was connected with the 14# coal
seam goaf, but the opening of the upper part of the
fracture face was very small. .erefore, only a small

Stratum Lithology Columnar No. �ickness
(m)

Burial depth
(m) Key strata location

Siltstone

Siltstone

Siltstone

Siltstone

Siltstone

Mudstone

Mudstone

Mudstone

Mudstone

Mudstone

Mudstone

Fine-grained

Fine-grained

Fine-grained

Fine-grained

Fine-grained

Fine-grained

Medium-graine

Medium-graine

Medium-graine

Coarse-grained

Coarse-grained

Coarse-grained

Coarse-grained

Coarse-grained

Coarse-grained

Coarse-grained

Coarse-grained

Coarse-grained

Coarse sandstone

Coarse sandstone

Coarse sandstone

Coarse sandstone

Coale 14

Coale 3-5

Sandy mudstone

Sandy mudstone

Sandy mudstone

Sandy mudstone

Sandy mudstone

Sandy mudstone

Sandy mudstone

Sandy mudstone

Sandy mudstone
Permian

Carboniferous

Jurassic

1 3.4 342.7

2 6.4 346.1

3 8.2 354.3

4 2.9 357.2

5 8.6 365.8

6 6.5 372.3

7 4.3 376.6

8 4.2 380.8

9 3.6 384.4

10 3.4 387.8

11 9.1 396.9

12 1.6 398.5

13 2.0 400.5

14 4.3 404.8

15 17.3 422.1

16 5.3 427.4

17 27.7 455.1

18 2.6 457.7

19 11.7 469.4

20 7.3 476.7

21 3.0 479.7

22 2.0 481.7

23 6.4 488.1

24 4.6 492.7

25 3.2 495.9

26 2.8 498.7

27 5.5 504.2

28 12.7 516.9

29 5.8 522.7

30 7.0 529.7

31 5.2 534.9

32 3.6 538.5

33 6.2 544.7

34 4.1 548.8
35 2.4 551.2

36 2.4 553.6

37 5.9 559.5

38 3.1 562.6

39 6.7 569.3
40 1.9 571.2

41 5.3 576.5

42 1.6 578.1

43 14.0 592.1

44 8.8 600.9

Far-field key strata

Near-field key strata

Figure 2: Drilling histogram of panel 8309.
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amount of water and gas can be discharged, which
had a rare effect on the safety production of the work
surface.

Based on the O-shape circle of mining fracture, with the
continuous advance of the panel, the overburden strata
fractured periodically, and a fracture surface with a certain
angle was formed in the coal seam, which is called “the
fracture surface.” Afterwards, when the fracture surface
developed to the overburden goaf, the water and harmful gas
in the overburden goaf were discharged to the panel through
the fracture surface, which is called “the main fracture
surface.” .e main fracture surface was divided into three
parts: the first part was from the coal seam roof to the bottom
of the far-field key strata, with an angle of 62°; the second
part was only the far-field key strata, with a large fracture
angle, where the angle of the fracture surface here was
greater than 62°; the third part was the goaf from the top of
the far-field key strata to coal seam 14#. .e fracture de-
veloped in the right direction, and the overall shape was
“inverted trapezoid” in the upper part and “normal trape-
zoid” in the lower part, as shown in Figures 5 and 6.

4.2.2. -e Detailed Result of Five Survey Lines for
Displacement. .e vertical displacement curves of five
survey lines are obtained in Figure 7. Specifically, the survey
lines of number 2 and number 4 for displacement are located
at the top of far-field key strata and near-field key strata,
respectively. .e characteristics of vertical displacement of
key strata and the distribution of the size of broken block
under different advanced distances are obtained, by ana-
lyzing the data of survey lines with the XITUDP system.
When the advanced distance of working face changes from
140m to 160m, the near-field key strata break initially, and
the subsidence value at the top of near-field key strata is
3.5m; when the working face advances to 240m, the near-
field key strata periodically break, and the broken distance is
80m, which is shown in Figure 7(d). When the working face

advances to 300m, the far-field key strata break initially, and
the broken distance is 160m, which is twice as large as that of
the near-field key strata, which is shown in Figure 7(b).

4.2.3. -e Relationship between Advancement Distance with
the Height of Fracture Evolution. .e evolution height of
mining fractures in the overlying strata during the advance
of the working face is statistically obtained, which is shown
in Figure 8. .e height of mining fractures develops to 90m,
when the initial break of the near-field key strata occurs, and
the advanced distance of working face is 160m..e fractures
continue to develop upward, as the working face advances.
When the working face advanced to 260m, the fractures
develop to 123m and remain stable, which is at the bottom
of the far-field key strata. When the working face advanced
to 320m, the fractures develop to the goaf of 14# coal seam.
It is obvious that the fracture development can be prevented
by the key strata to some extent; besides, the fractures de-
velop to the goaf of 14# coal seam, when the far-field key
strata break totally.

4.2.4. Influence of Key Strata on the Overburden Fracture
Evolution in Stope

(1) Influence of Near-Field Key Strata on Fracture Surface
Evolution. .e near-field key strata were 61.2m above the
coal seams 3–5 # and located in the fracture zone of “three
zones.” After the periodic fracture, a masonry beam
structure was generally formed by the near-field key strata.
When the separation zone of the upper part of the near-field
key strata was large enough, all the soft rocks between the
near-field key strata and the far-field key strata fractured and
collapsed with the breakage of the near-field key strata. As a
result, the fracture surface with a certain angle was formed at
each rock layer.

(2) -e Influence of Far-Field Key Strata on the Evolution of
Fracture Surface. .e far-field key strata were located
108.7m above coal seams 3–5#, and the distance between the
key strata and the coal seam was 7.7 times of the mining
thickness. When the coal seam was excavated to 240m, the
far-field key stratum 1 was broken; when the panel was
advanced to 300m, the far-field key stratum 2was broken for
the first time. At this time, the upper layer of the far-field key
strata was deformed and broken, and the horizontal and
vertical fractures were developed to the goaf of coal seam
14#, forming the main fracture surface for water and gas
conducting. .e angle and height of fracture surface de-
velopment are shown in Table 3. If the excavation was
performed continuously, the fracture surface and the main
fracture surface appeared alternately. .e fracture distance
of far-field key stratum 2 was about twice of that of near-field
key strata.

According to the above analysis, the overburden key
strata in stope play a controlling role in the evolution of the
fracture surface. With the advance of the panel, the periodic
mine pressure of the panel occurs, the overburden strata
fracture periodically, and fracture surface appears
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Figure 3: Variation of water level in drilling with the advance of the
panel.
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Table 1: Simulated height of overburden.

No. Lithology .ickness (m) Key strata type
1 Fine-grained sandstone 6.4

Far-field key stratum 1

2 Siltstone 8.2
3 Coal 14 2.9
4 Siltstone 8.6
5 Sandy mudstone 6.5
6 Medium-grained sandstone 4.3
7 Mudstone 4.2
8 Coarse-grained sandstone 3.6
9 Medium-grained sandstone 3.4
10 Mudstone 9.1
11 Fine-grained sandstone 1.6
12 Mudstone 2.0
13 Fine-grained sandstone 4.3
14 Mudstone 17.3
15 Fine-grained sandstone 5.3
16 Siltstone 27.7 Far-field key stratum 217 Fine-grained sandstone 2.6
18 Siltstone 11.7

Far-field key stratum 3

19 Sandy mudstone 7.3
20 Fine-grained sandstone 3.0
21 Sandy mudstone 2.0
22 Coarse-grained sandstone 6.4
23 Coarse sandstone with gravel 4.6
24 Coarse-grained sandstone 3.2
25 Coarse sandstone with gravel 2.8
26 Coarse-grained sandstone 5.5
27 Coarse sandstone with gravel 12.7

Near-field key strata

28 Coarse-grained sandstone 5.8
29 Coarse sandstone with gravel 7.0
30 Mudstone 5.2
31 Sandy mudstone 3.6
32 Coarse-grained sandstone 6.2
33 Sandy mudstone 4.1
34 Medium-grained sandstone 2.4
35 Coarse-grained sandstone 2.4
36 Sandy mudstone 5.9
37 Coarse-grained sandstone 3.1
38 Mudstone 6.7
39 Sandy mudstone 1.9
40 Coarse-grained sandstone 5.3
41 Sandy mudstone 1.6
42 Coals 3–5 14.1

Table 2: Physical and mechanical parameters of coal and rock layers.

Lithology .ickness
(m)

Burial depth
(m)

Density
(kg/m3)

Tensile strength
(MPa)

Compressive
strength (MPa)

Elastic modulus
(GPa) Poisson ratio

Fine-grained
sandstone 6.44 346.13 2700 6.4 175.01 44.65 0.124

Siltstone 8.21 354.34 2604 4.89 151.49 37.29 0.164
Sandy mudstone 6.48 372.29 2681 4.4 143.98 38.07 0.291
Medium-grained
sandstone 4.3 376.59 2654 5.72 161.96 38.9 0.221

Mudstone 4.2 380.79 2752 2.72 116.01 29.4 0.326
Coarse-grained
sandstone 3.64 384.43 2540 2.56 61.76 18.28 0.219

Coarse sandstone
with gravel 4.57 492.61 2528 3.2 54.75 15.33 0.232

Coal seams 3–5# 14.05 592.18 1426 4.2 24.8 4.2 0.32
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Figure 5: Movement and fracture evolution of overburden along with the panel: (a) the excavation of 120m; (b) the excavation of 160m.
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Figure 7:.e vertical displacement curves of five survey lines: (a) the vertical displacement curve of survey line of number 1; (b) the vertical
displacement curve of survey line of number 2; (c) the vertical displacement curve of survey line of number 3; (d) the vertical displacement
curve of survey line of number 4; (e) the vertical displacement curve of survey line of number 5.
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periodically. Besides, the location of overburden failure and
the height of the fracture surface increase, and the angle of
the fracture surface is between 61°–67°. .e near-field key
strata control the shape of the fracture surface of the lower
strata, and the far-field key strata control the shape of the
fracture surface of the lower strata and determine whether
the fracture surface can be connected with the goaf.

4.2.5. Analysis of Water and Gas Discharge Process.
When the far-field key strata were broken, the main
fracture surface was formed. .e water in the old goaf
comes from rainfall, rivers, and the overlying aquifer, while
the harmful gas in the old goaf come from the left coal
spontaneous combustion. .e water and harmful gas in the
goaf of coal seam 14# first diffused to the fracture in the
upper layer of the far-field key strata and then entered the
lower layer through the fracture surface of the far-field key
strata structure. .e water discharge is driven by gravity in
the old goaf, while the discharge of harmful gas is con-
trolled by negative pressure ventilation. Because the main
fracture surface had a large opening fracture, the fracture
surface behind the panel was closed with the advance of the
panel, and most of the water and harmful gas were dis-
charged from the main fracture surface to the goaf, as
shown in Figure 9. .e water discharge occurred at first,
followed by the discharge of harmful gas in the old goaf. If
there was a large amount of old goaf water and harmful gas,
water inrush of the panel and harmful gas overrun can be

caused. If the far-field key strata were thick or far away
from coal seams 3–5#, the far-field key strata did not break
under the influence of mining but acted as the water-
resisting key strata. As a result, the main fracture surface
cannot be formed, and the old goaf water and harmful gas
cannot be discharged.

5. Analysis of the Relationship between the
Water Level of Borehole and the
Mine Pressure

.e fracture evolution of overburden is the result of the
overburden movement during coal mining. .e support
rock pressure data can well reflect the collapse and fracture
of overburden and obtain the periodic fracture distance of
key strata. .erefore, during the observation of borehole
water level, the mine pressure of 58# support in the middle
of the panel was observed, and the corresponding rela-
tionship between the water level and the maximum daily
mine pressure of 58# support was obtained, as shown in
Figure 10.

As shown in Figure 10, three times of large mine
pressures occur in the panel. When the panel was 188.3m
away from the borehole, the first mine pressure occurred;
114.6m away from the borehole, the second mine pressure
occurred; and 13.5m away from the borehole, the third
mine pressure occurred. When the third mine pressure
occurred, the far-field key strata fractured periodically and
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Figure 8: .e relationship between advancement distance and the fracture evolution height.

Table 3: Relationship between advancement detail and the overburden fracture surface.

Fracture type Advancement (m) Height (m) Angle (°)
Fracture surface 1 100 26.9 63
Fracture surface 2 120 61.2 62
Fracture surface 3 160 108.7 67
Fracture surface 4 200 108.7 61
Fracture surface 5 240 123 61
Fracture surface 6 260 123 62
Main fracture surface 7 300 220.9 62
Fracture surface 8 320 123 62
Main fracture surface 9 360 220.9 67
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rotated gradually, and the borehole water level began to
drop. Due to a small rotation angle of the far-field key strata
in the early stage, the water level dropped slowly; in the
later stage, the main fracture surface was formed, and the
drilling water quickly dropped below the probe through the
main fracture surface. .e water level decreased from
0.62m/d to 0m/d during the advancement of the panel
from 78.9m to 85.9m..e angle range of the main fracture
surface was calculated as 63.7°–65.6°, which was consistent
with the angle 62°–67° of the main fracture surface obtained
by similar simulation. .erefore, the feasibility of the
similar simulation is proved.

6. Conclusions

(1) .e lithology of overburden and the key strata of far-
field and near-field in the 8309 double-system

extrathick seam of Tongxin coal mine are analyzed. It
is concluded that there are a near-field key stratum
and two far-field key strata above the 3–5# coal
seams. Besides, the similar simulation experiment is
performed. .e results show that a fracture surface
with a certain angle can be formed by the periodic
fracture of the far- and near-field key strata, and the
fracture surface range is 61°–67°.

(2) Based on the experimental analysis, the main frac-
ture surface is formed by the fracture of the far-field
key strata. .e overall shape is “inverted trapezoid”
in the upper part and “positive trapezoid” in the
lower part, which is the necessary channel for the old
goaf water and harmful gas discharge. If the far-field
key strata do not break, an extrathick barrier layer
can be formed..e fracture surface can only develop
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to the bottom of the far-field key strata, and there will
be no water and gas discharge in the goaf.

(3) .rough the observation of water level and mine
pressure in the panel, the water level begins to drop
after the panel is advanced to 13.5m through the
borehole, and the far-field key strata are completely
fractured. When the key strata are broken and the
development height of fractures reaches the maxi-
mum, the fracture surface is formed as the “main
fracture surface,” which is the only downward dis-
charge pathway for goaf water and harmful gas. It is
verified that under this condition, there is micro-
fracture conduction between the panel and the
overburden goaf.
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-e rockburst simulation experiments of granite samples with a circular hole under biaxial loading were conducted, and the
samples were scanned by computed tomography (CT) at the end of experiment. -rough a series of CT images, the failure
characteristics of the circular hole wall were analysed to determine the types of rockburst pits, and the detailed formation process
of different types of rockburst pits was studied in combination with the crack characteristics around them. -e experimental
results indicate that there are mainly two types of rockburst pits, namely, pan-shaped and V-shaped, which can occur sym-
metrically or asymmetrically on the left and right sidewall of the circular hole. -e formation of rockburst pits is related to the
cracks parallel and perpendicular to the principal stress. Cracks parallel to the principal stress can determine the depth of the
rockburst pit and affect the type of the rockburst pit, and cracks perpendicular to the principal stress determine the width of the
rockburst pit. -ere is a correlation between the formation process of pan and V-shaped rockburst pits. During the formation of a
V-shaped rockburst pit, several rockbursts occur, and each rockburst forms a pan-shaped rockburst pit. In the process of
developing from the tunnel wall to the deep rock, the width of the pan-shaped rockburst pit gradually decreases and a V-shaped
rockburst with a stepped upper and lower boundary is formed.

1. Introduction

A rockburst is a common dynamic instability disaster en-
countered in the process of underground engineering ex-
cavation under high ground stress environments: the
surrounding rock is suddenly ejected into the excavation
space, which directly threatens the safety of construction
personnel and equipment, and has become a bottleneck
problem restricting the safe construction of deep under-
ground engineering works [1]. It is of theoretical and
practical significance to study the mechanism of rockbursts.
When a rockburst occurs, rockburst pits will be formed on
the tunnel wall. -e formation process of rockburst pits is
directly related to the stress regime, and the intensity or
grade of rockbursting. -erefore, studying the detailed
formation process of rockburst pit is helpful to reveal the
intangible evolution of a tunnel rockburst, and it is of
importance to clarify the mechanism of occurrence of
roadway rockbursts.

In the process of exploring the mechanism of rockburst,
scholars attach great importance to the study of rockburst
pits. Feng et al. [2] pointed out that shallow pit-shaped,
deep pit-shaped, and V-shaped rockburst pits will be
formed after real-time rockbursts when analysing the shape
of rockburst formed during the excavation of a deeply-
buried tunnel. Chen et al. [3] found that a shallow
V-shaped rockburst pit was formed after a typical time-
delay rockburst in the diversion tunnel of Jinping II Hy-
dropower Station. Zhang and Ma [4] analysed the rock-
burst failure characteristics of the diversion tunnel of the
Jinping II Hydropower Station. After the rockburst,
rockburst pits of different sizes and shapes were formed,
including trough, pot bottom, dome, and irregular shapes.
Liu et al. [5] investigated the rockbursts in Kamchik Tunnel
in Uzbekistan and found that the rockburst pits were large
underneath and small on top. In simulation experiment,
Lee and Haimson [6] found that a V-shaped fracture oc-
curred in the wall of the rock containing a circular hole
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under biaxial compression. Gong et al. [7] conducted
rockburst tests on a sample containing a circular tunnel
model and found that strain rockbursts occur on both
sidewalls of circular caverns and ultimately form a sym-
metrical V-shaped notch. Su et al. [8] found that, after the
ejection failure of coarse-grained granite samples, V-sha-
ped or stepped rockburst pits were formed. Zhao et al. [9]
carried out biaxial compression tests on sandstone samples
with trapezoidal opening. It was found that the failure
zones on both sides of the trapezoidal opening were
V-shaped under different lateral compressive stress re-
gimes. Wang and Pan [10] used FLAC to simulate the
rockburst process of circular tunnel under different lateral
pressure coefficients and found that the lateral pressure
coefficient affected the shape of rockburst pits. In experi-
mental simulation research, the consensus is that V-shaped
rockburst pits will be formed, and the types of rockburst
pits in engineering site are more complex than those seen
under laboratory conditions.

To reveal the formation process of rockburst, much
attention should be paid to the gradual formation process of
rockburst pits [11, 12]. -e above research only used nu-
merical simulation and other methods to describe the for-
mation process of rockburst pits (especially V-shaped pits).
AsWang et al. point out, the formation of V-shaped pits was
only described by the distribution and evolution of plastic
zone and shear strain increment in the past literature, and
these studies were not detailed enough [13]. -e detailed
formation process of typical rockburst pits, such as
V-shaped and pan-shaped ones, found in experiments or on
engineering sites is not yet clear. In particular, the differ-
ences and connections between different types of the
rockburst pit formation process have not been reported in
the literature. As an effective method of studying the failure
mechanism of rock, CT allows direct observation of its
internal structure, and it has been widely used in rock
mechanics research [14, 15]. On the one hand, CT tech-
nology can accurately obtain the three-dimensional struc-
ture of the sample after rockburst to determine the shape of
rockburst pits accurately, which compensates for the lack of
analysis of the shape of rockburst pits by observation. On the
other hand, the internal failure characteristics (crack mor-
phology, distribution, etc.) of samples after rockburst are
further determined through the detection of the deeper
structure of surrounding rock where a rockburst occurs by
CT, and the interaction between the internal cracks of
surrounding rock and the formation process of rockburst is
revealed at a deeper level.

In this paper, a tunnel rockburst simulation test was
conducted on granite samples with a circular hole. CT
technology was used to scan the samples to analyse the
failure characteristics of the tunnel wall after rockburst.
Combined with the characteristics of cracks around the
tunnel wall, the formation process of different types of
rockburst pits was studied. From the point of view of the
formation of rockburst pit, the evolution and the breeding
mechanism of rockbursts were revealed.

2. Experimental Method

-eoretically, the failure mechanism of rockburst is closely
related to the high stress state in deep unexcavated rocks,
unloading effect of excavation, and external stress disturbance
after excavation [16]. In this paper, the design concept of
“loading first, tunnel forming, and then loading” was adopted
to simulate a rockburst disaster induced by stress adjustment
after excavation unloading under a certain stress environment.
-is experimental method realises the unloading effect after
loading, to solve the problem of no excavation unloading effect
in the stress path of “opening a hole first and loading later.”
More importantly, this experimental method can simulate the
stress transformation after excavation, which is more con-
sistent with the stress path of rockburst in engineering. -e
concrete strategy of “loading first, tunnel forming, and then
loading” is mainly reflected in two aspects: one is to open a
hole after loading to simulate the unloading effect of exca-
vation under certain stress conditions; the other is to simulate
the stress adjustment process after excavation by continuous
loading. Firstly, similar materials were in-filled within granite
samples with circular holes by “opening and filling” method,
and then the rockburst simulation test samples were made
after curing for three days. Similar materials could expand to
ensure the effective cementation of granite and similar ma-
terials. Secondly, biaxial loading was conducted on samples.
Under certain stress conditions, the similar materials filled in
the circular hole were removed bymanual excavation to realise
the unloading effect in the process of tunnel excavation.
-irdly, after the excavation was completed, loading was
continued to simulate the process of stress adjustment, and a
rockburst disaster was induced therein.

2.1.DescriptionofRockSpecimens. To simulate the process of
excavation after loading, samples were made by “open-
ing + filling.” As shown in Figure 1, the granite from Laiz-
hou, Shandong Province, is processed into cuboidal
(150×150×150mm) samples with a circular hole (Φ
45mm). -e hole was filled with similar materials, and the
specific parameters of similar materials are given in previous
studies [17]. To ensure the cementation between similar
materials and granite, special expansive cement is selected to
make the similar material. -e similar materials prepared
using expansive cement expanded to bind with the granite.
-e special expansive cement and quartz sand were mixed in
the ratio of 1 :1, and then other materials were added, in-
cluding water 11%, water reducing agent 0.27%, boric acid
0.2%, and lithium carbonate 0.02%. According to this
composition and proportion, the similar materials were
made. -e similar materials were filled into the circular hole
in each granite sample and cured for three days to make
rockburst simulation test samples.

2.2. Testing Equipment. -e testing equipment is shown in
Figure 2: the test system includes a loading device and
observation system. -e loading device is a RLW-3000
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servo-controlled test machine. -e observation system,
composed of CCD high-speed camera, high-definition video
monitor, and digital video camera, can record the
rockbursts.

2.3. Experimental Scheme. In this paper, the experiment
simulates a rockburst that is induced during the stress ad-
justment process after tunnel excavation unloading under
biaxial stress condition. During the experiment, σv and σh
were applied by loading in the vertical direction (Fv) and
horizontal direction (Fh). -e loading path can be divided
into the following three stages (Figure 3):

(1) Initial stress field is formed by loading: according to
the buried depth and ground stress condition of
rockburst projects recorded in previous studies, the
initial stress value of the experiment was designed
[17]. -e vertical load Fv and horizontal load Fh were
(at 800 kN) σv0 � 35.55MPa and (at 200 kN)
σh0 � 8.88MPa, respectively, at the same loading rate.

(2) Tunnel excavation: after the initial stress field was
formed, it was maintained for 5mins. -e embedded
filling materials of the sample were taken out to form
the tunnel by means of artificial excavation. After
excavation, the load was maintained for 5min to
achieve the unloading effect during excavation.

(3) Second loading to rockburst: case studies show that
most of the strain rockbursts occur in the process of
stress adjustment after tunnel excavation and
unloading and have the characteristics of time-space

lag. Currently, it has been a long time from the
dynamic unloading process such as mechanical or
blasting excavation, and the surrounding rock of the
tunnel is in a quasi-static stress field. It is considered
that the occurrence of rockburst is mainly due to the
stress adjustment and loading of surrounding rock
on both sides when the tunnel faces forward. Re-
ferring to the stress path of rockburst simulation
experiments in previous studies [7, 9], the stress
adjustment process after tunnel excavation was
simulated by continuous loading, and a strain
rockburst was induced. -e vertical load Fv was
applied at a rate of 0.3mm/min and the horizontal
load Fh remained unchanged.

After the test, the samples with rockburst failure were
scanned by CT. -e 300 kV/500W X-ray micro-focus CT
system produced by GE company in Germany was used for
CT scanning tests (Figure 4). -e CT equipment is the first
compact 300 kV micro-focus industrial CT system in the
world, with a resolution of less than 1 μm, and can image
samples with a maximum diameter of 600mm and a height
of 600mm, thus providing the conditions necessary for
obtaining the shape of rockburst pits and studying the
formation process of rockburst pits.

3. Observations of Rockbursts

-e rockburst process was analysed by Liang et al. [17], as
well as previous studies on similar physical models of rock in
compression [18–20], concluding on the observation of
rockburst process (Figure 5). -ere are four typical stages of
tunnel rockburst, including a quiet period, particle ejection,
spalling with particle ejection, and burst jetting. When a
rockburst occurs in the test, many cuttings and particles are
ejected at a certain speed, accompanied by clear crackling
sound. Figure 6 shows a rockburst disaster in the Bayu
Tunnel of the Sichuan-Tibet Railway: debris fog ejection
occurred in the test akin to the characteristics of the
rockburst in the project field. -e dynamic failure phe-
nomenon of a rockburst was well simulated by the test.

-e observation angle may affect understanding of the
shape of a rockburst pit: to observe the shape of a rockburst
pit directly from different angles, the sample was divided
into two parts along the vertical diameter of the circular hole
after CT testing. According to observations from different
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Figure 1: Experimental specimen.
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Figure 2: Testing equipment.
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angles, the failure characteristics of circular hole wall after
rockburst are shown in Figure 7: a rockburst band is formed
on both circular hole sidewalls after a rockburst (Figures 7(a)
and 7(b)). Rockburst simulation tests of the sample con-
taining a circular hole were conducted by Hu et al. [18] and
Gong et al. [19], and the rockburst bands appear on both
circular hole sidewalls (Figure 8). It is consistent with the
loading method described in this paper that the simulation
tests of rockbursts under biaxial loading were conducted by
Hu et al. (Figure 8(a)). Figure 8(a) shows two V-shaped
failure bands, forming a V-shaped notch at each cross-

section along the opening axis, and at the two sidewalls with
different perspectives. To investigate the occurrence of strain
rockbursts in deep circular cavern under high stresses, Gong
et al. conducted simulation experiments on cubic granite
specimens with a prefabricated circular hole using the true-
triaxial electro-hydraulic servo-controlled testing system.
Eventually, two V-shaped notches were formed on both
circular hole sidewalls (Figure 8(b)), akin to that obtained in
the test (Figures 7 and 8(a)). From the point of view of the
failure characteristics of the tunnel wall after rockburst,
whether under biaxial stress conditions or true triaxial stress
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Figure 5: Typical failure characteristics of rockburst process [17]. (a) Quiet period. (b) Particle ejection. (c) Spalling with particle ejection.
(d) Burst jetting.
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conditions, the failure characteristics of tunnel wall after
rockburst have a certain similarity.

-e rockburst pit shape is simply observed from the hole
opening, and it is considered that the rockburst band is
V-shaped. A local rockburst occurs at a certain position on
the circular hole wall, followed by local rockbursts at
multiple positions, and then the overall rockburst occurs,
forming a rockburst band [18]. In the case of rockburst on
project site, rockburst bands also appear [21]. Combined
with Figures 7(c) and 7(d), the shape and range of rockburst
pits are different due to the different positions on the circular
hole wall. In terms of shape, the bottom of the rockburst pit
is relatively flat in some locations (Figure 7(c)), and the
rockburst pit is steplike in other locations (Figure 7(d)). In
terms of scope, the specific size of the rockburst pit is

different. -e difference is related to the formation process,
scale, and intensity of a local rockburst. From the above
analysis, the rockburst band is formed on the left and right
wall of the circular hole wall, which is consistent with the
existing research, but further understanding suggests that
the shape of the rockburst pit is different at different po-
sitions on the rockburst band.

4. Analysis of Rockburst Pit Shape Based on CT

CT technology allows us to understand the shape of rock-
burst pits, and a series of CT images of the sample after
rockburst along the axis of the hole can be obtained (Fig-
ure 9). As shown in Figure 9(b), the depth of rockburst pits is
defined as the horizontal distance from the hole wall to the

Particle ejection �e rock mass ejected 

Figure 6: A rockburst in the Bayu Tunnel of Sichuan-Tibet Railway.

Left sidewall

Rockburst band

(a)

Right sidewall

Rockburst band

(b)

The direction of the circular hole axis

The bottom of rockburst pits is flat

(c)

The direction of the circular hole axis

Steplike

(d)

Figure 7: Failure characteristics of circular hole wall after rockburst.
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bottom of rockburst pits, denoted by D; the width of
rockburst pits is the vertical damage range of the hole wall,
denoted by L.

Figure 10 shows a series of CT images of a sample after
rockburst along the axis of the hole. According to the CT
images, the appearance contour characteristics of rockburst
pits can be obtained. Figure 10(a) shows that V-shaped
rockburst pits are formed on both circular hole sidewalls,
Figure 10(b) demonstrates that pan-shaped rockburst pits
are formed on both circular hole sidewalls, and Figures 10(c)
and 10(d) show a pan-shaped rockburst pit on the left wall
and a V-shaped rockburst pit on the right wall. According to
the shape of rockburst pits on CT images, there are two types
of rockburst pits: pan-shaped and V-shaped. -e bottom of
the pan-shaped rockburst pit is flat, and the upper and lower
edges are approximately horizontal. -e upper and lower
edges of the V-shaped rockburst pit are uneven, and the
contours are V-shaped. Combined with CT images, it is
found that there are differences in the shape of rockburst pits
at different positions along the axis of the circular hole. From
the view of single side wall, there are two types of rockburst
pits, i.e., pan-shaped and V-shaped, in different positions of
the circular hole wall; from the perspective of both sides, the
two types of rockburst pits may appear either symmetrically
or asymmetrically. Due to the influences of sample an-
isotropy, machining accuracy, and control accuracy of
loading equipment, absolute symmetry is difficult to realise.
-e asymmetry of rockburst pits on both circular hole
sidewalls exists objectively, and this phenomenon also ap-
pears in the test results of He et al. [22] and Gong et al. [23].

It can be seen that V-shaped rockburst pits are often
formed on both circular hole sidewalls through direct visual
observation [18–20]: however, the accurate shape of rock-
burst pits on the circular hole sidewall can be obtained by CT
technology, and it is found that there are two types of
rockburst pits: pan-shaped and V-shaped. Combined with
the CT images shown in Figure 10, it is found that there is a
main crack parallel to the main stress σv at the bottom of the
pan-shaped rockburst pits; on the contrary, there is no main
crack parallel to the main stress σv around the V-shaped
rockburst pits. -is means that the formation of two types of
rockburst pits (pan-shaped and V-shaped) is closely related
to the cracks on the sidewall around the circular hole.

Furthermore, to analyse the formation process of rockburst
pits, it is necessary to analyse the crack characteristics
around the rockburst pits combined with CT images.

5. Analysis of Crack Characteristics around
Rockburst Pits Based on CT

Figure 11 shows the cracks parallel to σv around the
rockburst pits: there are many cracks parallel to the main
stress σv in the rock near the circular hole sidewall. As shown
in Fig 11(c) and 11(d), to distinguish these cracks parallel to
the main stress σv, the cracks are labelled 1, 2, 3, 4, etc. -ese
cracks appear at a certain distance from the sidewall of the
circular hole and cannot be seen directly inside the hole,
especially in underground engineering operations. -e
presence of these cracks has been proved by physical model
tests by Gay [24] and Lotidis et al. [25]. Hoek [26] analysed
the origin of these cracks using photo-elastic coating
techniques and concluded that there is a concentration of
tensile stress on the left and right sides of the circular hole,
which may become large enough to propagate in a stable
manner and lead to tensile fracture. Based on Hoek’s results,
Ingraffea [27] further confirmed that tension is generated in
more remote regions, causing fracturing. -e mechanism of
these cracks is that tensile stress is produced at the left and
right sides of the hole under stress σv, and tensile micro-
cracks gradually develop, forming a typical tensile failure. In
these cracks, there is a main crack running approximately
parallel to σv, which is relatively long and gradually shifts
towards the hole while extending to the upper and lower
boundaries of the model. After measurement, the distance
(d) from the main crack to the hole centre is about 1.1 times
the hole radius, which determines the depth (D) of rockburst
pits to a certain extent. For a pan-shaped rockburst pit, the
depth D1 is less than or equal to d, while for a V-shaped
rockburst pit, it readily develops into the surrounding rock,
and its depth D2 is greater than d.

When Carter et al. [28] analysed the fracture charac-
teristics around a circular hole, they defined the multiple
tensile cracks that formed on the left and right sides of the
circular hole as remote fractures (RF), and considered that
the remote fractures form on the left and right sides of the
hole and expand in a direction parallel to the principal stress.

�roughout failure band Partial failure

(a)

Le� sidewall Right sidewall

(b)

Figure 8: Rockburst bands on both circular hole sidewalls. (a) V-shaped failure bands after rockburst [18]. (b) V-shaped notches on both
circular hole sidewalls [19].
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An important feature of remote fractures is that they are not
a single crack, but a fracture zone composed of a series of
parallel cracks (Figure 12(a)). -e location of the main crack
is affected by the hole diameter and confining pressure

[28, 29]. -is shows that the occurrence of rockburst is
closely related to the remote fracture on the left and right
sides of the hole. -e remote fracture starts from the left and
right sides of the hole and will gradually develop to the upper

V-shaped

σv

σh

(a)

Pan-shaped

Main crack parallel to σv
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Figure 10: A series of CT images along the axis of the circular hole.
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Figure 9: Correspondence between the original sample and CT image. (a) Original sample. (b) CT elevation view. (c) CT left view.
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Figure 12: Remote fractures around the circular hole. (a) Remote fracture zone in the anorthosite block [28]. (b) Spalling in V-shaped
failure [6].
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Figure 11: Cracks parallel to σv.
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and lower boundaries of the model and the circular hole
sidewall. -ere are many cracks parallel to the principal
stress σv in the left and right sidewalls of the circular hole,
resulting in slabbing failure of surrounding rock.

Figures 13(a) and 13(b) show cracks perpendicular to
σv are formed on both sides of the hole. Figure 13(c)
presents there are three cracks (labelled 1, 2, and 3)
perpendicular to the principal stress σv in the left sidewall
of the hole. -is is also confirmed in Figure 13(d): there
are many cracks perpendicular to the principal stress σv in
the left sidewall of the hole. -e length of these cracks is
relatively short, and their range of propagation does not
exceed the diameter of the hole (Figures 13(a)–13(c)). In
most cases, these cracks propagate horizontally from the
wall to the interior of the rock and gradually intersect the
cracks formed on the left and right sides of the hole which
are approximately parallel to σv. Compared with the
cracks parallel to σv, most of the cracks perpendicular to
σv intersect the wall of the cavity, which may be found
inside the cavity, and the concealment thereof is relatively
weak. Compared with cracks parallel to σv, the cracks
perpendicular to σv tend to intersect the circular hole
sidewall and may be found in the hole. From a single side
wall, two main cracks perpendicular to σv appear near the
top and bottom of the hole. -e distance between the two
cracks is about 0.75 times the tunnel radius and to a
certain extent determines the width (L) of rockburst pits.

Carter et al. [28] found a horizontal crack at the upper
left corner of the hole when analysing the characteristics of
cracks around the circular hole, which was considered inter-
esting, but did not conduct a detailed analysis (Figure 14).Wang
and Pan [10, 13] also found a similar phenomenon in the
numerical simulation analysis of this kind of crack. During the
numerical simulation of a circular tunnel, a series of shear bands
appeared, and these shear bands were only under the top or
above the bottom of the tunnel, and the shear bands were not
observed within a range exceeding the tunnel diameter.

According to the outline of rockburst pits, the upper
and lower edges of rockburst pits are approximately
horizontal, and there are several horizontal steps
(Figure 13(d)): these are related to the cracks perpen-
dicular to the stress σv. In a rockburst, several cracks
perpendicular to the principal stress σv will be formed in
the stress concentration area around the hole, and these
cracks interact with those formed parallel to the principal
stress σv, resulting in a rockburst disaster.

-rough the analysis of the crack characteristics around the
circular hole, it is found that there are two types of cracks: those
parallel to, and perpendicular to, the principal stress direction.
Under the interaction of two types of cracks parallel to and
perpendicular to the principal stress direction, rocks on the left
and right sides of the circular hole are cut into rock blocks, and
the rock mass is ejected to form a rockburst pit.

6. Formation of Rockburst Pits

6.1. Pan-Shaped Rockburst Pits. Figure 15 shows the for-
mation pan-shaped rockburst pits. Under principal stress σv,
many tensile microcracks are initiated and develop

(Figure 15(a)), and the crack propagation direction is ap-
proximately parallel to σv, resulting in remote fractures on
the left and right sides of the hole. Figure 15(a) shows some
tensile microcracks on the left and right sides of the hole. In
fact, there are many microcracks, which are much denser
than those shown in Figure 15(a). Under the continuous
action of the principal stress σv, tensile microcracks develop
towards the upper and lower boundaries of the model and
the left and right sidewalls of the hole. -e tensile micro-
cracks close to the sidewall of the hole interconnect and
gradually form a main crack parallel to σv near the sidewall
(Figure 15(b)). At this point, many cracks perpendicular to
the σv direction are generated and spread on both sides of the
hole, interacting with the main crack formed parallel to σv

(Figure 15(c)). -ese two types of cracks intersect on the left
and right sides of the hole, cutting the wall rock into blocks,
finally forming a rockburst pit after rock blocks are ejected
(Figures 15(d) and 15(e)).

6.2.V-ShapedRockburstPits. Figure 16 shows the CT images
of pan-shaped and V-shaped rockburst pits. From the
outline of rockburst pits, the upper and lower edges of a
V-shaped rockburst pit appeared steplike, and each step
forms a rockburst pit similar to the pan-shaped pit.
-erefore, a V-shaped rockburst pit is further evolved from
pan-shaped rockburst pits. Based on the first pan-shaped
rockburst pit on the sidewall of the hole, the second grad-
ually forms, and finally several pan-shaped rockburst pits are
formed.-ere are many rockbursts in the forming process of
a V-shaped rockburst pit, and finally it is composed of
several pan-shaped rockburst pits. Based on this, combined
with the previous analysis, the detailed formation process of
V-shaped rockburst pits is proposed.

-e initial formation of V-shaped rockburst pits is like
that of pan-shaped rockburst pits. Under the principal stress
σv, a large number of tensile microcracks initiate and de-
velop (Figure 17(a)), and the crack propagation direction is
approximately parallel to σv, resulting in remote fractures
forming on the left and right sides of the hole.-e difference
is that the microcracks do not interconnect to form a main
crack parallel to σv. Instead, they are layered along the left
and right sides of the wall. Under the continuous action of
the principal stress σv, cracks perpendicular to σv begin to
gradually develop on the left and right sides of the hole wall.
-ese cracks expand in the horizontal direction and may
induce interpenetration of tensile microcracks surrounding
the wall [30]. -e interaction of two types of cracks causes
the rock nearest to the sidewall to be cut into blocks
(Figure 17(b)), and the rock blocks are ejected, resulting in a
rockburst disaster and forming the first pan-shaped rock-
burst pit (Figure 17(c)). After, or during the formation of the
first pan-shaped rockburst pit, the cracks perpendicular to σv

continue to develop into the interior of the rock along the
horizontal direction, inducing the tensile microcracks to
connect and interact with the tensile microcracks
(Figure 17(d)).-e rock is cut into blocks again, and the rock
blocks are ejected, resulting in a rockburst disaster, forming
the second pan-shaped rockburst pit (Figure 17(e)).
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-ereafter, the process shown in Figure 17(d) is repeated,
and the cracks perpendicular to σv continue to develop and
interact with the tensile microcracks distributed throughout
the rock, finally forming a V-shaped rockburst pit
(Figure 17(f )).

7. Discussion

7.1. Failure Range of Rockbursts in a Circular Tunnel.
Based on the analysis of cracks around rockburst pits based
on CT, it is found that two types of cracks parallel to and
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Figure 13: Cracks perpendicular to σv.

A horizontal crack

Figure 14: -e appearance of an unexplainable “horizontal fracture” in the anorthosite block [28].
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Figure 15: Schematic illustration of pan-shaped rockburst pits formation process.
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Figure 16: CT images of V-shaped and pan-shaped rockburst pits.
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perpendicular to σv are generated on the left and right walls
of the circular hole during the rock burst. From the single
side wall, the cracks parallel to σv form a main crack near
the wall, and the cracks perpendicular to σv form two main
cracks near the top and bottom of the circular hole. Two
types of main cracks are generated around the wall of the
hole, resulting in a crescent-shaped failure area on both
sides of the hole, as shown in Figure 18. -e rock blocks in
the middle of the crescent-shaped failure area are ejected,
resulting in a rockburst disaster and forming a rockburst
pit. Although the rocks in the upper and lower parts of the
rockburst pit have not been ejected, they have been sep-
arated from the surrounding rock and become a potential
danger. -e boundary of the crescent-shaped failure area
determines the range of rockburst failure. Specifically, the

depth of rockburst pits is determined by the main crack
parallel to σv, while the width of rockburst pits is deter-
mined by the main crack perpendicular to σv. -e position
of two kinds of main cracks can be measured by CT
technology. In this paper, the distance between the main
crack parallel to σv and the centre of the hole is about 1.1
times the radius of the hole, and the distance between the
twomain cracks perpendicular to σv is 0.75 times the tunnel
radius, which provides a quantitative calculation basis for
determining the range of occurrence of rockbursts in the
rock surrounding the circular tunnel.

7.2. Influence of Structural Plane on Rockburst. Based on the
experimental results, the rockburst pit is formed under the
interaction of two types of cracks parallel and perpendicular

Tensile microcracks initiation

Enlarged

(a)

Cracks perpendicular to σv 

(b)

The first pan-shaped 
rockburst pit

(c)

Cracks perpendicular to σv
continue to grow 

(d)

The second pan-shaped 
rockburst pit

(e)

V-shaped rockburst pits

(f )

Figure 17: Schematic illustration of V-shaped rockburst pits formation process. (a) Tensile microcracks initiation. (b) Cracks perpendicular
to σv. (c) -e first pan-shaped rockburst pit continue to grow. (d) Cracks perpendicular to σv. (e) -e second pan-shaped rockburst pit. (f )
V-shaped rockburst pits.
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to σv. -e degree of development of cracks parallel to σv

affects the type of rockburst pits. If a main crack parallel to
the principal stress σv is formed near the circular hole wall, it
is easy to form a pan-shaped rockburst pit; on the contrary, a
V-shaped rockburst pit will be formed. In the field, the main
cracks which are parallel to the principal stress σv near the
circular hole wall can be considered as joints, fissures, and
other structural planes parallel to the principal stress di-
rection in the surrounding rock of the tunnel. Scholars also
defined the rockburst under the influence of structural
planes as structure-type rockbursts and strain-structure-type
rockbursts [2, 31]. Combined with this type of rockburst, the
influence of structural plane on rockbursts is discussed.

On the one hand, if there are joints, fissures, and other
structural planes in the surrounding rock of the tunnel,
especially when the structural plane is close to the tunnel, the
structural plane becomes the main factor inducing the
rockburst, and a structure-type rockburst disaster readily
occurs (Figure 19(a)). In this experiment, a main crack
which is approximately parallel to the principal stress σv

appears in the wall of circular hole, resulting in a pan-shaped
rockburst pit. Akin to the experimental phenomenon, Zhou
et al. [32] point out that the structural plane normal to the
tunnel side wall readily causes the surrounding rock to crack,
thus inducing the tension-plate-type rockburst, forming a
pan-shaped rockburst pit. Jia and Zhu [33] studied the
relationship between the direction of structural plane and
the location of rockburst by numerical simulation and
considered that joints and other structural planes play a
dominant role in the location of rockburst area. On the other
hand, as shown in Figure 19(b), there are joints, fissures, and
other structural planes in the surrounding rock on the left
side of the tunnel, at a certain distance from the tunnel wall.
-e structural plane may hinder the formation of V-shaped
rockburst pits and produce pan-shaped rockburst pits.-ere
is a main crack parallel to themain stress σv on the left side of
the circular hole, which causes a rockburst and forms a pan-
shaped explosion pit; if there is no main crack on the left side
of the circular hole, multiple rockbursts occur continuously
and a V-shaped rockburst pit is gradually formed
(Figures 10(c) and 10(d)). Zhang et al. [34] found that the
structural plane hindered the adjustment of the stress in the

surrounding rock to the deeper rock mass, resulting in stress
concentration and energy accumulation of the rock mass
between the excavation boundary and the structural plane.
-is also explains why there is a main crack formed in the
wall of the circular hole in the experiment; it does not further
develop to greater depth within the rock after the formation
of a pan-shaped rockburst pit.

In engineering practice, structural planes with com-
plex types and occurrences are often distributed in the
rock surrounding a tunnel (albeit hidden). -e sur-
rounding rock with structural planes is prone to rock-
burst disaster, but the structural planes may also hinder
the development of a deeper rockburst, controlling the
boundary of the rockburst, and determining the depth of
rockburst pits to a certain extent. -erefore, attention
should be paid to the important influence of structural
planes on rockburst occurrence.

7.3. Relationship between Pan-Shaped and V-Shaped Rock-
burst Pits. We found that there is a relationship between
pan-shaped and V-shaped rockburst pits in their for-
mation process. During the formation of a V-shaped
rockburst pit, several rockbursts occur, and each rock-
burst forms a pan-shaped rockburst pit. In the process of
developing from the tunnel wall to greater depth in the
rock, the width of the pan-shaped rockburst pit gradually
decreases, and a V-shaped rockburst with a stepped upper
and lower boundary is formed. Hou et al. [35] point out
that, after the shear-type rockburst occurred in the tunnel
of Jinping II Hydropower Station, the rockburst pit is
funnel-shaped. On this basis, Ma et al. [30] considered
that the shear-type rockburst may be an illusion produced
by multiple continuous rockbursts (Figure 20), which is
akin to the viewpoint of gradual formation of V-shaped
rockburst pits proposed here. Hu et al. [18] found that
several rockbursts may occur continuously at a certain
position on the tunnel wall in the experiment; after one
rockburst, the surrounding rock has high strain energy,
which can provide enough energy for the next rockburst.
-erefore, the local rockburst on the tunnel wall may be
composed of multiple rockbursts. After the continuous

Rockburst
area Crescent-shaped

damage area

Main crack parallel to σv

Main crack perpendicular to σv

Figure 18: Damage areas on left and right sides of circular hole.
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occurrence of multiple rockbursts, the depth of tunnel
wall failure gradually increases, which is consistent with
the gradual development of V-shaped rockburst pits from
the tunnel wall to the interior of the rock. Figure 21 shows
several local rockbursts encountered in the Nyingchi-
Lhasa Tunnel: the depth and range of surrounding rock
fracture increase after several local rockbursts, indicating
that a local rockburst can be composed of several bursts.
-erefore, the detailed formation process of the pan-
shaped and V-shaped rockburst pits obtained in the
present research, as well as the understanding of the
relationship between them in the formation process, is of

certain scientific value and can better reveal the forma-
tion process of strain-type rockbursts in tunnels.

8. Conclusions

(1) -ere are two types of rockburst pits in the rockburst
band: pan-shaped and V-shaped, and the two types
of rockburst pits can appear symmetrically or
asymmetrically on the left and right sidewalls of the
circular hole.

(2) Two types of cracks are generated in the left and right
sidewalls of the circular hole: cracks parallel to and

Figure 21: Video capture of in situ rockburst at the tunnel of Nyingchi-Lhasa Railway in China [18].
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Enlarged

Structural plane

(b)

Figure 19: Influence of structural plane on rockburst.

Figure 20: Illusion of several successive rockbursts [30].
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perpendicular to the principal stress, and the depth
and width of rockburst pits are determined by cracks
parallel to and perpendicular to the principal stress,
respectively.

(3) Cracks parallel to the principal stress affect the type
of rockburst pit; if a main crack parallel to the
principal stress is formed in the sidewall, a pan-
shaped rockburst pit is more likely; otherwise, a
V-shaped rockburst pit will be produced.

(4) -ere is a correlation between the formation process
of the two types of rockburst pits. During the for-
mation of a V-shaped rockburst pit, several rock-
bursts occur, and each rockburst forms a pan-shaped
rockburst pit. In the process of developing from the
tunnel wall to the deep rock, the width of the pan-
shaped rockburst pit gradually decreases, and a
V-shaped rockburst with a stepped upper and lower
boundary is formed.
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China is one of the leading countries in the mining and utilization of coal resources, and the problems of coal-mining technology
and safety have been concerned by the world, while the serious deformation and destruction of surrounding rock and the difficulty
of support have brought inconvenience to the mining of coal resources due to repeated mining. -is paper takes the actual
engineering 22205 mining roadway in Buertai mine as the research background, through the combination of numerical sim-
ulation and field measurement. In this paper, the stress environment, plastic zone, and surrounding rock deformation in the
advancing process of coal-mining face are studied, and the stress evolution law of surrounding rock in repeated mining roadway is
obtained. It is clarified that the surrounding rock deformation is the failure mechanism under the combined action of principal
stress difference and stress direction deflection. As a result, the surrounding rock of the roadway is asymmetrically deformed and
destroyed, and the corresponding surrounding rock control scheme is put forward.-e results show that the influence of repeated
mining on roadway stress environment can be divided into four stages with the mining process: the stability stage of mining
influence, the expansion stage of primary mining, the stable stage after primarymining, and the expansion stage of secondmining.
At the same time, the shape changes of the plastic zone and the displacement monitoring results of the monitoring are analyzed,
and the results are obtained; the stage of stress change is suitable, and combined with the failure characteristics of surrounding
rock in each stage, it is put forward that reinforcement measures should be taken in the stable stage after mining; the specific
reinforcement scheme is determined according to the expansion form of plastic zone and field measurement. -e on-site
monitoring shows that there is no roof fall accident during the use of the roadway, which ensures the safety in production.

1. Introduction

Coal is one of the three major energy sources in the world
and accounts for one-third of the global energy consump-
tion. China’s coal storage is in the forefront of the world, and
its energy consumption mainly comes from coal energy
[1, 2]. In order to meet the needs of national development,
the mining intensity and depth of coal resources are in-
creasing day by day, and the disasters of mine water inrush
and seepage occur more frequently; the following coal-
mining technology and safety issues have attracted wide-
spread attention [3–7].

In recent years, the mining intensity of coal mines has
been increasing, of which the double-roadway layout is

mostly used in ten million ton coal mines, which reduces the
number of moving of coal-mining face, improves the output
and efficiency of coal-mining face, solves the problem of
long-distance single head driving ventilation, and makes the
transportation of coal, materials, and pedestrians more
convenient, and the transportation, installation, and with-
drawal of coal-mining face equipment are also more con-
venient; speed up and flexibility create many convenient
conditions for the production of the coal-mining face.
However, the following is the problem of repeated mining
caused by the layout of double roadways. Repeated mining
refers to the mining mode in which the surrounding rock of
the damaged roadway is again deformed and damaged when
the next coal-mining face continues to be mined. In general,
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the damage degree of repeated mining is greater than that of
the primary mining, which directly affects whether the coal
resource mining process can be carried out safely and
smoothly. -erefore, the failure mechanism of surrounding
rock of the repeated mining roadway is worthy of in-depth
study.

To date, a great number of theories have been proposed
explaining failure mechanism of roadway surrounding rock,
mainly including the following: classical circular plastic zone
theory, surrounding rock loose circle theory, natural caving
arch theory, axial deformation theory, surrounding rock
partition cracking theory, and “butterfly-shaped plastic
zone” theory of roadway surrounding rock. Past theories
have basically shown that the failure of surrounding rock is
caused by the formation and development of the plastic zone
of surrounding rock. -e malignant expansion of plastic
zone is the direct cause of large deformation, loose failure,
and support failure of surrounding rock, and the formation
of plastic zone is directly related to surrounding rock stress.
Based on the above classical theory, in recent years, many
scholars have studied the surrounding rock failure of
multiroadway layout [8–10]. Based on a large number of
measured data, Kang et al. [11] analyzed the deformation
and stress distribution characteristics of the surrounding
rock of the remaining roadway and proposed that the de-
formation of the surrounding rock of the remaining roadway
mainly occurred in the back of the coal-mining face, and the
mining impact range was large. Wang et al. [12, 13] studied
the side mining stress field of goaf by using the double-
roadway layout coal-mining face retained entry and mas-
tered the deformation law of surrounding rock in different
periods of the double-roadway layout coal-mining face
retained entry. Liu et al. and Yu et al. [14, 15] studied the
stress distribution and change rule of the coal pillars in front
of the work and between the side roadways, so as to sys-
tematically study the failure rule of the mining process and
reasonably determine the size of the coal pillars between the
roadways. Hou et al. [16] analyzed the whole process of
surrounding rock failure evolution, the law of surrounding
rock deformation, and the form of surrounding rock failure
in double roadway without support. Guo et al. [17] studied
the change rule of the general shape of the plastic zone of the
surrounding rock of the circular tunnel, providing the
theoretical basis for the engineering practice. Jiang et al.
[18–21] studied the design of the width of the coal pillars
between the side roadways of the goaf under the condition of
crushing, compared the stress distribution, failure expan-
sion, and displacement evolution of the roadways under the
condition of different width of the coal pillars in the whole
service life, and studied the influence of the width of the coal
pillars on the ground stability. Wu et al. [22] studied the
repeated mining roadway and obtained the time-space
evolution regularity of the plastic zone and stress of the
surrounding rock of the repeated mining roadway. Zhang
et al. [23, 24] studied the stability of the remaining roadway
roof after the backfilling of the mined out area and provided
the basis for the design of preventing roof damage. Wang
et al. [25, 26] studied the surrounding rock of coal roadway
under the action of excavation and unloading of rock mass

and revealed the mechanism of asymmetric large fracture
and expansion deformation failure of the surrounding rock
of deep buried and gently inclined jointed rock roadway.

-e above study on the stability of roadway under the
condition of double roadway arrangement provides valuable
experience, but the process of failure mechanism and
characters of roadway surrounding rock in the process of
repeated mining needs further study. In this paper, based on
the engineering background of the air return roadway of
coal-mining face 22205 in Buertai, through studying the
stress evolution of the surrounding rock and the expansion
and change of the plastic zone in the roadway, to reveal the
stage and the plastic zone failure mechanism in the process
of roadway failure, so as to provide the basis for the control
method of the surrounding rock and the stability control
technology of the surrounding rock in the repeated mining
roadway, which has certain theoretical significance to ensure
the safe and efficient production of the mine and practical
value.

2. Engineering Background

Buertai coal mine is the main modern mine of the Shandong
Group, with a design production capacity of 20.0Mt. -e
No. 2-2 coal seam is the first coal seam in the panel 2, with a
coal seam dip angle of 1°–3°. -e coal-mining face 22205 is
about 303m long and 3.5m high. -e coal-mining face
22204 is about 320m long and 2.5m high. -e two coal-
mining faces arranged along the towards, with full mining
height at one time and full caving method to treat the goaf.
-e width of coal pillar between roadways is 20m. -e
return airway is 300m deep and 4865m long. -e shape of
roadway section is rectangular, which is 5400mm wide and
3400mm high. When coal-mining face 22204 is mined, it is
used as the auxiliary transportation roadway of coal-mining
face. When coal-mining face 22205 is mined, the reserved
roadway serves as the return airway, which is affected by
repeated mining. -e return airway 22205 arrangement
form in Buertai coal mine is shown in Figure 1.

-e lithological column diagram of the roadway sur-
rounding rock and support structure is shown in Figure 2.

-e roof of return airway 22205 adopts combined
support that makes up of left-hand nonlongitudinal screw
steel bolt, steel mesh, anchor cable, and steel belt. -e type of
anchor bolt is Φ 22× 2000mm, the spacing between rows is
1000×1000mm, six in a row, and the center of the top
anchor bolt at both ends of each row is 200mm from the
roadway side. -e type of anchor cable is Φ 22× 8000mm,
the spacing between rows is 2100× 2000mm, and there are
three cables in each row.-e coal wall and coal pillar side are
arranged in a “four-row rectangle” way, with a row spacing
of 800×1000mm. -e coal wall is supported by FRP bolt,
wooden pallet, and plastic mesh, and the type of bolt is Φ
22× 2100mm.-e coal pillar side is supported by screw steel
bolt, wood tray, and lead wire mesh, and the type of bolt isΦ
18× 2100mm.

As shown in Figure 3, on the basis of on-situ engineering
geological condition, it can be seen that due to the influence
of mining, there are coal wall spalling and roof falling in the
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Figure 1: Return airway 22205 arrangement form in Buertai coal mine.
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Figure 3: Deformation and failure diagram of surrounding rock on-site. (a) Roof falling. (b) Coal wall spalling.
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roadway, and the supporting structure is damaged, which
brings potential safety hazards to the site construction.

3. Establishment of Numerical Model

3.1. Double-Yield Model of Goaf. After the longwall face is
mined, when the whole caving method is adopted to deal
with the goaf, the mining space is filled by the loose rock
mass formed by the direct roof caving, forming the caving
zone. Under the pressure of the overlying rock, the rock
mass in the caving zone is compacted and consolidated,
forming the bearing body to be under pressure again. -e
material in the goaf is characterized by strain hardening, and
the bearing capacity of the caving gangue will significantly
affect the regularity of stress distribution around the goaf.
-e double-yield model is applicable to simulate the rock
and soil materials that will produce irrecoverable com-
pression deformation and shear yield, and it can be applied
to fill the goaf and collapse zone [27].

According to the stress-strain relationship in the com-
pression process of fractured rock mass deduced by Salamon
[28, 29], combined with Yavuz [30] based on a large number
of rock uniaxial compression test data regression analysis,
the initial tangent modulus of rock mass in the collapse zone
is obtained, and finally, the stress-strain relationship in the
compaction process of rock mass in the collapse zone is
obtained:

σV �
10.39σ1.042

c

b
7.7 ·

εV

1 − (b/b − 1)εV

. (1)

In the equation, σV is the vertical stress of the rock block
in the goaf, MPa; εV is the volume stress variable under the
current vertical stress; σc is the uniaxial compressive
strength, MPa; and b is the coefficient of gangue expansion,
which can be obtained from the following equation:

b � 1 +
c1h + c2

100
. (2)

Based on the different geological conditions of a large
number of mines in China and the United States, Bai et al.
obtained statistical regression equation (3) for calculating
the height of the caving zone through statistical regression
analysis [31]:

H �
100h

c1h + c2
, (3)

where H is the mining height, m; C1 and C2 are parameters
(Table 1) related to roof lithology [32–34].

According to equation (3) and Table 1, the height of
caving zone is related to the mining thickness and direct roof
strength of coal seam. Combined with the results of the
physical parameters test of coal seam rock in coal-mining
face 22205 of Buertai mine, the height of the caving zone in
the process of coal seam mining is calculated to be 8.13m.
-en, b is 1.3.

It can be seen from this equation that the stress-strain
relationship in the process of rock compaction in the col-
lapse zone is determined by the coefficient of dilatancy b and

σC. -e stress-strain relationship of materials in goaf cal-
culated by Salamon is shown in Table 2.

In order to obtain the parameters of the double-yield
model of goaf, the numerical simulation uniaxial com-
pression test is carried out. -e unit block is a cube with a
side length of 1m, with fixed displacement around and at the
bottom of the model, and fixed vertical velocity loading is
applied at the top of the model. -rough the trial-and-error
inversion method, the material parameter assignment value
is adjusted continuously, so that the stress-strain curve of the
block outputted by the numerical calculation model and the
stress-strain curve of the theoretical model are obtained.-e
results are shown in Figure 4.

-rough the comparison between the theoretical
equation and numerical simulation of the stress-strain re-
lationship of a unit in the goaf as shown in Figure 4, it can be
seen that the numerical simulation results are in good
agreement with the theoretical equation, and then the
double-yield model parameters of the caving zone are ob-
tained, as shown in Table 3.

3.2. Feasibility Analysis of Double-Yield Model in Goaf.
Based on the engineering geological conditions of Buertai
coal mine, the numerical model size is
1000m× 1400m× 100m (x× y× z). -erefore, the vertical
initial stress of the coal seam is simulated. According to the
burial depth of 300m, a vertical load of 5.5MPa is applied to
the upper part of the model, and the self-weight of the
overlying loose layer is simulated. -e surrounding and
bottom of the model are fixed constraints. Initial command
is adopted for horizontal initial stress, with an initial value of
− 8MPa and gradient value of 0.025MPa. -e numerical
calculation model is shown in Figure 5.

On the basis of laboratory rock mechanics experiment,
certain reduction coefficient is determined according to
different weights, so as to obtain rock mechanics parameters
that are more consistent with the actual situation on-site.
Within the scope of the calculation model, the treatment of
rock layers is simplified with similar physical properties and
they are combined. Table 4 shows rock mechanics
parameters.

A vertical stress monitoring line A-A is arranged along
the y-axis direction (trend) in the middle of the coal-mining
face to monitor the distribution rule of the vertical stress in
the goaf during the mining of the coal-mining face -e
vertical stress is extracted every 100m, and the generated
curve is shown in Figure 6.

When the coal-mining face advances 100m, the ver-
tical stress in the middle of the goaf reaches about 2MPa
and recovers to 26% of the original rock stress. With the
continuous mining of the coal-mining face, the vertical

Table 1: Coefficients for height of caving zone.

Direct roof lithology Compressive strength (MPa) C1 C2

Hard >40 2.1 16
Relatively hard 20∼40 4.7 19
Soft <20 6.2 32
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stress in the middle of the goaf increases gradually, until
the coal-mining face advances to 400m, and the vertical
stress in the middle of the goaf recovers to the original
rock stress. -e field study shows that [35], when the goaf
is restored to the original rock stress state, the distance
between the goaf and the coal-mining face is 0.12–0.6
times of the coal seam buried depth, and the numerical
simulation results are consistent with the field calculation
results, so as to improve the reliability of the numerical
simulation of the plastic area and stress field of the sur-
rounding rock of the mining roadway.

4. Distribution Characteristics of Deformation
Stages of Surrounding Rock in Repeated
Mining Roadway

-e influence of repeated mining on roadway is a dynamic
evolution process. With the advance of coal-mining face in
each position of roadway, the damage degree of surrounding
rock changes accordingly, showing a certain stage of change.
According to the field mining sequence, the mining process
is simulated to study the stage distribution characteristics of
the surrounding rock deformation of the repeated mining
roadway.

4.1. Distribution Characteristics of Stress Stages in Repeated
Mining Roadway. -e roadway with double-lane layout will
be affected by repeated mining. -e process of mining
0–1000m in the coal-mining face 22204 and 0–500m in the
coal-mining face 22205 is simulated, and the maximum and
minimum principal stress and difference of principal stress
at monitoring face position are extracted every 100m ad-
vancing, as shown in Figure 7.

As shown in Figure 7(a), in the process of primary
mining, when the coal-mining face advances from 0m to
300m away from the open-off cut, the maximum and
minimum principal stress change curve presents a single
peak distribution, and the peak value is located in the middle
of the goaf, and with the expansion of the goaf, the peak
value gradually increases. When the coal-mining face ad-
vances to 400m, the peak value of the principal stress in the
lane retaining reaches the maximum, and the maximum
principal stress increases from 11.7MPa to 16.2MPa; the
peak value of minimum principal stress increases from
9.3MPa to 11.5MPa, and the principal stress difference is
the smallest, which is about 2.3MPa. With the continuous
mining of the coal-mining face, the stress recovery range in
the central part of the goaf is gradually enlarged, and the
relative stress range of the retained roadway relative to the
central part of the goaf is gradually expanded, but the stress
value does not rise. When the coal-mining face is 0–200m
away from the stop line, the maximum principal stress
decreases from the peak value to the level before mining.

As shown in Figure 7(b), in the process of second
mining, when the coal-mining face advances from 0m to
200m away from the open-off cut, the maximum principal
stress value is 0–10m in front of each coal-mining face, the
peak value of principal stress gradually increases, the
maximum principal stress increases from 22MPa to 32MPa,
and the minimum principal stress presents a single peak
distribution form of first rising and then decreasing. -e
leading peak value increases from 13.5MPa to 15MPa, and
the principal stress difference is different. -e peak value
increases from 14MPa to 20MPa, and the leading influence
range is about 100m; when the coal-mining face advances
from 300m to 800m, the peak value and leading influence
range almost do not change, but with the advance of the
coal-mining face, the maximum principal stress value curve
of second mining tends to be stable, which is consistent with
the primarymining stress. Compared with the stress curve of
primary mining, the stress value in the stable stage is higher
than that in the stable stage of primary mining; with the
continuous advance of the coal-mining face, when the
distance from the stoppage line is 200m to the stop line, the
principal stress gradually decreases until it returns to the
original rock stress state.

To sum up, with the advance of coal-mining face, the
stress distribution of gob retaining roadway has obvious
stages, which are stage I, the stability stage of mining in-
fluence, coal-mining face advancing 0–300m, the stress
increases in single peak until reaching the peak value; stage
II, the expansion stage of primary mining, when the coal-
mining face is 0–200m away from the final mining line, the
stress decreases from the peak to the level before mining;

Table 2: Relationship between stress and strain for gob material in
the double-yield model.

Strain Stress (MPa) Strain Stress (MPa) Strain Stress (MPa)
0.01 0.33 0.08 3.83 0.15 13.40
0.02 0.68 0.09 4.61 0.16 16.31
0.03 1.08 0.10 5.52 0.17 20.18
0.04 1.51 0.11 6.57 0.18 25.6
0.05 2.00 0.12 7.81 0.19 33.61
0.06 2.53 0.13 9.31 0.20 46.88
0.07 3.14 0.14 11.12 0.21 72.92
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Figure 4: Numerical simulation inversion and theoretical calcu-
lation of stress-strain relationship in the collapse zone.

Advances in Civil Engineering 5



Table 3: Material mechanics parameters for caved rock.

Bulk modulus (GPa) Shear modulus of elasticity (GPa) Density kg/m− 3 -e angle of internal friction (°) Dilatancy angle (°)
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Figure 5: Numerical calculation model.

Table 4: Rock mechanics parameters of the computation model.

Lithology Bulk modulus
(GPa)

Shear modulus of
elasticity (GPa)

Density
kg/m− 3

Cohesion
(MPa)

-e angle of internal
friction (°)

Tensile strength
(MPa)

Fine-grained
sandstone 5.4 2.5 2500 15 39 2.67

Medium-grained
sandstone 4.4 2.5 2500 4.6 32 1.7

Sandy mudstone 2.5 1.5 2440 3 27 0.95
2− 2 coal 2.2 1.5 1500 2.5 26 0.65
Sandy mudstone 2.5 2 2440 3.2 28 0.9
Siltstone 4.5 2.3 2500 1.2 33 2
Fine-grained
sandstone 6.6 3.2 2500 1.4 35 2.67

100
200
300
400
500

600
700
800
900
1000

Section A-A

0

5

10

15

20

25

30

V
er

tic
al

 st
re

ss
 (M

Pa
)

–100 0 100 200 300 400 500 600 700 800 900 1000 1100 1200–200
Distance from open-off cut (m)

Figure 6: Vertical stress distribution along the goaf in the middle of the coal-mining face.
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stage III, the stable stage after primary mining, this stage is
composed of two parts: after the primary mining face ad-
vances to 400m, with the continuous advance of the coal-
mining face, the stress range of the left roadway relative to
the middle of the goaf gradually expands, but the stress value
remains unchanged. After the second mining, with the coal-
mining face advancing to 200m before the stop line, the
stress value remains unchanged, and the advanced stress
range moves forward. -is stage has the same characteristics
with stage III in primary mining, only due to the influence of
the goaf after the primary mining, the second mining stress
value is higher than the primary mining stress value; stage
IV, the expansion stage of the second mining, the second
mining is 0–10m away from each coal-mining face, and the
stress gradually decreases from the maximum value to about
100m in front of the coal-mining face, and the stress changes
tend to be gentle.

4.2. Distribution Characteristics of Stress Stages in Fixed
Monitoring Position of Roadway. In the process of repeated
mining, the stress distribution of roadway retaining has
obvious stages. In order to further comprehensively analyze
the stress distribution regularity of the roadway with the
advancing of the coal-mining face, three representative

characteristic positions 100m, 500m, and 900m away from
the open cut are selected as the monitoring points in the air
return roadway of coal-mining face 22205 to monitor the
stress change in the whole process of advancing the coal-
mining face at the fixed position -e location of monitoring
points is shown in Figure 8, and Figure 9 shows the stress
phase diagram of each monitoring point along with the
propulsion.

Compared with the stress distribution of the three
monitoring points in Figure 9, it can be seen that during the
primary mining process, the roadway is affected by the
excavation, and the roadway is in stage I. -e maximum and
minimum principal stress and the principal stress difference
of each monitoring point are approximately constant, while
the monitoring point I is too close to the open-off cut to
clearly separate stage I. During the process from 100m
before the monitoring point to 300m behind the monitoring
point, the maximum and minimum principal stress of the
roadway gradually increases, and the principal stress dif-
ference will be slightly decreased in each stage. -is is be-
cause the increase of the minimum principal stress is greater
than the maximum principal stress, but the overall trend is
also increasing. -is stage is in stage II, but the monitoring
point III is close to the stop line, and this stage is insufficient.
During the process from 300m to 100m before the
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Figure 7: Distribution characteristics of repeated mining stress stages. (a) -e primary mining. (b) -e second mining.
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monitoring point, the stress tends to be stable. Similarly, due
to the influence of goaf after primary mining, the principal
stress of roadway increases. -erefore, there is stress su-
perposition between primary mining and second mining.
-e principal stress remains constant in the second mining
stage, and the stress changes in this stage, so this stage
belongs to stage III. In the process of advancing from 100m
before the monitoring point to the monitoring point, the
maximum principal stress at the measuring point rises
sharply and the minimum principal stress drops sharply.
-erefore, the principal stress difference increases greatly
and the risk of roadway damage increases. -is stage is in
stage IV.

To sum up, through the analysis of the stress data ob-
tained from the three monitoring points, the stress stage
distribution characteristics of each monitoring point are
consistent with the stress stage in the process of repeated
mining. Among them, the 500m monitoring point can fully
reflect the dynamic stress change during the whole process of
coal-mining face advancing. -erefore, the specific char-
acteristics of 500m position stage change are discussed in
detail below.

4.3. Distribution Characteristics of Plastic Zone Stage in Re-
peated Mining Roadway. -e expansion of the plastic zone
directly reflects the damage degree and scope of the sur-
rounding rock of the roadway, so the plastic zone in the
repeated mining process is extracted to explore its evolution
regularity. -e layout of monitoring points is the same as
above.-e position is selected 500m away from the open-off
cut to obtain the shape map of its plastic area change with
each 100m of advance in the process of coal-mining face
advancement for detailed analysis. Figure 10 shows the stage
change map of the plastic area of the reserved roadway at the
position 500m away from the open cut.

As shown in the figure, in the process of the coal-mining
face advances from 100m to 400m away from the open-off
cut in the primary mining, the change of roadway plastic
zone belongs to stage I. During the coal-mining face ad-
vancing 100–200m, the scope and shape of plastic zone did
not change. In the process of coal-mining face advancing
from 200m to 300m, the plastic zone of roadway showed
that the failure range of roof and floor was almost un-
changed, and the scope of two sides did not change at this
time. In the process of coal-mining face advancing from
400m to 800m, the plastic zone of monitoring point is in
stage II. In the process of coal-mining face advancing from
500m to 600m, the range of plastic zone of monitoring
point is gradually expanded, the range of plastic zone of roof

and floor is increasing, the depth of plastic zone of roof is
expanded from 2m to 3m, the range of plastic zone of floor
is enlarged, and the range of both sides is expanded. -e
expanded range of coal pillar side is larger than that of coal
wall, the depth is expanded from 1m to 3m, and the depth of
coal wall is expanded from 1m to 2m. During the coal-
mining face advancing from 600m to 800m, the shape of
plastic zone did not change, and its scope was further ex-
panded. In the process of coal-mining face advancing
800–1000m away from open-off cut and second mining face
100–400m away from open-off cut, the shape of plastic zone
at this stage of monitoring point is basically consistent, and it
is in stage III. During the period from 400m to 500m, the
plastic zone of roadway is in stage IV. In this stage, the
damage range and the shape of plastic zone of roadway
change rapidly. -e plastic zone of roadway roof is con-
nected with coal wall, the damage range of floor increases to
3.5m, the range of plastic zone of coal pillar is expanded
rapidly, and the depth has reached 4.5m. To sum up, with
the advance of the coal-mining face, the change of the plastic
zone of the monitoring position adapts to the stress dis-
tribution stage.

4.4. Distribution Characteristics of Displacement Stage of
Surrounding Rock Surface in Repeated Mining Roadway.
-e surface displacement of surrounding rock can analyze
the deformation regularity of surrounding rock and obtain
the information of its stability, displacement monitoring is
carried out for return airway 22205, and the location of
roadway monitoring point is the same as above. According
to the above analysis of the plastic zone of the roadway, the
roadway damage mainly occurs in the roof. -erefore, a
point is selected at the center of the roof and a point is
selected on both sides of the roof to reduce the random error.
-e center point is taken at the bottom and the two sides of
the roadway, respectively. Figure 11 shows the specific layout
of the measuring points.

According to the data obtained by comparison, the
position of 500m monitoring point is representative.
-erefore, the position displacement data of 500m moni-
toring point are selected for detailed analysis below. Fig-
ure 12 shows the displacement diagram of roof, two sides,
and floor of the roadway 500m away from the opening
monitoring point.

In the process of coal-mining face advancing
100–400m, the deformation of surrounding rock of return
air roadway in 22205 coal-mining face remained almost
unchanged. In this stage, the roadway was mainly affected
by mining, and the roadway was in stage I. In the process
of coal-mining face advancing 400–800m, the deforma-
tion of each measuring point kept increasing, and there
was little difference in the displacement among the three
measuring points of roof, and the retained roadway was in
stage II. In the process of coal-mining face advancing
800–1000m and second mining coal-mining face
100–400m, the deformation of surrounding rock of
roadway has a stable platform period, and the deforma-
tion of roadway surrounding rock is no longer increased.

1000m

3.
4m

III III
100m 500m 900m

Return airway 22205
Open-off 

cut
Stop 
line

Figure 8: Layout of tunnel monitoring points.
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At this time, the roadway is in stage III. In the process of
advancing 400–500m of second mining face, the defor-
mation of surrounding rock of roadway increases rapidly,

and the roadway is in stage IV. To sum up, the defor-
mation stages of six measuring points in the process of
repeated mining are consistent with the changes of stress
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and plastic zone. In the four stages, the deformation trend
of surrounding rock is the same, but the deformation of
each position is different. -e deformation of roof is the
largest, followed by two sides. In the two sides, the de-
formation of the coal pillar side is greater than that of coal
wall, and the deformation of floor is the smallest.

5. Deformation Mechanism and Stability
Control of Surrounding Rock in Repeated
Mining Roadway

5.1.DeformationMechanismof SurroundingRock inRepeated
Mining Roadway. -e essence of deformation and failure of
surrounding rock is the result of formation and expansion of
plastic zone. With the advance of the coal-mining face, the
plastic zone of the surrounding rock of the roadway is
changed by the magnitude and direction of the principal
stress, which makes its extension range and shape unfixed.
Figure 13 shows the shape of plastic zone under the change
of principal stress deflection angle of surrounding rock of
circular and rectangular tunnels under numerical
simulation.

As shown in the figure, the shape and range of the
butterfly plastic zone of circular or rectangular tunnels have
not changed significantly in the process of deflection of the
principal stress direction from 0° to 180°. However, the
butterfly part of the plastic zone deflects with the deflection
of the principal stress direction. When the principal stress

deflection angle turns to 180°, the shape of the plastic zone is
the same as that of the nondeflection. It is precise because of
the change of the direction of the principal stress that the
direction of the plastic zone changes, which leads to the
asymmetry of the surrounding rock failure in the actual
engineering. As shown in Figure 14, the shape of plastic zone
changes when the coal-mining face is mined to 400m,
600m, and 800m under the condition of one mining under
the background of the project.

As shown in the figure, when the primary mining face is
pushed to 200m–600m, the maximum principal stress in-
creases from 11.2MPa to 14.5MPa, the minimum principal
stress increases from 7.7MPa to 10.8MPa, the principal
stress difference increases from 3.5MPa to 3.7MPa, and the
extension range of plastic zone gradually expands. When the
primary mining face is pushed to 600m-800m, the maxi-
mum principal stress increases from 14.5MPa to 15.8MPa,
the minimum principal stress increases from 10.8MPa to
11.5MPa, the principal stress difference increases from
3.7MPa to 4.3MPa, the extension range of plastic zone
continues to deepen, roof and coal wall expand each other,
and floor and coal pillar expand each other, which makes the
tunnel asymmetric deformation more obvious. With the
advance of the coal-mining face, the angle between the
maximum principal stress and the vertical direction deflects
from 90° to 43° anticlockwise, the shape of the plastic zone
changes from symmetry to asymmetry, and the scope of the
plastic zone of the top and bottom plates and the two sides
also expands gradually. When the included angle deflects
from 43° to 39°, because the deflection angle is not large, the
orientation of the plastic zone does not change significantly.
In conclusion, the deformation mechanism of the sur-
rounding rock of the repeated mining roadway is that the
increase of the principal stress difference causes the ex-
pansion of the plastic area, and the deflection of the principal
stress angle causes the deflection of the expansion direction
of the plastic area. Under the joint action of themagnitude of
the principal stress difference and the deflection of the stress
direction, the plastic area of the roadway produces a non-
symmetric distribution state, leading to the asymmetric
deformation and destruction of the surrounding rock of the
roadway, which is also the stability of the roadway. Control
makes it more difficult.
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5.2. Stability ControlMethod of SurroundingRock inRepeated
Mining Roadway. In order to better control the stability of
the deformation and failure of the repeated mining roadway,
according to the stage of the position of the repeated mining
roadway along with the advance of the coal-mining face, the
corresponding roadway control measures can be put for-
ward in different stages.

Stage I is the stage of mining affecting stability. In the
tunneling stage, the surrounding rock of the roadway is
simply affected by the ground stress, and the damage scope
of the plastic zone is small in a symmetrical form. -e
deformation of the roof and floor is large, the deformation of
the coal wall and pillar is small, and the middle depth of the
roof and floor is the largest. -erefore, on-site support
should be based on bolt support combined with longitude
and latitude network to control the shallow stability of

surrounding rock [36, 37]; at the same time, anchor cables
should be arranged in the middle of the roof to prevent local
roof falling accidents.

Stage II is the stage of primary mining expansion. During
the primary mining period, the plastic zone of surrounding
rock of roadway is mainly damaged in an asymmetric way,
and the damage range and depth increase greatly, which
exceeds the length of bolt support. Before mining, the an-
chor cables on both sides of the roof shall be supplemented,
and the side anchor cables shall be added in the middle and
upper part of the two sides, so as to adapt to the safety and
stability of the surrounding rock during the influence of the
primary mining.

Stage III is the stable stage after the primary mining.
After the primary mining disturbance, the depth of the
plastic zone reaches the maximum, and the scope and shape
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will not change for a long time. It has a long existence time
and a large range of roadways. Before the second mining,
there will be a phenomenon of stress superposition.
-erefore, before the second mining disturbance, the sur-
rounding rock of the roadways in this area is seriously
deformed and damaged and the support body is damaged to
a large extent, so roof reinforcement and support should be
carried out to prevent the second mining disturbance roof
fall accident occurs due to disturbance.

Stage IV is the stage of secondmining expansion. During
the second mining disturbance, the expansion of the plastic
zone of the roadway near the coal-mining face started, and
the more close to the coal-mining face, the more dramatic
changes in the failure deformation set. -e failure mode of
the plastic zone of the surrounding rock of the roadway
continued to expand to the asymmetric form, with a small
increase in the depth of failure and a large increase in the
scope of failure. -e failure and deformation of the sur-
rounding rock at the top corner of the coal wall and the
bottom corner of the coal pillar were serious. -erefore, the
support parameters after reinforcement should meet the
change of the shape of the plastic zone, and the hydraulic
support should be arranged in the area near the coal-mining
face to prevent the surrounding rock of the roadway from
destroying and causing the instability of the surrounding
rock of the roadway.

According to the above research and field observation,
the design of supporting parameters of return airway 22205
can meet the requirements of influencing stability stage of
driving and influencing stability area of driving, but it
cannot guarantee the depth control of two-side failure of
surrounding rock in one mining roadway. -erefore, after
driving and before the primary mining, the row distance
between the middle and upper part of two sides is
850× 2000mm, Φ 22× 6500mm anchor cable is used, and
the primary row is 1000mm away from the roof.

5.3. Detection of Rock Failure Pattern in the Stable Stage after
thePrimaryMining. After the influence of amining operation
on the roadway, the field observation found that in the area
about 260–1200m behind the stopping line of the coal-mining
face 22204, the surrounding rock was most damaged and
deformed, and the failure forms of the roof anchor cable were
broken and dropped at the lock end; anchor cable and lock fell

off, and anchor cable and lock were pulled into the coal body as
a whole, without roof falling, which indicated that the design
parameters of roadway support could be full. In order to
prevent roof falling accident in second mining, reinforcement
and support measures should be taken in stage III.

Based on the phased existence of the surrounding rock
failure of the roadway, the deepest failure of the roadway is
located about 500m behind the coal-mining face, and then,
the drilling peep is used to detect the depth and shape of the
fracture in the hidden danger area. Due to the limitations of
the surrounding rock conditions and drilling working
conditions of the two sides, the peep results are not clear, so
only the roof is detected, which provides the basis for the
design of reinforcement support parameters. -e layout
scheme of borehole peep and the results of peep are shown in
Figure 15.

According to the peeping results, the rangeA is within 0-
1m from the roof, the surrounding rock in each peephole is
seriously broken, the wall of the peephole is rough, the range
B is within 1–4m, there are many cracks, the range C is
within 4–8m, the peephole wall is relatively complete, there
is no crack development, and there are some irregular coal
lines; from the range B, it can be seen that the local fracture
development of the left borehole is concentrated on the right
side, the middle borehole is multidirectional fracture, and
the right borehole is -e pores and fissures are fully de-
veloped, in circular and compound form. Combined with
the characteristic diagram of plastic zone, it can be seen that
the surface of roadway is mainly shear tensile failure, and the
interior of surrounding rock is mainly shear failure.-e roof
is affected by the movement of overlying rock near the coal-
mining face on the right side, the magnitude and direction of
the principal stress change, and the surrounding rock of roof
develops obviously to the left side of the coal wall. -e
fracture of the roof is asymmetric, and the failure depth of
the side near the coal wall is greater than that of the side near
the coal pillar.

5.4. Parameters and Control Effect of Reinforcement Support.
According to the field observation of the deformation of
surrounding rock and the failure form of the support body,
combined with the previous results, it can be seen that the
plastic failure depth of surrounding rock affected by the
primary mining in the reserved roadway can reach about
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Figure 14: -e shape of plastic zone changes when the coal-mining face is mined to 400m, 600m, and 800m under the condition of the
primary mining under the background of the project.
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5m, and the failure depth of surrounding rock does not
exceed the anchoring range of anchor cable. Although the
failure range of surrounding rock in the second mining is
larger, the depth change is not large. -erefore, the rein-
forcement of roof with an 8m anchor cable can meet the
support requirements.

-e reinforcement scheme for the area with potential
roof fall hazard is as follows:Φ 22× 8000mm anchor cable is
used, and on the basis of three original anchor cables in a
row, two anchor cables are added to make up five anchor
cables in a row, and three anchor cables in a row are added in
the middle of each two rows, with the spacing of
2100× 2000mm, finally forming the “3, 5, 3, 5” shape, with
the spacing of 1m, with the construction of
200×140× 8mm tray pressing steel belt. -e roof rein-
forcement support is as shown in Figure 16.

After roof reinforcement, three groups of 4m and 8m
displacement observation stations are set up in the area of roof
falling hidden danger. -e distance between stations is 100m.
-e displacementmonitoring is carried out continuously for 18

days in the middle of roof. Figure 17 shows the layout and
results of the roof separation monitoring station.

As shown in the figure, through the analysis of the dis-
placement curve of multibase points of the roof after the re-
inforcement of three positions, it can be seen that in the first
eight days, each monitoring point has a small amount of
subsidence of 3mm–8mm, and after eight days, it tends to be
stable without any change. In the whole observation period, the
subsidence of the shallow roof is higher than that of the deep.
Compared with the peep of the roof, it can be seen that the
surrounding rock is relatively broken within 5m, and the roof
reinforcement with anchor cable can effectively control the
collapse of the broken surrounding rock, and there is no roof
falling accident during the second mining.

6. Conclusion

(1) Based on the analysis of the stress changes of the
roadway affected by the repeated mining along with
the advance of the coal-mining face, the mining

Coal
wall

Coal
pillar

Coal pillar

Coal wall

8m

1m
4-

8m
1-

4m

C

B

A

C The hole wall is
intact and there is a

coal line.

C The hole wall is
intact and there are

circumferential
cracks.

B Cracks develop
gradually

A The broken zone
is seriously broken

Central borehole

Left borehole

C The rock wall is
more complete.

B Local crack

A Broken serious

Right borehole

B Cracks are fully
developed.

A It is seriously
broken and the hole

wall is rough.

1000m

5.
4m

1m

800m

1m

1.7m

1.7m

Stop
line

Open-off
cutReturn airway 22205

Figure 15: Layout scheme of borehole peep and the results of peep.
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process can be roughly divided into four stages: the
stability stage of mining influence, the expansion
stage of primary mining, the stable stage after pri-
mary mining, and the expansion stage of second
mining. At the same time, the shape changes of the
plastic zone and the displacement monitoring results
of the monitoring points during the mining process
are analyzed, and the results are obtained; the stage
of stress change is suitable.

(2) According to the study on the plastic zone and
displacement monitoring of surrounding rock, the
surrounding rock of the roadway is broken into
symmetrical distribution in the stage of mining af-
fecting stability, and the top and floor are broken
more than two sides.-e plastic zone is broken more
deeply in the stage of primary mining expansion,
which is asymmetrical distribution. -e plastic zone
depth reaches the maximum in the stable stage after
the primary mining, and the roof deformation is the
largest, and the coal pillar deformation is larger than

the coal wall. -e stage of second mining expansion
is closer to the coal-mining face, and its plastic zone
damage deformation is more intense.

(3) -rough numerical simulation, it is concluded that
the deformation mechanism of the surrounding rock
of the repeatedmining roadway is that the increase of
the principal stress difference makes the plastic area
expand, and the deflection of the principal stress
angle makes the plastic area expand. Under the
combined action of the stress magnitude of the
principal stress difference and the deflection of the
stress direction, the plastic area of the roadway
produces an asymmetrical distribution state, which
leads to the asymmetric deformation and destruction
of the surrounding rock of the roadway.

(4) Based on the analysis of the stage characteristics of
the driving process of the repeated mining roadway,
it is proposed that the reinforcement and support
measures should be taken in stage III, and the
specific reinforcement scheme should be determined
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Figure 17: Multipoint displacement curve after reinforcement support.
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according to the expansion form of the plastic area
and the field measurement; the roof reinforcement
and support should be carried out to ensure the
production safety.
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*e self-developed dry-coupled rock ultrasonic monitoring system is adopted to set up a multidirectional and multiwaveform
ultrasonic monitoring network, which aims to analyse the evolution law of acoustic spectrum parameters in the process of granite
loading failure under uniaxial compression, to explore the dominant acoustic spectrum characteristic information at different
stages of granite loading, and to verify in situ the damage monitoring of time-effect deformation. *e results show that the wave
velocity, amplitude, and amplitude-frequency of the first wave and the velocity of P-wave and S-wave show a significant upward
trend in the rock compaction section. After entering the elastic stage, the three spectral parameters become peacefully stable, and
the stage transformation is obvious. In the stable crack growth stage, with the initiation of the crack, the dominant frequency of
S-wave shows a significant stage transition compared with the global ultrasonic wave velocity and the first arrived amplitude, and
the dominant frequency decreases by 6%. In the unstable crack growth stage, the three acoustic spectrum parameters present
obvious downward trend, and the first arrived wave amplitude of S-wave is found to have a significant decline of 39.1%. On the eve
of failure, the amplitude-frequency of S-wave shows different feature from the P-wave; that is, S-wave transfers from the state of
multipeak in wide frequency to the state of single peak in low frequency, which is the failure precursor of the rock sample.

1. Introduction

With the advancement of geotechnical engineering to the
depth, underground engineering faces complex conditions
such as high stress. *e complex rock mechanical response
such as spalling [1, 2] and rockburst [3, 4] is accompanied by
the excavation process.*erefore, it is of great significance to
study the law of rock damage evolution and damage pre-
diction for the prevention and control of deep engineering
disasters. At present, the theory and numerical simulation of
rock mechanics are not complete [5]. Rock mechanics test,
as an important method to study rock mechanics problems,
can strictly control environmental conditions, analyze and
solve rock mechanics problems more accurately, and pro-
vide data and theoretical basis for solving engineering safety
problems.

*e propagation characteristics of sound wave in rock
are closely related to the elastic property of rock. Different

from the strain gauge, it can only monitor the local surface
deformation; sound wave inherits good penetrability inside
many mediums including rocks. *e evolution of fractures
in the whole rock can be well characterized; this can be seen
by the changes of wave velocity [6] and amplitude-frequency
[7]. *e energy characteristics of acoustic emission are re-
lated to the mode of crack coalescence, which can effectively
characterize the generation and development of cracks and
the failure of rock [8]. Jianpo et al. used acoustic emission
(AE) technology to monitor the gradual fracture develop-
ment around the tunnel surrounding rock under the static
stress and dynamic disturbance; the power-law character-
istics of AE signals after blasts can be used to evaluate the
time required for rock mass to return to a stable state [9].
GuiLin et al. studied the relationship between maximum AE
energy and the number of defects in prefabricated rocks
through uniaxial loading tests of prefabricated fractured
rocks [10]. Xiao et al. showed that AE parameters could
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effectively characterize the critical stage of rock damage and
the maximum critical threshold of freeze-thaw cycle times
resulting in rock damage based on a large number of freeze-
thaw cycle rock tests [11].

As a nondestructive testing method, ultrasonic testing
can be used to set the superiority ultrasonic source fre-
quency and the source pulse amplitude, which is less
affected by environmental noise, compared with the single
function that acoustic emission can only receive elastic
waves [12, 13]. At present, rock damage based on ultra-
sonic wave has been studied to some extent. Falls and
Young carried out a deep granite tunnel damage study
based on ultrasonic wave velocity [14]. Based on the
similar theory, Dong et al. obtained the ultrasonic speed-
stress relationship of Jinping-II Hydropower Stations
diversion tunnel [15]. Shili et al. thought that the wall-
rock velocity adjacent to the surface of underground
openings is a vital support design parameter [16]. Mul-
tiparameter relationships occurred among ultrasonic
velocities with seismic fracture and fissure indexes and
physical and mechanical properties of the rock [17].
Heidari et al. evaluated the velocity of P- and S-waves and
the return energy of these waves at different axial and
lateral stresses on a rock specimen in order to determine
the dynamic mechanical parameters of rocks [18]. Nas-
cimento et al. explored the relationship between elastic
wave velocity and fracture density [19]. McCan and
Sothcott studied the P-wave velocity, S-wave velocity, and
attenuation characteristics of sandstone and limestone
with a certain frequency of ultrasonic wave and obtained
the attenuation and absorption mechanism of rock to
sound waves [20]. Confining pressure, crack angle, and
the number of cracks all have a certain influence on the
velocity and attenuation of elastic waves [21]. Engelder
and Plumb studied the relationship between the strain
relaxation characteristics and the ultrasonic properties of
rock [22]. Quan et al. conducted a regression analysis of
rock damage factor determined by wave velocity and
obtained the rock damage evolution equation with time
[23]. However, a single wave velocity measurement leaves
out a lot of important information. *e complex pore
structure can significantly affect the dispersion properties
of elastic wave [24].

At present, researches on rock damage based on ultra-
sonic waves mostly focus on the analysis of rock acoustic
spectrum characteristics with a single direction and a single
waveform, but lack the analysis of rock acoustic spectrum
characteristics with multiple directions and waveforms, so as
to select the optimal acoustic spectrum characteristics to
define the degree of rock damage. At the same time, the
traditional large-size ultrasonic planar sensors are unable to
be applied to the multicurvature rock surface, and the use of
coupled agent cannot realize the stable transmission of
monitoring signal. Based on the self-developed dry-coupled
small-size ultrasonic monitoring technology, this paper
explored the acoustic spectral characteristics of the whole
process of rock damage evolution in multiple directions and
multiwaveform, which provided a method and basis for the
damage discrimination of tunnel in site.

2. Study on the Ultrasonic Spectral
Characteristics in Multiposition and
Multiparameter during Uniaxial
Loading of Granite

Based on the problems mentioned above, it is urgent to
realize the comprehensive long-term core damage moni-
toring of core release on-site. *e liquid-coupled agent of
traditional coupled probe has poor durability and is easy to
leak or overflow from the sensor. *e coupled agent with
high viscosity is not stable for the S-wave test signal [25],
which is easy to cause signal loss. Furthermore, the tradi-
tional large-size planar probe cannot adapt to a variety of
curvature test surfaces.*e essence of dry-coupled is that the
size of the acoustic contact zone of oscillating probe surface
with the surface of the test object is many times smaller than
the length of the ultrasound wave. Compared to the
wavelength, the contact with the size of the zone less than
2mm can be considered as point contact. In this case, the
contact liquid makes no influence on the coefficient of signal
transformation and became useless. *e transducer acts on
the test object surface as a point oscillating force [26]. Based
on the dry-coupled ultrasonic monitoring system developed
by the research group, this paper carried out the acoustic
spectrum analysis of the laboratory test of rock samples,
providing guidance for the selection of the core damage
index of dry-coupled ultrasonic monitoring and the defi-
nition of the rock damage evolution stage.

2.1. Test System and Sample Preparation. Ultrasonic moni-
toring using self-developed dry-coupled acoustic technology
based on rock damage monitoring system has already
calibrated according to relevant reference and stipulation
[27]. *e monitoring system mainly includes small-size dry-
coupled point contact acoustic generator and the receiving
probe. *is system can work without the coupled agent and
is suitable for a variety of curvatures of working face; what is
more, the system can be embedded in rock drilling. *e
system has a digital multifunctional integrated circuit board
(see Figure 1) which controls the transmission pulse and
ultrasonic frequency conversion in real time.*e system can
be used with PCmachine to implement the arrangement of a
three-dimensional multireceiver ultrasonic monitoring
network for rocks of various sizes and curvature. *e
emission frequency range is 50–260 kHz, and the receiving
waveform has a maximum sampling rate of 1GSa/s and a
maximum acquisition frequency of 1Hz. *e test loading
system adopts Chaoyang TAW2000 machine.*e schematic
diagram of the experimental mechanical loading and
acoustic monitoring system in this paper is shown in
Figure 2.

In this paper, the granite was taken from Sanshan Island
GoldMine in Shandong Province at − 795m; selected granite
samples inherited a relatively small anisotropic wave velocity
to reduce the influence of the material itself on the data
dispersion. 5 standard rock samples were processed as
φ50 × 100mm, and the parallelism and perpendicularity met
the ISRM requirements, which is shown in Figure 3.
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2.2. Experimental Method. *e unpredictability of the
propagation path of ultrasonic wave is caused by the un-
balance of the fracture initiation location and the uneven
development degree during the loading process. *e
problem of misjudging the damaged area position based on
ultrasonic wave exists in the layout of multitransmitting and
multireceiving probes. In this paper, the ultrasonic probe
layout scheme of single transmitter with multiposition re-
ceivers is adopted. As shown in Figure 4, the ultrasonic
source sensor is arranged at the position of CH1 at the rock
sample, and the ultrasonic receiving sensor is arranged at the
positions of CH2, CH3, and CH4. *e essence of the pulse
emitted by the acoustic probe is the conversion of the

electrical signal to the mechanical vibration signal, namely,
the inverse piezoelectric effect, and the receiving probe
works the other way around. *e CH1 for ultrasonic source
sensor, due to the piezoelectric ceramic in the condition of
incentive, to point load on the test surface is equivalent to
applying the method; the longitudinal wave and S-wave are
inspired [28]. *e vibration direction of the particle caused
by the S-wave is perpendicular to the surface of the rock
block, which is the same as the receiving vibration direction
of the receiving probe CH3 piezoelectric ceramics, so the
S-wave can be received by the receiving probe CH3, which is
on the same side as the transmitting probe CH1 [29]. *e
CH2 and CH4 probe first receives the ultrasonic wave
propagating in the direction of CH1, among which only the
longitudinal wave whose vibration direction is consistent with
the propagation direction can cause the piezoelectric ceramics
vibration of CH2 and CH4, so the CH2 and CH4 probe can
receive the longitudinal wave. *erefore, in this paper, CH2
and CH4 are used as primary wave (P-wave) reception
sensors, and CH3 is used as secondary wave (S-wave) sensor.
Among them, CH1-CH2 is the local contralateral P-wave
monitor of rock, CH1-CH4 is the overall oblique P-wave
monitor of rock, and CH1-CH3 is the unilateral S-wave
monitor of rock. *e ultrasonic frequency is set to 125 kHz,
and the automatic ultrasonic transmission and reception is
realized through the control circuit. *e waveform sampling
rate is 25MHz, and the sampling interval between waveforms
is 2s. *e loading rate is 50N/s. *e fitting condition of the
dry-coupled ultrasonic wave sensor and the rock sample
surface should be checked before the test.

2.3. Test Results and Analysis

2.3.1. Damage Evolution Characterized by Stress-Strain Data.
*e typical stress-strain curve of the deformation and failure
process of the granite sample under uniaxial loading is
shown in Figure 5. Due to limited space, this paper mainly
focuses on the analysis of sample 1. *e four typical stages of
granite are distinguished by the characteristic stresses related
to microcracks [30], namely, the closing stress σcc, the crack
initiation stress σci, the unstable propagation stress of the
crack σcd, and the peak strength σf. *e calculation of the
total volume strain of the rock sample can be expressed as

εv � ε1 + 2ε3, (1)

where εv is the total volumetric strains, ε1 is the axial strain,
and ε3 is the lateral strain.

εcrav � εv − (1 − 2])
σ
E

, (2)

where εcrav is the crack volumetric strains, ] is Poisson’s ratio,
σ is the axial stress, and E is Young’s modulus.

*e uniaxial loading deformation and failure process of
granite sample in Figure 5 can be divided into four stages, that
is, the compaction stage i, the elastic stage ii, the stable crack
propagation stage iii, and the unstable crack propagation stage
iv. At the compaction stage i, the axial stress ranges from 0 to
σcc, the original cracks of rock close gradually, and the volume

Loading system 

Ultrasonic monitoring
system 

Dry-coupled 
ultrasonic sensor Rock sample 

Figure 2: Schematic diagram of mechanical loading and ultrasonic
monitoring system.

1 2 3 4 5 

Figure 3: Granite samples.

Filter circuit

Receiving

Power supply
circuit

Transmission
circuit

Figure 1: Digital multifunctional integrated circuit board.
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strain of crack approaches to zero under pressure. At elastic
stage ii, the axial stress ranges from σcc to σci, and the friction
generated by the closure fracture surface limits the sliding of the
fracture surface, resulting in the failure of the initiation and
development of new fractures; thus, the rock sample presents
elastic deformation macroscopically. At the stable crack
propagation stage iii, the axial stress varies from σci to σcd, new
cracks start to appear with the increase of the fracture volume,
and the growth rate of the volume strain continues to decline
until the reverse point corresponding to the damaging stress
σcd. When entering the unstable crack propagation stage iv, the
axial stress grows from σcd to σf; the growth rate of cracks
increases significantly with the axial stress rising rapidly to the
peak stress, thus leading to the failure of the rock sample.

2.3.2. Damage Evolution Characterized by the Velocity of
P-Wave and S-Wave. When ultrasonic wave propagates
inside the rock, the attenuation changes of P-wave and
S-wave are closely related to the development of rock cracks
[18]. *e key to ultrasonic velocity extraction is to acquire
the first wave arrival time. In this paper, wavelet denoising
algorithm is used for filtering treatment. High decomposi-
tion levels in wavelet denoising can reduce the fidelity of
received signals. In this paper, db8 wavelet, decomposition
level of 4, Heursure rules, threshold adjustment strategy
“MLN,” and hard threshold algorithm are adopted to
denoise the ultrasonic reception waveform. *erefore, the
evolution law of the ultrasonic wave velocity in the whole
process of rock failure can be obtained (see Figure 6)
combined with the improved AIC algorithm of the research
group [31].

Crack closure stage i: as crack closes, the P-wave velocity
of CH2 and CH4 and the S-wave velocity of CH3 rise
rapidly. When the axial stress arrived at σcc, the P-wave
velocity of CH2, CH4, and CH3 had increased by 6.92%,
5.47%, and 4.04%, respectively, among them, CH2, as the
nearest area to the press head, had the highest growth rate
and became stable at the earliest, which indicated an un-
balanced development of the deformation of rock under
uniaxial loading.

Elastic stage ii: no crack initiation and development
occurred in this stage, and the wave velocity at the three
positions remained basically unchanged.

Stable crack growth stage iii: new cracks started to occur,
ultrasonic wave energy tended to decline affected by scat-
tering and reflection of ultrasonic, and the energy trans-
mission path became longer. *e P-wave velocity near the
press head (CH1-CH2) reduced by 3.24%, the S-wave ve-
locity at the unilateral surface area (CH1-CH3) dropped by
1.3%, and the P-wave velocity at the oblique area (CH1-
CH4) decreased by 3.52%. In this phase, the P-wave and
S-wave velocity decreased at a small rate in each region of the
rock sample, and the overall transformation of wave velocity
was not obvious.
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Unstable crack growth stage: the volume strain of the
crack increased rapidly and steeply, and the crack gradually
expanded into a macroscopic fracture. *e P-wave velocity
of CH1-CH2 decreased by 5.17%, the P-wave velocity of
CH1-CH3 declined by 3.83%, and the P-wave velocity of
CH1-CH4 dropped by 10.37%.

In summary, the sensitivity of P-wave and S-wave to rock
damage evolution is not ideal. An obvious transformation
only occurs in the compaction stage and the unstable crack
propagation stage; meanwhile, the S-wave decline rate is
significantly higher than that of the P-wave on the eve of
failure.

2.3.3. Damage Evolution Characterized by the First Arrived
Wave Amplitude of P-Wave and S-Wave. Cavity, crack, and
other damage inside the rock will influence the diffraction,
transmission, and reflection of the ultrasonic, resulting in
ultrasonic energy loss. *e peak amplitude of the first wave
directly reflects the attenuation degree of the ultrasonic
energy in the transmission process and thereby reflects the
development degree of rock damage.

*e first wave amplitude of granite monitored by ul-
trasonic under uniaxial compression is shown in Figure 7. At
the crack closure stage, loading start from 0 to σcc, the
original cracks in the rock sample are compacting due to
increasing load; the energy attenuation from ultrasonic
continues to drop hereby as the first wave amplitude con-
tinues to rise. However, there exist differences of the am-
plitude rising rate among P-wave and S-wave; this is
reflected by the following: (1) *e first arrived P-wave
amplitude of CH2 increases rapidly at the beginning in a
very short time and then starts to drop; this indicates that the
deformation of the rock sample near the press head is faster
than the global deformation; namely, the deformation of the
rock sample under uniaxial load is unbalanced. (2) *e first
arrived S-wave amplitude of CH3 tends to grow steadily and

is lower than P-wave of CH2 and CH4 on the whole. (3).
When the first arrived wave amplitude of CH4 reaches the
point of σcc, the overall crack closure process of CH1-CH4
region is almost finished, which is coincided with the global
compaction process. (4) *e different evolution laws at
different positions show that the changes of first arrived
wave from multiposition can well reflect the development of
the cracks during the compaction. Specifically, the trans-
mission region of CH1-CH4 which goes through the sample
obliquely presents the best performance to reflect the global
compaction extend. When entering the elastic stage, the area
of CH1-CH2 near the press-head tends to generate damage
earlier than that of CH1-CH3 and CH1-CH4. *e change
rate of the amplitude at CH1-CH2 starts to decrease, and the
amplitude at CH1-CH3 and CH1-CH4 tends to be stable
without any cracks. At the stable crack growth stage, the
frictional and scattering effects of the microfracture surface
appear, and the first wave amplitude of the three channels
showed a slow decreasing trend. When approaching the
unstable crack growth stage, the first amplitude of the three
channels drops down obviously at the beginning of this
stage, and the position of the turning points is consistent
with σcd. *e first arrived amplitude of ultrasonic wave in
CH1-CH2, CH1-CH3, and CH1-CH4 regions decreases by
18.4%, 39.1%, and 5.6%, respectively, compared with the
mean amplitude of the elastic stage. Additionally, S-wave is
more sensitive to rock damage than P-wave.

2.3.4. Damage Evolution Characterized by Amplitude-fre-
quency Characteristics of P-Wave and S-Wave. Rock has a
frequency selective absorption effect on sound waves [32].
For the actual continuous signals, the spectrum of the fre-
quency domain is large after Fourier transform; however,
compared with the dominant frequency of transmission, the
signal energy in the overlow and overhigh frequency band is
low, which can be ignored. In this paper, the dominant
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Figure 6: Ultrasonic velocity of granite at three locations under uniaxial loading.
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frequency of the transmitting pulse is 125 kHz. Figures 8(a)–
8(c) are the curves of amplitude–frequency of channels CH2,
CH3, and CH4 after rock preloading. Considering the weak
energy of the high-frequency ultrasonic wave and the ul-
trasonic transmitting frequency parameters, the frequency
band of 0–250 kHz is selected for analysis.

*e amplitude-frequency characteristics in the rock
loading process are often accompanied by several wave
peaks with similar amplitudes. *e single dominant fre-
quency method is used to show the change of the single
maximum energy frequency in the rock loading process,
which cannot reflect the concentrated frequency band of
the ultrasonic energy more effectively and truly. *is
paper introduces the centroid frequency that describes the
frequency weighting characteristics in the whole fre-
quency band range:

fc �



N

i�0
fi A fi( 


Δf



N

i�0
A fi( 


Δf

, (3)

where fc is the centroid frequency, fi the is ultrasonic
frequency, A(fi) is the amplitude corresponding to the
ultrasonic frequency fi, and Δf is the frequency increment.

*e centroid frequency reflects the energy distribu-
tion of different frequency bands in the whole uniaxial
loading process of rock. Figure 9 shows that CH2, CH3,
and CH4 centroid frequency change and the four stages
of typical amplitude-frequency characteristic in rock
loaded process. Figure 9 shows the following: (1) Crack
closure stage: the centroid frequency of CH2 and CH4
P-wave and CH3 S-wave is rapidly rising, showing that
crack closure is more conducive to the spread of high-
frequency wave; both the transmitted P-wave and S-wave
exhibit multipeak amplitude-frequency characteristics,

but the different frequency energy distribution of CH3
S-wave is relatively uniform. (2)*e elastic stage: CH2,
CH3, and CH4 centroid frequency are relatively stable,
showing that the ultrasonic energy of different frequency
distribution almost does not change, but the high-fre-
quency component of CH3 S-wave is more abundant
than CH2 and CH4 P-wave; S-wave centroid frequency
concentrated on 115000 Hz, significantly higher than
CH2 and CH4 P-wave, that are near 96000 Hz, increased
by 19.8%. (3) Stable crack growth stage: the initiation of
microfractures has not yet produced attenuation effect
on high-frequency waves, and the amplitude-frequency
characteristics of transmitted P-wave and S-wave is al-
ways in a multipeak state, but the peak values are re-
duced. (4) Unstable crack growth stage: the centroid
frequency of P-wave and S-wave dropped rapidly and the
multipeak amplitude in the amplitude-frequency also
decreased significantly, indicating that the crack ex-
pansion had a significant attenuation effect on the high-
frequency ultrasonic wave. CH2 and CH4 P-wave, on the
eve of rock sample destruction, due to the rapid devel-
opment of crack in the rock, multiple scattering, re-
fraction, and reflection effects on the P-wave
transmission, the energy attenuation of the P-wave de-
cays significantly, resulting in the rapid attenuation of
energy in the whole frequency band of the P-wave; the
CH3 S-wave in the late of the unstable crack development
stage, although the centroid frequency is higher, but the
actual high-frequency energy has tended to have more
uniform distribution of low energy, and there is only
low-frequency single-peak phenomenon. Amplitude–
frequency characteristics of granite no. 1–5 on the eve of
failure are shown in Figure 10; for ease of expression, the
amplitude has been normalized, and it indicates that
there is a single low-frequency ultrasonic wave in S-wave,
which is highly sensitive to rock at this stage. At the same
time, the amplitude–frequency characteristics of the
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S-wave before the failure of rock show the phenomenon
of changing from the multipeak state in the wide band to
the single-peak state in the low band, which is of great
practical significance for the identification damage stage
and failure prediction of the granite.

*e centroid frequency and the amplitude-frequency of
granite sample at crack closure stage and unstable crack
growth stage showed good sensitivity, but elastic stage to
stable crack growth stage shift characteristics is not obvious.
Based on the above plain measurement method and the
highly sensitive characteristics of S-wave damage in CH1-
CH3 region, the variation law of S-wave in CH1-CH3 region
during the whole loading process of rock samples was
further analysed. Figure 11 shows the dominant frequency
variation during the whole loading process of the granite
samples. *e S-wave in the CH1-CH3 region changed from

the elastic phase ii to the stable crack growth stage iii; with
the emergence of the crack, the dominant frequency de-
creased by 6%.

*e above comparison of various ultrasonic wave
spectrum characteristics showed that the dry-coupled
ultrasonic wave level test method(CH1-CH3) only needs a
single test surface for monitoring, which is suitable for the
arrangement of core and borehole, and is more widely
applicable to the working environment than at least two
test surfaces of the opposite direction method (CH1-CH2,
CH1-CH4). Besides these, in the later of the unstable
crack growth stage, the amplitude-frequency character-
istics of the S-wave were changed from the wide-band
multipeak state to the low-band single-peak state, which
provided data and technical support for the identification
of damage stage and failure prediction of rock.
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3. Engineering Application

Rock deformation occurs under in situ stress conditions.
When the stress is released, part of the core deformation is
recovered instantly, which is an elastic deformation, while
the other part of the deformation does not immediately
reach the elastic deformation value, but has a relative
hysteresis process. Such deformation is called non(-
hysteresis) elastic recovery deformation. It is difficult to
obtain in the in situ stress measurement, so people use
nonelastic recovery deformation to carry out in situ stress
measurement, that is, “anelastic strain recovery” method
(ASR method).

3.1. Field Time-Effect Strain Monitoring. In this paper, the
rock of Boshula tunnel of Sichuan-Tibet Railway is taken as
the research object. *e rock core is located at Borehole
2DSSZ-28, Boshula tunnel. Rock core depth is
714.4m∼715.3 (vertical hole); lithology is metamorphic
sandstone.

Strain gauges are immediately affixed to the newly
extracted core to measure the strain recovery of the core
with time. A total of 3 strain gauges are attached at the
same annular interval of 120° for each core, as shown in
Figure 12. A0°, A45°, A90°, and A135° are strain gauges in
four directions, respectively. A0° is axial strain gauge and
A90° is circular strain gauge. *e strain gauge should be
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Figure 9: Centroid frequency and amplitude–frequency characteristics of granite sample at three locations under uniaxial loading: (a) CH2;
(b) CH3; and (c) CH4.
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more than one diameter from both ends of the core to
prevent end effect. *e strain data acquisition interval
was 10 min, and the anelastic change was stable until
96 h.

P-wave velocity were recorded at two points at an in-
terval of 90° in the core annulus and then measured and
recorded at the same measuring point every 12 hours, stable
until 96 h.

*e influence of temperature was removed from the strain
recorded on-site, combined with the average wave velocity, as
shown in Figure 13. Combinedwith Section 2.3, the ultrasonic
wave velocity is basically stable in the elastic deformation
process of the rock. But the continuous decrease of ultrasonic
wave velocity appears in the time-effect deformation process
of the rock on-site, indicating the existence of damage caused
by the time-sensitive deformation process of the rock.

3.2. Rock Time-Effect Deformation Test. In order to further
verify whether there is damage strain in the field time-effect
strain, in situ stress was applied to the field rock sample
through indoor test, compared with the springback values of
axial strain in unloading on-site and indoor test.

*e self-developed anelasticity load instrument, as
shown in Figure 14, realizes the long-term uniaxial
constant load test of rock samples. *e rock samples
retrieved from the site are processed into 64 ×128mm
samples that meet ISRM standards. *e rock sample is
installed on the anelasticity constant load instrument, and
the time-effect strain data collector is used to collect the
time-effect strain data of the rock sample. *e strain
collection interval of the test is 10 minutes. *e measured
value of in situ hydraulic fracturing in situ stress is
19.19MPa, which is limited to the loading limit of the
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Figure 12: Arrangement of rock core strain gauge on-site.
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Figure 14: Rock time-effect loading equipment.
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equipment. When loading in the design laboratory, first
use 5MPa constant load for 96 hours then increase the
constant load pressure to 15MPa and keep it for 72 hours.
Unloading was carried out immediately after the exper-
imental loading process was completed. After unloading,
time-effect strain recovery data was collected for 72 hours.

Figure 15 shows the time-effect strain of the rock sample
in the laboratory test. When it is loaded to 15MPa, the
average hoop strain was 176 με, and the average axial strain is
293 με. Compared with the strain in situ stress 19.19MPa,
the average hoop strain was 1702 με, axial strain on average
was 783 με; with indoor test and field monitoring, the axial
and hoop strain value order of magnitude, the difference is
bigger; indoor test does not reproduce the time-effect de-
formation on-site, showing that there is damage deforma-
tion in unloading time-effect deformation. At the same time,
the damage development is consistent with the continuous
decrease of the wave velocity monitoring value, which
proves that the ultrasonic wave velocity can monitor the
damage evolution of the rock on-site.

4. Conclusions

In this paper, based on the dry-coupled point-contact ul-
trasonic monitoring system suitable for a variety of rock
curvature, the stage transition characteristics and failure
precursors of P-wave and S-wave at different positions of
granite samples during uniaxial compression to failure were
studied and verified by field engineering. *e main con-
clusions are as follows:

(1) *e P-wave velocity of CH1-CH2, CH1-CH4 and
S-wave velocity of CH1-CH3 increased by 6.92%,
5.47%, and 4.04%, respectively, from the rock crack
closure stage to the elastic stage, decreased by 5.17%,
10.37%, and 3.83%, respectively, from the stable
crack growth stage to the unstable crack growth
stage. *e two waveforms showed obvious con-
vertibility in the two stages transitions, and the ve-
locity of the wave near the region of loading rose at a
significantly higher rate than that of the rock as a
whole; however, from the elastic stage to the stable

crack growth stage, both the P-wave and S-wave
velocities decreased by less than 3.6%, and the
transition characteristics were not significant. *e
effectiveness of ultrasonic wave velocity in charac-
terizing rock damage has been verified by in situ
unloading time-effect deformation.

(2) *e P-wave first arrived amplitude of CH1-CH2,
CH1-CH4 and S-wave first arrived amplitude of
CH1-CH3 increased by 104.2%, 58.6%, and 77.6%,
respectively, from the rock crack closure stage to the
elastic stage. From the elastic stage to the stable crack
growth stage, the P-wave amplitude was flat, S-wave
amplitude decreased by 16.2%, and then in the
unstable crack growth stage, S-wave amplitude de-
creased by 39.1%, far higher than 18.4% and 5.6% of
the P-wave of CH1-CH2 and CH1-CH4.

(3) *e P-wave centroid frequency of CH1-CH2, CH1-
CH4 and S-wave centroid frequency of CH1-CH3
increased by 8.6%, 12.1%, and 12.3%, respectively,
from the rock crack closure stage to the elastic stage.
But from the elastic stage to the stable crack growth
stage, the variation was less than 1%, showing no
significant change feature, but in the unstable crack
growth stage, the three were of significant decline;
S-wave was the most significant, with a drop of
25.4%. On the eve of failure, P-wave amplitude–
frequency characteristics showed that the full-fre-
quency amplitude decays rapidly.

(4) P-wave and S-wave velocity first arrived amplitude
and centroid frequency of rock sample in crack
closure stage, elastic stage and unstable crack growth
stage showed significant change features, but from
the elastic stage to the unstable crack growth stage,
only S-wave dominant frequency shows obvious
change features, reaching 6% decline, which is highly
sensitive to the crack initiation. And on the eve of
failure, S-wave amplitude-frequency characteristics
are different from P-wave, showing the change
feature from the state of multipeak in wide frequency
to the state of single peak in low frequency; centroid
frequency and amplitude–frequency characteristics
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of S-wave have important practical significance for
the identification of damage stage and failure pre-
diction of rock based on ultrasonic monitoring.
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0rough the analysis of the project of gob-side entry retaining in the deep gangue filling 2305S-2# working face of the Xinjulong
coal mine, the principle and technology of surrounding rock control of gob-side entry retaining along the deep mining face are
discussed. It is found that the use of gangue to fill the goaf of the deep mining face can effectively alleviate the occurrence of violent
strata pressure, which is the basis for realizing entry retaining along the goaf. In the Xinjulong coal mine, the gangue wall and
concrete-filled steel tube columns are used as roadside support structure. Anchor bolt +W steel belt are used as advance support,
monomer column+hinged beam are used as temporary support, and long anchor cable + beam are used as permanent support.
Gob-side entry retaining of deep mining working face is successfully realized. 0e actual measurement results show that the
bearing capacity of gangue wall increases slowly, and the deformation is large. 0e concrete-filled steel tube column has a certain
drilling bottom, and the roof cable is easily broken on the side of the remaining roadway. It is necessary to strengthen the lateral
constraint of the gangue wall, limit the deformation of the gangue wall, and improve the bearing capacity of the gangue wall. 0e
bottom of the concrete-filled steel tube column needs to be installed with a large backing plate to control the bottom drilling
amount, and the roof anchor cable of the roadway must have a certain elongation to realize the coordinated deformation of the
anchor cable and the roof.

1. Introduction

China is rich in coal resources as it is the world’s largest coal
mining country; however, the loss rate of resources in the
process of coal mining is high. 0e coal lost by coal pillar
accounts for 30%∼40% [1, 2]. 0e coal pillar not only wastes
a lot of valuable coal resources but also causes stress con-
centration affecting the stability of the surrounding rock
[3, 4]. Along the goaf, roadway technology is the key factor to
realize coal pillar-free mining in the working face, which
improves the recovery of coal mining and relieves the

replacement tension of the working face [5–7]. Since the
1970s, China has applied the technology of retaining
roadway along the goaf and has made remarkable progress
in the form, structure, and material of supporting, which has
been successfully popularized and applied in the thin and
medium thick coal seam mines with shallow buried depth
[8–10]. With the depletion of shallow coal resources, more
and more deep coal mining is started. In deep coal mining,
there are still some difficulties in the technology of retaining
roadway along goaf, such as rockburst, air leakage in goaf,
and spontaneous combustion, resulting in frequent mine
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disasters, and thus it seriously restricted the application of
the technology in deep coal mining [11, 12]. In terms of
overburden structure, roof fracture position and rotation
angle of deep gob-side entry retaining are obviously different
from those of shallow gob-side entry retaining [13, 14].
When the mining depth is less than 500m, the length of the
“cantilever beam” and support strength are the main factors
affecting the stability of surrounding rock in gob-side entry
retaining. When the mining depth exceeds 500m, the in-
fluence of themining depth gradually increases [1, 15]. In the
aspect of retaining roadway wall materials, there are paste
material filling, high water material filling, ordinary concrete
material filling, and gangue filling. 0e paste material is
mainly composed of silicate, sand, fly ash, water, and ad-
ditives. As a roadside support structure, it includes material
preparation, transportation, formwork erection, and filling.
0e determination of relevant parameters of paste material is
affected by multiple factors [16]. Because high water material
has the advantages of fast maintenance, large postpeak
deformation, and high bearing capacity, the roadside sup-
port structure is often used for water filling construction
[17]. As a filling structure beside the roadway, ordinary
concrete has the advantages of high final setting strength,
low labor intensity, low cost, and making full use of gangue
to reduce the discharge of gangue, but it has the disad-
vantages of long initial setting time and low initial strength
[18]. In terms of surrounding rock deformation, the sur-
rounding rock of gob-side entry retaining in deep mine has
the characteristics of rapid deformation, large deformation,
and long-term rheological deformation, which is an im-
portant reason for the difficulty of retaining roadway along
goaf in deep mine [19, 20]. 0erefore, scholars at home and
abroad have done a lot of research on surrounding rock
control of gob-side entry retaining in deep mine. For ex-
ample, the ground pressure behavior law of gob-side entry
retaining in deep mine, the process of roof rock movement
of gob-side entry retaining, the stress distribution charac-
teristics of filling wall, and the control design of support
resistance of roadway side filling body are discussed.

Currently, the mining depth of the Xinjulong coal mine
of Shandong Xinwen Mining Group has exceeded 900m,
and the coal body and roof belong to weak impact tendency
coal rock mass. 0e research has successfully realized the
gob-side entry retaining of 2305S-2# working face under the
condition of weak impact in deep mine, which provides
valuable experience for deep coal mining.

2. The Technology of Gob-Side Entry
Retaining in the Deep Gangue Filling Face

2.1. Geological Conditions. 0e Xinjulong coal mine is about
12 km long from north to south, 15 km wide from east to
west, with an area of about 180 km2. 0e position distri-
bution is shown in Figure 1.0e geological reserves are 1.477
billion tons, and the recoverable reserves are 510 million
tons. Adopting vertical shaft development method and fully
mechanized caving mining method, the design and pro-
duction capacity is 6 million t/a, and the service life is 82
years.0emain types of coal are fat coal and 1/3 coking coal,

which belong to high-quality coking coal with low ash, low
sulfur, low phosphorus, and high calorific value.

0e 2305 S-2# gangue filling face of the Xinjulong coal
mine is located in the southern wing of −810 level second
mining area. 0e strike length of the working face is 239m,
the inclined length is 120m, and the buried depth is
920–974m, which belongs to deep well mining. No. 3 coal is
mainly mined in the 2305 s−2 filling face, which is divided
into 3 upper coal and 3 lower coal. 0e thickness of 3 upper
coal is 2.3∼3.9m, with an average of 3.06m, and the
thickness of 3 low coal is 3.0∼6.0m, containing 3.9–19.3m
gangue. 0e 3 upper coal is stable coal seam with a dip angle
of 7–10° and Proctor hardness coefficient f� 1.59. 0e
working face top and bottom plate situation is shown in
Table 1.

Considering the mine is deep with high geostress, the
longwall comprehensive mechanized filling mining method
is adopted in the 2305s-2# working face of the Xinjulong coal
mine to reduce stress concentration and consume under-
ground gangue. 0e double drumMG300/730-wd shearer is
used to cut and load coal, and the cutting depth is 0.6m. 66
groups of zc9000/20/38 hydraulic filling supports are
arranged in the middle of the working face, and one
zcg9000/20/38 filling transition support is set at the upper
and lower ends, respectively. 0e underground coal gangue
separation system is used to separate the coal and gangue.
0e gangue is transported to the working face by belt and
then transported and filled by the SGZ730/400 scraper
conveyor suspended behind the hydraulic support of the
working face. 0e bottom of the scraper conveyor is pro-
vided with a gangue unloading hole, and the filling gangue is
unloaded to each filling point for repeated unloading and
filling. Under the action of the oil cylinder, the gate plate of
the gangue discharging hole can be opened and closed along
the running direction of the vertical groove, and the gangue
filling can be adjusted. At the same time, the gangue is
pushed and rammed by tamping rod to make the gangue
connected to the top.

Process flow: the coal machine cuts coal to the head or
tail of the chute⟶ pulling frame⟶ pushing forward
sliding⟶ straightening the multihole bottom unloading
conveyor⟶ starting the multihole bottom unloading
conveyor⟶ starting the gangue conveying belt of the
working face⟶ filling the working face⟶ stopping the
gangue conveying belt⟶ stopping the multihole bottom
unloading conveyor⟶ cleaning.

2.2. 4e Gob-Side Entry Retaining Plan in the Deep Gangue
Filling Face. In the 2305S-2# waste rock filling working face
of the Xinjulong coal mine, the gangue bag barrier and
concrete-filled steel tube column were used as side support
structure for gob-side entry retaining. 0e thickness of the
gangue wall is 3.0m, the reinforcement mesh is hung on
both sides of the gangue wall, 3.5m anchor rod is reserved in
the gangue wall, andW steel belt and metal mesh are used to
lock the gangue wall. 0e gangue bags are staggered to
ensure the sufficient stubble between the bags and ensure the
density of the gangue wall. Concrete-filled steel tubular
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columns are set along the roadway direction at 0.5m away
from the gangue wall, and the column spacing is 2.0m. 0e
concrete-filled steel tube column is made of φ159mm
seamless steel tube, and the two ends are sealed and filled
with cement. 0e wall thickness is 6mm, and the height is
3.8m. After the concrete is fully mixed, it is transported to
the steel pipe inlet through the wet shotcreting machine
and conveying pipe, and the concrete is poured into the
steel pipe column from the bottom to top. Sleepers are
padded on the top of concrete-filled steel tubular columns
for yielding. 0e height of wooden sleepers is 0.2m, as
shown in Figure 2.

2.3. Surrounding Rock Control of Gob-Side Entry Retaining

2.3.1. Support in Front of Roadway along Goaf. 0e roadway
under the 2305 S-2# working face is the roadway for gob-side
entry retaining, which is used as the return air roadway of
the lower section working face. As an auxiliary transport
roadway, the roadway is mainly used for coal gangue and air
intake and auxiliary material transportation and pedestrians.
0e net width of roadway is 4.8m, the net height is 4.0m,
and the net section is 19.2m2. 0e roof is supported by the
MSGLW-600-Φ22× 2500mm nonlongitudinal rib-ribbed
steel-type resin bolt with a W steel-bar-pressed steel mesh.

Table 1: Table of coal seam roof and floor.

Name of
strata Name of rock 0ickness

(m) Lithologic description

Basic ceiling Siltstone 2.30
Grayish black, horizontal bedding, upper homogeneous, lower with fine sandstone grain
layer. Pyrrhotite film on lower layer. Vertical fissures developed, filled with pyrite and

calcite, and the upper part contains abundant plant rhizomes and clastic fossils.

Direct top Middle
sandstone 17.80

Gray, thin layer, the main components are quartz, feldspar, particle sorting medium,
subcircular, basal type muddy cementation, local development of siderite clams, layered
distribution, forming vein-like bedding, vertical small fissures, filling pyrite film or calcite,

and the core is relatively broken.

3 upper coal — 2.45
Black, brown-black stripe, glass luster, mainly bright coal, secondary dark coal, containing
more mirror coal, occasionally exists silk charcoal, belonging to semibright briquette.

Endogenous fissures are extremely developed.

Gangue

Mudstone 1.45 Black, blocky, homogeneous, carbonaceous, flat fracture. Fracture development, filling
pyrite and calcite. Rich in plant roots and leaf fossils, local carbonization.

Fine sandstone 4.90
Gray, thin layer, rich in plant stem and leaf fossils and root fossils, common mirror coal
strip and coal line, and oblique small cracks are seen and are filled with pyrite film or

scattered crystal

Mudstone 1.12 Black, horizontal bedding, flat fracture surface, uniform, coal clip, rich in plant stem and
leaf fossils

3 lower coal —

2.48 Black, brown-black stripe, glass luster, mainly bright coal, secondary dark coal, containing
more mirror coal, occasionally exists silk charcoal, belonging to semibright briquette.

Endogenous fissures are extremely developed and fragile. 0e bottom coal quality becomes
worse. 0e gangue is carbonaceous mudstone and lumped.

1.80

0.27

Counterfeit Sandy
mudstone 2.00 Dark gray, homogeneous block, flat fracture, containing rhombic nodules, with vertical

fractures, filled calcite, core broken.

Direct
bottom Fine sandstone 4.40

Gray, thin layer, even siltstone thin layer, develop slow wave-like bedding, and vein-like
bedding and pyrite thin film are seen and scattered crystal on the bedding surface; the local

particle size is slightly coarse, muddy inclusions or muddy stripes
Old age Mudstone 1.30 Black, horizontal bedding, flat fracture, homogeneous, rich in plant stem and leaf fossils.

WanFu mine field
GUO Tun mine field

Zhao Fu mine field
Long gu mine field

Yun Cheng mine field

North

Figure 1: Distribution of the coal field in Juye.
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0e two sides use MSGLD-335 of 2500mm of strong rebar
type resin bolt, the upper side uses the W steel strip, the
lower side uses the belt-type anchor belt and biaxial tensile
plastic mesh joint support, and the supporting form before
leaving the roadway is shown in Figure 3.

2.3.2. Temporary Support for Gob-Side Entry Retaining.
With the working face advancing, the roof of the adjacent
goaf of the lower roadway is suspended. In order to ensure
the space of the roadway along the goaf, the single joint
hinged roof beam is used for temporary support at the rear
of the tail beam of the working face support with one beam
and two columns. 0e movable column quantity of a single
hydraulic prop shall not be less than 0.5m, and the initial
supporting force shall not be less than 90 kN. 0e direction
of the hinged top beam is adjusted according to the distance
of the empty roof of the tail beam. A row of isolated single
pillars, one beam and one column, are set up at 0.5m inside
the gangue wall, and gangue bags are used to build a
retaining wall between the individual buildings to prevent
the waste rock from channeling and injuring people in the
old goaf. Two rows of monomer, one beam and one column,
with a row spacing of 0.8m and a filling side of 0.5m, are
supported outside the gangue wall. 0e maximum distance
between the last single supported on both sides of the gangue
wall and the tail beam of the support shall not exceed 3m, as
shown in Figure 4.

2.3.3. Permanent Support for Gob-Side Entry Retaining.
Under the influence of mining, it is necessary to strengthen
the anchor cable truss beam between the leading frames of
the lower roadway, install the vertical roof of the middle
anchor cable, deflect the anchor cable from both sides at a
certain angle, and connect with truss along the roadway
direction, one with two cables. Using a Φ21.8× 6300mm
high prestressed anchor cable, the anchor cable is arranged
between the roof steel belt of roadway, and the distance
between anchor cables is 2.0×1.0m. 0e anchorage length
of the 3 anchorage rolls is less than 1.5m, and the anchoring
tension pretension force should be controlled at 80–100 kN.
After the construction of anchor cable, the design anchoring

force of the single anchor cable should be more than 150 kN.
Diamond net is laid in front of 1–4 supports at the lower end
of the working face, which is laid along with pushingmining.
0e hanging metal mesh is also used to protect the surface of
the solid coal wall, and anchor cable truss beam is used for
strengthening support. 0e anchor cable is installed verti-
cally to coal wall, and one beam and three cables are used to
prevent spalling failure of solid coal under high bearing
pressure. 0e permanent support structure is shown in
Figure 5.

After the construction of the gangue wall, the reserved
anchor rod shall be tensioned at the position of 5m behind
the tail beam of the support, and the tensile force shall not be
less than 20 kN. When the tail beam of the support is 20m
behind, the anchor rod or anchor cable shall be tensioned
twice, and the tension shall not be less than 50 kN.0e lateral
restraint of gangue wall is strengthened, the gangue wall
bearing is made as soon as possible, and the bearing capacity
of gangue wall is improved.

3. EffectofGob-SideEntryRetaining in theDeep
Mine Gangue Filling Working Face

3.1. Expansion Deformation and Stress Monitoring of Gangue
Walls. An off-layer apparatus is installed horizontally on the
gangue wall 50m from the cut hole tomonitor the expansion
and deformation of the gangue wall. Two layers were in-
stalled at each station, the ground height being 2m and 3m,
respectively. At the same time, the pressure box is installed in
the stone wall body to monitor the wall pressure of the
retaining gangue in real time. Two pressure boxes (1# and 2#)
were installed in each group of stations with a spacing of
0.8m, 1.0m from the bottom plate, and 1.5m installation
depth. 0e installation and monitoring results of the mea-
suring points are shown in Figure 6.

0e deformation of the measuring point 2m above the
ground in the gangue wall changes step by step with the
advance of the working face. Within 40 days after the in-
stallation of the measuring point, the deformation of the
gangue wall gradually increases slowly, and the maximum
expansion deformation is only 15mm. On the 41st day of
monitoring, the deformation of gangue wall suddenly

(a) (b) (c) (d)

Figure 2: Ribs support structure of gob-side entry. (a) Overall effectiveness. (b) Gangue wall. (c) Concrete-filled steel tube columns. (d)
Press square wood.
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increased to 25mm and then increased steadily. 0e final
expansion deformation at 2m is 35mm. Along with the first
10 days of working face advancing, the lateral deformation of
the gangue wall is very small. It increases approximately
linearly from the 11th day, slows down at about 40th day,
increases again at the 90th day, and reaches 120mm at the
160th day. Because of the roof subsidence and compression,
the upper wall is loaded first and then transferred to the
lower part, resulting in the uneven deformation charac-
teristics of the upper part of the gangue wall, which is faster
than that of the lower part.

With the increase of time, the stress of the wall increases
gradually. About every 10 days, the stress of No. 1 measuring
point increases by 0.1MPa. After the stress increases to
0.4MPa, the stress increases to 0.5MPa after 40 days. 0e
stress change trend of No. 2 measuring point is basically the
same. In the process of the gangue wall being compressed,
the gangue will be broken again, and the bearing capacity of
the gangue wall will increase gradually. 0e secondary

crushing of the gangue leads to the “step-type” change of
internal stress in the wall. With the increase of time, the
stress of the wall increases gradually. About every 10 days,
the stress of No. 1 measuring point increases by 0.1MPa.
After the stress increases to 0.4MPa, the stress increases to
0.5MPa after 40 days. 0e stress change trend of No. 2
measuring point is basically the same. In the process of the
gangue wall being compressed, the gangue will be broken
again, and the bearing capacity of the gangue wall will in-
crease gradually. 0e secondary crushing of gangue leads to
the “step-type” change of internal stress in the wall.

3.2. Monitoring of CFST BottomDrilling. 0e concrete-filled
steel tube (CFST) column, which is one of the supporting
structures beside the roadway, has no shrinkage property
because of the rigid column itself. 0erefore, a yielding
sleeper is set at the top of the column for yielding. At the
same time, the concrete-filled steel tube column drilling

1#
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2#

3#

Isolation pillar

Advanced hydraulic support Concrete-filled steel tubular column

Anchor cable
¦µ21.8¡Á6300mm

Gangue wall

Hydraulic
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Figure 4: Temporary support of gob-side entry.
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under pressure also has the pressure yielding effect to a
certain extent. However, if the drilling amount of concrete-
filled steel tubular column is too large, the support resistance

of the column is insufficient. 0erefore, by drawing a mark
line at 1.0m above the bottom of the concrete-filled steel
tubular column and periodically observing the distance
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Figure 6: Stress and deformation characteristics of the gangue wall. (a) Expansion deformation. (b) Stress monitoring.
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Figure 5: Permanent support of the reserved roadway.
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between the mark line and the bottom plate of the reserved
roadway, the drilling amount of the concrete-filled steel tube
pillar is calculated, and its supporting effect is compre-
hensively evaluated. Starting from the cut hole, the concrete-
filled steel tube is numbered as No. 1, No. 2, No. 3, ......, in
turn. 0e monitoring results are shown in Figure 7.

0e bottom drilling amount of the CFST column in-
creases step by step with themonitoring time, and the overall
trend changes in the logarithmic form. It shows that the
bottom drilling amount of the concrete-filled steel tube
column tends to be stable when the drilling amount in-
creases to a certain extent. It can not only achieve a certain
degree of yielding pressure but also provide enough support
resistance to achieve better roadway retaining effect.

3.3. Stress Monitoring of Roof Anchor Cables. 0e anchor
cable stress sensor is installed at the roof anchor cable 50m
away from the cut hole to monitor the stress change of the
roof anchor cable. 0e results are shown in Figure 8.

It can be seen from the figure that the stress of No. 1–3
anchor bolts from the top to the bottom of the gangue wall is
relatively small at the initial stage of installation at 50m away
from the cutoff. 0e stress of No. 1 and No. 2 anchor bolts is
about 8 kN and that of No.3 anchor bolt is about 4 kN. With
the working face advancing mining, the stress of the gangue
wall anchor has an increasing trend, but the increasing range
is small. 0e maximum value of No. 2 bolt installed in the
middle of the gangue wall is about 12 kN. 0e roof anchor
cable at 50m away from the cutoff hole has large stress. 0e
roof anchor cable is numbered 1–3 from the gangue wall side
to the solid coal side.0emaximum stress of the roof anchor
cable is 221.2 kN, 233 kN, and 233 kN respectively When the
distance from the working face is 19.8m, 30m, and 42m, the
maximum value is reached. 0e stress of No. 1 anchor cable
on the side of gangue wall reaches the maximum value and
then drops sharply. 0e force of No. 2 anchor cable in the
middle of the roof reaches the maximum value, and then it
begins to decline after 12 days. 0e stress of No. 3 anchor
cable on solid coal side reaches the maximum value and
keeps stable. After gob-side entry retaining, the subsidence
of the roof near the goaf is large, and the elongation of the
anchor cable is insufficient, which leads to the failure of the
anchor cable. 0e roof subsidence near the solid coal side is
small, and the anchor cable can maintain constant support
resistance.

3.4.OverallEffectofGob-SideEntryRetaining. 0eXinjulong
2305S-2# waste rock filling working face adopts gangue wall
and steel tube concrete to retain roadway along goaf. When
the working face advances 100m from the cut, the defor-
mation of gangue wall, solid coal slope, roof, and floor at
50m away from the cut is shown in Figure 9.

After the working face is pushed, the deformation of
gangue wall and solid coal side is not large, the roof integrity
is good, and the subsidence is small, but the floor heave is
large, so it is necessary to strengthen control, but the de-
formation of surrounding rock of roadway retaining is

generally within the controllable range, and the roadway
retaining along goaf in deep mine is successful.

4. Discussion

4.1. Mechanism of Gangue Filling in the Deep Mine Face.
Due to the large buried depth, high stress, and severe mining
disturbance in the deep mine working face, it shows severe
ground pressure behavior. 0is is the main reason for the
difficulty of retaining roadway along goaf in deep mine. Two
key problems to realize gob-side entry retaining in deep
mine face are to alleviate the severe ground pressure be-
havior and control the surrounding rock stability of gob-side
entry retaining in deep mine face. 0e reasons for the severe
ground pressure behavior in deep mine face are as follows:
on the one hand, the high geostress in deep mine; on the
other hand, the severe overburden movement caused by
strong mining. Filling the goaf with gangue is an effective
technical means to effectively alleviate the ground pressure
behavior in the deep mine face. After 2305S-2# gangue
filling, the working resistance of hydraulic support is shown
in Figure 10. 66 sets of hydraulic supports in the working
face are numbered from return air drift to transportation
roadway and are divided into three areas. Taking the average
value of hydraulic supports in each area, it can be seen that
the working resistance of hydraulic supports in the three
areas are within the rated working resistance range of
supports, and there is no sharp increase in stress. It shows
that the severe ground pressure behavior of gangue filling
face has been effectively alleviated, which lays a foundation
for gob-side entry retaining.

4.2. Principle of Gob-Side Entry Retaining in the Deep Mine
Face. With the mining of the working face, the surrounding
rock of the direct roof experienced stress concentration and
mining unloading, resulting in cracks, deformation, and
caving. When the ultimate span of the main roof is reached,
the main roof will break, rotate, and touch the gangue. After
the main roof strata are broken, the large rock masses
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squeeze and bite each other in the process of rotation and
subsidence, forming a relatively stable “masonry beam”
structure under certain conditions [21]. After the over-
burden of goaf is broken, a cantilever beam structure is

formed at the lateral edge of the goaf. Because the “masonry
beam” structure is formed in the main roof “cantilever
beam” rock block, the surrounding rock under the “canti-
lever beam” of the main roof is in the state of stress
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Figure 9: Effect of gob-side entry retaining.
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reduction.0e roadway along the goaf is left in the pressure-
relief area under the “cantilever beam,” so that the sur-
rounding rock of the roadway retaining roadway does not
have to bear the high stress caused by deep mining use.
However, the stability of surrounding rock of gob-side entry
retaining is affected by the main roof “masonry beam.” 0e
failure and subsidence of the main roof will cause the co-
ordinated subsidence of several upper strata controlled by
the main roof. Every collapse of the overlying rock in the
stope will produce certain stress disturbance, which will
affect the stability of the surrounding rock of roadway
retaining [22, 23]. However, the length of the cantilever
beam formed by the collapse of the overlying strata to the
goaf increases with the increase of the height of the collapsed
strata. If the overlying strata are farther from the coal seam,
the influence of the collapse of the overlying strata on the
surrounding rock of the retained roadway will gradually
decrease. With the passage of time, the “cantilever beam” of
the main roof may break and rotate, and the gangue filling in
the goaf will slow down the fracture and rotation of the
“cantilever beam” of the main roof. At the same time, the
roadway side support body needs to have certain support

resistance and collaborative deformation ability, so that the
rock block after the “cantilever beam” is broken can rotate
slowly and keep stable after a certain rotation angle. 0e
overlying rock structure of gob-side entry retaining is shown
in Figure 11.

5. Conclusions

Taking the 2305S-2# deep shaft working face in the Xin-
julong coal mine of Shandong Province as an example, the
principle and technology of gob-side retaining in deep mine
waste filling face are discussed:

(1) Using gangue to fill the goaf of deep mine working
face, the working resistance of the hydraulic support
of the working face is within the range of rated
working resistance, and there is no large stress
fluctuation, which can effectively alleviate the severe
ground pressure behavior of the deep mine working
face, and provide the basis for gob-side entry
retaining in the deep mine working face n.

(2) Bolt +W steel belt is used for support in front of gob-
side entry retaining in the deep mine gangue filling
working face. Gangue wall and concrete-filled steel
tube column are used as roadside support structure.
Single body and hinged roof beam are used for
temporary support. Long anchor cable and beam are
used for permanent support to control solid coal side
of roof. Gob-side entry retaining in the deep mine
working face is realized successfully.

(3) 0e monitoring results of gob-side entry retaining in
deep mine show that the deformation of gangue wall
is uneven after loading, and the internal stress of
gangue wall is characterized by increasing “step-
type” resistance, and the resistance increase is slow.
0erefore, it is necessary to strengthen the lateral
restraint after bearing for a certain time to ensure the
stability of the gangue wall.

(4) 0e cantilever beam of gob-side entry retaining in
the deep mine face breaks and rotates after retaining
roadway. 0e roof subsidence on one side of the
gangue wall is large, and the roof anchor cable should
have a certain elongation to realize the coordinated
deformation of the anchor cable and roof.

(5) 0e bottom drilling amount of the concrete-filled
steel tube column increases step by step and grad-
ually tends to be stable with the increase of time.
However, the deformation of roadway floor along
goaf is large, so it is necessary to increase the contact
area between concrete column and floor and
strengthen floor heave control.

Data Availability

0e data used to support the findings of this study are in-
cluded in the article, which are based on the geological data
of the site.
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Based on the study of the movement rule of the rock strata under the influence of the mining speed in the typical working face of
Dongjiahe coal mine, the distribution of microseismic events and the variation characteristics of microseismic parameters in the
slow and fast advancing stage are compared and analyzed, and the mechanism of the rock strata activity under the influence of the
mining advancing speed is revealed from the perspective of the microfracture. ,e results show that the movement of the roof
strata and the stress adjustment of surrounding rock have certain timeliness. ,e maximum advanced distance of microseismic
events in the slow and fast stages is 185m and 130m, respectively, and the maximum lag distance of microseismic events in the
goaf is 120m and 180m, respectively.,e time of stress adjustment of surrounding rock is short, and the load transfer of the roof is
insufficient. ,e advanced distance of microseismic events is increased, and the lag distance decreases. ,e percentage of
microseismic events in the total number of events is 47% and 38%, respectively, in the slow and fast stages of advancing. With the
increase of mining speed, the intensity of roof strata activity in the goaf is weakened. ,e rock failure decreases and the volume of
broken block increases, and roof collapse and rotary subsidence are insufficient. During the nonpressure period, the maximum
development elevation of microseismic events is +350m and +300m, respectively, in the slow and fast stages, while with the
development elevation of microseismic events in the roof pressure near +390m, increasing the mining speed cannot change the
final failure height of the overburden. During the analysis period of roof pressure, the concentrated release of microseismic energy
in the faster stage is 183% of that in the slower stage. ,e increase of large moment magnitude event frequency leads to the
decrease of b value. ,e risk of roof instability and strata behavior increases.

1. Introduction

Under the condition that the working face is safe and
ventilation is permitted, changing the speed of pushing is
an effective measure to increase the output rate of single
working face. However, the development, expansion, and
ultimate stability of surrounding rock fractures need some
time [1, 2]. ,e change of driving speed often leads to roof
strata movement, and ore pressure appears abnormal,
which has adverse effects on working face pressure and
roadway support [3]. ,erefore, it is of great significance
to study the influence rule of pushing speed on the roof
strata movement.

,e change of mining speed has a direct impact on the
subsidence and subsidence velocity of the main roof,
resulting in the occurrence of rock pressure in the stope,
causing the change of the surrounding rock stress envi-
ronment. Liu et al. [4] proposed a comprehensive influence
parameter of mining and geological induced ground fracture
development to describe the effect of pushing rate on the
development of surface cracks. ,e surface fissure angle and
development cycle are linearly positively correlated and
negatively correlated with the mining speed, respectively.
Xie et al. [5] through numerical and similar material sim-
ulation analyzed the stress, displacement, and failure of fully
mechanized caving face surrounding rock under different
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driving speeds in depth. Wang et al. [6] studied the influence
mechanism of the fully mechanized caving working face
mining speed on the stress and deformation of the sur-
rounding rock. It is concluded that increasing the speed of
advance, the front peak stress approaches the working face,
and the peak stress increases. Zhang et al. [7], by means of
laboratory test, numerical simulation, and on-site moni-
toring, obtained the safe driving speed of island working face
under three hard conditions. Li et al. [8], based on the theory
of the elastic foundation beam, analyzed the influence of the
driving speed on the stress distribution of the advance
support. ,e results show that the peak value of stress is
directly proportional to the pushing speed, and the distance
between the peak value and the coal wall is smaller.

,e high speed propulsion of the working face will cause
sudden change of roof subsidence velocity, resulting in the
sudden increase in stress of surrounding rock. Combined
with the occurrence characteristics of the coal seam, it is easy
to induce rock burst, rib spalling of the coal wall, and ad-
vance instability. Feng et al. [9], based on the assumption of
elastic foundation, established a model of the triangular
supercharged loading cantilever beam. ,e analytical solu-
tion for the settlement, bending moment, and bending
elastic energy density of the roof beam under the control of
mining speed is derived. ,e analytical formula for the
rotation angle, breaking span, and breaking release energy
under the influence of mining speed is established. Wang
and Wang [10] believed that the speed of advancing the
working face improves the loading rate of the cantilever
beam at the base roof. Due to the pseudoenhancement
characteristics of the cantilever beam, the elastic strain
energy increases, the ratio of the initial kinetic energy of the
broken rockmass to the total strain energy increases, and the
possibility of dynamic breaking and instability of the high
strength mining face is increased. Zhao et al. [11] studied the
relationship between the mining speed and the bending
deformation energy of the roof. It is considered that the
energy released from the roof increases exponentially with
the increase of mining speed. Liu et al. [12], through cases
analysis, found that high-speed mining and nonuniform
mining are easy to induce rock burst.

,e above research work adopts theoretical analysis and
simulation tests to study the effect of pushing speed on roof
rock activities and has achieved beneficial results for engi-
neering sites. However, the mining site is complex and
changeable. It is difficult to quantitatively evaluate the effect
of pushing rate on roof activity and surrounding rock stress
response in time [13]. Microseismic monitoring technology
can capture the microcracks in the stope and delineate the
surrounding rock damage area in real time [14–17]. ,e
influence of driving speed on the stability of stope sur-
rounding rock is evaluated.

In this paper, the microseismic monitoring system of a
typical working face in a mine is constructed, and the change
rule of the microfracture distribution in the stope under the
influence of different pushing speed is analyzed. ,e in-
fluence characteristics of the pushing speed on the goaf roof
activity are revealed. ,e stability of the surrounding rock of
the working face is quantitatively evaluated through the

variation of microseismic parameters. From the perspective
of microfracture, the mechanism of the pushing rate af-
fecting roof rock movement is analyzed, in order to provide
certain references for the mine face pressure control and
reasonable support under similar conditions.

2. Geological Survey of Working Face

,e working face tends to be 1217m long and tends to be
185m wide. ,e coal seam no. 5 of Shanxi formation is
mainly selected, the coal thickness is 2.5∼4.1m, the average
thickness is 3.3m, and there is a thin coal belt in the range of
540∼765m from the transportation lane. ,e coal thickness
is 1.15∼2.2m. ,e coal seam dip is about 3 degrees, which
belongs to the nearly horizontal coal seam.,e direct roof of
the coal seam is dark-gray coarse sandstones with a thickness
of 0.65∼1.66m and contains a small amount of muscovite. It
contains pyrite nodules and a small number of plant fossils.
,e basic roof is gray medium and fine-grained sandstones
with a thickness of 5.7∼11.77m. ,e composition is mainly
quartz, and the latter is dark rock debris. It contains more
mica plates, mud siliceous cementation, and pyrite nodules.
According to the positions of the key strata, the strata in the
mining affected area are divided into direct roof, low rock
group, middle rock group, and high rock group. According
to the height data of the water flowing fracture zone and
microseismic activity monitoring data of working face roof,
only the low key stratum and middle key stratum of roof
fracture and the high key stratum bend and sink. ,e
progress of working face is shown in Table 1.

3. Spatial-Temporal Evolution and
Microfracture Mechanism of Microseismic
Activity under the Influence of Mining Speed

3.1. Construction of Microseismic Monitoring System. ,e
advanced high-precision microseismic monitoring system
produced from ESG Corporation, Canada, had been in-
stalled for working face used for the real-time monitoring,
location, and analysis of microfracture of coal and rock
mass. ,e system is mainly composed of microseismic
sensors, Paladin mining data loggers, Hyperion ground data
loggers, and 3D visualisation software based on the remote
network transmission developed by Mechsoft Co. Ltd.,
Dalian, China. Microseismic sensors are geophones with a
response frequency range of 15∼1000Hz and sensitivity of
43.3 Vs/m [18].

Combined with the mining and geological conditions of
the working face, the geophones are arranged under the
detection area track lane and the coal seam floor of the
transport roadway, respectively, as shown in Figure 1. ,e
bottom of the drill hole enters the bottom bedrock, the
vertical depth is not less than 3m, and the vertical profile of
the sensor layout is shown in Figure 1. During the instal-
lation of the sensors, the sensors are sent to the bottom of the
drill hole and stuck firmly on the bottom rock wall with the
installation tools. ,e moderate cement mortar is slowly
injected into the drill hole so that the mortar can cover the
sensor. When the mud starts to solidify, the installation tool
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is slowly drawn out of the hole and the cement is used to fill
the hole so that the sensor is fixed at the bottom of the drill
hole [18].

To protect the goaf cable from casing and landfills and to
ensure the signal transmission after the collapse of themined
out area, the sensors in the track lane and the transportation
lane will transmit the signal through the cable to the
workstations under the shaft, and the data collected by each
sensor will be uploaded to the data processing server, the
data storage, and the transmission server at the ground
grouting station through the optical cable (via connection

roadways). After being processed by field workers, they are
sent to scientific research units and the party units. ,e
topological structure of the microseismic monitoring system
is shown in Figure 2 [18].

3.2. 3e Effect of Different Propulsion Speeds on the Distri-
bution Characteristics of Microcracks. According to the
advance progress of the working face, the average speed of
mining in a period of time can be calculated. It can be found
that maximum and minimum values of mining speed are
3.5m/d and 0.55m/d, respectively. As the mining speed is
0.55m/d, the coal mining technology is blasting mining and
it coincides with the head-on meeting stage of coal mining
and driving working face; similar working conditions cannot
be found out; thus the subsmall mining speed value is
chosen. Taking April 12, 2016, to April 16, 2016, as an ex-
ample, the average daily recovery rate of the working face is
1.3m/d, which is a relatively slow stage because the mining
height has obvious influence on roof strata activity.
Meanwhile, the stages of similar mining height and different
mining speeds are selected for comparison. For example,
fromOctober 15, 2015, to October 30, 2015, the average daily
recovery speed was 2.3m/d, which was the relatively fast
stage of advance. Figures 3(a) and 3(b) show the profile
projection of the microseismic event distribution trend in
the slow and rapid phase of the nonpressure generation
period, respectively (two days). ,e results show that during
the nonpressure period, the microseismic events are mainly
concentrated around the mining face and the roof of the coal
seam, forming a large microfracture area in the goaf and the
advanced segment roof (i.e., the overlying strata failure area
caused by mining). ,e microseismic events are mostly
distributed in the front roof of the coal wall, while the
number of microseismic events in the goaf is less. ,e
number of microseismic events in the goaf in the slow and
fast advancing stages accounted for 47% and 38% of total
events, respectively. With the increase of the driving speed,
the proportion of the microseismic events in the goaf area
decreases gradually, which indicates that the roof rock
failure and the intensity of activity decrease in the goaf area
after increasing the daily pushing rate; the roof caving and
rotary subsidence are insufficient at the moment. From the
analysis of the vertical development height of the micro-
seismic events, the height of the microseismic events de-
veloped is the largest near the working face and decreased
gradually to the both sides. During the slow phase, the direct
roof was fully collapsed and fracture developed in the roof
strata. With the bending and subsidence of the key stratum,
the upper soft rock has enough time for the failure of
separation and fracture. ,e maximum development height
of microseismic events is +350m, and the high strata group
occurs curve subsidence and separation failure, while the
maximum development height of microseismic events is
+300m at high speed. ,e distribution of microseismic
events in the high strata group is basically absent. For the
distribution of microseismic events in the goaf, the maxi-
mum development height of microseismic events in the goaf
is distributed in the middle strata during the slow advancing

Table 1: Some parts of advancing progress of working face #22517.

Time Point distance (m)
2015/01/09 981
2015/01/19 942
2015/01/30 917
2015/02/09 885
2015/02/15 856
2015/02/27 847
2015/03/09 803
2015/03/19 779
2015/03/30 760
2015/04/09 750
2015/04/18 745
2015/04/29 736
2015/05/08 730
2015/05/19 720
2015/05/30 714
2015/06/09 700
2015/06/19 694
2015/06/29 688
2015/07/09 681
2015/07/18 677
2015/07/30 665
2015/08/08 648
2015/08/19 642
2015/08/30 628
2015/09/08 615
2015/09/19 603
2015/09/29 592
2015/10/09 578
2015/10/19 553
2015/10/30 530
2015/11/09 514
2015/11/18 499
2015/11/29 476
2015/12/09 457
2015/12/18 443
2015/12/30 426
2016/01/08 410
2016/01/18 397
2016/01/30 379
2016/02/05 369
2016/02/18 357
2016/02/28 330
2016/03/09 310
2016/03/18 300
2016/03/29 281
2016/04/08 270
2016/04/18 257
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stage. However, in the fast advancing stage, except near the
working face, the microseismic events in the goaf are mostly
distributed in the immediate top and low rock group.

Figures 3(c) and 3(d), respectively, show the charac-
teristics of the microseismic distribution of the overlying
strata after a period of slower and faster speed considering
the cyclic pressure. ,e results show that the maximum
height of the microseismic events in the vertical direction is
the top of the high rock group. It can be seen that changing
the speed of pushing production cannot change the final
development height of the overlying strata failure zone. By
analyzing the characteristics of advance and lag distribution
of microseismic events from the direction, it can be found
that the maximum distance of the advance distribution of
microseismic events in the slow and fast advancing stage is
185m and 130m, respectively, and the maximum lag dis-
tance of the microseismic events in the goaf is 120m and

180m, respectively. It can be seen that the delayed devel-
opment distance of the goaf microseismic events in the fast
advancing stage is far greater than that in the slow advancing
stage, which indicates that the advance speed changes have a
significant impact on the timeliness of the goaf stability. In
the slow mining advancing stage, the cracks in the overlying
rock roof are developed and fully damaged, which leads to
the faster time effectiveness of roof compaction in the goaf.
However, in the fast mining advancing stage, the adjustment
time of the surrounding rock stress is short, and the roof
damage is not sufficient, and the goaf needs long time to
reach the stable state of compaction. At the same time, when
the advanced speed is slow, the fracture development of coal
rock mass in front of the coal wall is affected by the advanced
supporting stress for a long time, and the damage scope of
the advanced segment coal seam and the surrounding rock
of the roadway increases.
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Figure 2: ,e topological structure of the microseismic monitoring system.
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,erefore, increasing the pushing rate can reduce the
development height of the roof microseismic events during the
nonpressure period. However, with the periodic breaking of
the roof, the ultimate failure height of the overlying rock cannot
be changed at last. Increasing the speed of mining in the
production practice is conducive to reducing the mining
pressure appearance (support pressure) of the working face
properly during the nonpressurized period, but it does not
change the final failure height of the overlying rock. It is
impossible to change the development height of the roof
fractured zone, and increasing the rate of mining cannot be
used to prevent the roof from sudden (surge) water disasters.
Besides, in the response of surrounding rocks, the advancing
influence range of the working face can be effectively reduced
by increasing the advancing speed, and the microseismic lag
distance of the goaf can also be increased.

3.3. Influence of Different Driving Speeds on Microseismic
ParameterCharacteristics. After mining, the overlying strata
movement and damage of surrounding rock are caused. A
large number of microfracture events occur during the
period. ,e daily construction and geological conditions are
different. ,ere are certain differences in the damage of
surrounding rock, and the frequency and energy of mi-
croseismic events are also different. In order to investigate
the number of microseismic events and change the trend of
the energy released by the microseisms in the fast and slow
advancing stage, taking into account the phenomenon of
roof pressure, we selected the microseismic events from
October 26, 2015, to October 29, 2015, and April 12, 2016, to
April 15, 2016, as research objects.

As shown in Figure 4(a), within the monitoring area, the
average daily occurrence of microseismic events in the slow
and fast advancing stages during the nonpressurized period is
36 and 11 times each day, respectively. ,e number of mi-
croseismic events in the rapid phase is 31% of that in the slow
phase.,emicroseismic events in the slow and fast advancing
stages during the pressurized period are 51 and 28 times every
day, respectively. ,at is to say, the number of microseismic
events produced in the slow phase during themining period is
larger than that of the fast advancing stage. As shown in
Figure 4(b), the average daily release ofmicroseismic energy is
476 J/d during the slow propulsion period of nonpressurized
period, and the number of energy released per day is similar.
,e daily energy released by microseismic events in the fast
advancing stage is unstable and smaller than that in the slow
advancing stage; the cumulative release energy of micro-
seismic in one cycle is slower than that in the slow advancing
stage of propulsion.,e concentrated release of microseismic
energy in the fast advancing stage during the weighting period
is 183% of that in the slow advancing stage.

Gutenberg and Richter [19], when studying the char-
acteristics of seismicity, proposed the statistical relation
between earthquake magnitude and frequency, that is the
G-R relation [20]. Tang et al. [21], in the process of mi-
croseismic monitoring of a deep buried tunnel, found that
the “moment magnitude-frequency” also obeys this basic
rule:

logN � a − bM, (1)

whereM is the magnitude of earthquake; N is the earthquake
frequency of magnitude M+ΔM; “a” value is the constant
that represents the statistical time and the level of seismicity in
the region; and “b” value is the constant of magnitude dis-
tribution. It describes the relative values of small magnitude
frequencies and large magnitude frequencies over a period of
time. ,e relatively more the large magnitude events are, the
gentler the curve is and the smaller the “b” value is.,erefore,
we can reflect the strength and stress of the material medium
within the seismic range through the change of “b” value.
From the point of view of hypocenter activity characteristics,
the b value corresponding to the time of mine microseismic
activity and fault slip is usually less than 0.8, and the b value of
stress migration microseismic activity induced by mining
activities is generally distributed between 1.2 and 1.5 [22].,e
study shows that the microseismic activity area with large “b”
value is relatively less risky. ,e “b” value is an important
parameter for mine construction risk evaluation and
reflecting the focal mechanism.

,e distribution and frequency of the moment magni-
tude in the two stages of slow and fast progress are statis-
tically analyzed. ,e fitting interval of moment magnitude is
between the maximum and minimum moment magnitude,
and the value ofΔM is 0.1. As shown in Figure 5, the moment
magnitude in the slow phase is mainly located between −1.5
and 0.8, and a small number of events are located between
−0.6 and 0.1. ,e moment magnitude of the maximum
frequency is −1.2. In the fast advancing stage, moment
magnitude is mainly between −1.0 and 0.3, and the maxi-
mum frequencies of moment magnitude are −0.8 and −0.6.
,e main distribution range and the maximum frequency of
the moment magnitude in the fast advancing stage are both
larger than those in the slow advancing stage. By the linear
fitting of moment magnitude and frequency, the “b” values
of the slow and fast advancing stages are 0.9106 and 0.5599,
respectively. During the period, the roof strata experienced
the breaking of the key strata and the large slip and sub-
sidence of the roof after breaking. In this period, the mi-
croseismic activity is mainly composed of fault slip. ,e “b”
value of microseismic activity is smaller than that in the slow
advancing stage when advancing at a fast advancing stage,
which indicates that the larger scale microcracks occur at a
fast advancing stage, the proportion is greater, the roof has a
higher risk of instability, and mine pressure disaster accident
is more likely to happen during the pressurized period.

Combined with single microseismic event moment
magnitude and energy analysis, the moment magnitude and
energy of a single microseismic event decrease in the slow
advancing stage, and the roof overlying strata are in the
process of slow deformation and fracture. ,e roof cracks
develop and produce a large number of microfracture events.
,e concentrated strain energy is released by a large number
of small energy events. ,e energy gathered in the sur-
rounding rock of the roof and stope is fully released, and there
are few large energy events. During the fast advancing stage,
the moment magnitude and energy of the single microseismic
event increase obviously, the roof activity is not sufficient, the

6 Advances in Civil Engineering



number of microseismic events is less, and the concentrated
strain energy is released by a small number of larger energy
events. Most of the time, the energy is released in a single day
and the accumulated energy is small, the energy release of the
surrounding rock in the roof and stope is not enough, and the
concentrated release of energy is easy to occur, which is not
conducive to roof pressure control.

3.4. 3e Mechanism of Advancing Speed Based on Micro-
seismic Monitoring. With the advance of long wall working
face, the space formed after the coal mining is collapsed from
the roof bottom to top, and bending and subsidence are filled
and compacted. In this process, all the development, ex-
pansion, and ultimate stability of fractures need some time
[23]. When the working face is advancing at a relatively fast
advancing stage, the microseismic events in the stope

decrease significantly and are mainly concentrated near the
working face. At the same time, the proportion of the mi-
croseismic events in the goaf is reduced in the total number
of events, the roof caving of the goaf is not enough, the
vertical development height of the microseismic events is
obviously reduced, the strata movement of the roof sepa-
ration-breaking-rotation-subsidence and load transfer are
not enough, and the stress of the surrounding rock of the
stope is not adjusted adequately. ,e damage degree of
deformation is reduced, and the internal crack is not de-
veloped. In addition, when the coal seam is lifted rapidly, the
exposure space of the rock strata left behind after coal
mining is increased, which further leads to the decrease of
the goaf filling degree. After the low key stratum (basic roof)
is broken, the revolving subsidence space is large, that is, ΔS2
in Figure 6(b) is larger than that in Figure 6(a) (ΔS1).
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Analyzing from the aspect of the moment magnitude and
energy of microseismic events, at the slow advancing stage of
propulsion, a large number of small moment magnitude and
small energy microseismic events occur on the roof. ,e
daily microseismic accumulation and release energy are
large, that is, the concentrated energy of the hard thick strata
is fully released by a large number of small-scale and small-
energy microfractures, the energy released by daily micro-
seismic accumulation is small at a fast advancing stage of
propulsion, and a large amount of strain energy is accu-
mulated in the hard thick strata.

In the fast advancing stage, with the roof low key stratum
breaking, the critical block sinking amountW2 (Figure 6(b)) is
larger thanW1 (Figure 6(a)) when advancing slowly. After the
critical stratum is broken, more slewing capacity is needed to
reach the lower filling body so that the influence distance
between the basic roof and the support will increase, resulting
in the increase of the strength and persistence length of the
cyclic pressurized period. Wang and Wang [10] proposed that
when the working face propulsion is accelerated, it is found
that the pseudo-reinforcement of the tensile strength of the
basic roof strata leads to increase in the elastic strain energy
stored in the cantilever beam before fracture and increases the
probability of dynamic breaking instability of the basic roof
during the fast advancing stage. At this time, the vertical de-
velopment height of the microseismic events suddenly in-
creases to the level of the final failure height of the overlying
rock. Large-scale breakage or collapse occurred in the roof
strata of the stope, and the cumulative energy of microseismic
accumulation increased and is greater than that at the slow
advancing stage. ,ere were large energy events in single
microseismic events. ,e frequency of microseismic events
with larger moment magnitudes increased, and the “b” value
decreased; the risk of the roof instability and stope pressure
development increases during the pressurized period.

4. Conclusion

,rough the construction of the microseismic monitoring
system in working face, the characteristics of roof movement
and microfracture response of surrounding rock under the
influence of mining speed are analyzed, the microseismic

event distribution and microseismic parameter change rule
under different mining speed and the focal mechanism
reflected are analyzed, and the influence scope of mining and
high-risk spatiotemporal distribution are delineated.

(1) During the nonpressure period, the proportion of mi-
croseismic events in the total number of events is 47%
and 38%, respectively, in the slow and fast stages of
advance, and the maximum development elevation of
microseismic events is +350m and +300m, respectively.
With the increase of push mining speed, the intensity of
roof strata activity in goaf is weakened; the rock failure
decreases and the volume of broken block increases;
roof collapse and rotary subsidence are insufficient.

(2) With the periodic roof pressure, the maximum
distance of microseismic events in the slow and fast
stages is 185m and 130m, respectively, and the
maximum distance of microseismic events in the
goaf is 120m and 180m, respectively. ,e change of
advance speed has a significant effect on the time-
liness of goaf stability. ,e increase of advance speed
has a short time for stress adjustment of surrounding
rock and insufficient transmission of the roof load.

(3) In a period, the number of microseismic events in the
fast advancing stage is 31% of that in the slow ad-
vancing stage, but the interval value of the moment
magnitude and the maximum frequency moment
magnitude of microseismic events increase, the
frequency of the large moment magnitude events
increases, the b value decreases, and the concentrated
release of microseismic energy in the fast advancing
stage is 183% of that in the slow advancing stage.,e
roof instability and the mine pressure appearance in
the stope increased the risk.

(4) With the increase of push mining speed, the rotation
speed and subsidence of the key fast body after
fracture increase, which leads to the increase of
strength and duration of periodic weighting, the
increase of elastic strain energy accumulated in the
key strata, the increase of moment magnitude and
energy of microseismic events, and the risk of in-
stability of surrounding rock in the stope.

Basic roof

Basic roof

Direct roof

Direct roof

W1

ΔS1

S1

(a)

Direct roof

Direct roof

Basic roof

Basic roof

S2 W2

ΔS2

(b)

Figure 6: ,e rotation motion diagram of the basic top block under different propulsion speeds. (a) Slow advancing stage. (b) Fast
advancing stage.
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(5) In rock mass engineering activities, excavation speed
has a significant impact on the stability of sur-
rounding rock. ,rough the parameters such as
time-space distribution of microseismic events,
moment magnitude, energy, and b value, the
microfracture information of surrounding rock
under different excavation speeds is obtained, and
the risk of rock mass instability is further evaluated.
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In this study, both theoretical analysis and similar simulation experiment are employed to investigate the overburden failure law of
fully mechanized face in the steep coal seam. By establishing the mechanical model of inclined rock beam, the deflection equation
of overlying strata beam is obtained. Based on the geological conditions of Xiangyong coal mine in Hunan Province of China, the
laws of roof deformation and failure in steep coal seam are obtained by similar simulation experiments. .e results showed that
the roof deformation of the goaf is relatively large after the working face advances along the strike, and the deformation mainly
occurs in the upper roof of the goaf. .e backward gangue in the immediate roof fills the lower part of the goaf, which plays a
supporting role in the lower part of the roof and floor. .e roof fracture of goaf is located in the middle and upper parts of the
working face, which is consistent with the results derived from the mechanical model. After the roof fracture, a “trapezoid”
bending fracture area and the secondary stability system area is formed, which is composed of four areas: the lower falling and
filling support area, the upper strata bending fracture area, the fracture extension area, and the roof bending sinking area.

1. Introduction

.e reserves of large dip or steeply inclined coal seams
account for about 10–20% of the total coal reserves in China
[1, 2]. .e main characteristics of surrounding rock
movement and deformation after mining in steep coal seam
are different from that in gently inclined or near horizontal
coal seam [3–5]. .e movement law of overlying strata,
especially, is quite different from that in the gently inclined
coal seam. In recent years, many mining areas began to pay
attention to thin seam mining and did the corresponding
basic research work with the increase of mining intensity
and the rapid depletion of high-quality coal resources [6–8].
Many mining areas have to consider the steep coal seam
mining in order to ensure the sustainable development of the
mine. Due to the lack of relevant theoretical support such as
overburden movement law and reasonable mining method
in steep coal seam mining, the surrounding rock control of

steep coal seam working face is difficult, the safety condition
is poor, and the speed of promotion is slow, which lead to the
frequent occurrence of mine dynamic disasters [9–11].
.erefore, many experts and scholars have done much re-
search with basic theory and engineering practice on many
vital problems and difficulties in the mining of steep coal
seam. Wu [12] put forward the “R-S-F” system dynamics
control theory and laid the theoretical and technical foun-
dation for the mining of steep coal seam. Yang [13] analyzed
the stability of overburden “factory” type mobile arch slab in
steeply inclined coal seam by using the theory of thin plate
under small deflection and analyzed the deformation failure
mechanism and influencing factors of steeply inclined soft-
hard interbedded roadway. Zhang et al. [14] analyzed the
stress distribution characteristics and breaking mechanism
of the basic roof break on up-dip or down-dip mining stope
at a deep angle by using the thin plate mechanical model. Tu
[15–17] studied the filling and compaction characteristics of
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gangue in the steeply inclined working face and revealed that
the immediate roof is in the shape of an “ear” bearing shell,
and the main roof is broken by the inclined “voussoir beam”
structure. Yin et al. [18, 19] established a mechanical model
of overburden deformation of coal seam with large dip angle
and found that the maximum deflection point of the simply
supported inclined thin plate on four sides is located at the
lower part of the middle in the goaf. Xie et al. [20–22]
simplified the basic roof as the statically indeterminate beam
model and analyzed the movement law and ladder type
failure structure of the stope roof in the coal seam with large
dip angle and large mining height. Based on stress arch
theory,Wang et al. [23] proposed the evolution discriminant
coefficient for determining the evolution characteristics of
stress arch in overburden rock and analyzed the movement
law of stress arch shell. Yao et al. [24, 25] established the
mechanical model of inclined strata in the steep seam fully
mechanized mining with sublevel filling along the strike by
using the theory of small deflection of the thin elastic plate.
Based on different theories and engineering backgrounds,
scholars have different research results on the mining of
steep coal seam, which shows that the deformation and
fracture of the roof in the mining of steep coal seam are very
complicated, such as nonuniformity and asymmetry
[26–28]. It is necessary to explore further the failure law of
overburden in the fully mechanized mining face of the steep
coal seam.

Based on the engineering geological data of #6 coal seam
in Xiangyong coal mine, Hunan Province, China, both
theoretical analysis and similar simulation experiment are
employed to obtain the failure characteristics and strata
movement law of fully mechanized mining face in the steep
coal seam, which provides a theoretical reference for the
control of mining pressure in the steep coal seam.

2. Mining Characteristics of Steep Coal Seam

Due to the unbalanced subsidence of the earth’s crust, the
magmatic erosion, the result of the movement breaking and
folding in the original geological structure and the geological
conditions of the steep coal seam were diversified. At the
same time, the more complex the geological structure
movement is, the greater the change of the coal seam dip
angle is, and the higher the degree of coal metamorphism is.
Most of the steeply inclined coal seams in China are mainly
in multiseam occurrence mode and have a large thickness
variation. Under the influence of geological structure
movement after coal formation, the coal seammorphology is
more complicated, and even the same coal seam may un-
dergo large thickness variations.

.e large inclination of the steeply inclined coal seam
allows coal and gangue to slide down automatically, which
can greatly reduce the coal transportation workload and help
to cut coal downward, but at the same time, it will pose a
personal threat to the equipment personnel at the working
face. With the development of joints in the steep coal seam
and surrounding rock, the first weighting and periodic
weighting of the roof are not very obvious, and it is easy to
occur spontaneous roof collapse without signs. At the same

time, the component force of the roof pressure exerted on
the coal pillars or supported along the vertical direction of
the coal seam is much smaller than the pressure exerted on
the roof of the gently inclined coal seam, and the component
force acting along the inclined direction of the coal seam is
larger, so the support of the working face is prone to topple
and slide, making the supporting work more complicated
and difficult [29]. .e mining of steeply inclined with close-
distance coal seam groups has a great influence on each
other. When the dip angle of the coal seam is larger than the
moving angle of the roof rock and the floor rock, the roof
and floor of the coal seam may move or even slide after
mining. It is very likely to damage the integrity of the roof
and floor of the coal seam that has not been mined in the
upper and lower part, and it is unfavourable to the mining of
the adjacent coal seam [30, 31].

.e stability of the roof rock layer was reduced after the
steep coal seam had been mined, and the overlying strata of
coal seam would bend and deform in the normal direction
under the action of gravity. At the same time, the rock mass
after breaking and falling will slide and move towards the
lower part of the goaf along the direction of the working face
inclination due to the force component along the normal
inclined direction of the bedding plane. .e rock of the coal
seam floor will also slide down when the dip angle of the coal
seam exceeds 50°. Because the gravity direction of the rock is
not perpendicular to the bedding plane, the component
force of the rock gravity along the bedding plane will make
the roof and floor rock easily move downward along the
bedding plane..e larger the dip angle of the steep coal seam
is, the stronger the sliding of the roof and floor is.

3. Mechanical Model of Overburden
Movement in Steep Coal Seam

3.1. Establishment ofMechanicalModel. With the increase of
coal seam dip angle, the gravity of the roof increases along
with the coal seam layer, which promotes the downward
sliding trend of the roof. As the steeply inclined working face
advances along the direction, the lower part of the mined-
out area is directly supported by the gangue falling to
support the lower roof, while the upper part of the mined-
out area has a large area of roof overhang with the coal seam
is mined..e basic roof will be bending deformation or even
broken under the action of gravity and overburden pressure.

.e mechanical model of goaf roof after steep seam
mining was established, and its basic roof was simplified as
the mechanical model of inclined rock beam. .e collapsed
gangue automatically slides to the lower part of the goaf to
support and restrict the roof after the steep coal seam has
been mined. .erefore, the deformation of the lower part of
the working face roof is small, which can be simplified as the
fixed support ends. .e upper part of the working face roof
can be simplified as the simple support ends due to the
impact of the roof rockmass breaking, caving, sliding, and so
on. .e stress analysis diagram of the roof is shown in
Figure 1.

In Figure 1, P is the axial force of the overlying strata on
the inclined strata, q0 is the component force of the gravity
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of the overlying strata on the vertical strata level, and q1
represents the filling reaction force of the collapsed gangue
sliding and filling body in the direction perpendicular to the
strata level. .e dip angle of the coal seam is 60°, A is the
fixed support ends, B is the simple support ends, and C is the
filling range of gangue falling across. .e self-weight of rock
beam is ignored since the self-weight of the roof is small
relative to the whole in situ stress. With the degree of
compaction from lower to top, the reaction force of the
lower natural falling gangue filling gradually becomes zero,
and q1 can be expressed as follows:

q1 � F0 1 −
x

l
 , (0≤ x≤ l), (1)

where F0 is the maximum value of the lower filling reaction
force, and l is the filling length of the gangue in the lower part
of the goaf. .e maximum filling reaction force F0 and the
lower gangue cross-filling length l were determined by the
gangue filling body and the expansion of the rock; when H1
is the buried depth of the upper boundary in the working
face, H2 is the buried depth of the lower boundary, and l is
the length of the working face, the filling reaction can be
expressed as F0 � cH2cosα, the gravity of overlying strata
can be expressed as q0 � (1/2)c(H1 + H2)cos α, and the
axial gravity of the inclined rock beam can be expressed as
P � cH1sinα.

According to the roof caving and filling of the working
face and the expansion of the gangue, the filling length of the
gangue naturally caving and filling in the lower part of the
goaf can be expressed as follows:

l �
k1L h1 + h2( 

M + h1 + k1h2
, (2)

where L is the length of working face, k1 represents the
expansion coefficient of falling rock, M is the thickness of
coal seam, h1 represents the thickness of rock stratum which
is easy to collapse, and h2 is the thickness of lagging collapse.

3.2. Mechanical Analysis of Overburden Movement.
According to the mechanical model in Figure 1, the support
force in the normal direction of the upper boundary is RB,
and the support force in the normal direction of the lower
boundary is RA. .e constraint of the support force on the
roof is calculated according to the balance condition, and it
can be expressed as follows:

RA �
q0L

2
−

F0

2
l −

l

3
 ,

RB �
q0L

2
−

F0l
2

6L
.

(3)

.e relationship between the load collection degree,
bending moment, and shear force of rock beam is as follows:

dFs(x)

dx
� q(x),

dM(x)

dx
� Fs(x).

(4)

.e shear force FS is calculated by the load concentration
q(x), and then the moment of AC and BC is calculated, and
it can be expressed as follows:

EI
d
2ω

dx
2 � M(x) � −

F0x
3

6l
+

F0

2
−

q0

2
 x2

+ RAx − Pω, (0≤x≤ l),

EI
d
2ω

dx
2 � M(x) � −

q0x
2

2
+ RA +

F0l

2
 x

+
F0l

2

6
− Pω, (l≤x≤L),

(5)

where –Pω is the influence of the axial force on the bending
deformation of the rock beam. Because ω is negative, the
axial force P plays a role in increasing the bending moment
of rock beam. Define k2 � P/EI and then

d2ω
dx

2 + k
2ω � k

2
−

F0x
3

6Pl
+

F0

2P
−

q0

2P
 x

2
+

RAx

P
 , (0≤x≤ l),

d2ω
dx

2 + k
2ω � k

2
−

q0

2P
x
2

+
RA

P
+

F0l

2P
 x −

F0l
2

6P
 , (l≤x≤ L).

(6)

.rough calculation, the general solution of the above
formula is

P

x

y

o

A

C

B

q0

q1

Figure 1: Stress analysis of the roof in steep coal seam.
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ω � A cos kx + B sin kx −
F0x

3

6Pl
+

F0

2P
−

q0

2P
 x

2

+
RAx

P
−

F0x

Plk
2 +

F0 − q0

Pk
2 , (0≤ x≤ l),

ω � C cos kx + D sin kx −
q0

2P
x
2

+
RA

P
+

F0l

2P
 x

−
F0l

2

6P
+

q0

Pk
2, (l≤x≤L).

(7)

Since the deflections at the ends A and B of the rock
beam are zero, we can obtain the following:

A �
F0 − q0

Pk
2 ,

C cos kL + D sin kL �
q0

2P
L
2

−
RA

P
+

F0l

2P
 L +

F0l
2

6P
−

q0

Pk
2.

(8)

Because the deflection curve is continuous and smooth,
and there is the same angle and deflection in the gangue

filling range C, the deflection is also the same. When x � l,
we can obtain the following:

A cos kl + B sin kl −
F0l

3

6Pl
+

F0

2P
−

q0

2P
 l

2
+

RAl

P

−
F0l

Plk
2 +

F0 − q0

Pk
2

� C cos kl + D sin kl −
q0
2P

l
2

+
RA

P
+

F0l

2P
 l

−
F0l

2

6P
+

q0

Pk
2.

(9)

.erefore, we can also obtain the following:

− Ak sin kl + Bk cos kl −
F0l

2P
+

F0l

P
−

q0l

P
+

RA

P
−

F0

Plk
2

� − Ck sin kl + Dk cos kl −
q0l

P
+

RA

P
+

F0l

2P
.

(10)

Set G � q0/2PL2 − (RA/P + F0l/2P)L + (F0l/6P) − (q0/
Pk2). .e simultaneous formula can be obtained as follows:

A �
F0 − q0

Pk
2 ,

B �
F0 − q0

Pk
2 tan kl −

G tan kl

cos kL
+

F0

Plk
3 cos kl

+
1

tan2 kl − 1
tan kl +

1
tan kL

 

· −
F0 − q0

Pk
2 1 + tan2 kl  +

G tan2 kl + 1 

cos kL
−

F0 tan kl

Plk
3 cos kl

+
2q0

Pk
2 cos kl

⎡⎣ ⎤⎦,

C �
G

cos kL
−

1
tan2 kl − 1

  −
F0 − q0

Pk
2 1 + tan2 kl  +

G tan2 kl + 1 

cos kL
−

F0 tan kl

Plk
3 cos kl

+
2q0

Pk
2 cos kl

⎡⎣ ⎤⎦,

D �
1

tan kL tan2 kl − 1 
−

F0 − q0

Pk
2 1 + tan2 kl  +

G tan2 kl + 1 

cos kL
−

F0 tan kl

Plk
3 cos kl

+
2q0

Pk
2 cos kl

⎡⎣ ⎤⎦.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(11)

Four constants in the deflection curve equation are
solved. Due to the limited subsidence of the roof in the
gangue sliding and filling area, the maximum deflection is in
the range of l≤ x≤ L; that is,

ω � C cos kx + D sin kx −
q0

2P
x
2

+
RA

P
+

F0l

2P
 x

−
F0l

2

6P
+

q0

Pk
2, (l≤x≤ L).

(12)

When dω/dx � 0, there is a maximum value:

dω
dx

� − Ck sin kx + Dk cos kx −
q0x

P
+

RA

P
+

F0l

2P
� 0.

(13)

However, it is difficult to solve the previously mentioned
equation, so the principle of minimum potential energy is
used to solve the displacement. In general, we can select the
components of displacement as
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u � u0(x, y, z) + 
m

Amum(x, y, z),

v � v0(x, y, z) + 
m

Bmvm(x, y, z),

w � w0(x, y, z) + 
m

Cmwm(x, y, z).

(14)

For the bending deformation of rock beam, we only need
to consider the deformation of one component., i.e.,

ω � ω0(x) + 
m

Cmωm(x). (15)

According to the roof stress of coal seam, the boundary
conditions are as follows:

ω(0) � ω(L) � 0,

ω′(0) � ω′(L) � 0.
(16)

One of the solutions satisfying the previously mentioned
boundary conditions is

ω � 
m

Cmx
m+1

(1 − x). (17)

In order to find the approximate solution of the above
function, take one of the following terms:

ω � C1x
2
(1 − x). (18)

.e bending strain energy of rock beam is

U �
EI
2


L

0

d2ω
dx2 

2

dx. (19)

Substituting (18) into the formula, we can obtain the
following:

U � 2EIC2
1L

3
. (20)

Next, calculate the work done by the external force, and
the work done by the gravity q0 of the overburden is as
follows:

w1 � 
l

0
q0C1x

2
(L − x)dx �

1
12

C1q0L
4
. (21)

.e work done by the filling supporting force of the
collapsed gangue is as follows:

w2 � 
l

0
q1C1x

2
(L − x)dx � C1q1l

3 L

3
−

l

4
 . (22)

.e work done by the axial force P is as follows:

w3 � 
L

0
P

ω′( 
2

2
dx �

1
15

PC1
2

L
5
. (23)

According to the energy balance theorem, the work done
by all forces and the internal energy change are equal, i.e.,

U � w1 + w2 + w3. (24)

After substituting into the equation, the solution is as
follows:

C1 �
(1/12)q0L

4
+ q1l

3
((L/3) − (L/3))

2EIL3 − (1/15) PL5 
. (25)

By substituting the equation (25) into the deflection
equation, we can obtain the following:

ω �
(1/12)q0L

4
+ q1l

3
(L/3 − L/4)

2EIL3
− (1/15)PL5

. (26)

In the mining of steep coal seam, the maximum de-
flection is in the range of l≤ x≤ L, and in this range q1� 0,
i.e.,

ω �
(1/12)q0L

4

2EIL3
− (1/15)PL5

x
2
(L − x) �

(1/12)q0L
4

2EI − (1/15)PL5
x
2
(L − x).

(27)

.e deflection equation is derived on the whole working
face (L) dω � dx, and the position of the largest deflection
can be obtained, (2/3)L, so we can conclude that the
maximum deflection of the roof occurs in the middle and
upper part of the goaf.

4. Similar Simulation Experiment

4.1. Coal Mine Parameters. Based on the engineering
background of #2463 working face of Xiangyong coal mine,
the deformation and failure law of overlying strata after
mining steep coal seam is simulated. Coal seam #6 is the
main coal seam of the mine, with a thickness of 0.5–28.3m
and an average of 1.75m. .e roof is siltstone or medium-
fine-grained sandstone, and the bottom plate is fine sand-
stone or siltstone. .e structure of the coal seam is relatively
simple, including some gangue layers. .e coal seam has a
strike of about 30°, a tendency of 120°, a dip angle of 5° to 85°,
and an average dip angle of 60°, which belongs to the steeply
inclined coal seam. .e average mining depth is 550m, and
the average inclined length of the working face is 100m,
advancing along the strike. .e detailed mechanical pa-
rameters of each stratum are demonstrated in Table 1.

4.2. Parameters and Making of Similar Model. In the simi-
larity simulation experiment, the horizontal type multiangle
plane similarity simulation experimental device developed
by ourselves was used to carry out the plane strain model
experiment [32]. .e size of the model is
2.5 m× 0.2 m× 2m, and the upper part was loaded with
gravity compensation stress. .e similarity simulation test
bench is show in Figure 2.

.e similarity ratio constants of the models used in the
experiment are shown in Table 2, and the mechanical pa-
rameters of each rock layer of the model are further de-
termined by the similarity ratio constant and the mechanical
parameters of each rock layer of the prototype. .e whole
experimental model is made of similar materials which are
composed of river sand as aggregate and cement and gypsum
as cementing material, and mica powder is used to separate
the layers between the strata. .e proportioning parameters
of similar materials are demonstrated in Table 3.
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4.3. Monitoring of Model. In this paper, the physical simi-
larity simulation experiment is used to explore the failure
law of overburden in a fully mechanized mining face of the
steep coal seam. It is necessary to make a series of obser-
vations on the deformation and failure of some rock strata
and the stress change inside the rock strata in this experi-
ment. According to the characteristics of strata failure and
movement in steeply inclined coal seam mining, two lines of
horizontal monitoring lines are arranged at the upper part of
the model to simulate the surface subsidence displacement,
and the distance between the monitoring points is 10 cm. Six
displacement monitoring lines are arranged on the roof
along the layer direction of the coal seam, the horizontal
spacing of the monitoring points is 5 cm, and the inclined
spacing is 10 cm. Two displacement monitoring lines are
arranged on the floor, with a horizontal spacing of 5 cm and

an inclined spacing of 10 cm. .e layout of the monitoring
points is shown in Figure 3. .e red frame is the total station
of the displacement monitoring instrument..e total station
used in this paper is Kolida KTS-442RC prism-free infrared
total laser station; single prism range: 5000m; prism-free
range: 350m; ranging accuracy: 2 + 2 ppm; angle measure-
ment accuracy: 2″.

5. Analysis of Similar Simulation
Experiment Results

5.1. Analysis of Displacement Results

5.1.1. Analysis of Displacement Change of Roof in Goaf.
Simulated mining was carried out on the model according to
the time calculated by the time similarity ratio, displacement

Table 3: .e proportioning parameters of similar materials.

Num Lithology Materials Ratio (aggregate: cementing material) Ratio (gypsum: cement)
1 Siltstone Sand: gypsum: cement 8.5 :1.5 9 :1
2 Medium sandstone Sand: gypsum: cement 7.5 : 5 8.5 :1.5
3 Siltstone Sand: gypsum: cement 8.5 :1.5 9.5 : 0.5
4 Sandy mudstone Sand: gypsum: cement 8.5 :1.5 9 :1
5 Coal seam #6 Coal is mixed with water and compacted
6 Medium sandstone Sand: gypsum: cement 7.5 : 5 8.5 :1.5
7 Sandy mudstone Sand: gypsum: cement 8.5 :1.5 9 :1
8 Siltstone Sand: gypsum: cement 8 : 2 8.5 :1.5

Table 1: Mechanical parameters of surrounding rock.

Lithology Δ (m) P (kg.m-3) E (GPa) σc (MPa) σt (MPa) C (MPa) υ φ (°)
Siltstone 58.36 2590 19.5 56.26 1.84 55 0.21 37
Medium sandstone 40.4 2600 13.5 36.42 1.13 16 0.12 38
Siltstone 21.04 2590 19.5 56.26 1.84 55 0.21 37
Sandy mudstone 5.74 2150 5.4 28.65 0.75 45 0.18 31
Coal seam #6 1.75 1450 5.1 14 0.45 1.35 0.36 24
Medium sandstone 13.8 2800 14.2 36.42 1.13 16 0.12 38
Sandy mudstone 35.06 2150 5.4 28.65 0.75 45 0.18 31
Siltstone 27.65 2590 19.5 56.26 1.84 55 0.21 37

Figure 2: Similarity simulation test bench.

Table 2: Similar ratio of model.

Similar constants Geometric (αl) Unit weight (αl) Time (αt) Dynamics (RM)
Similarity ratio 1 :100 0.7 :1 0.05 0.007×RH(prototype)
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monitoring was carried out, and a small amount of invalid
monitoring data was removed. .e horizontal displacement
change diagram of K2∼K7 monitoring line of the roof after
coal mining is shown in Figure 4. It can be seen from
Figure 4 that the horizontal displacement changes of the
upper roof of the goaf are greater than the horizontal dis-
placement of the lower roof of the goaf, which shows that, in
the mining process of the steep coal seam, the deformation
and damage mainly occur in the upper part of the goaf. At
the same time, the immediate roof naturally falls to the lower
part of the goaf, which plays a supporting role in the lower
roof of the goaf, thus limiting the deformation and damage
of the roof. .e horizontal displacement of the roof mon-
itoring point in the lower part of the goaf is 3–8.2mm, with
an average of 5.9mm. .e maximum horizontal displace-
ment on the roof monitoring line is 13.9mm.

.e vertical displacement change diagram of K2∼K7
monitoring line of the roof after coal mining is shown in
Figure 5..ere is a significant difference between the vertical
displacement of the upper roof and the lower roof of the goaf
after coal mining, and large deformation and collapse occur
in the upper roof, which indicates that the phenomenon of
collapse occurs in the immediate roof in the middle and
upper parts of the working face..e first position of collapse
is also from the middle and upper parts of the working face.
At the same time, after the immediate roof falls to the lower
part of the goaf, it has a reasonable restriction on the roof in
the vertical direction. .e vertical displacement of the roof
monitoring point at the lower part of the goaf is 1–10mm,
with an average of 7.4mm. .e maximum vertical dis-
placement on the roof monitoring line is 57.5mm.

5.1.2. Analysis of the Results of Displacement Change of
Horizontal Monitoring Line. .e displacement change di-
agram of the monitoring line L1-L2 of the experimental
model simulating the surface subsidence is shown in Fig-
ure 6. It can be seen from the figure that the displacement of
the rock strata directly above the goaf in the horizontal
direction is relatively small, and there is only a large fluc-
tuation in the vertical direction of the goaf in the working
face, and the deformation has also moved left to right
tendency..e deformation of the horizontal monitoring line

is massive in the vertical direction, especially the area di-
rectly above the goaf, which reaches the maximum, and the
vertical displacement of the monitoring point reaches a
maximum of 25mm.

Based on the analysis of the previously mentioned
monitoring results, the deformation of the roof in the goaf
mainly occurs in the upper and middle parts. .e lower roof
automatically falls to the lower part of the goaf due to the
immediate roof collapse, which plays a particular supporting
role in the lower roof and makes the deformation of the
lower roof generally smaller. .e strata directly above the
goaf are deformed in the vertical direction, so the area and
range of surface subsidence can be inferred.

5.2. Analysis of Movement and Failure Law of Overburden.
.e rock strata movement and failure form of a similar
model after mining is shown in Figure 7. As shown in the
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figure, the overburden of the working face has a large area of
collapse, forming a unique collapse failure pattern and law of
steep coal seam mining. Due to the large inclination of the
coal seam, the immediate roof gangue automatically slides
down to the lower goaf and supports the lower roof, and only

a small amount of sinking occurs in the lower roof. .e
upper part of the goaf is exposed in a large area and the roof
is broken and comes in contact with the floor, forming a
hinged structure in a small area and reaching a state of
balance. .e roof fracture in the upper part of the working
face forms a “trapezoid” bending fracture area as shown in
Figure 7, in which the upper part of the dip rock beam is a
direct tensile fracture and the interlayer rock layer is a beam
fracture. .e fracture line is located in the middle and upper
parts of the working face. .e whole overlying strata have
formed a secondary stability system, which is composed of
four areas: the lower falling and filling support area, the
upper strata bending fracture area, the fracture extension
area, and the roof bending sinking area. At the same time,
the fracture line of the goaf roof is located in the middle and
upper parts of the working face, which is consistent with the
results derived from the mechanical model. .e overlying
strata began to break at the position with the maximum
deflection, and the fracture position gradually moved up due
to the collapse and filling of the lower part, and the fracture
line was basically in the middle of the “trapezoidal” bending
fracture area.

As shown in Figure 8, the roof is simplified as inclined
rock beam, and the roof is exposed after mining; the roof will
break when the length of the exposed rock beam is greater
than the limit span of the inclined rock beam. .e hanging
length of the roof is simplified as S1∼ S5. It can be seen that
the hanging area of the roof is gradually reduced due to the
supporting effect of the immediate roof caving gangue
sliding to the lower goaf on the lower roof, but S2, S3, and S4
are still moremassive than the limit span of the rock stratum,
and the roof is still broken. Besides, the fracture position of
the roof gradually moves upward. Under the influence of the
filling of the natural falling gangue in the lower part, the
hanging length of the upper roof decreases from one layer to
another until the hanging length is less than the limit span of
the rock stratum. In Figure 8, S5 will not break any more,
only a small amount of cracks are produced between the
strata, and the only displacement has occurred towards the
direction of the goaf. .e displacement of the roof above the
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“trapezoid” bending fracture area still occurs. However, the
fracture does not occur because the hanging area of the rock
stratum is reduced, and the limit span of the rock stratum is
not exceeded.

6. Conclusions

(1) In this paper, the mechanical model of the roof after
the mining of steep coal seam is established, the basic
roof is simplified as the mechanical model of inclined
rock beam, and the bending deflection equation of
the roof rock beam is analyzed. .e derivation of the
deflection equation shows that the maximum de-
flection position of the roof rock beam appears at 2/
3l, i.e., the middle and upper parts of the goaf.

(2) .e roof deformation of the goaf is more extensive
after the working face has been pushed along the
strike, and the deformation mainly occurs in the
upper roof of the goaf. .e collapse phenomenon
occurs in the immediate roof, and the gangue behind
the collapse fills the lower part of the goaf, which
plays a supporting and restricting role in the lower
roof of the goaf. At the same time, it can be inferred
that the surface subsidence is concentrated above the
goaf.

(3) After the upper roof of the goaf in the steep coal seam
is broken, a “trapezoidal” bending fracture zone is
formed, and the lower roof is in the form of inter-
layer fracture. .e secondary stability system is
formed, which is composed of four areas: the lower
falling and filling support area, the upper strata
bending fracture area, the fracture extension area,
and the roof bending sinking area.

(4) .e position of roof fracture line in goaf of the steep
coal seam is located in the middle and upper part of
the working face, which is consistent with the results
derived from the mechanical model. .e overlying
strata begin to break at the maximum deflection
position, and the fracture position gradually moves
up due to the collapse and filling of the lower part.
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*e evolution of the fracture network induced by mining has an important influence on the mechanical behavior of the rock and
the safety of the mine. In this study, a new 3Dmodeling approach based on discrete fracture network (DFN) and fractal theory was
developed and applied to the Tashan coal mine. *e model results of the evolution of fracture in the coal seam are consistent with
field observations.*e evolution law of fracture network in the overburden strata was studied, and the results show that the fractal
dimension of the fractures in the lower strata increased linearly and stabilized quickly within 50m behind the mining face. In the
higher strata, most of the fractures were generated behind the mining face and continued to develop farther than 100m. More
fractures were generated in the lower strata than in the higher strata, and the fractures more easily developed and expanded in the
soft rock than in the hard rock. *e evolution of the fractures of the main thick hard roof in the lower strata had a great impact on
the generation of fractures in the higher strata.

1. Introduction

*e longwall top coal caving (LTCC)method is a new type of
mining technique that is popular for thick coal seams in
China due to its high efficiency and output [1]. However,
these large-scale excavations seriously disturb the original
equilibrium state underground, and the mining-induced
redistribution of stress leads to the initiation and propa-
gation of fractures, creating fractured zones with high
connectivity around the mining excavations.*ese fractured
zones weaken the strength of the rock mass and provide a
pathway for confined water and gas inflow, leading to the
movement of overburden strata and water and gas outbursts,
which severely affect mine safety [2–6]. It is an essential issue
in mining science to recognize the evolution of fracture

networks during mining processes. Many researchers have
studied this topic and achieved fruitful results.

Xu and Qian [7, 8] studied mining-induced fractures in
the overlying rock layer of a coal mine and revealed their
“o”-shaped distribution in the longwall face. Li et al. [9]
discussed the effect of key strata on the distribution of
fractures and concluded that an elliptic zone would be
formed in the overlying strata. Kang et al. investigated the
mechanism of the occurrence of mining-induced fractures
and analyzed the morphological characteristics of a fracture
zone [10–12].

Nevertheless, it is difficult to develop potential pre-
vention mechanisms and the associated spatiotemporal ef-
fects throughout the mining process from a quantitative
perspective due to the extreme complexity and disorder of
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mining-induced fractures [13]. *e fractal geometry pro-
posed by Mandelbrot [14] can quantitatively describe
complex objects and irregular phenomena. Xie et al. [15]
introduced the fractal geometry of fractures and discovered
the self-similarity behavior of the spatial distribution of
fracture networks. Since then, the evolution of fracture
networks has been studied with fractal theory based on
similar material models [16, 17], on-site field observations
[18, 19], and 2D discrete element methods [20, 21]. However,
field observations are limited by local conditions and ob-
servation tools. In similar material methods, the mining-
induced fractures need to be determined manually from the
model with subjectivity. 2D discrete element methods
present the fracture evolution in only a single plane.

In this study, a new 3D modeling approach for the
calculation of the fractal dimension of a fracture network
was developed. *is approach makes use of the built-in
discrete fracture network (DFN) module in the commercial
software FLAC3D to create stochastically distributed frac-
tures. After each longwall face excavation, deterministic
global stress analysis is first performed, followed by an
evaluation of all the discrete fractures to identify fracture
slip. A fracture is deemed to “generate” if it slips. Finally, the
fractal dimension of the generated fracture network was
calculated based on specified section planes. With the ad-
vance of mining, the evolution of the mining-induced
fracture network can be determined.

*is modeling approach was applied to the Tashan coal
mine in Shanxi Province, China, where very thick coal seams
were extracted using the LTCC method. Section 2 presents
the detailed methodology of the numerical model. *e es-
tablishment and running of the model based on the 8212
working panel are introduced in Section 3. *e evolution of
the mining-induced fracture network in the coal seam and
overburden strata is discussed in Section 4.

2. Description of the Modeling Procedure
and Method

*e modeling procedure involves three main steps. First, a
3D model representing the working longwall panel and the
strata is built with a group of discrete fractures (a DFN), and
thenmechanical properties and initial conditions are applied
to zone elements to reach an initial equilibrium state. Next,
progressive longwall mining is simulated by assigning null
mechanical properties to zone elements. At the next exca-
vation step, together with the simulation of coal extraction,
the previously “removed” elements are assigned goaf ma-
terial to simulate the recompaction of the goaf. In the final
modeling step, a fracture stress calculation is performed to
determine whether fracture slip occurs based on the pre-
vailing stress state. Specific section planes are set up, and the
fractal dimensions of the slipped fracture network on the
section planes are calculated. Steps 2 and 3 are repeated in
each coal excavation step until the completion of the
longwall mining simulation in the study area. Notably, the
model progress from Step 2 to Step 3 is a one-way process,
which means that the state of the fractures is determined by
the zone element stress states, while it is assumed that the

stress states of the rock mass are not affected by fracture
slippage.

2.1. DFN in FLAC3D. A randomly distributed network of
disc-shaped discrete planar fractures can be created in the
FLAC3D model by setting a series of attributes. *ese at-
tributes include the fracture stopping criterion, fracture size
distribution, and fracture orientation.

*e total number of fractures was used as the stopping
criterion to generate the fracture network. In consideration
of the model size and computing ability, the total number of
fractures was set to twice the total number of zone elements.
*e power law relationship [22, 23] has been adopted to
describe the distribution of fracture sizes:

n(l) � αl
−a

, (1)

where n(l) is the number of fractures with size l per unit
volume, α is the density term, and a (>1) is the power law
scaling exponent and usually ranges between 2 and 4.

*e total number of fractures within the range [lmin, lmax]
can be obtained by integrating equation (1):

N lmin, lmax  �
α

1 − a
l
1−a
max − l

1−a
min . (2)

*e cumulative distribution function is then given by

F �
N lmin, l 

N lmin, lmax 
�

l
1−a

− l
1−a
min

l
1−a
max − l

1−a
min

. (3)

In view of the meshed element size and the scale of
research, the minimum fracture size was set to the shortest
zone element length, and the maximum fracture size was set
to 15m.

*e fracture position was assumed to follow a uniform
spatial distribution throughout the model domain. Due to
the lack of geological measurements, the dip angles and dip
directions that determine the fracture orientations also
follow a uniform distribution.

2.2. Fracture Slip Criterion. *e Mohr–Coulomb slip cri-
terion is widely used to evaluate fracture slippage. *e
fracture is considered to have slipped if the shear stress along
the fracture plane exceeds its resistance τsf :

τ > τsf , (4)

where τsf is determined by the properties of the fracture
surfaces as

τsf � μfσ + cf, (5)

where σ is the normal stress on the fracture surface and μf

and cf are the static friction coefficient and the cohesion
along the fracture, respectively.

Alternatively, the fracture shear strength in equation (5)
can be estimated by applying a strength reduction factor β to
the intact rock strength given by the following equation:

τsf � βτs. (6)
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*e shear and normal stresses used in equations (5) and
(6) can be calculated using the stresses on the zone element
closest to the centroid of a fracture. Salamon [24] used this
method for fracture slip evaluation. *is approach is valid if
the fracture is small compared to a zone element. As
mentioned above, the fracture is larger than a zone element,
so following Board [25] and Cao et al. [22], this study
adopted nine test points for slip, one testing point at the
center, and eight testing points uniformly distributed
around the periphery of the fracture surface. *e testing
point is deemed to slip if the zone element closest to it is in
the failure state or if equation (6) is satisfied, and the fracture
is thought to slip when all nine testing points have slipped.
*e workflow of the evaluation of fracture slip is presented
in Figure 1.

2.3. Calculation of the Normal and Shear Stresses at a Test
Point. *e test points on a fracture surface are specified in
local coordinates with their origin at (x0, y0, and z0) in the
global coordinate system (Figure 2). *e direction cosines of
the axis OX′ are l1, m1, and n1, and those of axes OY′ and
OZ′ are l2, m2, and n2, and l3, m3, and n3, respectively. *e
transformation of the ith test point from its local coordinates
to the global coordinates is given by

xi � l1xi
′ + l2yi
′ + l3zi
′ + x0,

yi � m1xi
′ + m2yi

′ + m3zi
′ + y0,

zi � n1xi
′ + n2yi
′ + n3zi
′ + z0.

(7)

*e normal stresses along the local coordinate axis di-
rections at the test point can be written as

X � l3σx + m3τyx + n3τzx,

Y � m3σy + n3τzy + l3τxy,

Z � n3σz + l3τxz + m3τyz,

(8)

where σx, σy, and σz and τxy, τxz, and τyz are the normal and
shear stresses of the zone element closest to the test point,
respectively. *e corresponding normal and shear stresses
on the fracture surface associated with the test point are then
given by

σ � l3X + m3Y + n3Z,

τ �

���������������

X
2

+ Y
2

+ Z
2

− σ2


.

(9)

*e computed normal and shear stresses are used in
equations (5) and (6) to evaluate fracture slippage.

2.4. Calculation of the Fractal Dimension of the Fracture
Network. *e calculation of fractal dimension on the section
plane is done by the “counting the boxes” method [26], and
the diagram of the calculation is shown in Figure 3. A square
mesh of scale R is used to cover the target area, and the
number of grid cells in which the fracture length is equal to
or greater than the corresponding grid size is counted and
denoted by N (R). An array of corresponding N (R) values
can be obtained with a series of R values to study the changes

in log (R) and log (1/R).*e fractal dimensionD is defined as
follows:

D � − lim
R⟶0

logN(R)

logR
� lim

R⟶0

logN(R)

log(1/R)
. (10)

3. Establishment of the Numerical Model

3.1. Introduction of 8212 Working Facing. *e Tashan coal
mine is one of the largest underground coal mines in the
world and produced more than 20Mt of coal in 2019. *e
8212 working face is mined using the LTCC method and is
located in the northwest region of the second mining district
2614m along strike and 230m along dip. *e working face
mines the very thick #3–5 coal seam, and the average
thickness of this coal seam is 11.6m.*e dip angle of the coal
seam is 4°; the coal seam can be viewed as an approximately
horizontal structure. *e average mining height and caving
height are 3.5m and 8.1m, respectively. *emain roof strata
in 8212 working face are sandstone which would accumulate
large elastic energy before failure [27, 28], and the breaking
of roof strata can cause dynamic disasters such as rockburst
[29–31] and coal-gas outburst [32, 33]. *e detailed rock
types and thicknesses of the 8212 working panel strata are
presented in Table 1.

3.2. Model Setup and DFN Generation in FLAC3D. A 3D
numerical model based on the 8212 working face was
constructed in FLAC3D. *e size of the model was
600m× 300m× 500m in the x, y, and z directions, re-
spectively, and the mining area was 300m× 230m. *e
model comprised 620400 zone elements and 643720 grid-
points. As discussed in Section 2.1, the number of fractures
was set to twice the number of zone elements, i.e., 1240800.
As the element size of the coal and roof strata was ap-
proximately 5m× 5m× 3m, the fracture sizes, following a
power law distribution, ranged from 3m to 15m, and the
numerical model and the size of the generated fracture are
shown in Figure 4. Notably, this paper focuses on the
evolution of the fractures in only the coal seam and over-
burden strata, so discrete fractures were not generated in the
floor strata.

3.3. Property and Initial Conditions. *e Mohr-Coulomb
model was used to represent shear failure in the coal and
strata.*e detailed physical andmechanical properties of the
strata at the 8212 working panel are presented in Table 2
[34]. *e falling waste in the gob was considered an elastic
material, and as the working face advances, the waste was
progressively compressed by the overburden. Experimental
results show that the density, Young’s modulus, and Pois-
son’s ratio can be characterized as follows [1]:

ρ � 1600 + 800 1 − e
−1.25t

  kg/m3
 ,

E � 15 + 175 1 − e
−1.25t

 (MPa),

v � 0.05 + 0.2 1 − e
−1.25t

 (t/year).

(11)
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In the model, the horizontal displacement of the two
sides was limited, and the vertical displacement of the
bottom was limited. A vertical load (q � rh � 8.0MPa) was
applied on the top to simulate the overburden weight.

3.4. Mining Excavation Procedure. After the initial equilib-
rium state, model mining started with the excavation of the
intake airway and return airway, and thirty excavation steps
were conducted to simulate progressive longwall mining.
*e excavation step is 10m in the mining direction, rep-
resenting two days of face advance. Each excavation also
included the “backfill” of the previously removed elements

by assigning waste material properties. A special subroutine
was invoked after each step to determine and record the
slippage of the fractures, and a fractal dimension calculation
was implemented.

4. Model Results

4.1. Section Plane Setup. To describe the evolution of the
fracture network with the mining process, eleven section
planes are considered in the model, as shown in Figure 5.
*e first four vertical section planes are along theX direction
(face advance direction) with coordinates of 250, 300, 350,
and 400. Note that the coordinate in the X direction for the

Select the first fracture

Select the first test point

Set extra variable x = 0

Identify the nearest zone element to the test point 

Check the failure state of the zone

Is the zone element in 
failure now

Check the stress state of the zone element

Has slipping criterion 
been met

Set extra variable x = x + 1

Is this the last test point

Is x equal to nine

The fracture has slipped

Is this the last fracture

End

Next test pointNext fracture Yes

Yes

No

No

No

No

Yes

Yes

No

Yes

Figure 1: Flow diagram for the evaluation of fracture slip.
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Figure 3: Continued.
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mining start line is 150, so as the mining face advances, and
these vertical sections can record the evolution of the
fracture network in front of and behind the mining face.
Another seven horizontal section planes are placed at the
center of each stratum to present the evolution of the
fracture network in each stratum during the mining process.

4.2. Evolution of the Coal Seam Fracture Network. As the
mining face advances, the redistribution of the stress in the
coal seam leads to the initiation and propagation of frac-
tures. Figure 6 shows the evolution of fractures in the coal
seam in section plane 3. Fractures continue to grow with the

approach of the mining face. To quantitatively describe the
evolution of the fractures in the coal seam, the fractal di-
mensions of the fractures in the section plane were calcu-
lated based on the method mentioned above, as shown in
Figure 7.*e fractures exhibited a two-stage evolution as the
mining face progresses: a stable growth stage (at a distance of
170∼60m from the mining face) and a rapid growth stage (at
a distance of 0∼60m from the mining face). In the first stage,
fractures were generated under the influence of dynamic
mining, and the number of fractures gradually increased as
the mining face progressed. In the second stage, as the
mining face continued to approach, the impact of mining
became stronger, and the number of fractures increased
rapidly. At approximately 10m in front of the mining face,
most of the fractures developed and interconnected due to
failure of the coal body.

Field experiments, including borehole observation and
abutment pressure monitoring, were conducted by Gao et al.
[13] at the 8212 working panel, and the results are shown in
Figure 8.*e on-site field data present great fluctuations due
to the changing geological environment. However, these
data reveal a two-stage fracture evolution, and the abutment
pressure also shows that the coal rock would break and fail at
approximately 10m in front of the mining face, leading to a
decrease in abutment pressure. In general, the model results
of the fracture evolution in the coal seam are consistent with
the field observations.

4.3. Evolution of the Fracture Network in the Overburden
Strata during the Mining Process. Figure 9 shows the rela-
tionship between the fracture network and distance from the
mining face in section plane 2. *e different colors represent
different strata. *e fractures continue to develop and grow
steadily with the advance of the mining face. *e fractal
dimension of the fractures in the vertical section plane with
distance from the mining face is obtained to quantitatively
analyze the fracture evolution, as shown in Figure 10. *e
development of the fractal dimension of fractures with
distance from the mining face can be divided into two stages:

D = lim log N (R)/log (1/R) ≈ 1.31
R → 0

0

1

2

3

4

5

lo
g 

(N
 (R

))
–3.0 –2.5 –2.0 –1.5 –1.0 –0.5 0.0 0.5–3.5

log (1/R)

(c)

Figure 3: Diagram of the calculation of fractal dimension in the section plane: (a) model with fracture network and section plane; (b) the
intersection of fracture network in the section plane; (c) calculation of fractal dimension using the “counting the box” method.

Table 1: Detailed introduction of the rock types and thicknesses of
the 8212 working face strata.

No. Strata *ickness (m) Accumulative
thickness (m)

1 Mudstone 22 22
2 Fine sandstone 8 30
3 Mudstone 8.6 38.6
4 Coal seam #8 6 44.6
5 Mudstone 4 48.6
6 Pebbly sandstone 9 57.6
7 Fine sandstone 6 63.6

8 Medium
sandstone 12 75.6

9 Mudstone 3.9 79.5
10 Coal seams #3–5 11.6 91.1
11 Pebbly sandstone 9 100.1
12 Coal seam #2 2.4 102.5
13 Siltstone 24 126.5
14 Coal seam Shan #4 1.8 128.3
15 Mudstone 5.4 133.7

16 Medium
sandstone 15 148.7

17 Fine sandstone 15 163.7

18 Medium
sandstone 27.4 191.1

19 Overburden strata 434 625.1
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a linear growth stage (in front of the mining face) and a slow
growth stage (behind the mining face). In the first stage, as
the mining face moved forward, the number of fractures
increased steadily due to the influence of mining, and the
fractal dimension increased linearly with the mining ad-
vance. Notably, these fractures were generated mainly in the
coal seam and lower strata. In the second stage, the fractures

in the lower strata continued to develop, leading to the
deformation and movement of the lower strata. Meanwhile,
fractures in the higher strata continued to develop, pre-
senting a saddle shape in the vertical section plane.
*erefore, the overall fractal dimension of the fractures in
the second stage slowly increases and gradually stabilizes
behind the mining face.
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Figure 4: Established numerical simulation model of the 8212 working panel: (a) 3D numerical simulation model, (b) DFN generated in
coal seam and overburden rock strata, and (c) size distribution of DFN from a power law distribution.

Table 2: Physical and mechanical properties of the strata.

Strata Density (kg/m3) Bulk modulus (GPa) Shear modulus (GPa) Cohesion (MPa) Friction
angle (°)

Tensile
strength (MPa)

Fine sandstone 2800 65.0 54.4 14.2 54 9.3
Medium sandstone 2700 44.1 41.6 12.3 48 5.2
Siltstone 2736 54.4 51.2 11.8 50 5.41
Pebbly sandstone 2578 36.5 32.2 7.55 40 4.27
Coal seam 1460 2.7 1.2 2.65 30 2.39
Mudstone 2500 26.5 21.2 4.57 35 2.57
Upper strata 2500 26.5 21.2 4.57 35 2.57
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4.4. Evolution of the Fracture Network in the Overburden
Strata in theVertical SectionPlanes. Section 4.3 discusses the
overall fracture network evolution with distance from the
mining face. In this section, a detailed study of each over-
burden stratum is conducted. Taken from the vertical section
planes, the development of the fracture network in each
stratum with distance from the mining face can be obtained,
and the fractal dimensions were calculated, as shown in
Figure 11. *e evolution of the fractures in each stratum is
related to its location.

In the lower strata such as the pebbly sandstone and
siltstone, the evolution of the fractures is directly influenced
by the mining excavation. *e fractal dimensions of the
fractures in the different section planes present similar
characteristics. In front of the mining face, the number of
fractures increased as the mining face advanced, and the
fractal dimension of the fractures exhibited a corresponding
linear increase. Behind the mining face, the strata collapsed
rapidly and fill the goaf. Most of the fractures in the strata
were well developed around the mining face, and the fractal

Y = 85.30m section plane 5 for coal seam 3~5# 
Y = 95.60m section plane 6 for pebbly sandstone

Y = 114.5m section plane 7 for siltstone
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Figure 5: Section plane setup in the model.
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Figure 6: Evolution of the fracture network in the coal seam in vertical section plane 3: (a) 150m from the mining face; (b) 100m from the
mining face; (c) 50m from the mining face; (d) at the mining face.
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Figure 10: Evolution of the fractal dimension of the fractures in the overburden strata during mining.
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Figure 11: Continued.
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Figure 11: Evolution of the fractal dimension of the fractures in the overburden strata in the vertical section planes: (a) pebbly sandstone; (b)
siltstone; (c) mudstone; (d) medium sandstone 1; (e) fine sandstone; (f ) medium sandstone 2.
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Figure 12: Evolution of the fracture network in the typical lower strata (pebbly sandstone) with mining advance based on the horizontal
section planes: (a) 50m; (b) 100m; (c) 200m; (d) 300m.
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dimension of the fractures stabilized quickly within 50m
behind the mining face.

*e higher strata were not affected at the beginning of
the mining process until the impact of the mining extended
upward. *erefore, the evolutions of the fractures in each
section plane are different. In addition, in contrast to the
lower strata, in the higher strata, only a few fractures were
generated in front of the mining face, and most of the
fractures continued to develop more than 100m behind the
mining face.

4.5. Evolution of the Fracture Network in the Overburden
Strata in the Horizontal Section Planes. Figures 12 and 13
show the evolution of the fracture network in the typical
lower rock strata (pebbly sandstone) and higher rock strata
(medium sandstone) with mining advance based on the
horizontal section planes. Fractures were generated around
the mining excavations as the mining advanced, exhibiting
an elliptical distribution in the strata. To quantitatively
compare the evolution of the fracture network in each
stratum, the fractal dimension of the fracture network was
calculated based on the horizontal section planes, as shown
in Figure 14. It should be note that the height “h” in the
figure means the distance from the section planes to the
coal seam. Two distinct features were presented from the
figure:

(1) In terms of the number of fractures, more fractures
were generated in the lower strata than in the higher
strata. In addition, a fracture could more easily
develop and expand in the soft rock (mudstone) than
in the hard rock (fine sandstone).

Face advance
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Mining face line

Mining boundary

(a) (b)

(c) (d)

Figure 13: Evolution of the fracture network in the typical higher strata (medium sandstone 1) with mining advance based on horizontal
section planes: (a) 100m; (b) 150m; (c) 200m; (d) 300m.
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(2) *e higher strata (medium sandstone) were almost
unaffected in the first 100m of mining until massive
fractures were generated in the main thick hard roof
(siltstone), which shows that the evolution of frac-
tures of the main thick hard roof in the lower strata
had an important influence on the generation of
fractures in the higher strata.

5. Conclusions

It is an essential issue in mining science to recognize the
evolution of fracture networks during mining. In this paper,
a new 3D modeling approach based on a DFN in FLAC3D
and fractal dimension was developed and applied to the
Tashan coal mine. *e model results of the fracture evo-
lution in the coal seam are consistent with field experiments.
Finally, the evolution of a fracture network in overburden
strata was studied, and the following conclusions were
drawn:

(1) *e fractures in the coal seam exhibited a two-stage
evolution as the mining face progresses: a stable
growth stage and a rapid growth stage.

(2) In the lower strata, the fractal dimension of the
fractures linearly increased as the mining face moved
forward and stabilized quickly within 50m behind
the mining face.

(3) In the higher strata, only a few fractures were gen-
erated in front of the mining face, and most of the
fractures in the higher strata continued to develop
further than 100m behind the mining face.

(4) More fractures were generated in the lower strata
than in the higher strata, and the fractures were more
easily developed and expanded in the soft rock than
in the hard rock. In addition, the evolution of the
fractures of the main thick hard roof in the lower
strata had an important influence on the generation
of fractures in the higher strata.
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*e deformation and failure process of coal rock under different strain rates is a significant challenge which must be solved in
dynamic excavation. It is important to study the influence of strain rate on the evolution of coal rock crack. *e triaxial
compression tests and acoustic emission tests under the strain rate of 10− 5 s− 1 to 10− 3 s− 1 were conducted on coal rock using MTS
815 hydraulic servo-control testing machine. During the loading process, acoustic emission energy and spatial distribution have
obvious stage characteristics. *e damage variable is defined by acoustic emission energy, and the rate of damage evolution is
obviously affected by the strain rate. Based on stage characteristics of acoustic emission energy, spatial distribution, and damage
evolution, the use of damage evolution curve to determine stress threshold is proposed. In order to verify the rationality of the
damage evolution method, the stress threshold values determined by damage evolution method and existing method are
compared and analyzed. In order to study the effect of strain rate and confining pressure on the stress threshold, the stress
thresholds under uniaxial and triaxial stress states at different strain rates were analyzed.

1. Introduction

With the development of social economy, the demand for
energy has increased in recent years, and the exploitation of
mineral resources has gradually emerged as a large-depth
feature [1]. Under high geostress environment, the redis-
tribution of stress field caused by excavation will increase the
probability of severe disasters such as rock bursts [2].
*erefore, the study of the dynamicmechanical properties of
coal under high in situ stress is of great significance to the
safety of coal mining.

Acoustic emission (AE) is often accompanied with the
instability of coal, so AE technology is widely used in the
study of mechanical and deformation characteristics of coal
rock [3].Shkuratnik et al. studied AE characteristics of coal
rock under uniaxial and triaxial loading [4, 5]. Liu et al.
conducted uniaxial compression tests and AE tests on dif-
ferent bedding direction of coal rock, indicating that the AE

parameters of vertical bedding coal (including AE ring-
down, AE energy, and AE event count rate) were smaller
than that of parallel layered coal [6]. Su et al. pointed out that
the AE of coal rock has obvious confining pressure effect,
and the AE energy in conventional triaxial test is obviously
greater than that in uniaxial test [7]. Considering the dy-
namic excavation, the effect of strain rate on AE has attracted
much attention. Gao et al. studied the mechanism of the
influence of strain rate on the AE characteristics of rock
deformation and found that the AE rate and the strain rate
are highly correlated between the elastic deformation stage
and the plastic deformation stage [8]. Li et al. pointed out
that the AE peak count increased, and the cumulative count
decreased with the strain rate increases [9]. Huang and Liu
found that the combination of coal rock decreased the AE
peak count and AE peak energy as the loading rate increased
[10]. Wang et al. pointed out that the coal rock failure
process and AE under different strain rates could be divided
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into two periods of periodic linear growth and transient
growth [11]. At the same time, the damage variable defined
by AE is used by many scholars to study the mechanical
properties of rock. Zhang et al. defined the damage variable
by AE energy and analyzed the difference between different
rock mechanical properties [12]. Li and Zhang used cu-
mulative ring-down counts to study damage evolution of
coal and rock mass [13]. Cao et al. also defined damage
variable using the cumulative ring-down count and pointed
out that damage evolution was more sensitive to strain rate
and could be divided into three stages [14]. Kim et al. used
the stress strain relationship and the AE parameters to define
the damage variables, respectively, and pointed out that the
damage variables defined by AE parameters were more
advantageous in the in situ test [15]. As mentioned above,
confining pressure and strain rate have important effects on
AE and mechanical properties of rock, but there are few
reports on AE of coal rock considering strain rate under high
confining pressure, so it is significant for the engineering
safety to study the mechanical characteristics of high stress
coal rock by using AE.

As we all know, the accurate determination of the stress
threshold is also particularly important for the design and
construction safety of underground engineering, which has
attracted a large number of scholars to study it for decades
[16–18]. Bieniawski described the failure mechanism of brittle
rock and divided the prepeak failure process into four stages
corresponding to four stress thresholds, respectively: crack
closure stress σcc, crack initiation stress σci, damage stress σcd,
and peak stress σf [19–21]. Among them, crack initiation
stress and damage stress are considered as the key parameters
for describing the rock mass response of underground cav-
erns [22, 23].*emethod for determining the stress threshold
value can be divided into three types: stress strain curve
method, AE method [15], and energy dissipation method
[24, 25]. *e stress strain method can be subdivided into
cumulative crack volume strain method, axial stiffness
method, and volume strain method, and many scholars use
them to determine the crack initiation stress and damage
stress and get good results [22, 26]. But it is a remarkable fact
that there are defects in the stress strain method. For example,
in the cumulative crack volume strain method, there are
certain human factors in the process of determining elastic
modulus and Poisson’s ratio [27]. As far as the AE method is
concerned, the stress threshold points are determined by
using the changing characteristics of AE parameters during
compression. Crack initiation and propagation are driven by
energy, which is used to determine the stress threshold in the
energy dissipation method. Over the years, a large number of
studies have used various methods to determine the stress
threshold, but there are differences between the results de-
termined by different methods, and the physical meaning
behind some methods is not clear. *e change law of stress
threshold of some rocks (e.g., sandstone, concrete, etc.) under
quasi-static strain rate has been studied [28, 29], but con-
sidering the discreteness of coal rock, especially, there are few
reports on the determination of stress threshold under quasi-
static strain rate. *erefore, no matter the determination of
the stress threshold of coal rock under quasi-static strain rate,

or to have a reliable method to define the stress threshold in
laboratory tests, it has important theoretical significance for
the safety of coal mines engineering.

Generally speaking, the development and expansion of
cracks are the root cause of damage evolution in rocks, and
research on damage evolution of rocks is relatively complete
[15, 30, 31], so combining damage mechanics to determine
the stress threshold of coal rock is a feasible method. In order
to investigate the change of stress threshold of deep buried
coal rock under different strain rates, this paper firstly an-
alyzes the results of AE tests under quasi-static strain rate
and uses AE to analyze the damage evolution characteristics
of coal rock. Secondly, the stress strain data and AE are used
to preliminarily determine the stress threshold of coal rock.
Finally, the damage evolution curve is used to determine the
stress threshold, and the effects of strain rate and confining
pressure on the stress threshold are discussed.

2. Experiment Test and Damage Theory

2.1. Coal Sample. *e test coal rock is selected from the
Furong Baijiao Coal Mine in Yibin City, Sichuan Province,
China, with a depth of 450m. *e microscopic character-
istics of coal were first analyzed by 5E-MACIII infrared rapid
coal quality analyzer. Based on the industrial analysis and the
measurement of the calorific value (20.5∼28.6MJ/kg), the
Furong Baijiao Coal Mine is determined to be sulfur-rich
anthracite. *en, X’Pert Pro MPD type diffractometer and
XRF-1800 CCEDX-ray fluorescence spectrometer were used
to quantitatively analyze the internal material composition,
element type, and content of coal rock. According to the
results obtained by the X-ray diffraction analysis, the main
compound of the coal sample was determined to be SiO2 and
AlPO4. Finally, combining mineral composition and ele-
mental content measured by X-ray fluorescence analysis, the
main components of the coal sample are amorphous min-
erals (79.02%) and quartz (10.07%).

In order to possibly reduce the influence of human
disturbance on the original state of coal rock, samples are
prepared according to the International Society of Rock
Mechanics [32]. *e coal rock is made into
φ50mm × L100mm cylindrical sample by the preparation
method of coring, cutting, and grinding at both end faces
and controlled the diameter of the coal sample at 50+6

− 2 mm
and the ratio of height to diameter at 2 ± 0.2. *e degree of
nonparallelism between the two ends is less than 0.05mm,
the end is perpendicular to the axis of the sample, and the
maximum deviation degree is less than 0.25°. *e coal rock
sample after sample preparation is shown in Figure 1.

2.2. Test Equipment. *e coal rock triaxial compression test
was carried out on the Sichuan University MTS 815 Flex Test
GTrock mechanics test system, with maximum axial load of
4600 kN and maximum confining pressure of 140MPa.
During the triaxial loading process, the axial and lateral
deformations were measured by the axial extensometer and
the circumferential extensometer installed on the surface of
the heat shrinkable sleeve and recorded in real time
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(Figure 2(a)). Different strain rates are achieved by setting
different loading speeds, which are controlled by the linear
variable differential transformer (LVDT). To simulate the
dynamic disturbance of deep buried coal rock during the
normal excavation process, the test loading confining

pressure is set to 25MPa and the loading strain rate is set
to10− 5 s− 1, 10− 4 s− 1, and 10− 3 s− 1.

*e AE test was performed by the PCI-2 AE test system
of the United States. It synchronizes AE feature parameters,
waveform acquisition, and analysis. Considering the specific

Figure 1: Physical map of coal rock.
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Figure 2: Coal rock triaxial compression test system. (a) Triaxial compression test system. (b) Acoustic emission monitoring site.
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conditions of low strength of coal rock and fast attenuation
of sound wave, the threshold value of this AE signal ac-
quisition process was set as 40 dB to minimize the influence
of noise in the nonloading process on AE signal. In order to
realize real-time monitoring of AE timing parameters and
spatial location, four AE sensors (eight in total) are arranged
at the position of 10mm above and below the sample in
Figure 2(b) (red point) [12].

2.3. Damage 7eory Based on AE. *e damage variable is
defined as [33]

D �
Ad

A
, (1)

where Ad is the total area of all microcracks on the bearing
surface and A is the initial nondestructive section area.

In the existing research, it has been proved that using AE
parameters to define damage variables and perform damage
analysis is scientific [15, 34–36]. *erefore, the following
damage variables will be established based on AE
parameters.

If C0 is defined as the number of AE counts when the
whole section of material is completely destroyed, the
number of AE events per unit area of the coal rock mi-
croelements at the time of failure Cw is

Cw �
C0

A
. (2)

When the area of the damage of the section is Ad, the
number of AE events is

Cd � CwAd �
C0

A
Ad. (3)

So, the damage variable can be defined as

D �
Cd

C0
. (4)

Due to the confining pressure limitation, the coal rock
after the peak strength still has bearing capacity, and the
samples have not reached a fully damaged state [13, 14].
*erefore, a correction coefficient Du is introduced to
correct D, and its physical meaning can be expressed as

Du � 1 −
σr

σf

, (5)

where σr is the residual strength of coal rock and σf is the
peak strength of coal rock.

So, the damage variable can be revised as

D � Du

Cd

C0
� 1 −

σr

σf

 
Cd

C0
. (6)

3. Test Results and Analysis

3.1. Evolution Characteristics of AE Energy. According to the
AE and MTS tests, Figure 3 is the curve of the evolution of
AE energy and stress with time under different strain rates.

*e AE energy curve at different strain rates can be divided
into four stages according to its evolution characteristics: (i)
quiet stage, (ii) stable growth stage, (iii) fast growth stage,
and (iv) postpeak stage. (i) In quiet stage, the rock is under
small load, and defects such as primary cracks and holes in
the coal rock are compacted under the action of axial
pressure. However, since the energy of AE signal produced
by crack closure is low [37], it is not easy to be captured by
the AE sensor, so no AE signal is produced at this stage, and
the AE energy is 0. (ii) In stable growth stage, the material is
in the elastic stage, and the stress of coal rock and AE energy
keep linear relationship with time. Since the axial pressure
has not increased to the stress condition that produces a
large amount of AE, the AE signal is produced in small
amount, and the AE energy curve grows slowly. (iii) In fast
growth stage, as the stress increases, the coal rock gradually
yields, a large number of cracks are produced, and the AE
enters a stage of rapid growth. Compared with the second
stage, the AE energy growth rate is faster; that is, the average
slope of the curve increases significantly. (iv) In postpeak
stage, the load of coal gradually exceeds its ultimate strength,
and macroscopic cracks begin to form. *e occurrence of a
large number of cracks and the friction of the macroscopic
crack surface lead to a rapid increase in the AE energy, and at
the same time the increase rate is greater than that in the
third stage.

At the same time, it can be seen from Figure 3 that as the
strain rate increases, there are differences in the evolution of
AE energy. Firstly, the AE energy corresponding to the peak
stress decreases gradually as the strain rate increases from
10− 5 s− 1 to 10− 3 s− 1, and the average AE energy of three
groups of coal samples decreases from 4.055 to 1.813
(9.31× 10− 19 J). *is is because, at faster loading rates, cracks
with smaller discharge energy and smaller dimensions are
more activated. Meanwhile, the loss of AE signal increases
with the increase of crack number. *e two factors cause the
AE energy to be smaller at higher strain rate. *en, with the
increase of strain rate, the evolution rate of AE energy at each
stage is obviously accelerated because of the acceleration of
test rate. In Figures 3(a) to 3(c), for example, the rate of
energy evolution in the second stage increases from 0.827 to
34.182 (9.31× 10− 22 J/s). From the perspective of the AE
energy curve as a whole, the increase in strain rate leads to
more obvious phase characteristics of the curve. For ex-
ample, the turning point of the stable growth stage and fast
growth stage stages of Figure 3(c) is easier to identify
compared to that of Figure 3(a).

3.2. AE Spatial Distribution Characteristics. In order to
further explore the evolution law of AE in coal under quasi-
static strain rates, the AE spatial distribution diagram of each
stress level section of a typical coal sample in each strain rate
is selected as shown in Figure 4.

*e AE spatial distribution under different strain rates
shows that when the stress level is less than 50%, the energy
is mainly stored in coal and rock by elastic energy, and the
amount of AE is small in this period. As the stress continues
to increase near the peak stress, the concentration of AE

4 Advances in Civil Engineering



signals indicates that the cracks in a certain region begin to
connect with each other and propagate. *is corresponds to
the rapid increase in the AE energy of the third stage in
Figure 3. From Figure 4, we can summarize the three laws of
AE evolution with strain rate: (1) With the increase of strain
rate, the concentration of AE in the coal rock space decreases
obviously. When the strain rate is 10− 5 s− 1, AE is concen-
trated at 90–100% stress level with obvious nucleation area.
When the strain rates are 10− 4 s− 1 and 10− 3 s− 1, the AE
distribution becomes more uniform and dispersed in the
space. (2) *e stress level, which mainly produces AE signal,
decreases with the increase of strain rate. When the strain

rate is 10− 5 s− 1, the stress level of a large number of AE
signals is mainly from 90% before the peak to 80% after the
peak.When the strain rate is 10− 4 s− 1, it is 80% before peak to
90% after peak, and when the strain rate is 10− 3 s− 1, it is 70%
before peak to peak stress. (3) As can be seen clearly from
Figure 4, the amount of AE decreases with the increase of
strain rate. It means that it is more difficult to predict rock
failure by AE monitoring with the speed of excavation.

3.3. Damage PerformanceBased onAEEnergy. In view of the
fact that the AE energy curve and the spatial distribution of
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Figure 3: AE energy at different strain rates. (a) _ε � 10− 5s− 1. (b _ε � 10− 4s− 1. (c) _ε � 10− 3s− 1.
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coal rock are analyzed from the surface, the analysis of damage
evolution from the damage theory is closer to the essence of the
mechanical properties. *erefore, in combination with

equation (6), the AE energy at the end of the test is used to
determine C0, and the evolution curve of the damage variable
with the stress level is calculated as shown in Figure 5.
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Figure 4: AE spatial distribution at different strain rates. (a) _ε � 10− 5s− 1. (b) _ε � 10− 4s− 1. (c) _ε � 10− 3s− 1.

6 Advances in Civil Engineering



As shown in Figure 5, the damage evolution curves of coal
rock under different strain rates also have four stages similar
to AE energy: (I) initial calm, (II) stable damage evolution,
(III) rapid damage evolution, and (IV) postpeak stage. In the
initial calm stage, no new cracks are generated, so the number
of AE is small, and the damage variable is zero. With the
increase of stress level, the new crack increases in order, and
the damage evolution shows a linear increasing trend at the
second stage. In the rapid damage evolution stage, the crack
increases rapidly with the increase of stress, so the number of
AE increases greatly, and the damage evolution curve presents
obvious nonlinear growth trend. Meanwhile, as the strain rate
increases, the (σ/σf) value at the end of the initial calm and
stable damage evolution phase decreases. Specifically, as the
strain rate increases from 10− 5 s− 1 to 10− 3 s− 1, the (σ/σf) value
at the end of the initial quiet period decreases from 0.538 to
0.350, and the (σ/σf) value at the end of the stable damage
evolution phase decreases from 0.924 to 0.804. It can be
clearly seen that as the strain rate increases, the rate of change
in the stage of stable damage evolution increases, and the rate
of change in the stage of rapid damage evolution decreases.
*is is because the strain energy in the early stage of coal rock
is more saved at low strain rate, and near the peak stress crack
propagation leads to a large amount of strain energy release,
resulting in greater damage evolution rate.

4. Determination of Stress Threshold

4.1. Determination of Stress 7reshold Based on Damage
Evolution. Based on the above, it is very clear that there are
several stages, whether the change of AE energy, AE spatial
distribution, or damage curves. In other words, under the
quasi-static strain rate, the changes in the mechanical
properties of coal rock have obvious stages, and those stages
can be expressed by the stress threshold in actual engi-
neering practice.

*e most common method to determine the stress
threshold is the crack volumetric strain method. Many re-
searchers have discussed the crack volumetric strain of rocks
using formulas εVcrack � εv − (1/E)(σ1 − 2μσ3) and pointed
out that when the stress reaches σcc and σci, the crack
volumetric strain will be zero [16, 38, 39]. *e damage stress
σcd is usually determined by the inflection point of the
volumetric strain, that is, the expansion point of the rock.
However, it can be seen from Figure 6(a) that, under dif-
ferent strain rates, the crack volume strain before the peak
stress point is greater than 0. So, for coal rock, the crack
initiation stress σci cannot be determined by the crack
volumetric strain method, due to the nonlinear nature of
coal rock. As Figure 6(b) shows, when _ε� 10− 5s− 1 or
_ε� 10− 4s− 1, the strength limit of coal rock is reached, but the
volumetric strain has not yet reached the maximum value, so
the volume strain method cannot be used to determine the
damage stress σcd at this time. When the strain rate is
10− 3 s− 1, the maximum volume strain appears before the
peak stress point, so the damage stress σcd can be determined
in this case. *erefore, the location where the maximum
volume strain appears is not fixed in Figure 6(b), which
makes it difficult to determine the damage stress σcd only by
the volume strain method.

As mentioned above, it is difficult to determine the
characteristic stress values by a traditional method. Mean-
while, in view of the obvious stage characteristics of the
damage evolution curves of coal rock under different strain
rates in Section 3.3, the initiation stress σci and damage stress
σcd are determined by the damage evolution curve in the
following. Figure 7 shows the damage evolution law of three
coal rock samples at the strain rate of 10− 3 s− 1, indicating that
coal-rock damage at the same strain rate also has periodic
characteristics. Before the stable damage evolution stage,
coal rock is in the initial damage quiet period, and coal rock
undergoes the crack compaction stage and the linear elastic
stage. In those processes, the damage of the coal rock is
caused only by the compaction of the crack, so the damage
variable value is close to 0. When entering the stage of
damage stable evolution stage, coal-rock deformation is
mainly elastic deformation, a small amount of AE signals is
generated, and internal fractures of coal rock started to form.
So, the initiation stress σci can be identified as the start of
initial calm period. As damage evolution continues, the
damage rate accelerates significantly, and a large number of
AE signals are generated; therefore, the junction of the stable
and rapid damage evolution stages can be considered as the
beginning of the unstable crack growth, that is, the damage
stress point σcd.

4.2. Stress 7reshold at Different Strain Rates. *e stress
thresholds determined by the damage evolutionmethod (DE
method) are listed in Table 1 in order to clarify the variation
of the response stress threshold with strain rate.

With the increase of strain rate, the average damage
stress σcd (or the average initiation stress σci) changes from
60.072 to 60.601 (or from 38.655 to 29.770), and the
change amplitude is small. It is also worth noting that as
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the peak stress increases from [63.090, 79.217] to [76.847,
87.702], the ratio (e.g., (σci/σf)) decreases from [0.539,
0.551] to [0.293, 0.430] as the strain rate increases,
showing a clear decreasing trend. As the stress rate in-
creases from 10− 5 s− 1 to 10− 3 s− 1, the average value of
(σci/σf) decreases from 0.544 to 0.358, and the average
value of (σcd/σf) decreases from 0.848 to 0.709. Some
scholars have found the same law through research,
pointing out that the internal damage of rocks is more
likely to form under high strain rate conditions, which
leads to a reduction in (σci/σf) and (σcd/σf) [29, 40]. We

should note that the strain rate has a significant effect on
the development of cracks, both from the existing studies
and from the fracture morphology of coal rock in Figure 8
[41, 42]. As the strain rate increases from 10− 5 s− 1 to
10− 3 s− 1, the degree of coal-rock fragmentation increases,
and the proportion of low-size broken coal blocks be-
comes greater. Microdefects (e.g., microcracks and
microvoids) with higher strain rate are easier to activate
under lower stress [42]. *erefore, it is easier to satisfy the
crack initiation conditions at the defects and to propagate
and penetrate for cracks. As a result, (σci/σf) and (σcd/σf)

gradually decrease with increasing strain rate.

4.3. Determination of Stress 7reshold by Existing Method.
In order to discuss the rationality of using the DE method to
determine the stress threshold and compare with the existing
method, the following will first introduce the feasible
existing method and determine the stress threshold.

As described in section 4.1, when the strain rate is
10− 3 s− 1, the damage stress σcd can be determined by the
volume strain method but not by the method completely, so
it must be determined in combination with acoustic emis-
sion. As shown in Figure 9, when the stress reaches the
damage stress σcd, the AE energy rate will have obvious
protrusions after the quiet period, because the expansion of
the crack leads to a sudden increase in the number of AE
signals.

Based on the determination of damage stress σcd,
Nicksiar and Martin proposed a method for accurately
determining the initiation stress σci through the lateral
strain curve-lateral strain response (∆LSR) method [26].
First, determine the reference line by connecting the
damage stress point and the stress zero point, and calculate
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the difference between the lateral strain and the reference line
under the same stress in Figure 10(a), the lateral strain dif-
ference (∆LSR). *en, as shown in Figure 10(b), determine the
stress point corresponding to the maximum lateral strain
difference as the initiation stress point σci.

(σci/σf) and (σcd/σf) determined by the two methods
at different strain rates are shown in Figure 11. First,
(σci/σf) is determined by the existing method; with the
strain rate increasing from 10− 5 to 10− 3 s− 1, the average
value changed from 0.409 to 0.415, and the average value

Table 1: Stress characteristic values with different strain rates.

_ε Group (σci/MPa) σci (σci/σf) (σci/σf) (σcd/MPa) σcd (σcd/σf) (σcd/σf) (σf/MPa)

10–5
5–1 34.195

38.655
0.542

0.544
52.680

60.072
0.835

0.848
63.090

5–2 43.649 0.551 62.185 0.785 79.217
5–3 38.121 0.539 65.350 0.924 70.725

10–4
4–1 29.772

38.680
0.380

0.509
58.448

62.340
0.746

0.820
78.348

4–2 35.637 0.600 54.109 0.911 59.395
4-3 50.632 0.546 74.465 0.803 92.733

10–3
3–1 37.712

29.770
0.430

0.358
63.759

60.601
0.727

0.735
87.702

3-2 24.701 0.293 50.264 0.596 84.305
3-3 26.896 0.350 67.781 0.882 76.847

(a) (b)

(c)

Figure 8: Failure patterns of coal rock under different strain rates. (a) _ε� 10− 5s− 1. (b) _ε� 10− 4s− 1. (c) _ε� 10− 3s− 1.
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of (σcd/σf) decreased from 0.867 to 0.806. Comparing
(σci/σf) and (σcd/σf) determined by the two methods,
they all show a certain tendency to decline, which shows
that the DE method is effective to determine the stress
threshold value. At the same time, as the strain rate in-
creases, (σci/σf) and (σcd/σf) determined by DE method
show a more obvious decreasing trend. For deep geo-
technical engineering, an increase in the excavation rate or
an increase in the surrounding rock strain rate will often
increase the probability of engineering disasters such as
collapse and rock burst. *us, smaller stress threshold,
determined by DE method, has more safety guarantees for
engineering excavation.

4.4. Comparison of Stress 7resholds under Uniaxial and
Triaxial Conditions. *e ratio of stress threshold to peak
stress in uniaxial and triaxial state is listed in Table 2 to

analyze the effect of confining pressure on stress threshold
at different strain rates. *e stress threshold in uniaxial
state is determined by energy dissipation rate method and
∆LSR method in the paper in [43]. In the uniaxial stress
state, (σci/σf) (or (σcd/σf)) decreases with the increase of
the strain rate, from 0.627 to 0.536 (or from 0.883 to 0.828),
showing the same law as that in the triaxial state. Under the
same strain rate, (σci/σf) and (σcd/σf) in uniaxial state are
greater than those in triaxial state. At the same time, with
the increase of strain rate, the difference of (σci/σf) (or
(σcd/σf)) between uniaxial and triaxial states will increase.
For example, for (σci/σf), when the strain rate is 10− 5 s− 1,
the difference is 0.083, and when the strain rate is 10− 3 s− 1,
the difference increases to 0.178. *is means that the stress
state of the original rock and the excavation rate have a
positive effect on the evolution of cracks. In the triaxial
stress state, the rock absorbs more energy when reaching
the same stress level compared to the uniaxial stress, the
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energy dissipates more, and the corresponding number of
cracks is greater.

5. Conclusions

Based on AE energy and spatial distribution under 25MPa
confining pressure, the AE parameters and the stress
characteristics are analyzed under different strain rates. *e
AE energy at different strain rates can be divided into four
stages: quiet stage, stable growth stage, fast growth stage, and
postpeak stage. With the increase of strain rate, AE energy
decreases, and the growth rate of AE energy in each stage
becomes larger. *e spatial distribution of AE under quasi-
static strain rate is also characterized by stages. With the

increase of strain rate, the spatial distribution of AE tends to
be uniform, and the quantity of AE decreases andmost of AE
occurs in the prepeak stage.

*e damage evolution law under quasi-static strain
rate is studied, and the damage variable is defined by using
the AE energy. *e damage evolution curves of coal rock
under different strain rates have four stages: initial calm,
stable damage evolution, rapid damage evolution, and
postpeak stage. With the increase of the strain rate, the
rate of change in the stable damage evolution phase in-
creases, and the rate of change in the fast damage evo-
lution phase decreases.

According to the phase characteristics of AE energy,
spatial distribution, and damage evolution, determining the
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Figure 11: Variation of stress threshold determined by two methods at different strain rates.

Table 2: Stress thresholds under uniaxial and triaxial conditions.

Confining pressure 0MPa [43] 25MPa 0MPa [43] 25MPa
_ε (σci/σf) (σci/σf) (σci/σf) (σci/σf) (σcd/σf) (σcd/σf) (σcd/σf) (σcd/σf)

10–5
0.790

0.627
0.542

0.544
0.915

0.883
0.835

0.8480.550 0.551 0.908 0.785
0.541 0.539 0.825 0.924

10–4
0.495

0.541
0.380

0.509
0.915

0.850
0.746

0.8200.566 0.600 0.849 0.911
0.561 0.546 0.787 0.803

10–3
0.507

0.536
0.430

0.358
0.813

0.828
0.727

0.7350.596 0.293 0.863 0.596
0.505 0.350 0.807 0.882
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stress threshold based on damage evolution is proposed. It is
determined that the stress level at the beginning of the stable
damage evolution stage is the initiation stress, and the stress
level at the starting point of the rapid damage evolution stage
is the damage stress. Under quasi-static strain rate, (σci/σf)

or (σcd/σf) determined by the DE method decreases with
increasing strain rate. At the same time, the stress thresholds
of uniaxial and triaxial under quasi-static strain rate are
compared and analyzed. (σci/σf) (or (σcd/σf)) in the triaxial
stress state is always smaller than that in the uniaxial stress
state. As the strain rate increases, the difference between
uniaxial and triaxial stress states becomes larger.
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Natural fractures usually develop in shale reservoirs. *ereby, in the process of hydraulic fracturing, it is inevitable that hydraulic
fractures will intersect with natural fractures. In order to reveal the interaction mechanism between hydraulic-induced fractures
and natural fractures, a two-dimensional fracture intersection model based on the extended finite element method (XFEM) is
proposed, and the different types of intersecting criteria reported in the literature are compared. *en, the effects of natural
fracture azimuth, fluid pressure in hydraulic fracture, and in situ principal stress difference on hydraulic fracturing are studied in
detail. *e results show that the fracture morphology is different under different criteria and working conditions. And the stress
concentration phenomenon mainly concentrates on the tip in the obtuse angle side of natural fracture. Meanwhile, different fluid
pressures in hydraulic fracture can also induce different intersection patterns.*e obtained results in this work are of great benefit
to understand the intersection mechanism between hydraulic fractures and natural fractures.

1. Introduction

Generally, shale reservoirs have very low porosity and
permeability. *us, hydraulic fracturing technique is widely
employed to generate hydraulic/induced fractures and en-
hance the productivity of shale reservoirs. *ere are
many discontinuities in shale reservoirs, such as natural
fractures/cracks, bedding planes, and faults [1]. Natural
fracture is probably one major reason for possible change in
hydraulic fracture morphology from what it was originally
expected. In other words, the interaction between hydraulic
fractures and natural fractures arises commonly in naturally
fractured low-permeability reservoirs [2]. Meanwhile, nat-
ural fractures have production capacity only when they are
activated by induced fractures [3]. *us, understanding the
interaction mechanism between hydraulic fractures and
natural fractures is of great significance for the stimulation of
shale reservoirs.

Extensive theoretical works have been conducted to
investigate the interaction mechanism between hydraulic
fractures and natural fractures based on experiments
[2, 4–6]. Gu and Weng [7] extended the Renshaw and
Pollard results to apply to the nonorthogonal intersecting
angle condition. Compared to theoretical and experimental
methods, numerical methods can simulate the interaction
process under more complex geological conditions. Nu-
merous numerical works have been carried out on the basis
of the discrete element method (DEM) [8] and the dis-
placement discontinuity method (DDM) [9–11]. Zhang et al.
[12] investigated the interaction mechanism between hy-
draulic fractures and natural fractures with a hybrid dis-
crete-continuum method. Huang et al. [13] proposed
different 3D perforation models of hydraulic fracture ini-
tiation and near-wellbore propagation. And, the pressure
characteristics and performance of multistage fractured
horizontal well have been analyzed with coupled flow and
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geomechanics [14]. In addition, the full coupled multiscale
numerical model has been introduced to investigate hy-
draulic fracturing complexity in naturally fractured rock
masses [15]. Belytschko and Black [16] presented a minimal
remeshing finite element method for crack growth, which is
referred to as the extended finite element method (XFEM).
*erein, the enrichment functions are added to the finite
element approximation to account for the presence of the
cracks. *e XFEM allows the crack to be arbitrarily aligned
within the mesh, overcomes the limitations inherent in the
mesh shape, and can efficiently simulate fractures without
remeshing. Dahi-Taleghani and Olson [17, 18] investigated
the intersection between hydraulic fractures and natural
fractures based on a plane strain XFEMmodel. Xu et al. [19]
developed the additional junction enrichment to describe
branched elements. Wang et al. [20] established a fluid-solid
coupled hydraulic fracturing model using the XFEM to
simulate the interactions between hydraulic fractures and
natural fractures and further investigate the formation of
fracture network.

*ere are a lot of criteria for the intersection. It is im-
portant to adopt the most appropriate criterion in different
situations. *at is, the intersection between hydraulic
fractures and natural fractures still needs further study.
*erefore, a two-dimensional crack intersection model
based on the XFEM is proposed in this work. In addition,
different types of intersection criteria reported in previous
studies are used to numerically simulate the interaction in
the fracturing process.

2. Intersection Model

*e intersection of hydraulic fractures and natural fractures
is a complex problem involving rock deformation, fluid flow
and distribution at the joint point, and influence of in situ
stress field. In general, there are four typical patterns of
interaction as follows [21]:

(1) When fluid pressure in hydraulic fracture is small,
the induced fracture will be arrested due to the
energy dissipation of induced fracture.

(2) If fluid pressure of hydraulic fracture is large enough
to open the natural fracture, the hydraulic fracture
will deflect to the natural fracture and propagate
along the direction of natural fracture.

(3) If the natural fracture is very difficult to open, while
fluid pressure in hydraulic fracture is large enough,
the natural fracture will be penetrated, and the

hydraulic fracture will propagate along the initial
pathway.

(4) If the natural fracture is easy to open and fluid
pressure in hydraulic fracture is large enough, the
hydraulic fracture may penetrate the natural fracture
while the natural fracture is opened simultaneously.

In this section, we present a brief review of several
analytical criteria of interaction between hydraulic fractures
and natural fractures and explain how they can be applied in
the XFEM.

2.1. Blanton’s Criterion. Blanton’s criterion [4] considers
that when hydraulic fracture reaches natural fracture
plane, the fluid pressure at the intersection point will
continue to rise until the induced fracture either opens or
penetrates the natural fracture. If the required pressure for
reinitiation is lower than the opening pressure, the in-
duced fracture will penetrate the natural fracture and
continue to propagate along the original direction. As
shown in Figure 1, fluid pressure p is imposed on the
hydraulic fracture plane, θ is the angle of approach, σhmax
and σhmin are the maximum and minimum in situ hori-
zontal principal stresses, and σn and τ are the normal and
shear stresses acting on the natural fracture plane, re-
spectively. Also, σT is the normal stress component acting
parallel to the natural fracture which depends on the in
situ stresses, fluid pressure, and geometry of the inter-
action region as well as friction coefficient. *e crossing
criterion is described as follows:

p> σT + T0, (1)

where T0 is the tensile strength of the rock. Accordingly,
Blanton derived the following crossing criterion:

σhmax − σhmin

T0
>

−1
cos 2θ − b sin 2θ

, (2)

where σhmax − σhmin is called the in situ horizontal principal
stress difference.

Here, b is defined as

b �
1
2c

v x0(  −
x0 − l( 

μf

 , (3)

where x0 is the point at which reinitiation will occur, c is the
zone of slippage in the natural fracture, l is the half length of
crack, and μf is the friction coefficient of the natural fracture
plane. x0 and v(x0) are given by

x0 �
(1 + c)2 + e π/ 2μf( ( 

l + e π/ 2μf( ( 
⎡⎢⎢⎣ ⎤⎥⎥⎦
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(4)
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When the tensile strength of rock is 3.5MPa, the chart
of Blanton’s criterion as shown in Figure 2 can be ob-
tained. In addition, Blanton’s criterion ignores the in-
fluence of fluid pressure on the induced stress at the
natural fracture interface and assumes that the shear stress
is a simple linear distribution along the natural fracture
interface.

2.2.W&T’s Criterion. Warpinski and Teufel [5] claim that
the forming of intersection is determined by the net fluid
pressure, pn, which is defined as the fluid pressure in
hydraulic fracture minus the minimum horizontal stress.
Opening will take place if the induced pressure exceeds
the far-field stress component acting normal to the
natural fracture plane. *e opening condition can be
expressed as

σhmax − σhmin <
2pn

1 − cos 2θ
. (5)

Beyond that, Warpinski and Teufel proposed a rela-
tionship expression that governs arrest mode as

σhmax − σhmin ≥
2τ0 − 2pnμf

sin 2θ + μf cos 2θ − μf

, (6)

where τ0 is the shear strength.
*e chart of W&T’s criterion has been plotted in Fig-

ures 3 and 4 corresponding to net fluid pressures of 0.7MPa
and 2.7MPa, respectively.

It can be seen that there is a critical angle, denoted by α,
in the W&T’s criterion plate curve. When θ> α, shear
slippage will not take place because normal stress on the
natural fracture plane is big enough to stop the slippage. At
that time, the hydraulic crack would either penetrate the
natural fracture or be arrested. *e critical angle can be
derived from (6), which is given by

σhmax

σhmin

Hydraulic fracturing
σT

Tangential stress
σn

Normal stress

θ

Nature fracture

τ shear stress

Figure 1: Schematic of a hydraulic fracture intersecting a natural
fracture.
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α � arctan
1
μf

 . (7)

2.3. R&P’s Criterion. With considering that the material is
homogeneous and isotropic, Renshaw and Pollard [6]
studied the interaction of a dry fracture with a frictional
plane based on the elastic fracture theory. *is criterion
considers the case where induced fracture approaching
natural fracture orthogonally. If the shear strength of the
natural fracture is less than the induced tensile stress, the
natural fracture will slip and the fracture will be arrested.*e
criterion can be expressed as

−σhmax

T0 − σhmin
>
1 + μf

μf

. (8)

Renshaw and Pollard propose that crossing will not take
place if slippage occurs, which underestimates the discon-
tinuity strength required to allow an induced fracture to
cross it. *e chart of R&P’s criterion is shown in Figure 5.

2.4.ModifiedR&P’sCriterion. In fact, the induced crackmay
approach the natural fracture with any angle, so it is nec-
essary to improve the R&P’s intersection criterion and

develop a more general applicability one. Sarmadivaleh and
Rasouli [2] extended R&P’s criterion to the case of a non-
cohesive interface with a nonorthogonal approach angle. It
can be expressed as

−σn

T0 − σT( 
>

(1 − sin(θ/2)sin(3θ/2)) + 1/μf
″ cos(θ/2) (|sin(θ/2)cos(θ/2)cos(3θ/2)| + α)

(1 + sin(θ/2)sin(3θ/2))
, (9)

where μf
″� μf
′+ μf and is called the total friction coefficient.

Here, μf
′ is the relative friction coefficient, denoted as

follows:

μf
′ �

τ0/σn

((1 − sin(θ/2)sin(3θ/2)))/ (1 − sin(θ/2)sin(3θ/2)) + 1/μf cos(θ/2) (|sin(θ/2)cos(θ/2)cos(3θ/2)| + α)   − 1
. (10)

3. Numerical Method

Here, we employ the XFEM [16] to simulate the studied
problem. *e element with no crack is regarded as normal
element, which is the same as the standard FEM. Note that
for crack-crossed elements, the Heaviside step function is
introduced as enriched function to characterize the dis-
continuities of crack. *at is,

H(x) �
1, dist(x)> 0,

−1, dist(x)< 0,
 (11)

where dist(x) is the shortest distance from x to crack. In
order to determine whether it is positive or negative, n is
defined as the unit normal vector to the crack.*e distance is
positive when x locates in the side where n points and it is
negative when x locates in the other side [21].

For embedded elements, Westergaad function is intro-
duced as enriched function, which can be expressed as

ϕα(r, θ) �
�
r

√
sin

θ
2
, cos

θ
2
, sin

θ
2
sin θ, cos

θ
2
sin θ , (12)

where r and θ are the local parameters in crack-tip polar
coordinates:
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Figure 5: *e curve of R&P’s criterion.
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r �

�������������������

x − xtip 
2

+ y − ytip 
2
,



θ � arctan
y − ytip

x − xtip
− θtip,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(13)

where θtip is the crack-tip angle in the orthogonal coordinate
system.

In the framework of XFEM, the node displacement
approximation is [9]

uh
(x) � 

i∈N
Ni(x) ui + H(x)ai√√√√√√

i∈NH

+ 
4

α�1
ϕαb

α
i

√√√√√√
i∈Nemb

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (14)

where N is all nodes set, NH is the set of nodes in crack-
crossed elements, and Nemb is the set of nodes in embedded
elements. Ni (x) is the classical shape function, ui is the
continuous degrees-of-freedom (DOFs) vector, and ai and
bαi are the enriched DOFs vector of crack-crossed elements
and embedded elements, respectively.

*e enrichment of the element crossed by two separate
cracks is given as follows [20]:

u
h
(X) � 

4

I�1
NI(X)uI + 

4

J�1
NJ(X) H f

I
(X)  − H f

I
XJ   q

I
J + 

4

K�1
NK(X) H f

II
(X)  − H f

II
XK(   q

II
K , (15)

where f I(X) and f II(X) are the signed distance functions.
Also, qIJ and qIIk are the enriched DOFs of main crack and
the branch crack, respectively.

*e enrichment of the element containing a junction is
as follows:

u
h
(X) � 

4

I�1
NI(X)uI + 

4

J�1
NJ(X) H f

I
(X)  − H f

I
XJ   q

I
J + 

4

K�1
NK(X) J(X) − J XK(  q

II
K . (16)

Here, a junction function is introduced as

J(X) �
H f

I
(X) , on the side without branch,

H f
II

(X) , on the side with branch.

⎧⎪⎨

⎪⎩
(17)

*e enrichment of the element containing an intersec-
tion is defined as follows:

u
h
(X) � 

4

I�1
NI(X)uI + 

4

J�1
NJ(X) H f

I
(X)  − H f

I
XJ   q

I
J + 

4

K�1
NK(X) J

1
(X) − J

1
XK(  c

1
K + 

4

K�1
NK(X) J

2
(X) − J

2
XK(  c

2
K,

(18)

where qI
J, c1K, and c2K are the enriched DOFs of main crack

and two branch cracks, respectively.

4. Results and Discussion

4.1. Effect of Natural Fracture Azimuth. In this section, we
study the influence of natural fracture azimuth on the hy-
draulic fracture propagation. *e model is
100m× 100m× 1m in size. A linear elastic and isotropic
block is considered with Young’s modulus of 25GPa and
Poisson’s ratio of 0.20, and the tensile strength T0 is 1.0MPa.
*e in situ principal stress difference is set as 2.0MPa, and
fluid pressure in hydraulic fracture is 10MPa. With seeding

101 nodes each side, the model is divided into 10000 ele-
ments. *e initial induced crack, with a length of 5m, is set
at the left boundary.*ree cases of different natural fractures
orientations are studied. As shown in Figure 6, natural
fractures with horizontal angles of 30°, 45°, and 60° are set in
the block.

*e results based on Blanton’s criterion are illustrated
in Figure 7. In this case, hydraulic fracture opens one side
of the natural fracture and reinitiate in the opposite plane.
*at is, the offset of hydraulic fracture occurs in the y
direction. And the induced fracture’s offset will be larger if
the natural fracture azimuth is bigger. When the in situ
principal stress difference is 2.0MPa, the induced crack is
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impossible to penetrate the natural fracture regardless of
the crack angle. *e propagation behavior of hydraulic
fracture in this work agrees well with that of previous
study [9].

As we can see from Figure 8, when the angle of in-
tersection is 30°, the stress concentration phenomenon
mainly concentrates on the upper tip of the natural
fracture. And the induced stress at the lower tip of the
natural fracture is smaller as it is suppressed by the fluid
pressure. *e impact of squeezing will be reduced when
the intersection angle gradually increases. When the in-
tersection angle reaches 135°, the stress concentration
phenomenon mainly occurs at the lower tip of the crack,
which is exactly contrary to the 45° case. In Wang et al.’s
study [9], the stress distribution along the natural fracture
becomes asymmetrical and the stress concentration is
more significant in the vicinity of the upper tip of the
natural fracture.

4.2. Effect of In Situ Principal Stress Difference. In order to
examine the influence of the in situ principal stress dif-
ference on hydraulic fracture propagation, we compare

the results of two cases with the in situ principal stress
difference of 2MPa and 4MPa. Natural fractures with
horizontal angle of 60° are set in the block. *e shape of
induced fracture after the intersection is displayed in
Figure 9. Different from before, the offset of hydraulic
crack does not occur. Hydraulic fracture penetrates the
natural fractures without changing the propagation di-
rection when the in situ principal stress difference is
4MPa. When the principal stress difference increases,
hydraulic fracture requires a larger driving fluid pressure
to obtain a larger net fluid pressure to open natural
fractures. But at this time, the net fluid pressure is enough
to induce re initiation occurring on the other side of
natural fracture. *erefore, the hydraulic fracture will be
inclined to penetrate the natural fracture when the in situ
principal stress difference increases to a certain degree.

4.3. Effect of Fluid Pressure. In order to examine the influ-
ence of fluid pressure on the hydraulic fracture propagation,
the intersection criterion is changed into the W&T’s cri-
terion. Natural fractures with horizontal angle of 30° are set
in the block. And the in situ principal stress difference is set
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as 2.0MPa. *e shapes of induced fracture of different cases
are shown in Figure 10. We compare the results of four cases
with the fluid pressure of 2.5MPa, 2.8MPa, 3.5MPa, and
4.5MPa. *e shear strength and the friction coefficient are
set as 0.7MPa and 0.6MPa.

It can be found from Figure 10 that there are four in-
tersection modes after the intersection of hydraulic crack
and natural fracture. When the fluid pressure is 2.5MPa, the
net fluid pressure is too small to offset the normal stress in
the natural fracture surface. At this point, the hydraulic
crack will be arrested when it encounters the natural frac-
ture. When the fluid pressure increases to 2.8MPa, the
induced stress is big enough to make the hydraulic fracture
penetrate the natural fracture. When the pressure continues
to increase to 3.5MPa, the condition of opening is satisfied at
this time, and the hydraulic crack is deflected into the di-
rection of natural fracture. *e induced stress can simul-
taneously meet the conditions of penetration and opening
when the fluid pressure increases to 4.5MPa. *us, two
branch cracks generate at this time.

5. Conclusions

In this paper, we compare several intersection criteria and
simulate the interaction process between hydraulic frac-
tures and natural fractures based on the XFEM.*e effects

of natural fracture azimuth, fluid pressure, and in situ
principal stress difference on hydraulic fracturing are
investigated in detail. *e main conclusions are sum-
marized as follows:

(1) Blanton’s criterion is applicable to the situation
where the natural fracture interface has a high
normal stress. Also, the W&T’s criterion considers
that the natural fracture friction coefficient and
shear strength are also the influencing factors of
crack propagation. *e modified R&P’s criterion
takes into account the cohesive effects of natural
fracture.

(2) *e stress concentration phenomenon mainly con-
centrates on the tip in the obtuse angle side of natural
fracture. Also, the induced fracture’s offset becomes
larger with the increase of the natural fracture
azimuth.

(3) Hydraulic fracture is inclined to penetrate the nat-
ural fracture when the in situ principal stress dif-
ference increases to a certain extent.

(4) Different fluid pressures in hydraulic fracture may
trigger different intersection patterns, such as pen-
etration mode, arrest mode, offset mode, and si-
multaneity mode.
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Figure 10: Intersection results based on the W&T’s criterion under different fluid pressure conditions. (a) Final fracture, 2.5MPa. (b) Final
fracture, 2.8MPa. (c) Final fracture, 3.5MPa. (d) Final fracture, 4.5MPa.
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*e aim of this study is to develop a systematic approach for support design of weak rock drift based on empirical, analytical, and
numerical method, which is employed to estimate weak rock support demand and design support system. Detailed engineering
geological investigations and rock mechanics test have been carried out in weak rock drift. *e Q-system and GSI-system were
used to determine the primary support design and rock mass properties, respectively. *e numerical model of RS2 finite element
program has been calibrated by analyzing the relation of falling height observed in the field to the frictional angles obtained from
empirical method, rock mechanics test, and calculated rock mass parameters, respectively. In an attempt to check the validity of
sophisticated support, support suggested by Q-system, and the combination support system proposed by analytical approach, the
RS2 program was employed to analyze the depth of plastic zone and total displacement surrounding the weak rock drift.
Numerical results show that the depths of plastic zone and total deformation surrounding the weak rock drift supported by the
combination support system significantly descended 87% and 90% of those of sophisticated support. In particular, the rock bolt
and cable bolt provide enough frictional and interlocked forces to resist weak rock falling which change the weak rockmechanicals
properties and the surface holding function reinforced by the shotcrete, wire mesh, and steel strap. *e factor of safety (FOS) of
8.28 of the combination support system is much more than the FOS of 1.5 for permanent drift. *e combination support system
with rock bolts, cable bolt, shotcrete, wire mesh, and steel straps has been applied to stabilize the weak rock drift and found to be
successful to prevent further deformations surrounding the drift.

1. Introduction

Weak rock does not have an appropriate and unified defi-
nition in engineering geology [1]; it is a transitional rock type
between no-cohesive soil and hard rock, and its unconfined
compressive strength is less than 50MPa [2, 3]. Ground
support in weak rock presents some special geotechnical
challenges, such as rock fall and support deformation in
development heading. *e load distribution and interaction
between several reinforcement and surface support elements
are associated with the support design of weak rock. Since
misjudgments of support design can lead to underdesign and
costly failure or overdesign and high drift costs for unneeded
ground support [4], weak rock drift requires a very different

approach to design ground support, which needs to examine
some basic concepts of how a rock mass surrounding a drift
deforms and how the support system acts to control this
deformation.

*e deformation behavior of weak rock is predominantly
controlled by rockmass properties such as low strength, high
deformability, discontinuities [5], weathering or alteration
conditions, and mechanical disruption such as blasting and
excavation stand-up time [6]. Within a weak rock, the depth
of failure has been noted by field observation as 0.5 times or
one time the span and sometimes even greater [7]. Empirical
methods, such as RQD, RMR, and Q-system, do not spe-
cifically address some of the unique characteristics of weak
rock related to potential overstressing or deterioration [5].
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*e database of RMR is based largely on stoping methods
[6], and no special parameter is used for drift support [8].
*e Q-system has several limitations, working best between
Q� 0.1 and Q� 40 for tunnels with spans between 2.5m and
30m [9]. However, the Q-system further breaks down “very
poor” rock quality category to “extremely and exceptionally
poor” and introduction of the SRF factor which provides
more focus for classification of rock mass having poorer
mechanical characteristics compared to RQD and RMR [10].
ApplyingQ to a mine is like importing a knowledge database
to a mine [11] for assisting ground support selection.
However, in the “very poor rock class (Q less than 1)” the
Q-system may give erroneous support design. *e GSI
developed by Hoek [12] can be used for weak rock
characterization.

It is probably because the failure nature of weak rock is
complex and difficult to analyze with no straightforward
mathematical or numerical analysis models or recom-
mended factor of safety defining an acceptable limit for the
failure [13–15]. For weakness zones, the rock support should
be evaluated separately for each and every case [14]. *e
extents of failure zones and probable displacement are de-
termined by numerical methods, which provide the basic
information and demand on ground support as well as the
capacity of a ground support system. Very limited research
and literature exist on the practical application of a support
system under weak rock conditions.*ere are some issues in
the process of designing support for weak rock drift, where
weak rock requires the use of structural supports, either to
reestablish equilibrium or to limit rock displacements
around the tunnel [15]. Empirical and numerical approaches
are useful tools to overcome these difficulties.

In this paper, a systematic approach for the design of
weak rock support system was proposed with regard to
engineering geological investigation, loading conditions,
and rock mechanics test. A combination support system was
proposed by analytical approach and modified according to
rock mass properties, falling height, and factor of safety. *e
numerical modeling to validate the combination support
design is helpful to similar engineering geological conditions
of weak rock support.

2. Site Descriptions

Xinli mine zone of Sanshandao Gold Mine is the first subsea
gold mine along the coastline of China [16], located about
29 km north of Laizhou city and 45 km west of Zhaoyuan
city, China, and extends from about − 40m level to − 600m
level below undersea level. *e orebody has a strike of SW of
60–70° and a dip angle of 40° to 50° towards southeast [17].
*ere is about 10m depth of sea water on the top of the gold
deposit in Xinli Gold Mine [18]. *e gold deposit buried in
bedrock is irregularly seamed. *e lithological units in the
study area derived from altered zone of orebody deposit are
medium-grained biotite adamellite (ηY), beresitization
granitic cataclasite (SYJH), fault, phyllic granitic cataclasite
(SYJ) (footwall), beresitization granitic cataclasite (SJH,
orebody) and major fracture plane, beresitization cataclasite
(YJ), and medium-fine-grained metagabbro (v)

(Hangingwall) as shown in Figure 1. *e multiple faults
distribution of the geological cross section in SW orebody of
Xinli mine is presented in Figure 2.

Drift driven by drill and blast method and rock falls in
unsupported areas and deformation in the supported area
(U-shaped steel sets support, width 100mm, spacing 1m)
were the most commonly observed shapes of instabilities in
drift (Figure 3); the falling height is about 1.5–4m in un-
supported heading (Figure 4), even completely falling from
one to author level (− 253m level to − 240m level), which
caused great difficulties in further development. *erefore,
support design in weak rock needs to be redesigned
according to engineering geological conditions of weak rock.

3. Methodology

Ground control for weak rock is geotechnical challenges
associated with sudden fall height and large deformation. A
systematic approach for weak rock support is illustrated in
Figure 5 and is as follows: (1) collecting basic information
including the engineering geology investigation, rock me-
chanics tests, in situ condition, shapes and height of falling,
and so forth; (2) rock mass classification based on Q-system
and GSI-system and determination of rock mass charac-
terization and preliminary support design; (3) calibration
the RS2 numerical model based on the frictional angles and
falling height of field observation; (4) identifying potential
geotechnical hazards and the ground responses of different
support design; (5) evaluation of ground demand; (6) op-
timizations of support system based on analytical approach
and numerical simulation; and (7) calculation factor of
safety (FOS).

4. Weak Rock Mass Characterization

4.1. Field Investigation and Data Collection. A detailed en-
gineering geological investigation was carried out by scan-
line surveys between #115 and #159 exploration sections in
-320m level drift in the footwall at Xinli mine. A total of 124
rock discontinuities were determined in the field in accor-
dance with the ISRM suggested methods [19]. Discontinuity
orientations were processed by utilizing a computer soft-
ware, called Dips v5.1 [20], and four joint sets drawn and
presented in Figure 6. *ose joint sets exhibit a spacing
varying between 0.10m and 0.33m.

In the absence of RQDmeasurements, line mapping data
can be used to estimate RQD through methods proposed by
Bieniawski, Palmström, and Hutchinson et al. [21–23]. *e
estimated RQD value represents the maximum RQD value
which is 35.

4.2. Laboratory Tests. Laboratory experiments [19] were
carried out to determine the physical and mechanical
properties of phyllic granitic cataclasite, including unit
weight, uniaxial compressive strength, and tensile strength.
In addition, deformability or stress-strain tests were un-
dertaken to determine Young’s modulus (E) and Poisson’s
ratio (v). *e test results are given in Table 1. *e rock had
UCS values of 39.2MPa, dominantly >25MPa. Further, the

2 Advances in Civil Engineering



–240m level 340°

–320m level

–360m level

–400m level

F1 (NE)

F1′ (NE)

F3 (NW)

F2 (NE)

155°
60°

164°
65°

155°
57°

160°
62°

145°

153°

142°
50° 43°

78°
160°
62°

170°
40°

160°
52°

155°
52°

185°
79°

230°
65°

280°
57°

243°
56°

300°
72°

180°
54°

150°
60°

154°
55°

170°
59°

195°
58°

Beresitization

Fault

–400

–360

–320

–280

–240

Potassic alteration

Crumby copper pyrite

Figure 2: *e multiple faults distribution of the geological cross section in SW orebody of Xinli mine.

340°

ηY

ηY
V

SYJH

160°

0 50 100 m

Q
H

–320m

Bo
un

da
ry

 o
f x

in
li 

go
ld

 m
in

e

X 4139600X 4139800X 4140000X 4140200

SJH

ZK135 – 3
–159.379

ZK135 – 4
–159.056

ZK135 – 1
–158.939

Scale

–240m

–200m

–280m

SYJ

Quaternary

Beresitization granite

Phyllic granitic cataclasite

Beresitization cataclasite

Bohai Sea

YJ

SJH

H

SYJ

Q

301.00m
81°

532.84m
84°

231.50m
37°

Fault

Ore

YJ

Footwall

M
ajor fracture plane

Hanging wall

Borehole

Orebody

Cavern

Major fracture plane

Ore

301.00 m
81°

ZK135 – 3
–159.379

Medium-fine-grained metagabbro

Medium-grained biotite adamellite

Beresitization granitic cataclasite

Access

Fault

ν

SYJH

ηY

–600m

–500m

–400m

–300m

–200m

–100m

0m

Figure 1: Profile map showing the geological structure of orebody at #135 exploration section.

Advances in Civil Engineering 3



Dri� Advancing 3600mm 33
00

m
m

 I -- I

×5
Potential falling zone

Q = 0.23 (very poor)

0 3m

Scale

I

I

Falling Falling

Support

Figure 4: *e shape and height of falling in the unsupported drift according to field observation.

Engineering geology
investigation

Rock mechanics
tests In situ stress condition

Q-system
Rock mass classification

Rock mass characterization

GSI

Preliminary support selection RS2 numerical model
Calibration Falling height of

field observation

Estimation of depth failure
/fracturing/rock displacement

Evaluation of ground demand

Analytical approach
Optimization of support

system design

Calculation of safety
factor

Numerical simulation

Figure 5: Flowchart of the systematic approach for support design of weak rock drift in Xinli mine.

Deformation of steel sets

Rock falling

Rock falling Steel sets

Figure 3: *e rock falling and deformation of steel sets in the weak rock drift.

4 Advances in Civil Engineering



tested values are used in both the empirical and numerical
methods implemented for this study.

4.3. In Situ Stress Field. In situ field test was carried out by
using stress release technique. *e direction and values of
premining in situ stresses are shown in Table 2, which show a
general increase linearly in stress with the depth varying.

4.4. Weak Rock Mass Classification. *e qualification of the
rock mass surrounding drift was assessed by using the
Q-system [24] and GSI [25], which also are employed to
assess the stability of rockmasses for support design and also
to determine the rock mass properties.

*e Q-system was developed by Barton et al. [24] for
design of support requirement for tunnel. *e Q-system was
updated on several occasions and it is now based on 1260
case records [26]. In the Q-system, RQD, the number of joint
sets, the roughness of joint sets, the degree of alteration,
ground water conditions, and Stress Reduction Factor (SRF)
must be known to determine the quality of a rock mass. *e
SRF value can be set to 5.0, which is related to heavily jointed
“sugar cube” in any depth [9], especially in weak rock mass.

*e Geological Strength Index (GSI) developed by Hoek
[27] is simple and fast, and it is based on the appearance of
rock mass and its structure. *e GSI values can be obtained
from the quantitative GSI chart proposed by Marinos and
Hoek [28]. *e calculated Q and GSI values of rock mass in
the drift are shown in Table 3.

4.5. Estimation of Rock Mass Properties. *e generalized
Hoek-Brown failure criterion for rock masses usesmb, s, and
a constants. Hoek et al.’s [29] suggested equations based on
the empirical methods are used to calculate these constants.
GSI value is related to parameters of Hoek-Brown strength
criterion as follows [25, 27, 29]:

σ1′ � σ3′ + σci mi

σ1′
σci

+ s 

a

, (1)

mb � mi exp
GSI − 100
28 − 14D

 , (2)

s � exp
GSI − 100
9 − 3D

 , (3)

a �
1
2

+
1
6

exp −
GSI
15

  − exp −
20
3

  , (4)

where σ′1 and σ′3 are maximum and minimum effective
principal stresses at failure and mi is the intact rock pa-
rameter. *e constant mi can be obtained by triaxial testing
of rock. Additionally, the approximate values can also be
estimated by a table presented by Marinos and Hoek [28]. In
this study, the blasting quality was determined to be poor by
field observations and thus the value of D was considered to
be 0.8 [29]. Equation (5) proposed by Hoek and Brown [25]
based on Serafim and Pereira equation [30] was used to
determine the deformation modulus Emass of rock masses
(for σ3< 100MPa).

Emass �

���
σci

100



10((GSI− 10)/40)
. (5)

In addition, the tensile strength σtmass of rock masses
[28] is

σtmass �
− sσci

mb

. (6)

In rock engineering, many numerical model software
packages use Mohr-Coulomb failure criterion. *erefore, it
is necessary to determine equivalent friction angle and
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Figure 6: Dominant joint sets in the drifts between #115 and #159 exploration sections.

Table 1: Physical and mechanical properties of the phyllic granitic
cataclasite in laboratory.

Parameters Unit − 320m
Unit weight MN/m3 0.027
Uniaxial compressive strength, σc MPa 39.2
Tensile strength, σt MPa 5.3
Deformation modulus, E GPa 33.85
Poisson’s ratio, υ 0.24
Cohesion, c MPa 8.48
Internal friction angle, φ ° 40.4
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cohesive strength of rock masses. *e cohesive strength c′
and friction angle φ′ values can be calculated by the fol-
lowing two equations [29]:

φ′ � sin− 1 6amb s + mbσ3n( 
α− 1

2(1 + a)(2 + a) + 6amb s + mbσ3n( 
a− 1

⎡⎣ ⎤⎦, (7)

c′ �
σci (1 + 2a)s +(1 − a)mbσ3n  s + mbσ3n( 

α− 1

(1 + a)(2 + a)

�����������������������������������

1 + 6amb s + mbσ3n( 
a− 1

 /((1 + a)(2 + a))

 , (8)

where σ3n � σ3max/σci. σ3max is the upper limit of confining
stress over the relevant stress ranges between the Hoek-
Brown and Mohr-Coulomb criteria. *e relationship be-
tween σ3max and σcmass is

σ3max

σcmass σcmass/cH)
− 0.94

,
(9)

where σcmass is rock mass strength; c is the unit weight of the
rock mass; and H is the depth of the excavation below
surface. When the horizontal stress is higher than the
vertical stress, the horizontal stress value should replace cH.

*e mechanics parameters of rock mass along the drift
were summarized and listed in Table 4.

5. Numerical Model

5.1. Numerical Model. *e two-dimensional FEM plane
strain model is conducted based on the dimensions of this
straight-sided arch drift using RS2 program developed by
Rocscience [20]. A standard 2D model is 30m × 30m in
dimensions, and an automatically generated finite element
mesh around the straight-sided arch section of drift with
3.6m width and 3.3m height was shown in Figure 7. *e
rock mass is assumed as “ideally” elastic-plastic material
and the rock mass properties used in this analysis were
obtained from the estimated parameters given in Section 4.
*e generalized Mohr-Coulomb strength criterion was
used to identify elements undergoing yielding and plastic
behavior in rock masses [31]. In this simulation, the major
horizontal stress was assumed to be parallel to the drift axis.
*us, the vertical and minor horizontal stresses are in the
excavation plane and the major horizontal principal stress
is out of the plane. *e bottom, left, and right sides of the
model are fixed. *e numerical analysis includes the full-

face excavation and support on the excavation boundary.
*e first stage allows the model to give the stress and
displacement under gravitational loading system without
any excavation. *e subsequent displacements and stress
situation were determined in the second stage by excava-
tion and support.

5.2. Calibration against Field Observation. A wide range of
falling areas have been observed after drill and blast, and the
falling height and failure shapes of weak rock drift were
shown in Figure 3. Coates [32], Bucky [33], and Kendorski
[34] discuss field experience with induced falling from block
size, rock strength, in situ stress, span of drift, and rock
fracturing. According to the result of field observation and
rock mass classification, the Q index value of drift is 0.23
(very poor). RQD/Jn = 35/15 = 2.3 = smaller blocks, which is
heavily jointed “sugar cube,” relative frictional strength = Jr/
Ja = 0.5, and function∅= arctan(Jr/Ja) = 26.6° [24].*e joint
plane is smooth and planar, where there is a potential dome-
shaped falling zone in the roof.

In order to observe the fall propagation process, the
numerical procedure was used to investigate the dome-
shaped falling zone with the Mohr failure envelope with
various friction angles of 26.6°, 34.6°, and 40.4° obtained
from the empirical method, calculated rock mass parame-
ters, and rock mechanics test, respectively.

Model result presented the shape and height of falling in
the weak rock drift, shown in Figure 8. In this figure, the
falling heights were governed by the frictional properties
when the drift span, rock block size, in situ stress, and rock
mass strength are constant. From the shape and height of
falling in weak rock drift (Figure 8), it can be inferred that
the drift falling is caused by frictional properties of weak
rock. When the value of frictional angle is ∅� 34.6°, the

Table 2: In situ stress components at SW orebody of Xinli mine zone.

Stress component Magnitude (MPa) Trend Value (MPa) (depth� 320m)
*e major principal stress (σhmax) σhmax � 0.035H + 0.11 325° 11.31
*e minor principal stress (σhmin) σhmin � 0.018H + 0.13 145° 5.89
*e intermediate principal stress (σz) σz � 0.0315H + 0.08 0° 10.16
H is the depth in meter.
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shape and height of falling are in accordance with the result
obtained from the field observation in Figures 3 and 4.

In order to further verify frictional properties, the Mohr
circles are tangent to a Mohr envelope given by the normal
and shear stress that exists on the material failure surface at
failure obtained by solving the following equations:

τ � (cot∅ − cos∅)
mσc

8
, (10)

∅ � arctan
1

����������
4h cos2 θ − 1

 , (11)

θ �
1
3

90 + arctan
1

�����
h
3

− 1
 . (12)

*e frictional properties of weak rock were examined by
numerical simulation and analytical solution, and the fitting
friction angle is 34.6°, which is the most significant one with
respect to drift falling in weak rock. It can be found that the
numerical simulation can further analyze the support design
in weak rock.

5.3. Numerical Model for Analyzing the Support. When the
drift is driven in the weak rock, the potential falling
problem can be encountered. To stabilize these drifts
falling, the most sophisticated steel sets support tech-
nique similar to that which has been used early was

implemented, the steel sets (spacing 1.5 m) and shotcrete
(thickness 150 mm) were immediately installed for pre-
venting heavily jointed rock falling. But the ground
problems tend to become severe (Figure 3), because the
support with steel sets and shotcrete cannot enhance the
stiffness of weak rock and only prevents surface falling of
the roof, which cannot availably control the drift stability
in weak rock.

Subsequently, the geotechnical investigations were
required and involved in the field observation of roof
falling, rock mass failure, support performance, and in situ
stress condition. Based on the geotechnical analysis shown
in Section 4.4, the calculated Q value is combined with the
dimension of drift in a support chart. *e primary support
design suggested by Q-system is a combination of 2.0m
long resin rebar with 1.3m spacing and 90mm thickness
reinforced fiber shotcrete, the support system was installed
instantly after blast. But the low Q value also provides a key
geotechnical parameter of determining the maximum span
exceeding the acceptable probability of failure. *e support
design suggested by Q-system cannot also provide enough
support capacity to control the instability of weak rock
drift.

For further definition of the support requirements and
reinforcement surrounding the weak rock drift, the con-
vergence-confinement method developed by Fenner [35] in
1960s and 1970s was utilized to estimate the support de-
mand. *e basic procedure of convergence-confinement
method is the load imposed on a support installed behind
the roof surface of drift to be estimated. Based upon analyses
of case records, Grimstad and Barton [26] suggest that the
relationship between the Q value and the permanent roof
support pressure proof is estimated from the following
equation:

Proof ≤
2 · J

(1/2)
n · (Q)

− (1/3)

3Jr
. (13)

*e weak rock mass, in which the drift is excavated, is
assumed to satisfy Hoek-Brown failure criterion. *e critical
support pressure, pcr

i , is defined as

p
cr
i � P

cr
0 −

s

m
2
b

 mb × σci, (14)

where pcr
i is the critical support pressure, σci is the un-

confined compressive strength of intact rock, mb and s are

Table 4: *e mechanics parameters of weak rock drift.

Level Deformation modulus
Emass

Tensile strength
σtmass

Compressive strength
σcmass

Friction angle
φ′

Cohesive strength
c′

Poisson’s ratio
υ

Units GPa MPa MPa ° MPa
− 320m 7.29 0.0065 3.95 34.6 0.80 0.24

Table 3: Rock mass classification results by using Q-system and GSI-system in the drift.

Level
Rating

Q GSI
RQD Jn Jr Ja Jw SRF

− 320m 35 15 2.0 4.0 1 5 0.23 41

B

H4H

Figure 7: *e model’s meshes, geometry, and boundary
conditions.

Advances in Civil Engineering 7



the rock mass parameters, and Pcr
0 is the scaled critical

(internal) pressure given by the following expression:

P
cr
0 �

1
16

1 −
�������
1 + 16S0


 

2
. (15)

In equation (15), S0 is the scaled far-field stress calculated
by the following equation:

S0 �
σ0

mb × σci

+
s

m
2
b

. (16)

If the internal support pressure pi is greater than this
critical pressure pcr

i , no failure will occur. In this case, the
behavior of surrounding rock mass is radial elastic dis-
placement of drift wall uel

r given by the following equation:

u
el
r �

σ0 − Pi

2Grm

, (17)

where Grm is the shear modulus of rock mass.
If the internal support pressure pi is less than critical

support pcr
i , failure occurs. *en the radius of broken zone,

Rpl, is defined by the following equation:

Rpl � R · exp 2
���

P
cr
i



−
��
Pi


  . (18)

For weak rock, the results of critical support pressure,
radius of plastic zone, and maximum deformation are cal-
culated by analytic method.*e support capacity of rock bolt
is assumed to the capacity of each bolt divided by the area it
has to support.

*e bolt length Lb can be estimated in terms of exca-
vation width B or height H for roof and wall by the following
equation proposed by Barton et al. [24]:

Lb � 2 +(0.15B or H/ESR). (19)

*e support design has been presented in Table 5, and
the input weak rock mass parameters in Table 4 required for
numerical analysis have been utilized in the analyses. *e
properties of the support elements are presented in Table 6,
including steel set, shotcrete, rock bolt, and cable bolt. *e

numerical models used for all three kinds of support designs
were shown in Figure 9.

*e combination support system (Table 5) consists of a
100mm thickness shotcrete; 1m× 1m pattern of 2.5m long,
20mm diameter, fully resin grouted rebar, wire mesh, and
steel straps; 150mm thickness shotcrete; and 1.5m× 1.5m
pattern of 4.5m long cable bolt and steel straps (in
sequence).

6. Numerical Modeling Result Analysis

In order to overcome the limitations of analytical solution
and evaluate the performance of 3 different support designs,
a tool for practical support design calculations, called RS2D
and described in Section 5.1, was employed to model and
analyze the 3 different support designs. *e depth of the
plastic zone and displacement contours surrounding the
drift can be clearly demonstrated using comparative nu-
merical models, shown in Figures 10–12 and Table 7. As the
results of the all analyses were examined, the depth of plastic
zone and displacement surrounding the drift decreased in
different extent; in particular, depth of plastic zone and
displacement in the roof and FOS relatively increased.

*e sophisticated support recommends the utilization
of steel sets and shotcrete as support elements, that is, outer
surface support devices. *e sophisticated support has
much more stability problems surrounding the drift
(Figures 10(a), 11(a), and 12) in contrast to the other two
support designs. *e support resistance was provided by
the surface support element, which cannot change the
mechanical properties of weak rock. *e depth of the
plastic zone has the values of 2.557m, 0.944m, and 0.933m
in roof, left wall, and right wall, respectively (Table 7). *e
numerical results demonstrate the reliability of falling
height estimation compared with field observation (Fig-
ure 3). *e larger areas of dome plastic zone lead to the
deformation of steel sets, which cannot effectively maintain
the drift stability.

It can be seen that, after support installation suggested by
Q-system (Table 7 and Figure 10(b)), not only the number of
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Figure 8:*e shape and height of predicted yielding zone in weak rock drift according to various friction angles. (a)∅� 26.6°. (b)∅� 34.6°.
(c) ∅� 40.4.
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yielded elements but also the extent of the plastic zone
decreased substantially; that is, the depth of the plastic zone
and displacement surrounding the drift descended.
Figure 10(b) shows the estimation depth of plastic zone
surrounding the drift after installation of rock bolt with
mesh and shotcrete suggested by the Q-system, which is
about 1.634m, 0.869m, and 0.88m in roof, left wall, and
right wall, respectively (Table 7). *e depth of plastic zone is
less than those of sophisticated support because of installing
rock bolt to reinforce fractured rock and increasing the
frictional forces of smooth rock block by forcing rock blocks
together. But recommended 2m bolt length, much less than
the 3.479m depth of plastic zone in unsupported drift, and
the rock bolt change partially the mechanical properties of
weak rock. *e horizontal displacement surrounding drift is
estimated as 11.2mm close to those of sophisticated support
after installing rock bolt (Figure 12), and the displacement in
roof is less than that of sophisticated support (Figure 11).
*e support suggested by the Q-system approach is suitable

for light or medium jointed rock mass zones that have local
support close to the internal surface but have not been cable-
bolted.

Figures 10(c) and 11(c) show the estimation depth of
plastic zone surrounding the drift that has the combi-
nation support system installed, which is about 0.336m,
0.528m, and 0.683m in roof, left wall, and right wall,
respectively. Apparently, the combination supports
strengthen fractured rock and resistance to deformation
of the fractured rock mass, and the 4.5 m length of cable
bolt is larger than the depth of plastic zone in unsupported
condition. *e combination of rock bolt and cable bolt
completely changes the mechanical properties of weak
rock, which especially provides enough frictional and
interlocked forces to resist weak rock falling and further
provides an effective holding function by the shotcrete,
mesh, and steel strap in weak rock. *e total displacement
values decreased to 2mm in roof. But, due to the lack of
reinforced support in side walls of drift, the displacements

Table 5: Detailed design parameters of different support systems.

Sophisticated support
(Figure 9(a)) Support suggested by Q-system (Figure 9(b)) Combination support system (Figure 9(c))

Steel set 100mm wide — —
Shotcrete 150mm thickness 90mm thickness reinforced fiber shotcrete 100mm thickness, 150mm thickness

Rock bolt — 1.3m× 1.3m pattern of 2m long, 20mm
diameter, fully resin grouted rebar

1m× 1m pattern of 2.5m long, 20mm
diameter, fully resin grouted rebar

Cable bolt — — 1.5m× 1.5m pattern of 4.5m long, fully cement
grouted

Wire
mesh — #0 gauge mesh #0 gauge mesh

Steel strap — — #4 screen
Gauge mesh is a standard specification wire mesh.

Table 6: *e properties of the support elements employed in the analyses.

Material
type

Unit weight
(MN/m3)

Young’s
modulus (GPa)

Poisson’s
ratio (υ)

Cohesion, c
(MPa)

Internal friction
angle ϕ (°)

Compressive
strength (MPa)

Tensile
strength (MPa)

Shotcrete 0.024 24 0.20 2 37 30 4.5
Rock bolt 0.079 200 — — — 365 365
Wire mesh — 200 0.35 — — — 300
Cable bolt 0.078 202 — 2 25 — 1860

(a) (b) (c)

Figure 9: Numerical models using RS2 program for (a) sophisticated support, (b) support suggested by Q-system, and (c) the combination
support system.
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Figure 10: Depth of plastic zone surrounding the drift for (a) sophisticated support, (b) support suggested by Q-system, and (c) the
combination support system.

Total
displacement m

0.00e + 000
1.30e – 003
2.60e – 003
3.90e – 003
5.20e – 003
6.50e – 003
7.80e – 003
9.10e – 003
1.04e – 002
1.17e – 002
1.30e – 002
1.43e – 002
1.56e – 002

1.11e – 002 1.11e – 002

1.17e – 002

(a)

Total
displacement m

0.00e + 000
1.30e – 003
2.60e – 003
3.90e – 003
5.20e – 003
6.50e – 003
7.80e – 003
9.10e – 003
1.04e – 002
1.17e – 002
1.30e – 002
1.43e – 002
1.56e – 002

9.80e – 003
9.80e – 003

7.80e – 003

(b)

Total
displacement m

0.00e + 000
8.00e – 004
1.60e – 003
2.40e – 003
3.20e – 003
4.00e – 003
4.80e – 003
5.60e – 003
6.40e – 003
7.20e – 003
8.00e – 003
8.80e – 003
9.60e – 003

7.8e – 003 7.8e – 003

1.20e – 003

(c)

Figure 11: *e total displacement surrounding the drift for (a) sophisticated support, (b) support suggested by Q-system, and (c) the
combination support system.
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Figure 12: *e depth of plastic zone and total displacement surrounding the drift for 3 different support designs.
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of side walls are 9.55mm and 8.45mm, respectively, which
are much more than 2mm in roof (Figure 12), which
needs to adjust the support parameters in side walls of
weak rock drift.

A factor of safety of more than one may provide stability
under loading conditions. *e FOS of drift is defined as the
ratio of loading capacity of ground support system to total
effective load on the ground surrounding drift. *e failure is
assumed to occur when FOS is less than 1.5 for permanent
drift (Figure 13).

Consider the case of support patterns obtained from
sophisticated support, support suggested by Q-system,
and the combination support system which are designed
to hold up the rock falling in the roof of drift. Figure 10
shows the depth of plastic zone failure being supported by
different support patterns. *e unit weight of weak rock is
2.72 t/m3. *e mean falling height can be obtained from
field observation, and the falling weight being carried by
the different support patterns. *e demand on capacity of
the different support patterns is larger than the weight of
falling rock mass. A factor of 1.5 to 2.0 is generally
considered adequate for a “permanent” excavation. *e
calculated FOS results and the comparative curves of
different support patterns are shown in Table 7 and

Figure 13. *e proposed FOS of the combination support
system is 8.28, which can be further adapted to provide
guidance for holding on the rock falling in the weak rock
drift.

7. Conclusions and Suggestions

In this study, a systematic approach for support design of
weak rock drift has been developed to estimate weak rock
support demand and design support system. A combi-
nation support design is proposed based on the sys-
tematic analytical approach by increasing the frictional
properties and interlocked forces of smooth weak rock,
strengthening the interaction between the combination
support and the rock surface, and enhancing the effective
holding function of surface support in restricting roof
falling.

*e RS2 numerical simulation was used to compare
the sophisticated support, support suggested by Q-system,
and the combination support system. *e numerical re-
sults demonstrate that sophisticated support only holds
outer surface support and support suggested by Q-system
using internal rock bolt support partially strengthens the
weak rock properties. *e combination support system
increases the frictional forces of rock blocks, resistance to
deformation of the fractured rock mass, and the support of
the dead weight surrounding a weak rock drift. *e depth
of plastic zone and total deformation using the combi-
nation support system in the weak rock drift significantly
descended 87% and 90% of those of sophisticated support.
*e FOS value of 8.28 in combination support system can
be sufficient to stabilize the weak rock drift, which has also
been successfully implemented in weak rock drift and was
more effective.
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Table 7: Depth of plastic zone, displacement, and FOS of different support design obtained from RS2.

Unsupported Sophisticated
support

Support suggested by Q-
system

Combination
support system

*e depth of plastic zone/m

Roof 3.479 2.557 1.634 0.336
Left side wall 1.459 0.944 0.869 0.528
Right side
wall 1.409 0.933 0.88 0.683

Vertical displacement in the roof/
mm 22 12 7.6 2

Horizontal displacement/mm
Left side wall 19.5 13.4 11.2 9.55
Right side
wall 16.5 13.4 11.2 8.45

Factor of safety (FOS) 0 0.17 0.88 8.28
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Due to the influence of the component structure and combination modes, the mechanical characteristics and failure modes of the
coal-rock composite show different characteristics from the monomer. In order to explore the effect of different coal-rock ratios
on the deformation and the failure law of the combined sample, the RMTrock mechanics test system and acoustic emission real-
time monitoring system are adopted to carry out uniaxial compression tests on coal, sandstone, and three kinds of combined
samples. /e evolution rules of the mechanical parameters of the combined samples, such as the uniaxial compressive strength,
elastic modulus, and Poisson’s ratio, are obtained. /e expansion and failure deformation characteristics of the combined sample
are analyzed. Furthermore, the evolution laws of the fractal and acoustic emission signals are combined to reveal the crack
propagation and failure mechanism of the combined samples. /e results show that the compressive strength and elastic modulus
of the combined sample increase with the decrease of the coal-rock ratios, and Poisson’s ratio decreases with the decrease of the
coal-rock ratios./e strain softening weakens at the postpeak stage, which shows an apparent brittle failure./e combined sample
of coal and sandstone has different degrees of damages under load. /e coal is first damaged with a high degree of breakage, with
obvious tensile failure. /e acoustic emission energy value presents different stage characteristics with increasing load. Crackling
sound occurs in the destroy section before the sample reaches the peak, along with small coal block ejection and the partial
destruction. /e energy value fluctuates violently, with the appearance of several peaks. At the postpeak stage, the coal samples
expand rapidly with a loud crackling sound in the destroy section, and the energy value increases dramatically. /e crack
propagation induces the damage in the sandstone; when the energy reaches the limit value, the instantaneous release of elastic
energy leads to the overall structural instability.

1. Introduction

Most coal seams are interbedded with rock strata [1], as
shown in Figure 1. Half coal-rock formation tunnels are
widely distributed in underground mines [2], so the stability
of coal-rock composite structure is very important to the
safety of underground mining. /e research discovers that
the mining working face will cause the coal damage and the
destruction of rock nearby the roof and floor, which will
further lead to the occurrence of overall structural instability

of coal-rock composite [3–5]. /erefore, the study on the
stress characteristics and failure pattern of coal-rock com-
posite is significant to prevent mine disaster.

Recently, an increasing number of scholars have been
studying the destruction mechanism and influencing
factors of coal-rock composite structures based on ex-
perimental and theoretical approach. /e experimental
research is conducted based on the coal-rock composite
with impact propensity, impact damage of electromag-
netic radiation, and law of acoustoelectric effect [6–9].
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Zhang et al. [10] studied the effects of water influx and
loading rate on material properties and crack propagation
of coal-rock assemblage. Qiu et al. [12] studied the
electromagnetic wave shape and spectral characteristics of
coal and rock samples under uniaxial compression. Liu
et al. [13] studied mechanical properties and damage
constitutive model of coal. Zhang et al. [14] studied the
influence of combination method on the mechanical
characteristics and destruction characteristics of coal-
rock composite based on uniaxial and triaxial compres-
sion tests. Guo et al. [15] analyzed the strength and
macroscopic destruction mechanism of coal-rock com-
posite with different dip angles based on numerical and
experimental studies. Tan et al. [16] studied the bursting
liability and acoustic emission characteristics of hetero-
geneous coal and rock mass. Du F [17] studied the un-
stable failure of gas-bearing coal-rock mass based on
physical experiment and numerical simulation. Zhao et al.
[18] studied compression-shear strength criterion for a
coal-rock assemblage model considering interfacial ef-
fects. Li [19] studied deformation and failure character-
istics of coal samples under different loading rates. For the
problem of rock stability, characteristics of rock damage
and gradual failure have also been studied [20–22].
Moreover, Vakili A [23] proposed a new criterion to
evaluate the caving property of longwall top coal.

Existing research mainly focuses on the mechanical
characteristics and rock burst tendency of the combined
sample based on experimental and numerical simulation
methods, while the characterization of damage evolution
during the loading procedure is analyzed with the help of
acoustic and electrical signals. However, there are relatively
few studies on the mechanical characteristics and instability
mechanism with different coal-rock height ratios. Regarding
this, a series of standard samples of pure coal, pure rock, and
composite samples with height ratios of 4 : 2 : 4, 3.5 : 3 : 3.5,
and 3 : 4 : 3 have been prepared. /e uniaxial compression
tests are carried out using the RMT150 testing machine.
Meanwhile, the fractal theory is introduced to quantitatively
describe the broken form of coal samples, and acoustic
emission energy is applied to predict and evaluate the impact
risks of coal-rock samples with different height ratios.
Generally, this paper can provide a theoretical basis for the
prevention of mine engineering disaster and ensure safe and
efficient mining process.

2. Test Overviews

2.1. Sample Preparation. /e coal-rock samples were col-
lected from the lower end of 402102 working face in Hujiahe
mine, Shanxi. According to the standard of International
Society for Rock Mechanics, the core drilling rig was first
used to drill a cylindrical sample with a diameter of 50mm
[24, 25]. /en, the stone sawing machine was used to cut the
sample to the required height. /en the grinding machine
was used to smooth both ends of the sample so that the
nonparallelism was not greater than 0.01mm and the di-
ameter deviation was not greater than 0.02mm. To ensure
the reliability of the experimental results, a Sonic Viewer-SX
ultrasonic system was used to perform P-wave tests on rock
samples. /en, samples with large dispersion of wave ve-
locity were excluded, while those with similar wave velocities
were selected for mechanical tests.

/e test samples were divided into 5 groups, where
group A was pure rock (sandstone) samples and group B was
pure coal samples. Coal-rock composite samples are com-
bined based on the height ratios of (rock : coal : rock) 4 : 2 : 4,
3.5 : 3 : 3.5, and 3 : 4 : 3. Epoxy resin adhesive was used to
combine the coal and rock samples into the standard size of
50mm× 100mm, which were further divided into groups C,
D, and E, respectively, as shown in Figure 2.

2.2. Test Procedure and Plan. /e test system is mainly
composed of a load control system, an AE monitoring
system, and a digital image monitoring system. /e RMT-
150 B rock mechanics testing system is used for loading,
which can be used for uniaxial compression and triaxial
compression tests. In this study, the strain-controlled
method with a loading rate of 0.01mm/s was used until
specimen fails.

MISTRAS PCI-2 system was adopted to investigate the
damage of specimen. Four system AE sensors were glued
on the surface of specimens, and Vaseline was used to
reduce the difference of acoustic impedance and energy
attenuation. /e key parameters of the system were
calibrated, the sampling frequency is set to 1000 kHz,
signal gain is set to 40 dB, and in addition, the critical
value is set to 40 dB too.

/e loading process was observed by using a Nikon-
d7500 HD camera. It should be noted that radial dis-
placement mentioned in the article was measured in the
middle of sample.

3. Analysis of Test Results

/e synchronous acquisition of test data is accomplished by
using a computer. /e uniaxial compression stress-strain
curves of pure coal and rock samples are shown in Figure 3,
and the sample deformation can be divided into four phases
[26]. /e physical and mechanical parameters of single
standard coal and rock samples under uniaxial load are
shown in Table 1. It can be seen from Table 1 that the
average uniaxial compressive strength, the average elastic
modulus, and the average Poisson’s ratio of samples in

Coal-rock junction

Figure 1: Coal-rock interaction interface.
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group A are 73.61MPa, 9.55 GPa, and 0.23, respectively.
/e average uniaxial compressive strength, the average
elastic modulus, and the average Poisson’s ratio of samples
in group B are 19.16MPa, 2.47 GPa, and 0.29, respectively.
Under uniaxial load, the deformation and destruction of
samples are closely related to the number of internal
microcracks. With more primary cracks, the sample is
more likely to fail, and thus the damage intensity is also
relatively low. /e sample failure is the result of a large
number of localized microcracks, the occurrence of which
consumes energy directly. When the degree of homoge-
neity of the sample is lower, its ability to resist deformation
is weaker, which produce more localized microcracks and
degrade the sample strength [27]. During the test proce-
dure, the rock sample fails rapidly after reaching the peak,
which is combined with rock ejection. Most of the ejections

are flake and block, with a rapid ejection speed and a violent
cracking sound during the whole ejection process. /e
number of acoustic emissions is much larger in coal
samples than that in rock samples during the loading
process. And the powder of fragments falls off from the coal
sample accompanied by a clear crackle sound when it is
close to the peak loading.

3.1. Evolution of Mechanical Characteristics of Coal-Rock
Composite. /e stress-strain curves of three kinds of
composite samples are shown in Figure 4, and it can be seen
that the test data of each group is basically consistent. /e
mechanical parameters of the combined sample in each
group are shown in Table 2. It can be seen from Table 2 that
the average compressive strength, the average elastic

Group C Group D Group EGroup BGroup A

Figure 2: Standard coal-rock composite sample.

Table 1: Physical and mechanical parameters of single coal and rock samples.

Category Sample number Size (mm) Poisson’s ratio Compressive strength (MPa) Elastic modulus (GPa)

Standard rock
A-1 φ50× 99.34 0.22 78.32 9.26
A-2 φ50×100.12 0.24 80.86 11.24
A-3 φ50× 99.86 0.22 61.65 8.16

Standard coal
B-1 φ50× 98.86 0.28 16.59 1.47
B-2 φ50× 99.56 0.29 21.41 3.23
B-3 φ50× 99.60 0.31 19.48 2.72

A-1 sample
A-2 sample
A-3 sample

B-1 sample
B-2 sample
B-3 sample
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Figure 3: Stress-strain curve of single coal and rock sample.
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modulus, and the average Poisson’s ratio of samples in group
C are 34.90MPa, 4.62GPa, and 0.25, respectively. One
sample named C-1 has obvious macroscopic cracks on the
surface, which also has a large deviation of the original data.
/us, here is the result of the supplementary test. /e av-
erage compressive strength, the average elastic modulus, and
the average Poisson’s ratio of samples in group D are
29.24MPa, 3.62GPa, and 0.26, respectively. And the average
compressive strength, the average elastic modulus, and the
average Poisson’s ratio of samples in group E are 20.95MPa,
2.92GPa, and 0.28, respectively. Compared with pure coal
sample, the uniaxial compressive strength and elastic
modulus of the combined sample increase with the increase
of rock proportion but weaken in the strain softening stage.
And the stress-strain curve declines rapidly after the peak,
which shows brittle failure.

/e variation characteristics of the mechanical pa-
rameters of pure coal, coal-rock composite, and rock
samples with the coal-rock composite proportion are
shown in Figure 5. It can be seen from Figure 5 that the
average compressive strength of the combined sample in
groups C, D, and E increases 82.15%, 52.61%, and 9.43%
and the average elastic modulus increases 87.04%,
46.56%, and 18.22%, respectively. It presents that both

the bearing capacity and ability to resist deformation have
been improved after the coal and rock are combined
together. With the increase of the sandstone proportion,
its uniaxial compressive strength and elastic modulus
both show an increasing trend, and Poisson’s ratio shows
a decreasing trend. /e strength of coal is usually much
smaller than that of the rock, and the ability to resist
deformation is weaker. /e loading process is displace-
ment-controlled, and the deformation of the combined
sample is dominated by coal. /e coal proportion in
group E is the biggest, and its mechanical characteristics
are close to the pure coal sample. /e deformation of coal
and rock influences each other at the interface of the
composite. /e coal has experienced a large expansion
before the sample reached the peak load. However, the
inhibiting effect of the rock leads to additional loading
until the sample is damaged, and the overall strength of
the rock is improved compared with the pure coal. /e
ratio of absolute values of radial and axial deformation of
samples is Poisson’s ratio [28]. /e expansion defor-
mation of coal first occurs under external force. Com-
pared with the sample of pure coal, Poisson’s ratio of the
combined sample is between that of rock and coal due to
the inhibition effect of rock.

Table 2: Physical and mechanical parameters of the combined sample.

Category Sample number Size (mm) Poisson’s ratio Compressive strength (MPa) Elastic modulus (GPa)

Composite samples

C-1 φ50× 99.90 0.24 34.67 4.86
C-2 φ50×100.27 0.24 33.70 4.34
C-3 φ50× 99.64 0.26 36.33 4.66
D-1 φ50×100.24 0.26 27.87 3.52
D-2 φ50× 99.84 0.26 28.48 3.69
D-3 φ50×101.16 0.27 31.37 3.65
E-1 φ50× 99.08 0.27 22.04 2.58
E-2 φ50× 99.68 0.28 22.28 3.88
E-3 φ50×100.18 0.28 18.54 2.30

0.000 0.004 0.008 0.012 0.016 0.020
0

5

10

15

20

25

30

35

40

A
xi

al
 st

re
ss

 (M
Pa

)

Axial strain (10–3)

C-1 sample
C-2 sample
C-3 sample

D-1 sample
D-2 sample
D-3 sample

E-1 sample
E-2 sample
E-3 sample

Figure 4: Stress-strain curve of the composite.
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3.2. Deformation Law and Failure Mode of the Coal-Rock
Composite. It can be seen from Figure 6 that three kinds of
destroy situation of combined samples can be observed
during the procedure of uniaxial compression. Typical
failure diagrams are selected. And the failure initiation

position, the ejection phenomena, and the acoustic char-
acteristics during destruction are listed in Table 3.

It can be seen from Figure 6 that the coal and rock in
combined samples all have different degrees of damage. /e
coal is mainly damaged in tensile failure, with high degree of
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Figure 5: Test results of mechanical parameters of each group of samples: (a) compressive strength, (b) elastic modulus, and (c) Poisson’s
ratio.
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breakage and uniform distribution of the tensile crack. /e
rock is relatively complete, with a few nonobvious tensile
cracks, which connects to the major failure face of the coal
[29, 30]. Coal in the combined samples is first damaged
under uniaxial loading, which causes the occurrence of local
stress concentration of the rock. When the coal is further
damaged, tensile cracks appear at the same time./e loading
process is displacement-controlled, and sample destruction
process is recorded with the help of a high definition camera.
/e destruction degree of coal-rock combined samples is
different under the same loading time, but failure initiation
positions are all in the coal part. When sample C-1 was
loaded to 76 s, the destruction range was small, and localized

areas showed dilation and spalling. When it was loaded to
101 s, the coal part of the sample was seriously dilated, and
there was rock powder falling on the test bed, but no visible
cracks appeared in the sandstone part.When it was loaded to
168 s, the coal part of the sample was fractured, and its
bearing capacity was lost. When the D-3 sample was loaded
to 76 s, vertical cracks occurred in the coal, and flaky coal was
exfoliated at the junction of coal-rock.When it was loaded to
101 s, the coal sample was exfoliated in a large area, ac-
companied by the phenomenon of ejection. /e coal sample
was fractured in a wide range when it was loaded to 168 s,
accompanied by ringing sound. When sample E-1 was
loaded to 76 s, the coal was fractured, the phenomenon of

Table 3: Destruction characteristics of combined samples.

Sample
number

Destructive cracking
location

Acoustic
characteristics Shape Ejection

speed Rock dust distribution

C-1 Coal Slight noise Fragmented Faster Large amount, in equipment head
C-2 Coal Slight noise Fragmented Faster Large amount, in equipment head
C-3 Coal Slight noise Fragmented Faster Large amount, in equipment head
D-1 Coal Crisp noise Flake and block Extremely fast Large amount, in equipment head
D-2 Coal Crisp noise Flake and block Extremely fast Large amount, in equipment head
D-3 Coal Crisp noise Flake and block Extremely fast Large amount, in equipment head

E-1 Coal Burst noise Flake and block Extremely fast Less amount, inside the device
head

E-2 Coal Burst noise Flake and block Extremely fast Less amount, inside the device
head

E-3 Coal Burst noise Flake and block Extremely fast Less amount, inside the device
head

Partial
expansion
and flaking

Serious coal
expansion

Rock
dust fall

Sample
deformation
and failure

76s 101s 168s

(a)

Flaking at the
junction of

vertical fissures

Large area
flaking and

ejection of coal

76s 101s 168s

Sample
deformation
and failure

(b)

Coal suddenly
ejected with

rock dust
falling

Large area
flaking and

ejection of coal

76s 101s 168s

Sample
deformation
and failure

(c)

Figure 6: Destruction characteristics of the combined sample. (a) C-1 sample. (b) D-1 sample. (c) E-1 sample.
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ejection appeared, and a small amount of rock powder fell at
the junction of coal-rock. /e coal sample was ejected in
sheets and blocks when it was loaded to 101 s, with a high
ejection speed and violent bursting sound. /e coal sample
was widely fractured when the time was 168 s, and the
combined structure lost its bearing capacity.

/e statistics about the failure characteristics of samples
with different coal-rock height ratios is shown in Table 3./e
destruction form of combined samples is analyzed based on
the failure initiation position of samples, acoustic charac-
teristics, coal shape, ejection speed, distribution of rock
powder, and other aspects. And the results of statistical
analysis show that with the increase of coal proportion, the
fragmentary coal samples are changed to flake and block,
and the sound of acoustic characteristics is changed from
slight to popping, which indicates that the degree of damage
is decreased.

Even though the strength of the rock is much higher than
that of the coal, all rocks have some extents of damage,
according to the failure characteristics of composite samples
under the condition of uniaxial loading. Coal, as the first
failure component of the combined samples, controls the
overall strength of combined samples. /e rock has been
destroyed before reaching its bearing capacity. From the
analysis of failure characteristics of some rocks, rock is not
always in the elastic state. When the coal cracks spread
rapidly and its elastic energy releases suddenly, some rocks
also crack at the same time, namely, the damage and failure.

When the axial stress is higher than the crack initiation
stress of the composite specimen, crack appears and propagates
inside the specimen; however, when the axial stress increases to
a certain extent, macrocracks are formed on the surface of the
composite samples. Figure 6 shows that themacroscopic failure
is induced by the appearance of new crack and extension of
primary crack. For composite specimen, initial cracking po-
sition often locates in the middle part of coal, while there is no
apparent damage in rock part.With the increase of load, a large
number of cracks appear at the interface of coal and rock,
which easily leads to spalling of coal samples.

/e fractal geometry and rock mechanics are combined
together in some literatures [31, 32], which indicate that the
degree of brittleness and fragmentation of rockmaterials can
be quantitatively characterized by fractal dimension. Larger
fractal dimension of samples may indicate more broken
blocks and smaller volume, which mean a higher degree of
breakage.

It is necessary to discuss the fractal dimension charac-
teristics of combined samples and analyze the relationship
between different combined samples and the extent of
damage. /e broken blocks are collected for sieving and
weighing after the test is finished, and the fractal dimension
of samples is calculated by debris quality-equivalent side
length. /e calculation formulas are as follows:

D � 1 − α, (1)

α �
1g MLeq/M 

1g Leq
, (2)

whereD is the fractal dimension of broken blocks, α is the slope
value of (MLeq/M − Leq) in double logarithmic coordinates,
and (MLeq/M) is the percentage of debris accumulatedwith the
equivalent side length less than Leq. MLeq is corresponding to
debris quality when the equivalent side length is Leq, and M is
the total debris quality in the calculation scale.

/e sieving sizes are 30.0, 25.0, 20.0, 15.0, 10.0, 5.0, and
2.5mm./e statistical table about the broken blocks’ size and
quality and fractal dimension of samples in each group are
shown in Table 4. It is found that the greater the fractal
dimension is, the higher the damage degree will be./e fractal
dimension of samples is between 2.11 and 2.39, which is lower
than the fractal dimension of sandstone measured in the
literature. /is indicates the existence of large amount of
cracks inside the coal, which make the deformation and
destruction more thorough under the effect of external load.
/e relationship between fractal dimension and coal-rock
proportion is shown in Figure 7. It can be seen that the fractal
dimension of combined samples decreases with the increase
of coal-rock proportion. When the fractal dimension of
samples is larger, the size of broken blocks is bigger, with
increasing amounts and decreasing size.

4. Analysis of Acoustic Emission
Characteristics of Coal-Rock Composite

/e mechanical characteristics and acoustic emission law
of coal-rock composite under uniaxial load are achieved
based on tests on the standard combined samples, and
stress-strain curves and evolution law of acoustic emission
of typical combined samples are shown in Figure 8. It can
be seen from Figure 8 that the stress-strain curves of the
combined sample under uniaxial compression are divided
into four segments, which include compaction segment
(initial point to point a, concave), elastic segment (point a
to point b, linear increase), failure segment before peak
(point b to point c, fluctuated increase), and failure segment
after peak (point c to end point, linear decrease). /e
compaction section of the sample mainly occurred in the
closure of the native cracks in the coal and sandstone and
the compaction of the coal-rock interface, and the energy
value fluctuates slightly. After the compaction segment,
samples come into elastic segment (linear and nonlinear),
and the energy value is stable. And initiation and propa-
gation of new cracks occur inside the samples during this
phase, with a small amount of flake for spallation. Some
coal samples have a crackle sound in the destroy segment
before peak, with ejection of small coal block and small
amount of rock powder falling, and then localized coal
samples are destroyed and the energy value fluctuates
intensely; thus, a number of peaks occur. A sudden ex-
pansion of coal samples occurs in destroy segment after
peak, with ejection of small coal block and obvious crackle
sound, and the energy value increases suddenly [33].

/e compressive strength of the coal sample is
19.48∼23.41MPa, which is about 1/5∼1/4 of the strength of
sandstone. /e sample also has acoustic emission signal under
lower load during initial loading because the coal is soft and the
cracks are well developed. However, the effect of mutually
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coordinate inhibition exists between sandstone and the coal,
which cause the small change of the overall energy value. /e
effects of mutually coordinate inhibition that exists between
sandstone and coal are basically completedwith increasing load.
/e elastic energy of coal is gathered and released, and
microcracks at the interface of the sandstone are produced by
the instantaneously released elastic energy, which further in-
duces the instability of the combined structure.

5. Discussion on Instability of the Combined
Mechanical Model

/e strength of coal layer is lower than that in most coal
stratum, and the rock is in the elastic stage before the ex-
ternal load reaches the ultimate strength of the coal.

/erefore, the sandstone in combined samples can be
simplified as a spring-like structure, and a mechanical model
of coal-rock composite is constructed, as shown in Figure 9.

If the loaded P1, P2 of sandstone in combined samples
are in direct proportion to its deformation x1, x2, the for-
mula is as follows:

P1 � k1x1,

P2 � k2x2,
(3)

where k1 and k2 are the stiffness of the top and bottom parts
of the sandstone, respectively.

In order to study the unstable deformation of combined
samples, the time variable t is introduced to establish the
functional relationship between coal load and displacement:

Table 4: Distribution statistics of broken pieces after combined sample failure.

Sample
number

Size (mm) Total quality
(g)

Fractal
dimension

Average
value

Damage
form0∼2.5 2.5∼5 5∼10 10.0∼15 15.0∼20 20.0∼25 25.0∼30

C-1 7.41 3.32 4.99 6.36 8.22 20.33 0.00 50.62 2.36

2.35
C-2 6.91 5.94 11.47 8.76 13.46 0.00 0.00 46.54 2.31

C-3 7.02 2.56 6.79 5.31 10.21 0.00 22.25 54.14 2.39

D-1 11.08 8.41 6.36 12.48 15.61 28.38 0.00 82.32 2.25

2.28
D-2 9.85 5.22 8.76 10.53 16.54 27.55 0.00 78.45 2.29

D-3 11.46 6.12 11.93 11.22 14.58 0.00 23.84 79.15 2.31

E-1 14.83 6.90 13.38 9.54 10.26 18.32 36.51 109.74 2.18

2.17
E-2 9.05 5.79 6.93 8.74 11.61. 0.00 54.96 97.08 2.23

E-3 7.04 11.28 10.53 7.57 4.36 19.01 29.66 90.45 2.11
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Figure 7: Fractal dimension characteristics of the combined samples.
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P(t) � f(ω(t)), (4)

where P(t) is the load and ω(t) is the displacement function
under the corresponding load.

/e sample gravity is ignored, which obtains the me-
chanical equilibrium condition of combined samples:

P(t) � P1(t) � P2(t). (5)

It can be seen from Figure 9 that the total displacement
m(t) of the combined samples satisfies the following:

m(t) � x1(t) + ω(t) + x2(t). (6)

/e rigidity press machine is slowly loaded till samples
damage, and the displacement of each part of the combined

k1
sandstone

k2
sandstone

Coal

m (t)

x2 (t)

x2 (t) + ω (t)

Figure 9: Combined sample mechanical model.
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Figure 8: Evolution law of stress-strain and acoustic emission of a typical combined sample: (a) C-1 sample; (b) D-3 sample; (c) E-1 sample.
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sample changes with time t. Substituting (3)∼(5) into
equation (6), then

f(ω(t))

k1
+ ω(t) +

f(ω(t))

k2
� m(t). (7)

Taking the derivative of both sides of the above equation
with respect to time, we could obtain the equation of dis-
placement function relationship of combined samples:

f′(ω(t)) _ω
k1

+ _ω +
f′(ω(t)) _ω

k2
� _m, (8)

where f′(ω(t)) is the tangent slope of coal load-displace-
ment curve, namely, stiffness of the coal.When f′(ω(t))> 0,
_ω< _m, the deformation velocity of coal is smaller than the
overall deformation velocity in combined samples, and coal
samples are in the stable loading stage. When f′(ω(t)) � 0,
_ω � _m, the displacement of the sandstone at the top and
bottom of combined samples reaches the limit, and the coal
sample is in the ultimate strength state. When f′(ω(t))< 0,
_ω> _m, the deformation velocity of coal is larger than the
overall deformation velocity in combined samples, and the
coal samples are in the failure unloading stage./erefore, the
instability of combined samples is related to the stiffness of
coal and rock, that is, to the mechanical characteristics of
coal and rock. When the sample is destroyed, which induces
the growth of microcracks in the sandstone, damage and
instability will occur after the external load exceeds the
strength of system limit.

6. Conclusions

/e results obtained draw the following conclusions:

(1) /e uniaxial compressive strength and elastic
modulus of the combined samples are between that
of single coal and sandstone samples and are close to
the values of pure coal. /e effect of coordinate
inhibition of coal samples is influenced by sandstone.
Compared with single coal, the resistance to de-
formation of the combined sample is enhanced and
its expansion section lasts longer. During the loading
process, the coal sample weakens in postpeak strain
softening stage and decreases rapidly in the stress-
strain curve with the decrease of coal-rock propor-
tion, which shows a strong brittle failure.

(2) /e parts of coal and sandstone in the combined
sample have different degrees of damages under load.
Coal is first damaged with a high degree of breakage,
and the main failure mode is the tensile damage. /e
coal and sandstone continually gathers elastic energy
in the compression process of samples, and a large
amount of elastic energy is released at the instant of
coal sample failure, which results in sandstone
damage. /e damage extent of samples increases
with the decrease of coal-rock proportion.

(3) /e fractal dimension is used to describe the failure
characteristics of the coal fragments of combined
samples and the fractal dimension which is between

2.11 and 2.39, which indicates the existence of large
amount of cracks inside the coal. And the defor-
mation and destruction of coal sample are more
thorough under the effect of external load./e fractal
dimension and damage extent of the sample grad-
ually increase with decrease of coal-rock proportion.

(4) Due to the expansion and penetration of cracks in the
coal-rock composite, the coal sample is broken, with
localized failure. /e interpenetration between the
localized destruction eventually leads to the failure and
instability of the coal sample. /ere is no macroscopic
crack on the surface of sandstone, and only a large
amount of rock powder falls at the common boundary
of coal-rock. In view of the deformation and failure
characteristics of the combined sample, it is necessary
to strengthen the support work of coal far from the
interface and avoid the rock destruction caused by the
crack propagation of coal.
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According to the instability failure of the deep rock mass, a superposition block model of anomalously low-friction effect was
established. (e numerical results were compared with the previous experiment, which verifies the feasibility and effectiveness of
the simulation. A vertical impact and confining pressure were applied to the superimposed block model, and a horizontal static
force was applied to the working block (the third block). (is study aimed to determine the influence rules of vertical impact
energy, confining pressure, and block lithology on the horizontal displacement of the working block and normal force on the
contact surface. (e results show that, with the increase of the vertical impact energy, the horizontal residual displacement of the
working block increases linearly, and the horizontal displacement amplitude increases by the exponential function.(eminimum
normal force on the contact surface decreases linearly. As the confining pressure increases, the horizontal residual displacement of
the working block decreases logarithmically, and the horizontal displacement amplitude decreases linearly.(eminimum normal
force on the contact surface increases linearly. (e horizontal residual displacement and displacement amplitude of the working
block in the coal-rock combination are 1.51 times and 1.63 times of the rock mass, and the minimum normal force of the former is
0.84 times of the latter. Coal-rock combination is more prone to the anomalously low-friction effect than the rock mass.

1. Introduction

Due to the gradual depletion of shallow resources, deepmining
has become themain direction of global resource development.
Under dynamic loading, the phenomenon produced by deep
rock mass is different from that of shallow rock mass, in which
the anomalously low-friction effect is one of the main scientific
phenomena of dynamic characteristics of the deep rock mass
engineering response. (e dynamic impulse acts on the rock
block system to make the rock mass vibrate, which causes the
relative compaction degree between the rock blocks to change,
and, in consequence, the friction between the rock blocks will
be greatly reduced, resulting in the friction “disappear” effect
[1]. (e deep block rock mass is more prone to translation and
rotation due to this scientific phenomenon, which leads to
anomalously low-friction sliding instability of the rock mass. It
will induce dynamic disasters such as anomalously low-friction
rock burst.

(e anomalously low-friction effect was first proposed
by Russian scholars Kurlenya et al. [2, 3]. (ey verified the
existence of the anomalously low-friction effect by estab-
lishing a dynamic model of block rock mass. Ujiie revealed
the reason for the decrease of dynamic frictional resistance
on the fault [4]. Tarasov and Randolph revealed that
shearing with very low velocity was regarded as responsible
for the high-energy release from deep-seated earthquakes
and rock bursts in deep underground mines [5]. Boneh et al.
studied the effect of sliding velocity and normal stress of rock
blocks on friction strength [6]. Saraikin et al. used the binary
finite difference model to solve and analyze the dynamic
problem of the surface of the explosion cavity of the bulk
material under the action of deep explosion [7]. Rashed and
Peng studied the relationship between the violence of coal
specimen failure and the interface friction and the width-to-
height (W/H) ratio of the coal specimen.(ey determined at
what W/H ratio and interface friction the mode of failure
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changes from violent to nonviolent [8]. Tajduś et al. de-
termined the effect of friction coefficient on the state of
stress, which occurs in the vicinity of a normal fault [9]. Ito
et al. revealed the mechanism of fault slip-weakening fric-
tional behavior [10]. Eshiet and Sheng studied the effect of
joint friction characteristics on the fracture behavior of
jointed rock masses [11]. Das et al. evaluated the effect of the
inclination of strata and the coal seam on the stability of the
surrounding rock and proposed an analysis method for
mining stability of the inclined coal seam [12]. Lomas et al.
contrasted the coefficient of friction of coke from different
coal origins and analyzed the relationship between the co-
efficient of friction of coke and the blend composition of
parent coal [13]. Prassetyo et al. proposed a new coal pillar
strength formula, which was based on the effect of coal/roof
and coal/roof interface friction on coal pillar strength [14].
Heimisson et al. proposed a fundamentally new instability
mechanism, which proved how slow-slip events can form
under mild rate-strengthening friction [15]. Pirzada et al.
clarified the role of the actual contact area on the friction
characteristics of jointed rocks [16].

Academician Qian proposed that the anomalously low-
friction effect was a key scientific issue in deep mining. It is
necessary to strengthen research on the mechanism and
rules of the anomalously low-friction effect [1]. Wu et al.
studied the wave characteristics of block media from an
experimental perspective [17]. He et al. obtained the friction
variation characteristics of a granite block with a hole in the
center, which verified the existence of the anomalously low-
friction effect [18]. Jiang and Li revealed the triggering
mechanism of slip-type rock burst [19]. Li et al. established
the theoretical model of the anomalously low-friction effect
of block rock mass with overlying rock mass pressure and
determined the precondition of producing the anomalously
low-friction effect [20].

Scholars have done a lot of research studies on the
scientific problem of the anomalously low-friction effect
and achieved rich and valuable results. (ese research
results were more from the perspective of verifying the
existence of the anomalously low-friction effect and re-
vealing the mechanism of the anomalously low-friction
effect, mainly based on experimental analysis. It is
noteworthy that scholars have done little research on the
influence of different factors on the anomalously low-
friction effect of the deep block rock mass. (erefore, the
anomalously low-friction effect superposition block
model is established by the numerical simulation analysis
method in this paper. A vertical impact and confining
pressure are applied to the superimposed block model,
and a horizontal static force is applied to the working
block. (e horizontal displacement of the working block
and the normal force on the contact surface are consid-
ered as the characteristic parameters of the anomalously
low-friction effect. (e effects of vertical impact energy,
confining pressure, and block lithology on the charac-
teristic parameters under vertical impact disturbance are
analyzed. (e conclusions obtained have important
practical application value for the prediction and pre-
vention of anomalously low-friction rock burst.

2. Model Establishment and Verification

2.1. Model Establishment. Using finite difference software
FLAC3D, the Mohr–Coulomb model suitable for rock-like
materials is selected as the constitutive model. (e model
consists of five blocks of the same size stacked vertically from top
to bottom, and the third block is defined as the working block.
Each block is divided into 8× 5× 5 units, and contact surfaces
are set between adjacent blocks. Static boundary conditions are
used to completely constrain the lower boundary of the model
and constrain the horizontal displacement of blocks 2 and 4.(e
mechanical damping is set to Rayleigh.Monitoring points are set
on the model to record the changes of the horizontal dis-
placement of the working block and the normal force on the
contact surface under the action of dynamic and static loads.(e
model and monitoring points are depicted in Figure 1.
According to the research conclusion of Li et al. [20], the in-
teraction force between working block and bottom is the
smallest when the model is subjected to dynamic and static
loads. (erefore, monitoring point① is set at contact surface 2,
which is between working block and bottom, recording the
change of normal force on the contact surface.Monitoring point
② is set at the central point of the working block to record the
horizontal displacement of the working block.

(e vertical impact disturbance Pv(t) is applied to the
center of the top of the model and its direction straight
down. It can be expressed as Pv(t)� Pv sin(ωvt), where Pv is
the vertical impact load amplitude, N; ωv � 2πfv, in which fv
is the vertical impact frequency, Hz; and t is the time, s. (e
horizontal static force F is applied to the central point of the
right side of the working block, and its direction is horizontal
to the right. (e confining pressure is applied to the front
and back sides of the model block, and its direction is
perpendicular to the working surface.

2.2. Feasibility Verification. A reasonable numerical simula-
tion method has a guiding role for experimental research and
theoretical analysis. Comparing the experimental and numerical
simulation results can effectively judge the feasibility of the
numerical simulation method. (erefore, the numerical simu-
lation results in this paper are compared with the experimental
results in [19] to verify the feasibility of the numerical model in
this paper. (e model is a vertical block system stacked by five
sandstone blocks (with dimensions of
160mm× 125mm× 125mm, each with a weight of 6.2 kg).(e
model parameters are consistent with the experimental pa-
rameters. (e lithology, quality, and size parameters of the rock
block are provided by Jiang and Li [19]. (e remaining me-
chanical parameters are determined by Ye et al. [21], as shown in
Table 1. (e mechanical parameters of the contact surfaces
between adjacent blocks are the same, as illustrated in Table 2.

(e horizontal displacement response of the working
block under the combined action of vertical impact dis-
turbance and horizontal static force is obtained. Figure 2
shows the relationship curve between the simulation results
in this paper and the experimental results in [19] under the
same vertical impact disturbance Pv(t)� 180mJ and differ-
ent horizontal static forces F� 50N, 90N, 130N, and 150N.
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In Figure 2, the horizontal residual displacement of the
working block increases exponentially with the increase of
horizontal static force F when the vertical impact disturbance
force Pv(t) is constant. Due to the limitations of equipment and
environment during the experiment, the results of the numerical
simulation data are different from the results of the experiment.
However, it can be seen from Figure 2 that the numerical
simulation results are consistent with the overall change trend of
the experimental results in [19]. (e horizontal residual dis-
placement of the working block increases exponentially with the
increase of the horizontal static force F. (e studies cited above
verify the feasibility and effectiveness of the numerical simu-
lation model in this paper.

3. Result Analysis

3.1. Effect of the Vertical Impact Energy on the Anomalously
Low-Friction Effect. (e vertically stacked rocks touch and
squeeze each other to form friction. When the rock blocks
are subjected to an external force, the critical equilibrium
state of the rock blocks will be destroyed if the external force
is larger than the friction between the rock blocks, and, in
consequence, the rock blocks will move along the direction
of the external force. Under the combined action of vertical
impact disturbance Pv(t) and horizontal static force F, the
blocks periodically “move up and down” in the perpen-
dicular direction, which changes the relative compaction
degree between blocks. (e larger the vertical impact dis-
turbance Pv(t), the stronger the periodic motion intensity of
the blocks so that the friction between the blocks changes
more obviously.

Figure 3 shows the horizontal displacement-time history
curve of the working block of the sandstone block system
with the vertical impact energy of 180mJ and different
horizontal static forces in [19]. It can be seen from the figure
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Figure 1: Schematic diagram of the model and monitoring points.

Table 1: Mechanical parameters of the model.

Parameter (unit) Value
Cohesion (MPa) 2.2
Internal friction angle (°) 30
Tensile strength (MPa) 0.77
Elastic modulus (GPa) 3.26
Poisson’s ratio 0.236

Table 2: Mechanical parameters of the contact surfaces.

Parameter (unit) Value
Cohesion (MPa) 0.11
Internal friction angle (°) 15
Tensile strength (MPa) 0.039
Kn (Pa/m) 9.55e9
Ks (Pa/m) 9.55e9
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Figure 2: Comparison curve between numerical simulation and
experimental results.
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that when the horizontal static force F� 50N, the increase in
the horizontal displacement of the working block in the
same time period is minimal. (erefore, the horizontal static
force is fixed at 50N; the vertical impact energy Pv(t)�

280mJ∼580mJ, and its gradient is 100mJ.
(e horizontal displacement-time history curve of the

working block of the sandstone block system under the
constant horizontal static force and different vertical impact
energies is shown in Figure 4.(e following can be seen from
Figure 4:

(1) (e horizontal displacement of the working block is
closely related to the magnitude of the vertical im-
pact energy. With the increase of the vertical impact
energy, the horizontal residual displacement in-
creases linearly, and the displacement amplitude of
the working block increases by the exponential
function. (e results indicate that the vertical impact
energy affects the anomalously low-friction effect.
(e horizontal static force is constant; the greater the
vertical impact energy, the more significant the
anomalously low-friction effect.
(e horizontal displacement-time history curve of
the working block under horizontal static force
F� 50N and vertical impact energy Pv(t)� 380mJ is
presented in Figure 5. Among them, the maximum
value of the horizontal displacement is defined as the
horizontal displacement amplitude; the horizontal
residual displacement is the displacement when the
fluctuation of the horizontal displacement amplitude
finally stabilizes.
From Figure 4, it is seen that the change of the
vertical impact energy has an influence on the
horizontal residual displacement and displacement
amplitude of the working block. Both horizontal
residual displacement and displacement amplitude
increase with the increase of the vertical impact
energy. (e vertical impact energy increases from
280mJ to 580mJ, and the corresponding horizontal
residual displacement is 82.4 μm, 97.8 μm, 131.3 μm,

and 146.1 μm. Contrast with the former, the residual
displacement increased by 18.7%, 48.9%, and 77.3%,
respectively. (e corresponding horizontal dis-
placement amplitude is 99.7 μm, 111.5 μm, 147.2 μm,
and 156.3 μm, which increased by 11.8%, 47.6%, and
56.8%, respectively. Figure 6 shows the relation curve
between the vertical impact energy and the hori-
zontal residual displacement and displacement
amplitude of the working block.
It can be found from Figure 6 that there is a linear
function increase relationship between the hori-
zontal residual displacement and the vertical impact
energy. Its correlation equation is
y� 0.2246x+ 17.822, and the correlation coefficient
is 0.9738. (ere is an exponential function increase
relationship between the horizontal displacement
amplitude and the vertical impact energy. Its cor-
relation equation is y� 62.911e0.0016x, and the cor-
relation coefficient is 0.9437. Because the system is
affected by the vertical impact disturbance, the
blocks periodically “move up and down” in the
perpendicular direction, which changes the relative
compaction degree between blocks. When the rel-
ative detachment degree between the blocks is the
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largest, the horizontal movement tendency of the
working block is the most obvious under the action
of the horizontal static force. Sliding instability,
which induces anomalously low-friction rock burst,
can occur easily between blocks. As a result, with the
increase of the vertical impact energy, the horizontal
residual displacement and displacement amplitude
of the working block increase. (e larger the vertical
impact energy is, the more likely the anomalously
low-friction effect is to induce between rock blocks.

(2) As the vertical impact energy increases, the time of
the maximum horizontal displacement amplitude of
the working block decreases exponentially. (e
stabilization time of displacement amplitude fluc-
tuation increases by the exponential function with
the increase of the vertical impact energy.
Figure 7 shows the relation curve between the ver-
tical impact energy and the time of the maximum
horizontal displacement amplitude and stabilization
time of displacement amplitude fluctuation of the
working block. Taking Figure 5 as an example, the
time when the displacement amplitude appears in
the horizontal displacement-time history curve of
the working block is defined as the time of the
maximum horizontal displacement amplitude. (e
interval time between the moments of the maximum
displacement amplitude and the stable residual
displacement is the stabilization time of displace-
ment amplitude fluctuation.
It can be seen from Figure 7 that the change of the
vertical impact energy has an influence on the time of
the maximum horizontal displacement amplitude
and stabilization time of displacement amplitude
fluctuation of the working block. (e vertical impact
energy increases from 280mJ to 580mJ, and the time
of the maximum horizontal displacement amplitude
is 64.3ms, 59.7ms, 51.1ms, and 42.4ms. (ere is an
exponential function decrease relationship between

the time of the maximum horizontal displacement
amplitude and the vertical impact energy. Its cor-
relation equation is y� 98.25e−0.001x, and the corre-
lation coefficient is 0.9678. (e stabilization time of
displacement amplitude fluctuation is 185.6ms,
190.3ms, 198.9ms, and 207.5ms. (ere is an ex-
ponential function increase relationship between the
stabilization time of displacement amplitude fluc-
tuation and the vertical impact energy. Its correlation
equation is y� 166.03e0.0004x, and the correlation
coefficient is 0.9866. In summary, the rock block has
the characteristics of short occurrence time of the
horizontal displacement amplitude and long fluc-
tuation time of the displacement amplitude under
high-energy vertical impact disturbance.
Monitoring and early warning of rock burst is the
foundation for prevention and treatment of the rock
burst. However, the technical means of stress
monitoring plays a major role in monitoring and
early warning of the rock burst. As shown in Fig-
ure 1, monitoring point① is set between block 3 and
block 4. (e monitoring point is used to monitor the
normal force on the contact surface after the block is
disturbed by the vertical impact, so as to judge the
occurrence of the anomalously low-friction effect.
(e time history curve of the normal force on the
contact surface with the horizontal static force
F� 50N and the vertical impact energy Pv(t)�

380mJ is plotted in Figure 8.
In Figure 8, the initial and final values of the normal
force on the contact surface fluctuate near the
equilibrium position FN � 124N. (e simulation
results of the normal force on the contact surface are
consistent with its actual stress state. (e block
system is affected by the vertical impact, which
changes the relative compaction degree between
blocks. FN � 124N is used as the equilibrium point to
judge the compression state between blocks.
FN> 124N indicates that blocks 3 and 4 are
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compressed in the normal direction, and the blocks
are in the compression state. FN< 124N demon-
strates that blocks 3 and 4 are pulled in the normal
direction, and the blocks are in the separation state.

(3) (e minimum normal force on the contact surface is
closely related to the magnitude of the vertical im-
pact energy. With the increase of the vertical impact
energy, the minimum normal force on the contact
surface decreases linearly. (e horizontal static force
is constant; the greater the vertical impact energy, the
more significant the anomalously low-friction effect.

(e minimum normal force on the contact surface re-
flects the magnitude of the decline in the normal force
between blocks.(e normal force is a constant value, and the
magnitude of the decline in the normal force increases as the
minimum normal force decreases. As a result, the degree of
separation between the blocks increases, which in turn re-
duces the friction between the blocks. Under the action of
the horizontal static force, the working block slides non-
linearly along the contact surface, resulting in the anoma-
lously low-friction effect and causing the anomalously low-
friction rock burst. In Figure 8, when the vertical impact
energy is 380mJ, the normal force on the contact surface
reaches a minimum value of 97.3N at 59.3ms. At the
moment, the degree of separation between blocks 3 and 4 is
the largest.

Different vertical impact energies affect the minimum
normal force on the contact surface. Figure 9 shows the
relation curve between the vertical impact energy and the
minimum normal force on the contact surface. From Fig-
ure 9, it can be seen that the vertical impact energy increases
from 280mJ to 580mJ, and the minimum normal force is
111.8N, 97.3N, 80.6N, and 69.2N. Contrast with the for-
mer, the minimum normal force increased by −12.9%,
−27.9%, and −38.1%, respectively. (ere is an exponential
function decrease relationship between the minimum nor-
mal force and the vertical impact energy. Its correlation
equation is y� 177.69e−0.002x, and the correlation coefficient
is 0.9969. (erefore, the horizontal static force is constant.
(e minimum normal force on the contact surface decreases
as the vertical impact energy increases. In this way, the
degree of separation between the blocks is increased, and the
anomalously low-friction effect is more significant.

3.2. Effect of the Confining Pressure on the Anomalously Low-
Friction Effect. Deep mining enters 800m∼1000m, and the
maximum confining pressure of the rock mass is 20MPa
[22]. Rock mass excavation reduces the confining pressure
on the rock mass and weakens the stability of the rock mass.
(e intense mining disturbance causes large-scale instability
of the rock mass, which is very easy to cause anomalously
low-friction rock burst.

(e horizontal static force and the vertical impact energy
are fixed values, respectively, 50N and 380mJ.(e confining
pressures are specified as 5MPa, 10MPa, 15MPa, and
20MPa. (e variation characteristics of the horizontal
displacement of the working block and time history curve
under different confining pressures are illustrated in
Figure 10.

(1) (e horizontal displacement of the working block is
closely related to the magnitude of the confining
pressure.With the increase of the confining pressure,
the horizontal residual displacement and displace-
ment amplitude of the working block decrease by
logarithmic and linear functions. (e horizontal
static force and vertical impact energy are constant;
the smaller the confining pressure, the more sig-
nificant the anomalously low-friction effect.
From Figure 10, it is seen that the change of the
confining pressure has an influence on the horizontal
residual displacement and horizontal displacement
amplitude of the working block. Both the horizontal
residual displacement and the horizontal displace-
ment amplitude decrease with the increase of the
confining pressure. (e confining pressure increases
from 5MPa to 20MPa, and the corresponding
horizontal residual displacement is 113.5 μm,
89.2 μm, 70.63 μm, and 60.7 μm. Contrast with the
former, the residual displacement increased by
−21.4%, −37.8%, and −46.5%, respectively. (e
corresponding horizontal displacement amplitude is
127.9 μm, 112.2 μm, 91.6 μm, and 73.4 μm, which
increased by −12.3%, −28.4%, and −42.6%, respec-
tively. Figure 11 shows the relation curve between the
confining pressure and the horizontal residual dis-
placement and displacement amplitude of the
working block.
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It can be seen from Figure 11 that there is a loga-
rithmic function decrease relationship between the
horizontal residual displacement and the confining
pressure. Its correlation equation is
y� −38.58ln(x) + 176.24, and the correlation coeffi-
cient is 0.9969. (ere is a linear function decrease
relationship between the horizontal displacement
amplitude and the confining pressure. Its correlation
equation is y� −3.682x+ 147.3, and the correlation
coefficient is 0.9975. (erefore, with the increase of
the confining pressure, the horizontal residual dis-
placement and displacement amplitude of the
working block decrease. (e smaller the confining
pressure is, the more likely the anomalously low-
friction effect is to induce between rock blocks.

(2) As the confining pressure increases, the time of the
maximum horizontal displacement amplitude of the
working block increases exponentially. (e stabili-
zation time of displacement amplitude fluctuation
decreases by the linear function with the increase of
the confining pressure.
Figure 12 shows the relation curve between the
confining pressure and the time of the maximum
horizontal displacement amplitude and stabilization
time of displacement amplitude fluctuation of the
working block. It can be found from Figure 12 that
the change of the confining pressure has an influence
on the time of the maximum horizontal displace-
ment amplitude and stabilization time of displace-
ment amplitude fluctuation of the working block.
(e confining pressure increases from 5MPa to
20MPa, and the time of the maximum horizontal
displacement amplitude is 55.8ms, 63.5ms, 76.4ms,
and 96.2ms. (ere is an exponential function in-
crease relationship between the time of the maxi-
mum horizontal displacement amplitude and the
confining pressure. Its correlation equation is
y� 45.384e0.0363x, and the correlation coefficient is
0.9845. (e stabilization time of displacement am-
plitude fluctuation is 244.2ms, 236.5ms, 223.6ms,

and 203.8ms. (ere is a linear function decrease
relationship between the stabilization time of dis-
placement amplitude fluctuation and the confining
pressure. Its correlation equation is
y� −2.676x+ 260.48, and the correlation coefficient
is 0.9605. To sum up, the rock block has the char-
acteristics of short occurrence time of the horizontal
displacement amplitude and long fluctuation time of
the displacement amplitude under the vertical im-
pact disturbance with low confining pressure.

(3) (e minimum normal force on the contact surface is
closely related to the magnitude of the confining
pressure.With the increase of the confining pressure,
the minimum normal force on the contact surface
increases linearly. (e smaller the confining pres-
sure, the more significant the anomalously low-
friction effect.

(e horizontal static force and vertical impact energy are
fixed values, respectively, 50N and 380mJ, and the confining
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Figure 10: Horizontal displacement of the working block and time
history curve under different confining pressures.
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pressure is 10MPa. (e time history curve of the normal
force on the contact surface is indicated in Figure 13.

In Figure 13, the normal force on the contact surface
reaches a minimum value of 106.1N at 63.3ms. At this time,
the degree of separation between blocks 3 and 4 is the largest.
Different confining pressures affect the minimum normal
force on the contact surface. (e relation curve between the
confining pressure and the minimum normal force on the
contact surface is plotted in Figure 14.

It can be seen from Figure 14 that the confining pressure
increases from 5MPa to 20MPa, and the minimum normal
force is 102.5N, 106.1N, 109.7N, and 114.6N. Contrast with
the former, the minimum normal force increased by 3.5%,
7.0%, and 11.8%, respectively. (ere is an exponential
function increase relationship between the minimum nor-
mal force and the confining pressure. Its correlation
equation is y� 98.626e0.0074x, and the correlation coefficient
is 0.9959. (erefore, the horizontal static force and vertical
impact energy are constant, and the minimum normal force
on the contact surface decreases as the confining pressure
decreases. In this way, the degree of separation between the
blocks is increased, and the anomalously low-friction effect
is more significant.

As mentioned above, confining pressure affects the
anomalously low-friction effect. Moreover, the smaller the
confining pressure is, the easier it is to produce the
anomalously low-friction effect. Rock mass can easily cause
sliding instability under low confining pressure, and the
possibility of inducing the anomalously low-friction rock
burst is higher. (e conclusions obtained in this paper are
consistent with the experimental results in [23]: “as the
confining pressure decreases, the severity of rock mass
failure increases, which is more likely to induce high-energy
rock burst accidents.”

3.3. Effect of Block Lithology on the Anomalously Low-Friction
Effect. With the increase of mining depth, the rock layer
structure gradually tends to be block system medium [1].
(e structure of deep strata is complex, which is usually
composed of rock blocks of different lithology. When the
rock layer is disturbed by strong impacts such as blasting and
mine earthquake, the degree of vibration separation between
rock blocks is different due to different lithology. It is of great
significance to study the influence of block lithology on the
anomalously low-friction effect to prevent the occurrence of
anomalously low-friction rock burst under deep geological
conditions.

(1) (e horizontal displacement of the working block is
closely related to the lithology of the rock block. (e
horizontal residual displacement and displacement
amplitude of the working block are significantly
differentiated by rock lithology. (e stress envi-
ronment is consistent, and the influence of complex
lithology combination on the anomalously low-
friction effect is greater than that of single lithology
combination. Coal-rock combination is more prone
to the anomalously low-friction effect than the rock

mass, while the intensity of the anomalously low-
friction effect of coal-rock combination is stronger.
During the analysis, the lithology of roof, working
block, and bottom is changed in turn. Other variables
remain unchanged. (e simulation results obtained
are compared with the results of the single lithology
combination (all blocks are sandstone), which can be
used to summarize the influence rules of the block
lithology changes on the anomalously low-friction
effect. (e combination modes of block lithology are
shown in Table 3. Table 4 shows the mechanical
parameters of coal and mudstone. (e mechanical
parameters of the contact surface are illustrated in
Table 5.
Figure 15 shows the schematic diagram of anoma-
lously low-friction rock burst. Among them, the
lithology of roof, coal seam, and bottom is different;
the roof is subjected to vertical disturbance caused by
roof fracture, and the coal seam is subjected by the
horizontal static force. Under the vertical distur-
bance, the friction between the coal seam and the
roof and the bottom is weakened. (e coal seam can
easily slide along the contact surface when it is
suffered by the horizontal static force, resulting in
anomalously low-friction rock burst.
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Figure 13: Time history curve of the normal force on the contact
surface with the confining pressure of 10MPa.

y = 98.626e0.0074x

R2 = 0.9959
M

in
im

um
 n

or
m

al
 fo

rc
e (

N
)

100

105

110

115

120

50 10 20 2515
Confining pressure (MPa)

Figure 14: Relation curve between the confining pressure and the
minimum normal force on the contact surface.

8 Advances in Civil Engineering



(e horizontal static force, vertical impact energy,
and confining pressure are fixed values, respectively,
50N, 380mJ, and 10MPa.(e influence rules of rock
block lithology on the horizontal displacement of the
working block are studied.
Different lithology of the rock blocks not only affects
the horizontal residual displacement and displace-
ment amplitude of the working block but also affects
the time of the maximum horizontal displacement
amplitude and stabilization time of displacement
amplitude fluctuation of the working block. Table 6
shows the changes of the horizontal residual dis-
placement and horizontal displacement amplitude of
the working block under different lithology. (e
changes of the time of the maximum horizontal
displacement amplitude and stabilization time of

displacement amplitude fluctuation of the working
block under different lithology are given in Table 7.
As can be seen from Tables 6 and 7, the horizontal
residual displacement and displacement amplitude
of the working block with complex lithology com-
bination are higher than those of the single lithology
combination (all blocks are sandstone). Considering
the time of the maximum horizontal displacement
amplitude of the working block, the complex li-
thology combination is lower than the single li-
thology combination. (e stabilization time of
displacement amplitude fluctuation of the former is
longer than that of the latter. Comparing the hori-
zontal displacement of the three groups of different
lithology combinations, it is noteworthy that the
coal-rock combination (combination 2) changes
significantly more than the rock mass (combination
1 and combination 3) from the displacement per-
spective or time perspective. (e horizontal residual
displacement and displacement amplitude of the
working block of the coal-rock combination are
higher than those of the rock mass (by 1.13, 1.51
times and 1.22, 1.63 times, respectively). (e stabi-
lization time of displacement amplitude fluctuation
of the coal-rock combination is longer compared to
the rock mass by 1.08 and 1.15 times. (e time of the
maximum horizontal displacement amplitude of the
coal-rock combination is the shortest: 15.4ms. It is

Table 3: Combination modes of block lithology.

Roof Working block Bottom
Combination 1: mudstone + sandstone + sandstone Mudstone Sandstone Sandstone
Combination 2: sandstone + coal + sandstone Sandstone Coal Sandstone
Combination 3: sandstone + sandstone +mudstone Sandstone Sandstone Mudstone

Table 4: Mechanical parameters of coal and mudstone.

Coal Mudstone
Cohesion (MPa) 0.8 1.2
Internal friction angle (°) 26 28
Tensile strength (MPa) 0.21 0.69
Elastic modulus (GPa) 1.27 1.85
Poisson’s ratio 0.284 0.245

Table 5: Mechanical parameters of the contact surface.

Combination 1:
mudstone + sandstone + sandstone

Combination 2:
sandstone + coal + sandstone

Combination 3:
sandstone + sandstone +mudstone

Cohesion (MPa) 0.06 0.11 0.11
Internal friction angle (°) 14 15 15
Tensile strength (MPa) 0.035 0.039 0.039
Kn (Pa/m) 5.47e9 9.55e9 9.55e9
Ks (Pa/m) 5.47e9 9.55e9 9.55e9

Bottom

Roof

Impact

Tunnel Horizontal static force

Vertical disturbance caused
by roof fracture

Coal seam slips overall
and completely blocks

the tunnel

Coal
seam

Figure 15: Schematic diagramof anomalously low-friction rock burst.
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Table 6: Horizontal residual displacement and displacement amplitude of the working block under different lithology.

Residual displacement (μm) Displacement amplitude (μm)
Single lithology: all blocks are sandstone 89.2 112.2
Combination 1: mudstone + sandstone + sandstone 193.6 196.1
Combination 2: sandstone + coal + sandstone 217.9 238.6
Combination 3: sandstone + sandstone +mudstone 144.7 146.3

Table 7: Time of the maximum horizontal displacement amplitude and stabilization time of displacement amplitude fluctuation of the
working block under different lithology.

Single
lithology: all
blocks are
sandstone

Combination 1:
mudstone + sandstone + sandstone

Combination 2:
sandstone + coal + sandstone

Combination 3:
sandstone + sandstone +mudstone

Time of the
maximum
horizontal
displacement
amplitude (ms)

63.5 37.3 15.4 52.5

Stabilization
time of
displacement
amplitude
fluctuation (ms)

236.5 262.7 284.6 247.5
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Figure 16: Time history curve of the normal force on the contact surface under different lithology. (a) Single lithology: all blocks are
sandstone. (b) Combination 1: mudstone + sandstone + sandstone. (c) Combination 2: sandstone + coal + sandstone. (d) Combination 3:
sandstone + sandstone +mudstone.
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longer than the rock mass, i.e., combination 1 and
combination 3, by 0.41 times and by 0.29 times.
In general, the stress environment is the same, and
the influence of complex lithology combination on
the anomalously low-friction effect is more signifi-
cant than that of single lithology combination. Coal-
rock combination is more prone to the anomalously
low-friction effect than the rock mass, while the
intensity of the anomalously low-friction effect of
coal-rock combination is stronger.

(2) (e minimum normal force on the contact surface is
closely related to the lithology of the rock block. (e
minimum normal force on the contact surface is
significantly differentiated by rock lithology. (e
stress environment is consistent, and the influence of
complex lithology combination on the anomalously
low-friction effect is more significant than that of
single lithology combination. Coal-rock combina-
tion is more prone to the anomalously low-friction
effect than the rock mass, while the intensity of the
anomalously low-friction effect of coal-rock com-
bination is stronger.

(e horizontal static force, vertical impact energy, and
confining pressure are fixed values, respectively, 50N,
380mJ, and 10MPa. (e influence rules of rock block li-
thology on the normal force on the contact surface are
studied. (e time history curve of the normal force on the
contact surface under different lithology is plotted in Fig-
ure 16. (e normal force at the equilibrium position is used
as the basis for judging the compression state between
blocks, which is of great significance for analyzing the
anomalously low-friction effect of the block rock mass. In
the static equilibrium state, due to different densities of
sandstone, coal, and mudstone, the normal force at the
equilibrium position is different (see Figures 16(b)–16(d)).

Under dynamic load, the normal force on the contact
surface is closely related to the relative compaction degree
between the rock blocks. When the vertical impact energy
reaches a certain level, the rock blocks are in a state of
relative vibration separation and, in consequence, reduce the
normal force on the contact surface. When the degree of
relative vibration separation between the blocks is the
largest, the normal force on the contact surface reaches the
minimum value. As a result, the effect of “friction disap-
pearance” is generated between the rock blocks. (e min-
imum normal force on the contact surface under different
lithology is shown in Table 8.

(e minimum normal force on the contact surface and
the occurrence time of the minimum normal force are af-
fected by block lithology. It can be seen from Table 8 that the
minimum normal force on the contact surface of complex
lithology combination is smaller than that of single lithology
combination (all blocks are sandstone). (e minimum
normal force of the coal-rock combination (combination 2)
is the smallest: 73.1N. It is longer than the rock mass, i.e.,
combination 1 and combination 3, by 0.89 times and by 0.84
times. Combined with Figure 16, the occurrence time of the
minimum normal force on the contact surface of complex
lithology combination is shorter than that of single lithology
combination. In Figure 16, the occurrence time of the
minimum normal force of single lithology combination
(Figure 16(a)) is 63.4ms while that of complex lithology
combinations (Figures 16(b)–16(d)) is 38.3ms, 15.6ms, and
51.5ms, respectively. Among them, the occurrence time of
the minimum normal force of the coal-rock combination
(combination 2) is shorter than that of the rock mass
(combination 1 and combination 3) by 0.41 times and 0.30
times, respectively.

(erefore, it can be claimed that block lithology affects
the anomalously low-friction effect. Additionally, coal-rock
combination is more prone to the anomalously low-friction
effect than the rock mass. Under the actual working con-
ditions, deep coal-rock layer is more prone to interlayer
sliding instability than the rock mass layer when they are
affected by roof fracture and horizontal disturbance, and the
possibility of the deep coal-rock layer inducing anomalously
low-friction rock burst is higher.

4. Conclusions

Using FLAC3Dnumerical simulation software, the influence of
the vertical impact energy, confining pressure, and lithology on
the anomalously low-friction effect of the block rock mass is
investigated. (e research conclusions are as follows:

(1) With the increase of the vertical impact energy, the
horizontal residual displacement increases linearly,
the displacement amplitude of the working block
increases by the exponential function, and the
minimum normal force on the contact surface de-
creases linearly. (e results indicate that the vertical
impact energy affects the anomalously low-friction
effect. (e greater the energy is, the anomalously
low-friction effect between the blocks is more likely
to occur.

Table 8: Minimum normal force on the contact surface under different lithology.

Single
lithology: all
blocks are
sandstone

Combination 1:
mudstone + sandstone + sandstone

Combination 2:
sandstone + coal + sandstone

Combination 3:
sandstone + sandstone +mudstone

Minimum
normal force
(N)

106.2 81.5 73.1 87.2
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(2) With the increase of the confining pressure, the
horizontal residual displacement and displacement
amplitude of the working block decrease by loga-
rithmic and linear functions, and the minimum
normal force on the contact surface increases line-
arly. (e smaller the confining pressure is, the
anomalously low-friction effect between the blocks is
more prone to occur.

(3) Rock block lithology affects the anomalously low-
friction effect, and coal-rock combination is more
prone to the anomalously low-friction effect than the
rock mass.
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Deep rock is always under high-temperature conditions. However, traditional coring methods generally have no thermal
insulation design, which introduces large deviations in the guidance required for resource mining. )us, a thermal insulation
design that utilizes active and passive thermal insulation was proposed for deep rock corers. )e rationale behind the active
thermal insulation scheme was to maintain the in situ core temperature through electric heating that was controlled by using a
proportional-integral-derivative (PID) chip. Graphene heating material could be used as a heating material for active thermal
insulation through testing. In regard to the passive thermal insulation scheme, we conducted insulation and microscopic and
insulation effectiveness tests for hollow glass microsphere (HGM) composites and SiO2 aerogels. Results showed that the #1 HGM
composite (C1) had an excellent thermal insulation performance (3mm thick C1 can insulate to 82.6°C), high reflectivity (90.02%),
and wide applicability. )erefore, C1 could be used as a passive insulation material in deep rock corers. Moreover, a heat transfer
model that considered multiple heat dissipation surfaces was established, which can provide theoretical guidance for engineering
applications. Finally, a verification test of the integrated active and passive thermal insulation system (graphene heating material
and C1) was carried out. Results showed that the insulating effect could be increased by 13.3%; thus, the feasibility of the integrated
thermal insulation system was verified. )e abovementioned design scheme and test results provide research basis and guidance
for the development of thermally insulated deep rock coring equipment.

1. Introduction

Deep mining has become more common owing to the ex-
haustion of shallow mineral resources [1], and many di-
sasters have occurred in deep engineering [2]. For example,
current coal mining has reached 1 500m in depth, geo-
thermal exploitation has reached a depth of over 3 000m, the
depth for ferrous metal mining is over 4 350m, and the
depth for oil and gas development is 7 500m [3, 4]. Also,
deep engineering, such as coal mining, urgently needs
theoretical guidance [5, 6]. Deep rock is always under high

ground stress and high-temperature conditions, which is
very different from shallow rocks [7–10]. Temperature is an
important factor that affects rock mechanics and other
properties. Also, coal mining that gradually develops deeper
is affected by temperature. )erefore, many scholars have
conducted research on the mechanical characteristics of
coal, the gas adsorption/desorption behavior, and the
seepage laws influenced by temperature. Regarding the
mechanical characteristics of coal, existing studies have
shown that as the temperature increases, the strength of coal
decreases [11–14]. In the study of the gas adsorption/
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desorption behavior, relevant scholars believe that gas ad-
sorption decreases with increasing temperature [15–18].
However, the relationship between gas seepage and tem-
perature is complicated, and there is no unified under-
standing [19–21]. )erefore, as the temperature increases,
the mechanical characteristics of coal, the gas adsorption/
desorption behavior, and the seepage laws will change.
Taking these properties of rock at a normal temperature as
the properties of deep rock will introduce large deviations to
the deep engineering. )erefore, temperature is particularly
important as one of the in situ conditions for deep rock.
Scientific drilling has become an indispensable and im-
portant means for human beings to solve major problems
related to resources, disasters, and the environment.
However, due to the inability to retain the in situ temper-
ature in traditional deep rock coring on the land, the dis-
tortion of core temperature will result in an incomplete
scientific acquisition of the in situ core mechanical behavior
and gas phase information. )erefore, it is necessary to
develop thermally insulated coring equipment for deep rock
and provide a basis for subsequent tests.

)e main focus of deep coring on the land is still on
drilling technology. Only deep-sea samplers have taken the
lead in coring technology with retaining in situ conditions of
sediments [22]. However, these devices are mainly designed
for retaining pressure, and most of them do not consider
thermal insulation design. Instead, the core is placed in a
cooler when the devices are raised to the ground, such as the
Multiple Autoclave Corer (MAC) and the Dynamic Auto-
clave Piston Corer (DAPC) [23]. Only a few deep-sea
samplers include thermal insulation technology. Both the
Pressure Temperature Core Sampler (PTCS) and the High
Pressure Temperature Corer (HPTC) adopt a double-layer
inner tube for thermal insulation [24–26]. )e Pressure and
Temperature Preservation System (PTPS) developed by Zhu
et al. uses a vacuum layer with the inner surface sprayed with
a thermal insulation material and the outer surface sprayed
with an anti-UV coating [27]. )e fidelity coring device
developed by Zhejiang University adopts a thermal insu-
lation coating [28–30]. However, the insulation measures of
the abovementioned corers are passive thermal insulation
(reducing the heat dissipation of the core), and no active
thermal insulation measures are taken (retaining the in situ
temperature), thereby resulting in the core temperature still
decreasing. In addition, it is very different from thermal
insulation measures of seafloor sediments, where deep rock
is always under high-temperature conditions. )e purpose
of coring with thermal insulation is to prevent the core
temperature from decreasing. )erefore, the existing ther-
mal insulation technology cannot be directly applied to
coring equipment on the land for deep rock. )us, thermal
insulation technology for deep rock coring requires further
exploration [31].

A scheme for thermally insulated coring technology
(150°C insulation target) for deep rock was designed based
on concept of the in situ fidelity coring system [31]. Lab-
oratory experiments were carried out with a combination of
active and passive thermal insulation as the research idea.
From the principle of the active thermal insulation scheme,

test results showed that graphene heating material could be
used as a heating material. Passive thermal insulation and
microscopic tests were carried out. Results show that C1 can
be used as passive thermal insulation. Moreover, a heat
transfer model was established, which could provide theo-
retical guidance for engineering applications. Finally, a
verification test was carried out on the combination of the
graphene heating material and C1, as an integrated active
and passive thermal insulation system. )us, the feasibility
and superiority of the thermal insulation scheme for coring
technology were verified.

2. Thermal Insulation Scheme for Deep Rock
Coring Technology

In view of the high-temperature conditions of deep rock, an
active thermal insulation design uses electric heating to
retain the temperature. Using a special battery as an energy
source, the core temperature is collected by the sensor and
fed back to PID chip. Finally, the PID chip controls the
electric heating material to compensate for the decreasing
temperature of the core in real time, as shown in Figure 1.

Moreover, passive thermal insulation is designed to
reduce the influence of the ambient temperature and the
energy consumption of the active thermal insulation. )ere
are three ways of heat transfer: thermal conduction, thermal
convection, and thermal radiation. )e core in the corer
mainly dissipates heat through the metal cabin wall by
thermal conduction, resulting in a decrease in temperature.
Materials with low thermal conductivity can effectively re-
duce heat dissipation. )us, it is necessary to combine a
material with low conductivity with the cabin wall surface to
reduce the magnitude of the temperature drop.

As shown in Figure 2, according to the abovementioned
ideas, a deep rock corer which adopts a combination of
active and passive thermal insulation is designed.

3. Design of the Active Thermal
Insulation Scheme

)e heating material of the active thermal insulation is the
key part. )erefore, heating material optimization tests were
performed first. To satisfy the need for fast heating and high-
temperature resistance, a graphene heating material, silicone
heating film, and polyimide heating film were tested for
comparison (see Figure 3). )e graphene heating material
was 10 µm of graphene attached to an aluminum plate, and
ceramics were used as insulation. )e silicone heating film
was warmed up by a heating wire, and the outer silica gel was
waterproof. )e polyimide heating film was an electric
heater, and the outer material was polyimide. Because a
battery-powered scheme was adopted, a 12V power supply
was used in the laboratory to simulate the engineering
conditions.

To observe the heating characteristics of the three ma-
terials in real time, temperature sensors were pasted on the
surface, and the process for increasing temperature was
recorded. As shown in Figure 4, the graphene heating
material has good thermal conductivity, exhibiting the
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maximum heating rate and lowest thermal inertia. )e
temperature increases rapidly in a short period of time, and
there is no tendency of slowing down.)e polyimide heating
film also has a smaller thermal inertia and faster cooling rate;
however, it is not very waterproof. )e outer silica gel of the

silicone heating film increases its waterproofness but slows
the heating rate. In engineering, it is necessary to have a
quick response to temperature decreases in the core; thus,
the heating material must have a small thermal inertia. Only
the graphene heating material reaches 150°C with a 12V
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Figure 1: Schematic diagram of the active thermal insulation system.
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Figure 2: Scheme of thermally insulated coring technology for deep rock.
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power supply. )erefore, considering the test results and
working conditions, for example, the presence of water in
deep rock, the graphene heating material is the best choice
for the active thermal insulation.

To verify the characteristics of the heating material and its
feasibility in the active thermal insulation scheme, the fol-
lowing experiment was designed. Four identical graphene
heating materials were connected, and the heating area was
the same as that of the silicone heating film (see Figure 5).)e
graphene and silicone heating film were used to heat water
from room temperature to 80°C and, then, keep the tem-
perature constant in the container with a 12V power supply.
)e water temperature was monitored, and the voltage and
current were recorded at the same time. )e recorder used in
the test had a PID chip and could also record data.

As shown in Figure 6, the silicone heating film needs
41.5min to heat the water to 80°C, while the graphene heating
material needs 13.5min. Moreover, the energy consumption
is 87 503.33 and 119 702.27 J for the graphene and silicone
heating films, respectively. )e graphene heating material
reduces the time by 28.5min and the energy consumption by
32198.94 J, advancing the possibility for a battery-powered
scheme in engineering. At the retaining temperature stage,
because of the instant feedback of the sensors and the real-
time control of the PID, the graphene heating material can
adjust the water temperature so that it remains 80°C with only
slight fluctuations. )ese experimental results verified the
heating effect of the graphene heating material and its fea-
sibility as an active thermal insulation solution.

4. Design of the Passive Thermal
Insulation Scheme

4.1. Passive 3ermal Insulation Material Properties Research
and Optimization. Passive thermal insulation schemes
should choose materials with low thermal conductivity. )e

corer size limits the thickness of the insulation material.
)erefore, the material should have very low thermal
conductivity and stable chemical characteristics and is heat-
tolerant and waterproof. )ere are many types of insulation
materials, and after filtering, the SiO2 aerogel and HGM
were chosen.

)e SiO2 aerogel is a typical material with high porosity,
low density, and very low thermal conductivity [32, 33],
whereas the hollow structure of HGM insulates heat
[34–36]. HGMs and the aerogel are widely applied.
)erefore, these two materials were tested in the laboratory
to choose the material with better heat insulation perfor-
mance and, thus, better suitability for this engineering
problem.

4.2. InsulationTests. )efibre and adhesive are always added
in the abovementioned materials when applied in engi-
neering [32,37]. For the three HGM composites (named C1,
C2, and C3) and two aerogel felt materials, insulation tests
were performed.
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)e HGM composites were applied to a copper plate
surface, and the aerogel felt material was pasted on. )e
thickness was controlled to 1, 2, 3, and 4mm, and the
temperature of the muffle furnace was set to 150, 200, and
250°C. )e samples were set on the opening of the muffle
furnace (coating was placed outward), and the temperature
change of the coating was recorded (see Figure 7).

Among the various tested thicknesses, the 1 and 2mm
thickness tests used aerogel felt-kono, while the 3mm
thickness tests used aerogel felt-nano, and the 4mm
thickness tests did not use aerogel felt, as shown in Figure 8.

A portion of the test results is shown in Figure 9. )e
temperature of the material on the plate increases gradually
and, then, becomes stable. However, there are some dif-
ferences in the coating process under different conditions.
)e results show that C1, C3, and the aerogel felt have better
thermal insulation properties. For example, materials with
thicknesses of 3mm insulate to 82.6, 80.9, and 77.1°C, while
the temperature of the muffle furnace is 150°C. C1 and C3
have better insulation properties than C2. When the insu-
lation thickness is thin, the coating results in poor unifor-
mity. )erefore, the insulation properties of C3 are better
than those of C1, and when the thickness increases, the
properties of the two are almost the same. )e insulation
properties of aerogel felts with different thicknesses have
some differences; furthermore, they require paste and easily
drop powder during operation. )erefore, the applicability
and operability of aerogel felts are limited in engineering. As
a result, C1 and C3 were chosen for further comparison tests.

5. Microscopic Tests

To study the microcharacteristics of C1 and C3, microscopic
tests were developed. )ree HGM composite powders dried
under natural conditions for 48 hours were sampled, as
shown in Figure 10.

)ere are three heat transfer mechanisms of hollow
microspheres: (1) solid heat conduction, (2) surface thermal
radiation between adjacent hollow particles, and (3) thermal
convection of air in HGM. When the diameters of the
microspheres are less than 4mm, there is no natural thermal
convection in the internal air.

)e scanning electron microscope (SEM) results of the
three materials are shown in Figure 11. )e diameters of the
microspheres are 10–100 μm; thus, thermal convection
should not be considered.

Microspheres increase the porosity and decrease the heat
transfer of solids, resulting in a good insulation perfor-
mance. C2 may be more brittle because a large number of the
microspheres broke. )us, the decreasing porosity of C2
results in a poor insulation performance.

)e reflectance of materials to infrared light is shown in
Figure 12. All three materials exhibit high reflectance to
infrared light, and the reflectivity of the C1 material is the
highest, reaching 90.02% on average. )erefore, C1 can
better prevent external heat transfer in the form of thermal
radiation. Additionally, for solids and liquids, a low ab-
sorption capacity results in high reflection ability [38]; for
general objects, the absorption rate equals its reflection rate.

)e C1 material has a low reflection rate, thereby reducing
the heat loss of radiation to the outside world.

Finally, according to the comparison and analysis of the
abovementioned optimization test results of the insulation
materials, C1 is selected as the passive thermal insulation
material.

5.1. Passive3ermal Insulation Effectiveness Test. To provide
guidance for engineering applications, it is necessary to test
the effectiveness of the passive thermal insulation materials.
)e core cabin was simplified and processed as a small test
cabin, as shown in Figure 13. )e material was 304 stainless
steel.

As shown in Figure 14, the insulation material was
coated evenly on the surface of the small test cabin.)e cabin
was filled with L-QD350 thermal oil, which is conducive to
temperature uniformity. )e cabin was placed in the oven
(150°C). After the temperature in the cabin reached 150°C, it
was cooled naturally to room temperature.

)e SiO2 aerogel felt has a good thermal insulation
performance. However, due to its limited applicability and
operability, the SiO2 aerogel coating and C1 were used to
conduct the next tests. )e average thickness was 3mm.

As shown in Figure 15, due to the effect of the thermal
insulation material, the rate of temperature increase in the
cabin with the thermal insulation material is significantly
lower than that of the blank cabin at the heating stage. )e
initial cooling rates are 1.286, 1.287, and 1.484°C/min in the
cabin coated by C1, the SiO2 aerogel coating, and the blank,
respectively. In general, C1 shows a good thermal insulation
effect at both stages. It can not only reduce the disturbance
caused by the ambient temperature change but also reduce
the magnitude of the in situ temperature drop of the core.
)erefore, C1 can be used as a passive thermal insulation
material in the corer.

6. Proposal of the Heat Transfer Model and the
IntegrationoftheThermallyInsulatedCoring
Test System

6.1. Heat Transfer Model of the Passive 3ermal Insulation.
Establishing a passive thermal insulation heat transfer model
can provide theoretical guidance for the integration of
thermal insulation systems and engineering applications.
First, the thermal conductivity of C1 is measured, as shown
in Figure 16. )e thermal conductivity gradually increases
with increasing temperature and shows a good linear
relationship:

λC � 1.02e
− 4

T + 0.03427, (1)

where λC is the thermal conductivity, W/(m·°C), and T is the
average temperature, °C.

According to the simplified model of the small test cabin
shown in Figure 17, a heat transfer model of the passive
thermal insulation is established based on the transient
thermal conduction theory [38]. )us, the temperature
change in the cabin is obtained.
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)e radial thermal resistance R1 of the cabin wall, while
considering thermal convection and thermal conduction, is
shown as follows:

R1 �
1

2πrg1lhf

+
ln rg2/rg1 

2πlλg

+
ln rc/rg2 

2πlλc

+
1

2πrclha

, (2)

where R1 is the radial thermal resistance of the cabin wall,
°C/W; rg1, rg2, rc are the cabin inner diameter, cabin outer
diameter, and thermal insulation material outer diameter,
respectively,m; λg and λc are the thermal conductivity of the
cabin wall and insulation materials, W/(m·°C), and λg is set
to 16.27W/(m·°C); and hf and ha are the convective heat
transfer coefficient of the internal fluid and the inner surface

of the cabin wall, the thermal insulation material, and the
ambient environment, respectively, which is set to 150 and
6.5W/(m·°C), respectively.

Considering that the model height is relatively small, the
thermal resistances of the upper and lower ends are cal-
culated, as shown in the following equations:

R2 �
1

hfπr
2
g1

+
δu

λgπr
2
g1

+
δc

λcπr
2
g1

+
1

haπr
2
g1

, (3)

R3 �
1

hfπr
2
g1

+
δd

λgπr
2
g1

+
δc

λcπr
2
g1

+
1

haπr
2
g1

, (4)
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Figure 7: Insulation performance test.
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where R2 and R3 are the thermal resistances of the upper
and lower ends of the cabin wall, °C/W; δu, δd, and δc are
the thicknesses of the upper and lower ends and the
thermal insulation material, respectively, m. Also, δu is
0.024m.

)erefore, the total thermal resistance of the model is
shown in the following equation:

R �
1

(1/R1 + 1/R2 + 1/R3)
, (5)

where R is the total thermal resistance of the model, °C/W.
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Figure 10: Microscopic test samples.
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Assuming that the liquid temperature in the test cabin is
T(t) at any moment, equation (6) can be obtained. )e left
side of the equation is the heat energy consumed by the liquid

to heat up, and the right side of the equation is based on flat
wall heat transfer, and the fraction represents the process of
heat transfer, which is called Ohm’s law in electricity.
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Figure 13: Small test cabin.
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Figure 11: SEM tests of the three HGM composites.
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mwcw T0 − T(t)(  � 
T(t) − Ta

R
dt, (6)

where mw is the liquid mass in the cabin, kg; cw is the liquid
specific heat capacity, J/(kg·°C); T(t) and T0 are the tem-
perature at any moment and the initial temperature of the
liquid, respectively, °C; andT0 is the ambient temperature, °C.

Finally, the fluid temperature at any moment can be
obtained, as shown in the following equation:

T(t) � e
− 1/mwcwR( )t+ln T0− Ta( )[ ] + Ta. (7)

According to equation (1), the thermal conductivity of
the C1 material can be averaged at 0.04321W/(m·°C) during
the cooling process. In the case where the initial temperature
of the inner fluid is 150°C, it is assumed that the ambient
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temperature is 25°C. )erefore, according to the test cabin
size, the theoretical cooling curves of C1 and the blank can be
obtained, as shown in Figure 18.

As shown in Figure 18, the theoretical cooling curve is in
good agreement with the test results. Additionally, the
relevant parameters can be substituted into equations
(3)–(6) to obtain the heat transfer model of the actual core

cabin, thereby providing guidance for engineering appli-
cations. In addition, the cooling process of the cabin is
mainly divided into two stages. In the initial cooling stage,
the cooling rate is faster, which is caused by the large
temperature difference between the interior of the cabin and
the ambient environment. )is observation corresponds to
the increasing temperature difference between the inside and
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Figure 18: Comparison of the experimental and theoretical cooling curves. (a) Results of the cabin covered with C1. (b) Results of the blank
cabin.
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outside of the cabin when lifting the corer out of the ground.
In the second stage, the temperature difference is small, the
cooling rate gradually decreases, and the temperature inside
the cabin eventually approaches room temperature. )is
shows that active thermal insulation should provide more
temperature compensation when the temperature difference
is large, which can reduce energy consumption.

6.2. Validation Test for the Integration of the 3ermally In-
sulated Coring Test System. To validate the scheme of a
combined active and passive thermal insulation system, an
integration test was carried out. To be close to actual op-
erating conditions, a 12V power supply was used.

)e chosen passive insulation materials were the C1 and
SiO2 aerogel coatings; there was also a blank cabin. )e
graphene heating material was used to heat water from room
temperature to 80°C and, then, kept at a constant temper-
ature; the temperature change was recorded.

As shown in Figure 19, the passive insulation materials
effectively reduce the heat loss during the heating process.
)e two test cabins with thermal insulation materials take
13min and consume 84262.46 J when the temperature is
raised to 80°C, while the blank cabin takes 15min and
consumes 97225.92 J. )erefore, combined with the passive
thermal insulation measures, active thermal insulation can
increase the insulation effect by 13.3% in terms of time and
energy consumption, effectively retaining the in situ tem-
perature of the core and reducing energy consumption. At
the constant temperature stage, due to the effect of the PID
chip, the water temperature fluctuates around 80°C, and a
small fluctuation amplitude can be achieved by adjusting the
PID accuracy. Overall, the test results verify the feasibility of
the thermally insulated coring system.

According to the test results, the thermal insulation
method of the coring system can adopt the concept of active

thermal insulation (graphene heating material) and combine
it with a passive thermal insulation material (C1). Engi-
neering applications also need to consider the layout of the
circuit, graphene materials, and C1 in the corer. )en,
according to the working conditions, thermally insulated
deep rock coring equipment can be designed.

7. Conclusions

A deep rock corer that retains the insitu temperature of the
core consists of active and passive thermal insulation. A
scheme was designed, and experiments were performed to
obtain the following conclusions:

(1) Temperature sensors recorded the core temperature
in the active insulation scheme design and provided
feedback to the PID chip controls, so the heating
material could instantly compensate for changes in
the core temperature. )e graphene heating material
had low thermal inertia, which shortened the heating
time by 28.5min and saved the consumption of
32198.94 J. )erefore, the graphene heating material
was chosen in the active insulation scheme.

(2) A passive insulation material with low thermal
conductivity decreases the temperature loss of the
core. For the hollowmicrosphere coating and aerogel
felt, insulation property tests were performed, and
the results showed that C1 had better insulation
properties and the highest infrared reflectance
(90.02%), so the C1 material could be used as a
passive thermal insulation material.

(3) A passive insulation heat transfer model was
established, and the passive insulation test results
were verified, which will provide guidance for the
development of integrated thermal insulation sys-
tems and engineering applications of deep rock
corers.

(4) With the combination of active and passive insu-
lation schemes, integrated insulation system tests
were conducted. Compared with the blank control
group, the integrated insulation system showed a
decrease of 13.3% in terms of time and energy
consumption. )us, the test results verified the
feasibility of the insulation system.
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*is paper is aimed at the inverted arch support instability of track roadway withmining level +1100m in Liuyuanzi CoalMine. By
means of field investigation, theoretical analysis, numerical calculation, and engineering practice, the instability reasons of
inverted arch structure are expounded, the mechanical mechanism of instability of inverted arch structure is revealed, and the
“sliding-rotating beam” for the instability of inverted arch structure is put forward. Based on Fenner’s formula and mechanics
principle, the equilibrium equation of “sliding-rotating beam” is given. *e results show the following: Firstly, the insufficient
stiffness at the joint of the inverted arch structure and the U-shaped steel support on the floor is the key reason for the floor
instability. Secondly, when the action stress of the “sliding-rotating beam” is less than the critical value, three kinds of instability
modes of the inverted arch structure may occur, that is, sliding upward, rotating upward, or sliding-rotating upward. Each
instability criterion and critical value are also different. Considering the axisymmetric condition, the critical value calculation
formula of the three modes can be simplified into one formula. *irdly, the equivalent friction factor restricts the stability of the
“sliding-rotating beam,” and there is a “breaking point.” *e relationship between the equivalent friction factor and the action
stress of the “sliding-rotating beam” is “class hyperbola.” When the equivalent friction factor is greater than the “breaking point
value,” the “sliding-rotating beam” may remain stable. Moreover, with the increase of equivalent friction factor, the action stress
required for the stability of the “sliding-rotating beam” is smaller, and it tends to be more stable. *e breaking point value of
equivalent friction factor is 18.6. Finally, 36U-shaped steel round frame with bolt-mesh-shotcrete-combined support is applied to
improve the equivalent friction factor and the foot stiffness of U-shaped support in roadway. After two months of on-site
implementation, the floor heave was reduced by 69.1%. In conclusion, the theoretical analysis is correct and the control method
is effective.

1. Introduction

Floor heave is one of the focuses concerned by scholars at
home and abroad [1–7]. A series of dynamic phenomena
[8–11] such as roadway instability and floor water inrush are
caused by floor heave, which not only affect mine ventila-
tion, transportation, and pedestrians but also increase a lot
of maintenance workload and mining costs [12, 13].

Due to the complexity of roadway occurrence envi-
ronment, scholars have different opinions on themechanism
of roadway floor heave [14–17]. According to different floor

heave mechanism, the control technology is also different
[11, 18–21]. Mo [22] introduced some of the main floor
heave events in the development of the Glencore Bulga
Underground plant. *e previously mentioned study indi-
cates that the high horizontal stress of the roadway sur-
rounding rocks and certain types of floor lithology
configuration are the reasons for the failures of floor strata.
Malkowski and Ostrowski [23] carried out the research of
numerical modeling based on convergence monitoring
records.*e convergence measurements were carried out on
three stations in a selected main gate in a coal mine from
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Upper Silesia Coal Basin near Jastrzebie-Zdroj. *e width,
the height, and the heave of the floor of the gate were
measured. *e authors highlight that, during the mea-
surements period, the horizontal stress was 1.45 to 1.61 times
greater than the concurrent vertical stress. *e so high
horizontal stress causes heave of unsupported gallery floor,
which is commonly observed in the mines in Silesia. Mo
et al. [24] studied especially the buckling failure mechanism
in the floor and relevant analysis techniques on the coal mine
floor.*is paper introduces a new floor classification system,
the Coal Mine Floor Rating, based on the underlying failure
mechanisms. *e new floor mass rating system quantifies
the stability of floor strata by considering two main factors:
uniaxial compressive strength and discontinuity spacing of
the floor units. *e floor heave and nonfloor heave cases are
determined depending on the Coal Mine Floor Rating and
the Horizontal Stress Rating. Lai et al. [25] studied the
mechanism of roadway floor heave by field geological in-
vestigation, theoretical analysis, and numerical simulation.
*ey thought that the surrounding rock of the roadway
presents asymmetrical shrinkage under the original support
condition, and it is the extrusion flow type floor heave. *e
bottom without support and influence of mining are the
important causes of floor heave. Jia et al. [26] analyzed the
stress environment, deformation, and failure characteristics
of mining roadway in the fully mechanized caving face. *e
results revealed that the intrinsic cause of the large asym-
metrical floor deformation in the mining roadway is the
asymmetrical phenomenon of the surrounding rock’s stress
environment caused by mining. *is also results in the
nonuniform distribution of the mining roadway floor’s
plastic zone. Zhang et al. [27] analyzed the deformation and
failure characteristics of the mining roadway’s floor and
elucidated the floor heave mechanisms of shallow bulging
and deep sinking. Moreover, the displacement law of the
floor rock at different depths was further analyzed, and the
characteristics of “two dots and three areas” of the floor
heave were determined. Kang et al. [28] analyzed the in-
fluence of mining and side pressure coefficient on the
roadway floor heave. *e relationships between the thick-
ness of the soft rock stratum and the mechanical properties
of the surrounding rock and floor heave were analyzed. Qin
et al. [29] proposed and applied a reinforcement scheme for
deep dynamic soft rock roadway. *e results indicate the
following: by increasing the supporting strength of the in-
ternal bearing structure, cohesion, and internal friction
angle of the surrounding rock and by reducing the influence
of mining, making the external bearing structure close to the
roadway, and reducing the thickness of the bearing struc-
ture, the bearing capacity of the shallow surrounding rock in
the roadway can be improved. Peng et al. [30] designed a
U-type steel inverted arch and bolts support scheme to
control the floor heave of the roadway. After calculation
through the mechanical model of the inverted arch, its
bearing capacity is 0.56MPa. *rough comparison and
analysis of various supporting schemes, the “U-shaped
steel + inverted arch + pouring concrete + backwall grout-
ing” technology was selected, and the engineering practice
showed that the supporting scheme can effectively improve

surrounding rock stability. Shreedharan and Kulatilake [31]
presented stability studies on two tunnels, a horseshoe-
shaped tunnel and an inverted arch-shaped tunnel, in a deep
coal mine in China, performed using the 3DEC distinct
element code. *ey illustrated the importance of incorpo-
rating stress relaxation before support installation through
the increased support factor of safety and reduced grout
failures. Finally, a comparison between the two differently
shaped tunnels established that the inverted arch-shaped
tunnel may be more efficient in reducing roof sag and floor
heave for the existing geo-mining conditions. Chun et al.
[32] designed a yielding inverted arch of composite struc-
tures to control serious floor heave of tunnel. *ey studied
constitution of the inverted arch to present mechanism of
the composite structure to restrain floor heave. By field trial
of the yielding inverted arch with composite structures, it is
an effective method to control floor heave, and its important
function is to absorb main elastic deformation coming from
bottom strata.

*e above-mentioned scholars have done a lot of suc-
cessful research and application on the mechanism and
control of floor heave. Because of the complex and
changeable environment of coal mine roadway or the fact
that the key points of floor heave control are different, the
researches on the mechanism of floor instability under
inverted arch support are relatively few or only a part of the
influencing factors are studied. *erefore, further study was
needed to solve the instability and control of the antiarch
support of the roadway with mining level +1100m in
Liuyuanzi CoalMine, especially the failuremechanism of the
roadway floor under the antiarch support. According to the
failure characteristics of the roadway floor, the U-shaped
steel inverted arch support was regarded as a beam that can
slide (or rotate) at both ends. *e stability conditions and
influencing factors of the beam were analyzed by using
Fenner’s formula and mechanical principle. *e causes of
floor heave under the support condition were given, and the
feasible and effective control scheme was put forward. *e
method and technology can provide theoretical basis and
control measures for the normal use and safe operation of
roadway.

2. Project Overview

*e coal-bearing strata are Yan’an Formation of Jurassic
Mesozoic in Liuyuanzi Coal Mine. *e coal seams No.4-1
and No.5-1 are divided into upper coal group, and the coal
seams No.7-1 and No.8-3 are divided into lower coal group.
According to the borehole of No. L503, the track roadway,
conveyor roadway, and return air roadway are arranged
horizontally at +1100m (i.e., at the lowest point of coal seam
No.5-1). *e track roadway is buried at a depth of 455m and
lied in mudstone, fine sandstone, medium sandstone, and
sandy mudstone.

*e average RQD index of the rock mass is from 39% to
87% around the track roadway. *e experimental results
indicate that the compressive strength of the mudstone in 5-
1 coal seam floor and 7-1 coal seam roof is from 3.94MPa to
22.2MPa in natural state, while it is from 0.16MPa to
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10.5MPa in saturated state, and the softening coefficient is
from 0.04 to 0.47. *e characteristics of the rocks are easy to
weather, soften, and swell. *e original support design of the
track roadway in Liuyuanzi Coal Mine is as follows: the bolt-
mesh support is used for the first support, the shotcreting
and 36U-shaped steel are used for the second support,
shotcreting thickness is 200mm, the net section is 15.7
square meter, and the driving width and height, respectively,
are 4900mm and 4500mm. All these are shown in Figure 1.

3. Characteristics and InfluenceFactors of Floor
Heave in Roadway

3.1. Characteristics of Floor Heave in Roadway. According to
the on-site investigation, the main characteristics of the floor
heave in roadway are as follows:

(1) Large deformation: According to the field investi-
gation, the floor heave of the roadway with mining
level +1100m is generally 0.5m to 2.2m. *e floor
heave can still reach 0.5m after the inverted arch
support is applied to the local position.

(2) Floor crack: *e floor of the roadway is strongly
deformed, and floor crack is particularly serious
when encountering water.

(3) High deformation speed: According to the on-site
measurement, the floor heave speed of the track
roadway can reach 10mm to 20mm/d, which causes
floor dinting every month; otherwise it will affect
transportation.

3.2. Factors Affecting Deformation

3.2.1. Improper Support. Although the antiarch support is
applied to track roadway, because of the insufficient rigidity
of the contact between the antiarch structure and U-shaped
steel support, which leads to the failure of the supporting
structure of the floor, floor heave occurs under the action of
the floor pressure.

3.2.2. Strata Structure. *e track roadway is located near the
syncline axis, and the axis of the track roadway is not
perpendicular to the syncline axis, so that the track roadway
is subjected to a certain level of tectonic stress, forcing the
floor rock to extrude into the tunnel, thus causing the ex-
trusion of the antiarch structure and intensifying the floor
heave.

3.2.3. Properties and Hydraulic Characteristics of Sur-
rounding Rock. *e coal-bearing strata are Yan’an For-
mation of Jurassic Mesozoic in Liuyuanzi Coal Mine, with
well-developed bedding and joints, extremely low strength,
easy weathering and fragmentation, easy softening in water,
and certain expansibility. Under the influence of Cretaceous
aquifer water, the roof water of No. 4 coal, the roof water of
No. 5 coal, floor water, and structural water, the water inflow
can reach 396.54m3/d. *e floor mudstone of the track
roadway will become muddy and swell when it meets the

water, which intensifies the plastic deformation of the floor.
*is is an important reason for the drastic and long duration
of floor heave.

4. Mechanical Environment and Instability
Analysis of the Floor

4.1. 7e Stress Field in Roadway. For convenience of the
analysis and consideration of engineering practice, the
roadway is simplified as the circular hole problem of axi-
symmetric plane strain in elastic-plastic mechanics in which
both the load and the structure are axisymmetric. *e
mechanical model is shown in Figure 2. p0 is original rock
stress; r0 is roadway radius; R0 is plastic zone radius; ps is
support strength; this paper refers to the stress acting on
surrounding rock of roadway or other supporting structures,
which is called the action stress; and (r, θ) are polar coor-
dinates of any point in plastic zone.

In polar coordinates, according to Fenner’s formula and
Mohr-Coulomb criterion [33–35], the stress calculation
formula of plastic zone of surrounding rock of circular
tunnel can be obtained:

σr � ps + C cotφ( 
r

r0
 

(2 sinφ/1− sinφ)

− C cotφ,

σθ � ps + C cotφ( 
r

r0
 

(2 sinφ/1− sinφ)1 + sinφ
1 − sinφ

− C cotφ,

τrθ � 0,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where σr is radial stress at any point, MPa; σθ is tangential
stress at any point, MPa; τrθ is shear stress at any point, MPa;
ps is the same as the previous one, MPa; C is rock cohesion,
MPa; φ is angle of internal friction for rock, °; r0 is radius of
roadway, m; the rest are as before.
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Figure 1: Original supporting design of rail roadway.
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Formula (1) in polar coordinates is transformed into a
stress equation in a rectangular coordinate system by means
of the following equations:

σx �
σr + σθ

2
+
σr − σθ

2
cos θ − τrϑ sin 2θ,

σy �
σr + σθ

2
−
σr − σθ

2
cos θ + τrϑ sin 2θ,

τxy �
σr − σθ

2
sin 2θ + τrϑ cos 2θ.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
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(2)

*at is,
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σr + σθ

2
+
σr − σθ

2
cos θ,

σy �
σr + σθ

2
−
σr − σθ

2
cos θ,

τxy �
σr − σθ

2
sin 2θ.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

Substituting (1) into (3), the stress pattern in the Car-
tesian coordinates near the roadway adjacent to the plastic
zone is

σx � ps + C cotφ( 
r

r0
 

(2 sinφ/1− sinφ)1 − sinφ cos θ
1 − sinφ

− C cotφ,

σy � ps + C cotφ( 
r

r0
 

(2 sinφ/1− sinφ)1 + sinφ cos θ
1 − sinφ

− C cotφ,

τxy � − ps + C cotφ( 
r

r0
 

(2 sinφ/1− sinφ)sinφ sin 2θ
1 − sinφ

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

In general, the shear stress can be neglected when
considering the rock mass fracture at the bottom corner of
the roadway after excavation. Formula (4) is simplified to

σx � ps + C cotφ( 
r

r0
 

(2 sinφ/1− sinφ)1 − sinφ cos θ
1 − sinφ

− C cotφ,

σy � ps + C cotφ( 
r

r0
 

(2 sinφ/1− sinφ)1 + sinφ cos θ
1 − sinφ

− C cotφ.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(5)

4.2. 7e Instability of Inverted Arch Structure. *e key point
to control the floor heave is the joint of U-shaped steel
support and inverted arch structure. *e friction force is
used to ensure the stiffness of the structure. *erefore, the
mechanical properties of the joint determine the perfor-
mance of the whole supporting structure. According to the
mechanical behavior of the joint, the floor heave is divided
into three types: “sliding upward”, “rotating upward,” and
“sliding-rotating upward,” as shown in Figure 3.

(1) “Sliding upward” type: As shown in Figure 3(a),
when the floor stress is symmetrically distributed
and the friction force between the inverted arch and
the U-shaped steel support and its load is insufficient
to balance the floor pressure, the inverted arch

structure will rise, resulting in the overall uplift of the
floor. *is type was called “sliding upward” floor
heave. Generally, this kind of floor is risen upward
on the whole, which is not affected by asymmetric
external forces and is not easy to cause floor crack.

(2) “Rotating upward” type: As shown in Figure 3(b),
when the stress on the floor is asymmetrically dis-
tributed, the floor relatively keeps balance at the
narrower end of the concentrated stress zone (called
the hinge end), while it will rotate upward around the
hinge end at the other end of the concentrated stress
zone (called the active end). *is type was called
“rotating upward” floor heave. Because the floor is
subjected to asymmetric external forces after

p0

r0

R0

ps

Elastic zone

In-situ-stress zone

o

y

Plastic zone

(r,0)

x
θ

Figure 2: Elastic-plastic zone of circular roadway.
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rotation, the bending resistance of concrete is smaller
than U-shaped steel, which is easy to cause floor
crack.

(3) “Sliding-rotating upward” type: On the one hand, as
shown in Figure 3(a), when the inverted arch
structure is sliding upward, the stress on the floor
may be distributed asymmetrically for some reason,
resulting in the change of the floor from sliding
upward to rotating upward; on the other hand, as
shown in Figure 3(c), when the inverted arch
structure is rotating upward, the contact area be-
tween the hinged end and the U-shaped steel support
decreases, resulting in a great reduction in the
frictional force at the joint. *e hinge ends cause
sliding upward due to mechanical unbalance. All of
the above were collectively called “sliding-rotating
upward” floor heave. As mentioned earlier, this
situation is liable to cause floor crack.

5. “Sliding-Rotating Beam” Model and Its
Mechanical Behavior

5.1. Model of Sliding-Rotating Beam. As shown in Figure 1,
the U-shaped steel support strictly limits the transverse
displacement of the inverted arch structure, but its

longitudinal constraint is relatively weak. At this point, the
inverted arch structure can be assumed as a “board.” To
simplify the analysis, the following assumptions are made for
the “board” structure:

(1) *e inverted arch and the overlying concrete are a
continuous integral structure along the axial direc-
tion of the roadway. In order to simplify the cal-
culation, the curved beam is regarded as a straight
beam.

(2) *e two ends of the “board” are movable supports,
which can move up and down but are controlled by
friction factors at the contact.

(3) Because of the high bending strength of U-shaped
steel antiarch support, the bending of “board” is not
considered, and the stress distribution of the floor is
consistent with that of Figure 3.

*erefore, the inverted arch structure of the floor can be
regarded as a “beam” supported transversely by U-shaped
steel at both ends, which is called a “sliding-rotating beam,”
which can either slide vertically or rotate around an end, as
shown in Figure 4(a). *e force of “sliding-rotating beam” is
shown in Figure 4(b), where L is the length of “sliding-
rotating beam” and L� a+ b+ c, m; a and c are the width of
concentrated stress action zone, m; b is the width of low
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steel round frame
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position
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Concentrated
stress area

Low stress zone
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stress area
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(a)
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(b)

Shotcrete and 36U-shaped
steel round frame
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Low stress zone

Concentrated
stress area

(c)

Figure 3: Instability types of inverted arch structures. (a) Sliding upward. (b) Rotating upward. (c) Sliding-rotating upward.
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stress action zone, m; d is the thickness of the beam, m; σa
x

and σa
y are the concentrated stress of the floor rock on the

“sliding-rotating beam” in the width zone equal to “a,” MPa;
σc

x and σ
c
y are the concentrated stress of the floor rock on the

“sliding-rotating beam” in the width zone equal to “c,” MPa;
σb

y is the stress of the floor rock on the “sliding-rotating
beam” in the width zone equal to “b,” MPa; σf is the friction
stress of U-shaped steel support and antiarch support, MPa;
q is the self-weight stress of concrete overlying inverted arch,
MPa.

5.2. Balance and Motion of “Sliding-Rotating Beam”

5.2.1. 7e Equilibrium Condition of “Sliding-Rotating Beam”.
As shown in Figure 4(b), the “sliding-rotating beam” keeps
static balance in the “x” direction, taking the length in units
at the direction perpendicular to the “xoy” plane. *e static
balance of the “y” direction and the moment balance (using
“o” as the center of moment) of the “sliding-rotating beam”
can be expressed as

σa
ya + σb

yb + σc
yc − σa

f + σc
f d − qL � 0, (6)

σa
ya L −

a

2
  + σb

yb L −
b

2
− c  + σc

yc
c

2
− σa

fdL − qL
L

2
� 0,

(7)

where σa
f � fσa

x; σ
c
f � fσc

x; q � c′h + ps; f is the equivalent
friction factor; c′ is the body force of concrete, N/m3; h is the
thickness of the concrete, m; the others are the same as
before.

In this paper, the equivalent friction factor is a me-
chanical parameter to measure the difficulty of reverse arch
supporting structure moving to roadway space. *e
equivalent friction factor here mainly considers the inter-
action of contact mode (connection mode) between inverted
arch structure and roadway wall (or supporting structure). It
can be calculated by the ratio of the resistance between the
surfaces of a structure or component to the compressive
stress applied to the surface. Under the general surface
contact and friction conditions, the equivalent friction factor
is equal to the static friction coefficient, and its value is less
than 1.*e equivalent friction factor will be greater than 1 or
even greater if the resistance increasing accessories are set
between the reverse arch supporting structure and the
U-shaped steel support foot of the roadway. *erefore, the
value range of equivalent friction factor in this paper is 0 to
∞.

*e stress on the “sliding-rotating beam” around the
roadway can be calculated according to formula (4); the
radius of the roadway in the a, b, and c zones of the “sliding-
rotating beam” is ra, rb, and rc, respectively.

As shown in Figures 2 and 4(b), replace ps in (5) with
ps + q; then substituting (5) into (6) and (7), respectively,
they can be written as

p
L
s �

(L − 2fd) K − K (1 + sinφ cos θ/1 − sinφ) a ra/r0( 
k

+ b rb/r0( 
k

+ c rc/r0( 
k

  − fd(1 − sinφ cos θ/1 − sinφ) a ra/r0( 
k

+ c rc/r0( 
k

  

(1 + sinφ cos θ/1 − sinφ) a ra/r0( 
k

+ b rb/r0( 
k

+ c rc/r0( 
k

  − fd(1 − sinφ cos θ/1 − sinφ) ra/r0( 
k

+ rc/r0( 
k

  − L
− c′h,

(8)

p
R
s �

K a(L − (a/2)) + b(L − (b/2)c) + c
2/2   − K (1 + sinφ cos θ/1 − sinφ) a(L − (a/2)) ra/r0( 

k
+ b(L − (b/2) − c) rb/r0( 

k
+ c

2/2 rc/r0( 
k

  − fdL(1 − sinφ cos θ/1 − sinφ) ra/r0( 
k

  − fdL K

(1 + sinφ cos θ/1 − sinφ) a(L − (a/2)) ra/r0( 
k

+ b(L − (b/2) − c) rb/r0( 
k

+ c
2/2 rc/r0( 

k
  − fdL(1 − sinφ cos θ/1 − sinφ) ra/r0( 

k
  − L

2/2 
− c′h,

(9)

where pL
s and pR

s are the action stress of the floor when the
“sliding-rotating beam” is in critical state of sliding and
rotating, which is called critical value, MPa;
k � (2 sinφ/1 − sinφ); K � C cotφ.

In fact, ps is positive. If the result calculated by formula (8)
or formula (9) is negative, it means that the roadway floor is in
instability state under the current conditions. In conclusion,
the condition of “sliding-rotating beam” motion is as follows:

a b c

q

d

σya σyb σyc

L

(a)

a b

q

d x

y

o

σya

σxa

σfa

σxc
σfc

σyb σyc

L

c

(b)

Figure 4: Mechanical model of sliding-rotating beam. (a) Sliding-rotating beam. (b) Force analysis of sliding-rotating beam.
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(1) If ps ≥pL
s , the floor will maintain balance; otherwise,

the “sliding upward” type floor heave will be
produced.

(2) If ps ≥pR
s , the floor will maintain balance; otherwise,

the “rotating upward” type floor heave will be
produced.

(3) If ps <pL
s and ps <pR

s , the “sliding-rotating upward”
type floor heave will be produced.

5.2.2. 7e Influence of f on Ps. According to the analysis in
Section 4.2, the main reason for the failure of reverse arch
support in this paper is the contact relationship and con-
nection mode at the foot of support. *erefore, this section
mainly discusses the effect of equivalent friction factor on ps.

As shown in Figure 4(b), considering the symmetry
distribution of the concentrated stress on both sides of the
roadway floor, the thickness of the “sliding-rotating beam” is
very small compared with the roadway radius. Let a� c, and
ra � rb � rc � r0; formulas (8) and (9) can be written as

p
D
s �

2fdK sinφ(1 − cos θ) − LK sinφ(1 + cos θ)

L sinφ(cos θ + 1) − 2fd(1 − sinφ cos θ)
− c′h,

(10)

where pD
s is the action stress of the “sliding-rotating beam”

under the condition of symmetrical stress distribution on the
floor, also known as the critical value, MPa.

We consider the value of equivalent friction factor when
the roadway floor is in the limit of self-stability, that is, when
the roadway floor does not need to be supported. Let pD

s � 0
in formula (10); we can get

f �
L sinφ(1 + cos θ) c′h + K( 

2d K sinφ(1 − cos θ) + c′h(1 − sinφ cos θ) 
. (11)

*e calculation parameters of track roadway with
mining level +1100m in Liuyuanzi Coal Mine are shown in
Table 1. By substituting the data in Table 1 into (11), we can
draw the relationship between the equivalent friction factor
and ps, as shown in Figure 5. If the equivalent friction factor
can be arbitrarily increased, the equivalent friction coeffi-
cient will have a “breaking point value,” which divides the
ps − f diagram into “meaningless area” and “actual engi-
neering area.” When the equivalent friction factor is less
than the “breaking point value,” that is, ps is negative, it is
indicated that the reverse arch support is unstable. Only
when the equivalent friction factor is greater than the
“breaking point value,” ps is positive, it means that the
reverse arch support of roadway is likely to be stable. As can
be seen from the “actual engineering area” in Figure 5, the
relationship between the equivalent friction factor and the
action stress of the “sliding-rotating beam” is “class hy-
perbola.” We mainly analyze the “actual engineering area.”

It can be seen from Figure 5 that the support of roadway
floor is meaningful only when the equivalent friction factor
of the roadway support structure exceeds the “breaking
point value” of 18.6 under other unchanged conditions.
With the increase of the equivalent friction factor, the action
stress decreases gradually. *is shows that increasing the

equivalent friction factor is helpful to the stability of the
reverse arch supporting structure. However, the friction
factor of reverse arch support is only 0.15. Obviously, the
floor heave of roadway must occur under this condition.

According to formula (11), the equivalent friction factor
of roadway without support is 56.3. *is value is far beyond
the range of static friction coefficient. *is confirmed the
inevitability of floor heave once again. In order to increase
the equivalent friction factor of the footings, other resis-
tance-increasing accessories or connecting components
must be used in the reverse arch support of the mine
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Figure 5: Relationship between floor action stress and equivalent
friction factor.

Table 1: Calculation parameters.

Number Name Symbol Value Unit Instruction

1 Width of
roadway L 4.6 m

2
Internal

friction angle
of rock mass

φ 36 °

3 Rock mass
cohesion C 0.6 MPa

*e softening
coefficient is

0.47

4

Polar
coordinates
of roadway

floor
θ − 48∼48 °

Refer to
Figure 1 for
calculation

5 *ickness of
beam d 0.2 M

6 Equivalent
friction factor f 0.15

In this paper,
the value is
equal to the
friction

between steel
and steel

7 Body force of
concrete c′ 0.024 MN/

m3
*e density is
2400 kg/m3

8 *ickness of
concrete h 0.5 m Average value
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roadway. Of course, if considering the influence of lateral
force on the reverse arch support, the resistance-increasing
accessories and connecting members are still in an unstable
state. *erefore, in this case, the U-shaped steel support with
full closure is recommended.

6. Design and Implementation of Floor Heave
Control in Roadway

6.1.DesignofFloorHeaveControl inRoadway. Aiming at the
original support scheme, bolt-grouting support and
inverted arch support were used to repair the roadway for
many times, while the floor heave had reached 0.5m in
three months. At the same time, the maintenance cost
increases gradually, which has seriously affected the
normal use of track roadway. From the previous theo-
retical analysis, it can be seen that the floor heave is mainly
caused by the insufficient stiffness between the inverted
arch and the foot of U-shaped steel support. In order to
enhance the support stiffness at the bottom corner of the
roadway, 36U-shaped steel round frame with bolt-mesh-
shotcrete-combined support is proposed to control the
floor heave. *e support design of roadway is shown in
Figure 6.

*e construction sequence of the support scheme is as
follows: firstly, bolt-mesh support is adopted; then 36U-
shaped steel round frame is used to support roadway, and
finally concrete is poured behind the 36U-shaped steel
round frame. *e bolt is left-hand thread bolt with a
diameter of 20mm and a length of 2300mm. *e row
spacing between bolts is 900mm × 900mm. *e Z2335
resin capsule is used as anchoring agent. *e metal mesh is
welded with concrete irons with diameter of 6 mm, and
the mesh size is 80mm × 80mm. *e diameter of the
round frame is 4.6 m, which is composed of six 36U-
shaped steel round frames and the overlapping length is
500mm. *e spacing of the round frame is 600mm.
200mm C20 concrete is poured behind the round frame,
and 800mm thick plain concrete is laid on the bottom of
the round frame.

6.2. Feasibility Analysis of Support Design

6.2.1. Numerical Model. In order to accurately analyze the
feasibility and effectiveness of the new support design, the
three-dimensional models of semicircular arch section
(original support design) and circular section (new support
design) are established and analyzed by FLAC3D, as shown in
Figure 7.

6.2.2. Computing Mode and Parameters. To accurately an-
alyze the problem, combining with the surrounding rock
environment of the roadway to restore the actual roadway
engineering, Mohr-Coulomb strength criterion, Isotropic-
Fluid-Flow constitutive model, and Fluid-Mechanical In-
teraction calculation model are used in the models. *e
physical and mechanical parameters used in the calculation
are shown in Table 2. *e bolts and the U-shaped steel

supports are generated by cable units and shell units, re-
spectively. *e specific mechanical parameters are shown in
Tables 3 and 4.

6.3. Simulation Results. As shown in Figure 8, when ex-
cavating 6m, the floor stress of the semicircular arch
roadway shifts to the bottom corner, the compressive
stress is 8.7MPa, and the center zone of the floor bears
tensile stress for about 0.6MPa, and the former is 14.5
times of the latter. *e floor stress of the circular roadway
shifts to the two sides of the rock mass, the compressive
stress is 7.0MPa, and the center zone of the floor bears
compressive stress for about 2.0MPa, and the former is 3.5
times of the latter. So the circular section roadway support
scheme may change the floor from tension to compression.
Moreover, to a certain extent, it can homogenize the stress
distribution of the floor, which is conducive to the stability
of the floor.

As shown in Figure 9, the plastic depths of floor of
semicircular arch tunnel and circular tunnel are 2.5m and
1.0m, respectively, when excavating 6m, while the latter is
only 40% of the former, which shows that the circular section
roadway support scheme can effectively restrain the plastic
expansion of the floor.

As shown in Figure 10, the floor displacements of
semicircular arch roadway and circular roadway are
12.3mm and 7.8mm, respectively, and the latter is only
63% of the former when excavating 6m. *us, circular
roadway support scheme can effectively control floor
heave.

By the above analysis, 36U-shaped steel round frame
with bolt-mesh-shotcrete-combined support is feasible
and reliable. After the implementation of the scheme, the
roadway waistline is demarcated again, and the roadway
floor heave is calculated based on it. After two months of
monitoring, the floor heave of roadway is reduced from
246mm to 76mm, and the floor heave is reduced by
69.1%.

C20 plain concrete 

Фµ20 le� spiral
bolt 

36U-shaped steel
round frame and

shotcrete R2300mm

R2450mm

80
0m

m

22
00

m
m

3795mm
U-shaped steel connection

2409mm

50
0m

m

Figure 6: *e floor bolt-mesh-shotcrete and 36U-shaped steel
round frame combined support design.
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Table 2: Mechanical parameters for surrounding rock and coal.

Number Name c (MN/m3) E (MPa) v σt (MPa) C (MPa) Φ (°)
1 Mudstone 0.0257 4800 0.32 1.05 0.6 36
2 Fine sandstone 0.0291 28840 0.18 4.75 3.38 42
3 Medium-grained sandstone 0.026 6800 0.26 2.3 3.7 34
4 Coal 0.0142 2410 0.29 0.36 0.41 21
5 Concrete 0.023 25500 0.2 1.6 3.18 45

Table 3: Parameters for bolt simulation.

Elastic modulus
(GPa)

Cohesion of cement
paste on unit length

(kN·m− 1)

Shear stiffness of
cement

paste on unit length
(MN·m− 2)

Outer perimeter
of cement paste

(mm)

Cross-sectional area
(mm2)

Prestress
(kN)

Tensile strength
(MPa)

205 266 95000 61.8 314 60 490

Table 4: Parameters for U-type steel.

Elastic modulus (GPa) Poisson ratio Density (kg·m− 3) *ickness (m)
206 0.26 7500 0.2

(a) (b)

Figure 7: Mechanical model and supporting structure of semicircular arch and circle arch rail roadway.
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Figure 8: Floor stress contours of roadway in excavation of 6m. (a) Semicircular arch roadway. (b) Circle roadway.
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7. Conclusion

(1) Insufficient strength of the connections between
U-shaped steel and inverted arch structure is the key
to instability, and the roadway is located in the lower
part of synclinal structure coal seam, the floor rock
mass is broken, and the floor heave is aggravated by
water softening.

(2) *e mechanical model of “sliding-rotating beam” is
proposed for the instability of the inverted arch floor
structure, and the equilibrium equation of the
“sliding-rotating beam” is deduced. If
ps ≥pi

s(i � L, R, D), “sliding-rotating beam” will
keep stability. If ps <pi

s(i � L, R, D), three instability
modes will occur in the “sliding-rotating beam”:
“sliding upward,” “rotating upward,” and “sliding-
rotating upward.” Under normal conditions, the
critical value calculation formulas of the three modes
can be simplified into one formula.

(3) *e equivalent friction factor affects the stability of
reverse arch supporting structure. By increasing the
equivalent friction factor between the inverted arch
structure and the U-shaped steel support, the
“sliding-rotating beam” can keep balance, but the
equivalent friction factor has a “breaking point
value”; when the equivalent friction factor is less

than the “breaking point value,” the “sliding-ro-
tating beam” cannot keep balance, and the floor
heave must occur. If the equivalent friction factor is
greater than the “breaking point value,” then a
sufficiently large equivalent friction factor can keep
the “sliding-rotating beam” stable. *e “breaking
point value” of the foot of reverse arch support is
18.6, which is much larger than the one of the
reverse arch supporting structure. So the floor heave
must happen.

(4) *e 36U-shaped steel round frame with bolt-mesh-
shotcrete-combined support is applied to improve
the coupling relationship of bottom corner support.
After the implementation of the scheme, the results
show that the floor heave is reduced by 69.1%.
*erefore, the fully closed yieldable metal support is
more suitable for roadway floor heave control.
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Figure 10: Displacement contours of roadway in excavation of 6m. (a) Semicircular arch roadway. (b) Circle roadway.
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Figure 9: Yield zone distribution of roadway in excavation of 6m. (a) Semicircular arch roadway. (b) Circle roadway.
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For the quantitative recognition and characterization of the flow characteristics of polymorphism coalbed gas in tectonic coal,
experiments on pore morphology, pore diameter distribution, and methane adsorption law in outburst tectonic coal were carried
out by field emission scanning electron microscopy and low-field nuclear magnetic resonance. *e results revealed abundant
round and dense “pyrolysis pores” in outburst tectonic coals, most of which were adsorption and seepage pores, with micropores
accounting for 78.2%. Most pores were independent and formed the network pore space for gas enrichment and migration in
outburst tectonic coal. *e transverse relaxation time (T2) of methane adsorption in tectonic coal and crushed outburst tectonic
coals presented three peaks, namely, adsorption, drifting, and free peaks. *e isolation of nanopores and micropores revealed
lower adsorption capacity of outburst tectonic coal than that of crushed outburst tectonic coal. *e gas staged adsorption of raw
coal with outburst tectonic low-permeability was observed. Under low gas pressure, the T2 spectral peak area of methane
adsorption increased remarkably, whereas that of desorbed methane increased slightly. As gas pressure was increased to a certain
numerical value, the increment of methane adsorption decreased and tended to reach equilibrium. *is finding reflected that
methane adsorption tended to be saturated after gas pressure reached a certain value, but desorbed methane in isolated mi-
cropores increased quickly. *e quantitative recognition and characterization of pore structure and gas adsorption in tectonic
low-permeability outburst coal seams based on low-field magnetic resonance imaging provide an experimental method for gas
exploitation in coal seams and the study and control of coal and gas outburst mechanism.

1. Introduction

Coal is increasingly exploited due to the exhaustion of
shallow coal resources, accordingly increasing gas pressure
in China [1]. Hence, the occurrence frequency, strength, and
risk degree of coal and gas outburst accidents increase re-
markably. In >70% highly gassy mines in state-owned coal
mines in China, 1192 coal and gas outburst mines have
occurred. *e absolute number of gas accidents remains

high even though gas accidents decrease every year, indi-
cating great challenges in the safety production of mines
[2, 3].

Coal and gas outburst mechanisms vary according to
different emphases on influencing factors, and the “hy-
pothesis of comprehensive action” is widely accepted by
scholars [4, 5]. According to the statistics on abundant
outburst accidents, the positions where gas outburst acci-
dents occur and the surrounding areas are generally
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developed with tectonic coals. Almost all coal and gas
outburst accidents are closely associated with tectonic coals
[6]. Existing mechanical mechanisms on coal and gas out-
burst dynamic disasters mainly depend on the buckling
theory based on energy criteria. However, strain energy,
external power, and energy consumption in the buckling
process of coal mass are difficult to be expressed and de-
scribed by intuitive mathematical equations due to the
complexity of in situ exploitation conditions, limitations of
existing monitoring means, and limited availability of pa-
rameters of mathematical models. Free gas and adsorption
gas coexist in coal mass. Developing methods for quanti-
tative analysis on the storage and migration laws of free gas
and adsorption gas in coal mass is important to disclose coal
and gas outbursts.

In coal seam, gas flow includes three continuous pro-
cesses, namely, desorption, diffusion, and seepage. Nuclear
magnetic resonance (NMR) allows the determination of the
distributions and connections of micropores, mesopores,
macropores, and cracks in coal spaces, as well as the flow law
of fluid in pores, by measuring the T2 relaxation time of fluid
[7–9]. *is technique provides a new experimental strategy
to study coal and gas outbursts. Yaoand Liu [10] proposed a
set of relatively perfect technology for the low-field nuclear
magnetism and fine quantitative characterization of shale
porosity, permeability, pore type, pore structure, and
methane adsorption capability. Zhou et al. [11] explored the
performance of the NMR evaluation of pore structures in
rock reservoirs by using the cylinder model. On the basis of
an isothermal adsorption experiment, Yang et al. [12] de-
termined the gas adsorption capacity of coal through the
Langmuir model by testing the concentration, pressure, and
flow rate of injected methane and N2. Wu and Sun [13]
studied the methane/CO2 mixed gas adsorption law of coal
rocks under different temperatures and found that ad-
sorption capacity was proportional to gas component
concentration. Tang et al. [14] simulated the concentrated
occurrence in coal-series shale gas by continuously filling in
gas into the clamper with samples. Changes in adsorbed gas
increment are determined by the interaction between coal-
series shale and gas molecules, whereas desorbed gas in-
crement is mainly related to the pore structure of coal-series
shale. Wang et al. [15] studied shale gas and concluded that
gas adsorption capacity is positively correlated with pressure
but negatively correlated with temperature. Existing studies
have mainly described the outburst mechanism from the
macroscopic perspective or evaluated the final adsorption
state of briquette from the microscopic perspective due to
equipment limitations.

A compression tectonic belt is the main distribution
zone of tectonic coals. Exactly 16 outburst mines are present
in the Huainan Coal Mine, which lies in the North China
Plate in South China. *e major outburst coal seams in-
cluded the No. 13-1 coal, No. 11-2 coal, and No. 8 coal of the
Taiyuan Formation/Shanxi Formation [16]. In the current
study, the most representative coal seam, the No. 11-2 coal of
Pansan Coal Mine in Huainan City in China, was used as the
research object. First, field emission scanning electron mi-
croscopy (SEM) analysis was carried out to study the porous

structure of outburst tectonic coal and to reveal the network
porous structure for gas accumulation and migration.
Second, the pore diameter distribution of outburst tectonic
coal was further concluded by the NMR technology, and
pores in tectonic coal were classified. Finally, gas in mi-
cropores, small pores, mesopores, macropores, and cracks
were quantitatively evaluated and characterized, revealing
the response laws of gas pressure to adsorption capacity. *e
research conclusions provided basic data for studying the
coal-gas-outburst mechanism and controlling coal-gas-
outburst accidents.

2. Experiment

2.1. Basic Principle of the Relaxation Spectral Analysis of Low-
Field NMR (LFNMR). *e basic principle of the LFNMR
technology is introduced as follows. For fluid containing 1H
nucleus, the spin magnetic moment of the 1H nucleus may
change with external magnetic field intensity, thus pro-
ducing NMR measurement signals. In general, LFNMR uses
transverse relaxation time (T2) as the characterization signal
[16]. *e existing state of gas in coal can generally be
classified into adsorbed state and free state. In coal seams,
the adsorbed and free states of gas generally account for
80%–90% and 10%–20%, respectively. *e NMR charac-
teristics of 1H nucleus under these two states are consid-
erably different. *e T2 spectra of samples can be calculated
from SIRT-based mathematical inversion of echo attenua-
tion signals collected from saturated samples [17].

Inmagnetic field, the number of 1H nucleus in gas in coal
pores can be monitored by the transverse relaxation time
(T2). For gas in coal pores, three different relaxation
mechanisms occur: free relaxation, surface relaxation, and
diffusion relaxation [10, 12, 14]. *ese relaxation mecha-
nisms can be expressed as follows:
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where T2 is the transverse relaxation time of fluid in pores,
which is collected by CPMG sequence. Tz is the transverse
relaxation time caused by body relaxation time. Tz

2 is the
transverse relaxation time caused by surface transverse and
by the interaction between the fluid and solid surface of
pores. Tk

2 is the transverse relaxation time of fluid in pores
caused by diffusion under magnetic field gradient.

*e numerical value ofTz
2 generally ranges 2-3 s, which is

remarkably higher than that of T2. *erefore, 1/Tz
2 in

equation (1) can be overlooked. *is experiment was carried
out in a uniformmagnetic field, and the collected short-wave
time was relatively short. *us, 1/Tk

2 of equation (1) can also
be neglected. Surface relaxation occupied the dominant
effect, implying that T2 is directly proportional to the pore
diameter [7, 14]:
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where ρ2 is the surface relaxation rate, S is the surface area of
samples, V is the pore volume of samples, and Fs (Fs � 3 for
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spherical pores and Fs � 2 for column pores) is the geometric
shape factor of coal mass [7, 18]. *erefore, the T2 distri-
bution reflects the distribution of pore diameter. T2 is
positively related to the pore diameter. If a pore in the
samples is a cylinder with a radius of r and ρ2 � 10 µm/s, the
T2 spectra could be transformed into the pore diameter
distribution. Hence, the flow characteristics of methane in
coal samples can be reflected by its NMR signals in T2
spectra when the adsorbed methane and existing state of
methane in coal mass are changed.

2.2. Sample Collection and Experimental Test. In this study,
60 groups of coal samples were collected from the 1611(1)
panel of Pansan Coal Mine in Huainan Mining Industry
Group. *e average buried depth of this panel was 590m.
*e gas content and gas pressure were approximately 7.7m/t
and 3.1MPa. *e surface coal seam has a thickness of 1.0 to
5.0m, an average thickness of 3.5m, an inclination angle of 1
to 14°, and an average of 6°. *e direct roof is of silty
sandstone with an average thickness of 2.7m; the old roof is
of silty sandstone with an average thickness of 3.0m; the
bottom plate is of dark gray mudstone with an average
thickness of 2.6m. *e newly collected coal samples were
packed and rapidly carried back to the laboratory after in situ
processing. *e coal sample has irregular shape, medium
hardness, dark black, and a small amount of texture on the
surface. *e samples were processed into specimens. *e
diameter (φ) and height of specimens were set as 50 and
100mm, respectively. All specimens maintained the primary
structural integrity of coal.

First, the collected coal samples were observed by SEM to
determine their intuitive microstructure. Based on the mi-
crostructure of coal mass, NMR experiments under different
gas pressures, confining pressures, and degrees of crushing
were performed using coal structure and coalbed gas analysis
and the imaging system (MacroMR-150-H-I) of Suzhou
Niumai Electronic Technology Co. Ltd (Figure 1). *is
system was mainly composed of an NMR analysis and
imaging system, high-temperature and high-pressure
seepage module, adsorption-desorption module, and high-
temperature- and high-pressure-resistant probe coils. *e
principle of the adsorption-desorption experiment is shown
in Figure 2. *e NMR analysis and imaging system was
mainly used to analyze the micropore structure of coal
samples. *e online visualization of applied confining
pressure and displacement pressure could be realized by the
high-temperature and high-pressure seepage module. *e
major parameters of this analysis and imaging systemmainly
included a 0.3± 0.05 T nuclear magnetism intensity of the
permanent magnet, a 12.8MHz principal frequency of the
instrument, a 60mm diameter of the probe coil, a 0.15ms
echo interval, and a 3 s echo waiting time.

2.3. Experimental Steps

(1) Samples were prepared

(i) Raw coal samples were dried at 105°C for 24 h in
an oven and then cooled for 24 h in vacuum.

(ii) Raw coal samples were collected, and dry weight
was measured.

(iii) Dry coal samples were placed in the core
clamper for T2 spectrum testing.

(iv) All pipelines were connected, and fixed con-
fining pressures (10 and 8MPa) were applied on
the dried coal samples. In the absence of air
leakage in the system for 5 h, Step (2) must be
followed.

(2) *e volumes of the reference tank and sample
chamber in the experimental apparatus were
measured

(3) Pure methane calibration was implemented. Pure
methane (99.99%) was used as the test gas

(4) Raw coals were subjected to isothermal adsorption
under different gas pressures

Coal samples were placed in the sample chamber, and
gas at different pressures (0, 0.60, 1.67, 5.94, 7.95, and
10.20MPa) was injected into the reference tank. *e pres-
sure in the reference tank (P1) was recorded, and the balance
switch was opened. Gas in the reference tank was injected
into the sample chamber, and the pressure after balance (P2)
was recorded.

3. Physical Properties of Low-Permeability
Tectonic Coal Seam

3.1. Pore Types. Pores in coal mass are the main areas and
channels for gas accumulation and migration. *e porous
structure not only restricts gas content but can also affect gas
control engineering, such as extraction. Genesis of structural
coal: coal with structural change characteristics such as frag-
mentation, crumpling, and smooth surface, which is caused by
the action of structural stress, and the primary structure and
structure are damaged by strong cracking. Features: Apart from
crushing, there are often structural mirror surface, crumpled
structure (part of the original layer is reserved), crumpledmirror
surface, scale-like structure, etc. Under the microscope, the
directional arrangement of coal particles and microcrumpling
caused by the structural flow can be seen in strongly deformed
structural coal. Representative SEM images of the coal section in
the Panji region are shown in Figure 3. Abundant “pyrolysis
pores” have been formed in coal mass with a pore diameter that
is remarkably higher than that under plutonic metamorphism.
Given the collaborative effects of tectonic stress and the thermal
evolution of magma, coal mass structure changed despite the
degree of coal metamorphism and coal quality. As a result, the
gas occurrence environment in coal mass changed, laying
foundations for gas migration and local enrichment [9].

3.2. Full Pore Distribution Characteristics. Under the same
detection parameters, NMR signal quantity was proportional to
the flow rate of fluids containing 1H nucleus in samples. A
relation curve between the fluid volume and NMR signal
quantity was fitted on the basis of testing a group of standard
coal samples with the known hydrogen-containing fluid
content (Figure 4). *e measured signal quantity of the sample
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is combined into the curve equation (y� 1345.8x+74.685,
R2� 0.9998), so that the fluid content in the sample can be
calculated.*e porosity of raw coal is calculated by dividing the
fluid volume by the sample volume.

*e T2 spectrum of the NMR of No.1 coal sample is shown
in Figure 5.*e spectrum generally revealed two peaks defined
as M1 and M2 from the left to the right of the horizontal
coordinate. M1 was the major peak, and the relaxation time

2
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Figure 1: Analysis and imaging systems of coal structure and gas seepage: (1) displacement device; (2) middle container; (3) transition
device, which may contain water, oil, and gas; (4) high-temperature and high-pressure system; (5) nuclear magnetism unit; and (6) closet,
which mainly includes radio frequency cabinet, gradient cabinet, and imaging module.
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Figure 2: Schematic representation of adsorption-desorption experiment device.

(a) (b)

Figure 3: Scanning electron microscopic image of coal samples: (a) abundant microcracks (8000 of magnification time) and (b) abundant
“pyrolysis pores” (12000 of magnification time).
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ranged 0.01–1ms, accounting for 75%–95%. M2 mainly pre-
sented two continuous small peaks, and the relaxation time
ranged 10–1000ms. Similar laws were observed from the T2
spectra of the NMR of other coal samples. In some coal rocks,
M2 was the single peak. *e T2 spectral distribution of coal
rocks reflected the micropore structural characteristics of raw
coal; that is, the pore diameter was positively correlatedwithT2.

*e pore radius distribution of the No. 1 coal sample is
shown in Figure 6. Micropores (<0.01 µm in diameter), small
pores (0.01–0.1 µm), mesopores (0.1–1 µm), and macropores
(1–100 µm) [16] all developed in coal mass. *e relaxation
time of the second peak of M2 reached 1000ms, indicating
that microcracks existed in some regions of raw coal
(Figure 3(a)). *e proportions of micropores, small pores,
mesopores, and macropores were 78.2%, 6.3%, 13.5%, and
2.0%, respectively. Micropores contributed to the adsorption
volume in coal mass. Small pores formed the capillary
condensation and gas diffusion space. Mesopores formed the
interval for the slow laminar flow of gas. Macropores formed
the interval of strong laminar seepage and determined the
failure surface of coal with strong failure structure. Cracks
formed the interval of the mixing seepage of laminar flow
and turbulent flow and determined themacro-failure surface
of coal.

4. Influencing Laws of Gas Pressure on the Gas
Adsorption Characteristics of Raw Coal

4.1.NMRSpectral Calibration of FreeGas. *e variation laws
of adsorbed gas and desorbed gas could be observed intu-
itively and quantitatively through the T2 spectra of NMR.
First, pure gas (99.99% pure methane in the experiment) was
calibrated to obtain its signal amplitudes under different gas
pressures (Figure 7). On this basis, the relationship between
signal amplitude and gas quality is established (y� 12836x,
R� 0.9994) (Figure 8). Subsequently, adsorbed methane
mass and desorbed methane mass under different pressures
were quantitatively analyzed (Table 1).

4.2. Relationship between Gas Pressure and Adsorbed Gas.
*e T2 spectral distribution of coal samples measured under
six adsorption balance pressures is shown in Figure 9.*e T2
spectrum presented three peaks under different adsorption
pressures (0–10.2MPa), which are distributed in intervals of
0.03–0.92, 16.8–31.4, and 95.4–3072ms from left to right.
Based on the combination of existing states of methane in
the dried coal samples, the pore radius distribution in coal
samples (Figure 6) and equation (2) revealed that given the
small pores in coal, the specific surface area was large, the
surface interaction was strong, and T2 was short. *erefore,
short relaxation time reflected methane in small pores in
coals. *e first, second, and third spectral peaks corre-
sponded to the adsorbed, desorbed, and free methane in the
space between coal and the clamper wall, respectively.

Methane diffused slowly from high to low concentration
through small pores and micropores in the coal matrix.
During the diffusion of methane, adsorption and desorption
in the contacted coal pores and on the crack surface occurred
simultaneously. When the signal amplitude remained
constant, the seepage diffusion and adsorption-desorption
processes were balanced. Figure 9 reveals that with the in-
crease of gas pressure, the T2 spectra of desorbed methane
moved rightward gradually, and the peak area increased
gradually. After a certain pressure of methane was injected
into the high-pressure adsorption tank, the seepage of
methane occurred in coal cracks and large pores
(>1,000 nm) due to influences by methane pressure gradient.
Only small amounts of methane was diffused and adsorbed.
*is finding can be explained from two aspects. First, after
high-pressure gas entered into the adsorption tank, seepage-
state methane was formed in cracks and large pores
(>1,000 nm) as a response to the pressure gradient of
methane. *is occurrence was accompanied by methane
diffusion and adsorption. Second, when the gas pressure was
low, methane molecules could enter into micropores and
microcracks that were larger or equal to the average mo-
lecular average free path of methane. Given the adsorption,
the surface energy of methane coal on the micropores and
microcracks decreased, and the surface thickness increased.
Free methane also facilitated the increase of micropores and
microcracks, thus resulting in the expanding deformation of
coals. When methane pressure continued to increase, the
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high pressure was opened and entered into cracks larger or
equal to the gas molecular scale [19, 20].

Coal was crushed into blocks, and T2 spectral distri-
bution under 0–6.32MPa of gas pressure was tested to
further gain the adsorption law of coals under depressurized
mining. *e T2 spectra of polymorphic methane in crushed
coals under different pressures are shown in Figure 10.
Internal surface energies were present in abundant pores in
coal. At the contact of gas and internal surface, the applied
force of molecules concentrated on the coal surface of gas
molecules and the quantity of concentrated gas molecules
increased gradually. *e T2 spectra of polymorphic methane
presented three peaks from left to right, which were defined
as M1, M2, and M3. Among these peaks, M1 (relaxation
time� 0.01–1ms) was the adsorbed methane,M2 (relaxation
time� 10–130ms) reflected desorbed methane in micro-
pores and microcracks, and M3 (relaxation
time� 130–1000ms) represented the free methane in the
space between coal and clamper wall [20, 21]. A value of
0MPa reflected no methane entrance. For the convenient
analysis of the influence of methane pressure on methane
adsorption capacity, this state was used as the basement
signal in testing the signals of crushed coal. When methane
pressure increased from 0MPa to 1.01, 1.46, and 2.47MPa,
the peak area of adsorbed methane increased gradually. By
contrast, the increment of desorbed methane in isolated
micropores decreased, indicating that crushed coal first
adsorbed methane in this stage. When the gas pressure
increased continuously from 2.47MPa to 6.32MPa, the
increment of adsorbed methane decreased and tended to
reach a balanced state. *is result reflected that the adsorbed
methane became increasingly saturated after methane
pressure reached a certain value. Under this pressure
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interval, desorbed methane in isolated micropores increased
quickly.

*e relationships between the T2 amplitude integral and
pressure of polymorphic methane are shown in Figure 11.
*e accumulated values of T2 after basement removal
(methane pressure� 0MPa) are listed in Table 2. Compar-
ison showed that the adsorbed methane quantity increased
with the increase of gas pressure and stabilized at 5.55MPa.
Methane adsorption reached a balanced state, and the
quantity of adsorbed methane stopped increasing. Desorbed

methane in micropores also increased linearly with the
increase of gas pressure.

Based on the above analysis, tectonic coal is a reservoir
body with the extensive development of pores. Various pores
formed by organic matters and minerals spread over the coal
surface and ontology. Tectonic coals are porous solid sub-
stances with different diameter distributions. *e pore size
of the “pyrolysis pore” formed in coal is much larger than
that formed by plutonic metamorphism, and the shape of the
pore also changes, showing a “hemispherical shape,” the
pore size gradually decreases from outside to inside, and the
edge is smoother. Mostpores were round and seepage pores
and with dense adsorption, and most pores were isolated
rather than connected. *e connected nano-micro base
pores and cracks formed the seepage channel of gas together
[22], and the size of seepage channel directly determined the

Table 1: Relevant parameters of gas in coal samples under different gas pressures.

Gas pressure (MPa) Compressibility factor Gas quality (g) T 2 spectral area of desorbed gas
5 0.9175 1.4876 19208.2961
4 0.9355 1.1672 15000.5546
3 0.9493 0.8627 11005.3119
2 0.9639 0.5664 7175.1711
1 0.9828 0.2778 3295.3408
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Figure 9: T 2 spectra of polymorphic methane under different
pressures.
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Figure 10: T 2 spectra of polymorphic methane in crushed coal
under different pressures.
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Table 2: Relationship between the quantity of polymorphic
methane and gas pressures.

Gas pressure
(MPa)

Peak area of
M1

Peak area of
M2

Peak area of
M3

0 0 0 0
1.01 3617.42 1340.14 0
1.46 4368.66 1558.54 752.59
2.47 4935.18 2878.02 1678.89
5.55 5615.57 7542.93 4484.58
6.32 6136.92 8692.66 5196.03
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permeability of coals [23, 24], thus influencing the extraction
effect of surface boreholes and underground boreholes.

5. Conclusions

Low-field NMR technology allows the fast and extensive
acquisition of big data. *e processing of high-temperature
and high-pressure NMR probe and gas adsorption-de-
sorption in coal seams provides a new experimental method
for the quantitative evaluation of pore diameter distribution
and gas flow state in coal seams.

Abundant round and dense “pyrolysis pores” were
present in coals. Most pores were isolated rather than
connected, most of which were adsorption and seepage
pores. Abundant microcracks were also present. *ese py-
rolysis pores and microcracks formed the network space for
gas enrichment and migration in coal. *e T2 spectra of
methane in raw coal and crushed coal exhibited three peaks,
namely, adsorption, drifting, and free peaks. *e isolation of
nanopores and micropores revealed that the gas adsorption
capacity of rawmaterials was lower than that of crushed coal.

Under low gas pressure, the T2 spectral peak area of
adsorbed methane increased quickly with the increase of
methane pressure, whereas the desorbed methane in isolated
micropores increased slightly. As gas pressure increased up
to a certain value, the increment of adsorbed methane de-
creased and became increasingly balanced. *is result in-
dicates that the adsorbed methane became increasingly
saturated after methane pressure reached a certain value, but
desorbed methane in isolated micropores increased quickly.
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'is paper presents a comprehensive engineering method to investigate the failure mechanism of the jointed rock slopes.'e field
geology survey is first carried out to obtain the slope joint data. A joint network model considering the structural complexity of
rock mass is generated in the PFC software. 'e synthetic rock mass (SRM) approach for simulating the mechanical behavior of
jointed rock mass is employed, in which the flat-jointed bonded-particle model (FJM) and smooth joint contact model (SJM)
represent intact rock and joints, respectively. Subsequently, the effect of microparameters on macromechanical properties of rock
is investigated for parameter calibration. Moreover, the scale effect is analyzed by multiscale numerical tests, and the repre-
sentative elementary volume (REV) size in the selected research area is found as 16m× 16 m× 16m.'e microparameters of the
SRM model are calibrated to match the mechanical properties of the engineering rock mass. Finally, an engineering case from
Shuichang open-pit mine is analyzed and the failure process of the slope during the excavation process frommicro- to macroscale
is obtained. It has been found that failure occurs at the bottom of the slope and gradually develops upwards. 'e overall failure of
the slope is dominated by the shallow local tension fracture and wedge failure.

1. Introduction

'e rock mass is a geological body with fractures complexly
distributed. 'ese natural discontinuities such as joints and
faults are ubiquitous in rock, which have an important impact
on the mechanical behaviors of rock material and lead to the
anisotropy, heterogeneity, and scale effect [1]. 'e mechanical
properties and failure mechanism of the rock mass are always a
major field of rock mechanics. 'e accurate description of
geometrical characteristics of joint network is critical for the
safe design, construction, and stability analysis in rock mass
engineering.Moreover, investigating themechanical properties
and failure mechanism of jointed rock from micromechanical
viewpoint can both enrich rockmass theory and guide the rock
engineering practice.

Considerable research studies have been carried out on
the joint network modelling and analysis methods of jointed

rock mass [2–19]. Due to the complexity and uncertainty of
joints system in the rock, the stochastic approach based on the
theories of probability and statistics is widely used to describe
joint geometries from limited measurements such as borehole
logging and scanline [2], which is also the mathematical
theoretical basis of numerical simulation of joint network.
Beacher et al. [3, 4] assumed joints to be planar discs and
considered the geometrical properties (e.g., spacing, size, and
aperture) as independent random variables obeying certain
probability distributions. Hudson and Priest [5], Priest and
Hudson [6, 7], and Rives et al. [8] arrived at the conclusion
that joint spacing usually followed a negative exponential,
lognormal, or normal distribution depending on the degree of
joint saturation in the network. Similarly, the properties of
frequency [9], size [10, 11], and aperture [12, 13] were ana-
lyzed based on geological survey. Einstein and Baecher [14]
processed measurement data using a rosette or stereogram to
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group the joints into different sets with their orientation
feature by a uniform, normal, or Fisher distribution. Hammah
et al. [15–19] presented separately different data analysis
methods for optimized and determined dominant orienta-
tions, which promoted the progress of statistical method of
joint. 'ree-dimensional modelling and analysis numerical
methods have been developed with the computer-aided
technology in the past two decades [20–22]. Xi et al. [23]
investigated the initiation and propagation of precracks in
rock. Einstein and Locsin [24] and Ivanova et al. [25] pro-
posed 2D or 3D fracture simulation models, which promoted
the application of modelling theory.

Particle-based models, which were originally introduced
by Cundall and Strack [26] to simulate granular materials
(e.g., soils and sands) and which gradually evolved to
commercial code, i.e., particle flow code (PFC) [27], are now
widely used for jointed rock mass. Conventional PFC
modelling of intact rock considers the bonded-particle
model (BPM) [28], which has two limitations, i.e., an un-
reasonable UCS/TS (compressive to tensile strength) ratio
and low friction angle. Some options were suggested to solve
these problems: changing the particle size distribution to
reduce the porosity [29, 30] or changing particle shape into
cluster [28] and clumps [31]. Potyondy et al. [32] created a
new model, flat-jointed bonded-particle model (FJM), to
overcome these limitations and used it to reproduce a re-
alistic hard rock. To suppress such an artificial roughness,
smooth joint contact model (SJM), which was independent
of the arrangement of local particles in contact, was pro-
posed to simulate the geometric-mechanical characteristics
of joints [33]. Based on the two well-established techniques,
BPM and SJM, Ivars et al. [33] and Pierce et al. [34] de-
veloped a synthetic rock mass (SRM) to represent the
mechanical behaviors of jointed rock mass and obtained the
scale effect, anisotropy, and brittleness that cannot be ob-
tained using empirical methods of property estimation. 'e
uses of SRM are mostly related to simulating crack prop-
agation and the slip of rock mass under selected loading
conditions, such as direct shear test [35–39] and uniaxial and
triaxial compression test [40–42]. Some researchers
employed SRM to study the effect of sample size on rock
mass strength and derive the equivalent rockmass properties
[43–45]. SRM was also used to simulate the mechanical
properties and failure mechanism of rock mass in engi-
neering projects [46–49]. However, due to complicated
geometry of joints, SRM has rarely been used for the slope
stability analysis of open-pit mine and the failure mecha-
nisms of jointed rock slope during the ore excavation have
not been fully understood.

'e remainder of this paper is organized as follows.
Section 2 reviews the main aspects and methodology of the
components of SRM. In section 3, based on the statistic
characteristics of joints, a numerical model of the jointed
rock mass is built by PFC software. In section 4, the
microparameters of FJM and SJM are calibrated to repro-
duce the macroparameters derived from laboratory tests.
'en, multiscale SRM models are established to investigate
the scale effect and determine the representative elementary

volume (REV) size by numerical tests. Next, the micro-
parameters are recalibrated to represent the behaviors of
rock mass according to the REV size and Hoek–Brown
method. In Section 5, a jointed slope of Shuichang open-pit
iron mine is selected as an engineering case, and the failure
mechanism and evolution process of the slope are analyzed
from a micromechanical viewpoint.

2. Methodology

2.1. Synthetic Rock Mass (SRM) in PFC. 'e synthetic rock
mass (SRM) approach has been implemented in PFC soft-
ware, where particles are rigid spherical bodies joined by
deformable contacts, to solve problems by using the explicit
formulation of the distinct element method (DEM). 'is
new technique can be used as a virtual laboratory to conduct
numerical experiments to represent in a qualitative and
quantitative mechanical behavior of jointed rock mass and
has already made it possible to extend the volumes of rock at
the scale of 10–100m containing thousands of nonpersistent
joints. In PFC software, the SRM brings together two well-
established techniques: bonded-particle model for intact
rock deformation and fracture and discrete fracture network
(DFN) for joints. 'at is to say, the SRM model represents
the jointed rock mass as an assembly of intact rock and an
embedded DFN. 'e main components of SRM sample are
shown in Figure 1. 'e following section presents the main
aspects of each model.

2.2. Representation of the Intact Rock. FJM (flat-jointed
bonded-particle model) was proposed based on the distinct
element method to simulate the mechanical behavior of
intact rock in PFC software by Potyondy [32]. 'is model
can overcome the limitations of the standard BPM model
and well explain the mechanical behavior of various aspects
of rock, especially for hard rock. In FJM, the intact rock is
represented as assemblage of rigid circular (in 2D) or
spherical (in 3D) particles and piece of finite-size interface
between two notional surfaces. A typical flat joint contact
(Figure 2) can be deformed, partially damaged, and broken
by the influence of external force. 'e particle can be
considered as a skirted particle, which can provide inter-
locking and rotational resistance even after the interface
breaking. 'erefore, a more reasonable unconfined com-
pressive to tensile strength (UCS/TS) ratio for hard rock can
be obtained through FJM.

2.3. Representation of the DFN. 'e smooth joint contact
model (SJM) simulates the behavior of a smooth interface,
regardless of the local particle contact orientations along the
interface [33]. 'is kind of contact is described as smooth
because particle pairs joined by a smooth joint contact may
overlap and “slide” past each other, instead of being forced to
move around one another (Figure 3).

A smooth joint can be envisioned as a set of elastic
springs uniformly distributed over a circular cross section,
centered at the contact point and oriented parallel with the
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joint plane. 'e area of the smooth-joint cross section is
given by

A � π λmin R
(1)

, R
(2)

  
2
, (1)

where R(1) and R(2) are the particle radii and λ is the radius
multiplier.

When the unbonded SJM model is specified, the incre-
mental force calculation is performed depending on the elastic
portion of the displacement increment (ΔUe

n and ΔUe
s).

Fn � Fn( 0 + knAΔUe
n,

F
∗
s � Fs( 0 − ksAΔU

e
s,

(2)

where kn and ks are the normal and shear stiffness, respec-
tively, and (Fn)0 and (Fs)0 are the smooth joint normal force
and shear force at the beginning of the timestep, respectively.

If |F∗s |≤ μFn, then Fs � F∗s . Otherwise, Fs � μFn, sliding
is assumed to occur. While slipping, shear displacements
produce an increase in normal force due to dilation:

Fn � Fn( 0 +
Fs
′


 − F
∗
s

ks

 kn tanψ, (3)

where μ is the friction coefficient and ψ is the dilation angle.

3. Construction of Complex Joint
Network Model

3.1. Geometrical Characteristics of Joints. 'e natural joints
often comprise complex network and dominate the me-
chanical behaviors of jointed rock mass. 'erefore, it is
important to obtain the geometrical characteristic repre-
sentation of complex two or three-dimensional joint net-
work for modelling jointed rock mass. However, it is
impossible to directly obtain the in situ joint data deep in
the rock. 'e details of 3D structures of joint network are
usually inferred from the observation information of lower
dimensional limited exposures like borehole logging,
outcrop scanline, or window mapping. A large number of
field survey data show that the joints in the rock mass
mostly appear in sets, and it is necessary to identify the
dominant sets of joints which highly affect the mechanical
behavior of rock.

In this paper, a field survey was carried out in the north
of Shuichang open-pit iron mine by using borehole logging
and scanline methods. A total of 311 sets of joint are
measured, and the data show that joints in this area are well
developed. In addition, some joints have potential adverse
effects on slope stability because the strike and dip direction
of joints are almost the same with those of the slope. Sta-
tistical analyses are conducted on the data by using rose
diagram or stereogram so that joints can be grouped into
different sets with their orientations (Figure 4).

By using the hierarchical cluster method, the measured
data were grouped into four dominant orientations, namely,
A, B, C, and D (Table 1). And the number of joints in these
four orientations is 248, accounting for 79.7% of the total.

'e characteristic of distribution of joints can be de-
scribed by geometric parameters such as dip direction, dip
angle, and spacing. To provide necessary information for the

+

(a) (b) (c)

=

Figure 1: Synthetic rock mass basic components: (a) intact rock; (b) DFN; (c) SRM.
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Figure 2: A typical schematic diagram of flat joint contact.
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Figure 3: A smooth joint model (from PFC software manual [27]).
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subsequent establishment of joint network model, proba-
bility distribution modes of those parameters are studied
with orientation characterized by a uniform, normal, or
negative exponential distribution, and the histogram and
fitting curve are shown in Figure 5.

'e basic parameters and distributions for dominant
orientations in Shuichang open-pit iron mine are obtained
as shown in Table 2.

3.2. Generation and Testing of Joint Network Model. 'e
shape of the joint in three-dimensional model is regarded as
planar discs of radius in PFC. In this case, the probability
density function of the disc’s radius is calculated as

fr(r) �
π
2λ

e
− (π/2λ)r

, (4)

where λ is the mean value of negative exponential function.
'e mean radius of joint disc is given as

r � 
∞

0
rfr(r)dr � 

∞

0
r
π
2λ

e
− (π/2λ)r

dr �
2λ
π

�
2l

π
, (5)

where r is the mean radius of joint disc and l is the mean
trace length.

In a relatively homogeneous area, the volume density is
independent of direction and relatively constant and has the
following relationship with the average linear density [50]:

λd � 2πλV 
∞

0
d 
∞

d
f(r)drdd. (6)

Based on formulas (4) and (6), the volume density of the
joint with the radius approximately complied with the
negative exponential distribution can be obtained as

λV �
πλd

8λ2
�

λd

2πr
2,

(7)

where λd is the average linear density of joints, λV is the
volume density of joints, d is the diameter, and r is the
average radius of joints.

According to formulas (4) to (7), the parameters of joint
disc were calculated, as shown in Table 3.

'eMonte Carlo method is a good tool for joint network
modelling, which can approximately solve uncertain
problems with a series of random numbers. In this paper,
combined with the Monte Carlo method, the built-in lan-
guage Fish provided by PFC is used to construct a three-
dimensional joint network model. 'e random numbers of
joint disc parameters in accordance with corresponding
probability distribution are generated in a
10m× 10 m× 10m cube space. Based on the OPEN GL
technique, the joint network model in PFC is shown in
Figure 6.

'en, the reliability of this model is tested by comparing
the distribution of main joints in the effective area between
the two-dimensional section of the model and the window of
field survey. Figure 7 shows the joint distribution from the
field survey and numerical model. 'e three-dimensional
joint network model has a good statistical similarity with the
real field distribution in attitude, scale, and density. 'e
joints obtained from numerical models can well describe the
real distribution characteristics of joints.

Number = 311 Max. conc. = 5.79%

5.4%
4.5%
3.6%

2.7%
1.8%
0.9%

(a)

r = 17 joints

(b)

Figure 4: Statistical analysis results: (a) contour plot of the joint plane; (b) rose diagram of dip direction.

Table 1: Range of dominant orientations.

ID A B C D
Dip direction (°) 40–70 100–170 210–240 280–340
Dip angle (°) 13–75 19–86 25–77 19–69
Number 56 78 61 53
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Figure 5: Continued.
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Figure 5: Histogram and probability density: (a) group A; (b) group B; (c) group C; (d) group D.
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4. Calibration of the Microparameters

'e input microparameters in PFC software cannot be
measured directly through conventional laboratory tests,
which also have highly nonlinear relationships with the pa-
rameters such as Young’s modulus, uniaxial compression
strength, and Poisson’s ratio in continuum numerical sim-
ulation.'erefore, parameter calibration is an essential part of
simulation process in PFC to ensure that themicroparameters
can represent the macromechanical properties of rock well.

Before the calibration process, a series of conventional
laboratory tests are carried out on Shuichang iron mine
granite to obtain the mechanical parameters. 'e me-
chanical test equipment is shown in Figure 8. 'ere are two
sizes of experimental sample: 50mm diameter and 100mm
height for compression tests and 50mm diameter and
25mm height for Brazilian tests, which are in good agree-
ment with the sample sizes recommended by ISRM. Uniaxial
compression tests and Brazilian tests are conducted at
loading rates of 0.5–1.0MPa/s and 0.1–0.3MPa/s, respec-
tively. Triaxial compression tests were stress path control
with a constant loading rate of 0.5MPa/s, and the confining
pressures were 10, 15, 20, and 25MPa. In addition, direct
shear tests were conducted on samples to obtain the joint
parameters. 'e sample size is 10 mm× 10 mm× 10mm,
with a constant horizontal shear rate of 0.01m/s under
different normal stresses of 300, 500, and 700 kPa. 'e
mechanical parameters of the granite obtained from ex-
perimental tests are given in Table 4.

4.1. Calibration of the FJM. As is known, calibration of the
microparameters in PFC is a complicated process because it
is impossible to describe the relationship between macro-
and microparameters with quantitative mathematical rela-
tion. 'e basic method to determine the microparameters is
“trial-and-error.” 'e specific method is as follows: by
keeping other parameters constant, investigate the effect of
one single parameter on simulation results, compare the
macroparameters from laboratory tests results, and then
repeat the above steps time and again until the parameter
could be in good agreement with the observed macroscale
response.

Table 2: 'e basic parameters and distribution for dominant orientations.

Parameters ID
A B C D

Dip direction (°)
Mean value 57 131 249 318

Standard deviation 8.39 20.3 8.58 20.76
Distribution law P11 P22 P11 P11

Dip angle (°)
Mean value 44 54 41 42

Standard deviation 16.25 14.11 16.53 15.44
Distribution law P22 P22 P22 P22

Half trace length (m)
Mean value 1.68 2.18 1.77 1.96

Standard deviation 0.87 0.85 0.63 1.01
Distribution law P33 P33 P33 P33

Spacing (m)
Mean value 0.26 0.35 0.31 0.43

Standard deviation 0.11 0.18 0.14 0.29
Distribution law P33 P33 P33 P33

1P1 means uniform; 2P2 means normal; 3P3 means negative exponential.

Table 3: 'e parameters of joint disc.

ID Mean radius of disc (m) Linear density of joint (crack/m) Volume density of joint (crack/m3)
A 2.14 3.81 0.1325
B 2.77 2.75 0.0612
C 2.25 3.22 0.1047
D 2.50 2.28 0.0657
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Figure 6: Stochastic joint network model.

Advances in Civil Engineering 7



In this paper, the microparameters of the FJM in PFC,
which affect the macromechanical properties of numerical
sample, should be determined as shown in Table 5. 'ose
microparameters are calibrated to match Young’s modulus

(E), Poisson’s ratio (]), uniaxial compression strength (σc),
tensile strength (σt), cohesion (c), and internal friction angle
(φ) of the model with respect to the rock sample. 'e tensile
strength is matched based on the numerical direct tension

(a)

6
0

4

2

0

–2

–4

–6Z

Y
X

6420–2–4–6

(b)

Figure 7: Comparison and verification of joints: (a) actual joints; (b) simulation joints.

(a) (b)

Figure 8: Mechanical test equipment: (a) uniaxial and triaxial compression test (TAW-2000); (b) direct shear test (XYJ-1).

Table 4: Mechanical properties of Shuichang open-pit iron mine granite from laboratory tests.

Material Property Value Property Value

Rock
Density, ρ (kg·m− 3) 2640 Young’s modulus, E (GPa) 55.23
Poisson’s ratio, ] 0.183 Uniaxial compression strength, σc (MPa) 125.71
Cohesion, c (MPa) 12.35 Internal friction angle, φ (°) 41.51

Joint Tensile strength, σt (MPa) 6.65
Cohesion, cj (kPa) 27.83 Internal friction angle, φj (°) 21.06
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test, and the others are matched by using numerical uniaxial
and triaxial compression tests. In addition, the other
microparameters can be determined empirically by using the
references.

Based on previous research, there are six micro-
parameters that have significant effects on the numerical
sample in the FJM, i.e., Ec, krat, μ, σb, cb, and Φb. 'erefore, a
cylindrical sample model with a 50mm diameter and a
100mm height, which is in agreement with the rock sample
size recommended by ISRM, is generated to simulate lab-
oratory test (Figure 9). 'e sample model consisted of 14036
balls with radius varying from 1.00 to 1.66mm.

In the FJM, the calibration process is time-consuming due
to no one-to-one correspondence existing between macro-
parameters and microparameters. For example, the UCS,
Poisson’s ratio, and cohesion occur in varying degrees of change
with the change ofmicroparameter cb. To improve the efficiency
and avoid adjusting parameters blindly, a L25 (56) orthogonal
design test and range analysis were used to investigate the
response law of macroparameters and microparameters. 'e
orthogonal test table and calculated macroparameters are given
inAppendix (Tables 12 and 13).'e results of range analysis are
shown in Table 6, where R is the range value, to represent the
influence of the microparameter on macroparameters, and a
higher value indicates a higher ranking.

On the basis of aforementioned analytical results, a new
improved trial-and-error method with high efficiency is used
to calibrate the FJM.'e final microparameters obtained are
given in Table 7.

'en, the microparameters were verified by using the
numerical test. Figure 10 illustrates the stress-strain curves
of uniaxial compressive test and failure modes from ex-
perimental result and numerical result. 'e stress-strain
curves, both before and after the peak, are consistent with
those of the experiment, and the failure patterns from the
experiment and numerical test are quite similar.

'e comparison of basic mechanical parameters between
the experimental and numerical results is shown in Table 8.
'e errors of Poisson’s ratio, uniaxial compression strength,
and tensile strength are 3.83%, 2.31%, and 3.16%, respec-
tively. Young’s modulus and internal friction angle are just
0.94% and 0.53% larger than the experimental results, re-
spectively. 'e value of cohesion from simulation yields the
largest errors, which is 9.64% higher than the experimental

value, but that is still less than 10%. Obviously, the properties
obtained from the numerical tests with calibrated parame-
ters are in good agreement with those from experiment.

4.2. Calibration of the SJM. 'emacroparameters of the SJM
are usually determined by simulating the direct shear test
sample of rock joint. In this paper, an unbonded SJM is
selected, that is, the parameter “sj_state” is set to 0. As in the
case of FJM calibration, a model with the same size as the
experimental sample was generated in cube shear box, and a
suitable set of microparameters of SJM was obtained based
upon numerical direct shear tests matching the laboratory
test response of the rock, as shown in Table 9.

'e shear stress-shear displacement curves under dif-
ferent normal stresses from experimental and numerical
direct shear tests are shown in Figure 11. 'e cohesion and
internal friction angle of SJM can be calculated by using
strength envelope according to those curves. 'e values of
these two parameters are 30.58 kPa and 20.2°, which are
9.88% higher and 4.08% lower than the experimental value,
respectively. Clearly, the calibration parameters can repre-
sent the macromechanical properties of rock mass well.

4.3. Scale Effect. Due to the randomness in the distribution
of joints, scale effect can substantially influence the rock
strength, namely, the strength of a region decreases with
increase in region size up to the point at which a rep-
resentative size is reached. Compared with the engi-
neering rock mass, the laboratory samples are usually
small and do not contain systematic joints which affect the
rock strength. For this reason, the microparameters of
engineering rock mass in the SRM model should be
considered for the potential impacts of joints and should
be calibrated to match a strength that reflects the size of a
typical rock mass, instead of a core sample. Hence, a
concept named “representative elementary volume
(REV)” is introduced, which is the minimum size with
which the rock mechanical properties can be treated as
equivalent continuous [51, 52].

In order to investigate the scale effect and REV size of
rock mass, seven SRM models with different sizes were
established to conduct numerical uniaxial compression tests.
'ese cubical models with side lengths of 1, 2, 6, 10, 14, 16,

Table 5: Microparameters of FJM.

Microparameters Description Unit
dmin Minimum particle radius mm
dmax/dmin Particle size ratio —
λ Radius multiplier —
Nr Number of elements in radial direction —
Na Number of elements in circumferential direction —
Ec Effective modulus of both particle and bond GPa
krat Normal-to-shear stiffness ratio of both particle and bond —
μ Friction coefficient —
σb Bond tensile strength MPa
cb Bond cohesion strength, MPa
Φb Friction angle °
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and 20m, respectively, are shown in Figure 12. Moreover,
the geometric centers of these models were fixed to make
calculated results comparable. 'e calibrated micro-
parameters in Tables 7 and 9 were used to represent mac-
romechanical properties of rock.

Figure 13 shows the calculated stress-strain curve of
multiscale models. As expected, the strength parameters
decrease with the increase of model size, showing obvious
scale effect.

'e results are presented in Figure 14. Uniaxial com-
pression strength decreases approximately linearly with the
increase of size and begins to fluctuate around a stable value

of 30MPa after the size is larger than 16m.'e same goes for
Young’s modulus; the values are close to 23GPa when the
size increases from 14m to 20m. 'erefore, it can be
concluded that the REV size is 16m× 16 m× 16m. In other
words, the minimum size of a rock sample representing the
property of engineering rock in Shuichang open-pit iron
mine is16 m× 16m× 16m.

4.4. Final Calibration. In this paper, combined with the
results from the laboratory tests, the mechanical parame-
ters of engineering rock mass were estimated by using
RocLab software based on the Hoek–Brown (H-B) method.

(a) (b) (c)

Figure 9: Numerical model for rock mechanic test: (a) uniaxial compression test; (b) triaxial compression test; (c) direct tension test.

Table 6: Results of range analysis.

Macroparameters Range value and ranking
Microparameters

Ec krat μ σb cb Φb

σc
R 15.882 18.656 21.266 23.886 107.58 13.212

Ranking cb> σb> μ> krat> Ec>Φb
E R 56.56 18.296 16.4 8.638 9.784 17.104

Ranking Ec> krat>Φb> μ> cb> σb
] R 0.1001 0.29348 0.10572 0.13274 0.14612 0.099

Ranking krat>σb> cb> μ>Ec>Φb
σt R 0.742 1.3158 0.9906 5.598 0.8236 0.464

Ranking σb> krat> μ> cb> Ec>Φb
c R 4.346 8.518 7.84 3.818 9.14 2.514

Ranking cb> krat> μ>Ec> σb>Φb
φ R 2.572 4.53 8.71 3.17 5.66 10.124

Ranking Φb> μ> cb> krat> σb>Ec

Table 7: Microparameters of the FJM after calibration.

Microparameter dmin (mm) dmax/dmin λ Nr Na Ec (GPa) krat μ σb (MPa) cb (MPa) Φb (°)
Value 1.0 1.66 1 1 3 76 1.8 0.4 14 135 5
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'e failure envelope curve of engineering rock mass in
Shuichang open-pit iron mine is shown in Figures 15 and
16.

Subsequently, a series of sample models were established
based on the REV size to conduct numerical tests. Making
use of the method mentioned in Section 4.1, the micro-
parameters of SRM were calibrated to match the mechanical
parameters of engineering rock mass. 'e final micro-
parameters of engineering rock mass in SRM are presented
in Table 10.

'e comparison of basic mechanical parameters between
the Hoek–Brown method and numerical results is shown in
Table 11.While the errors of the result are limited within 10%, it
is considered to be a suitable set ofmicroparameters to represent
the macromechanical properties of engineering rock mass well.

5. Engineering Case

5.1. Engineering Background. 'e field joint survey was
carried out on the north side of the open-pit mine slope, No.
II mining area of Shuichang iron mine. Rock mass quality in
this area is declined due to the well-developed discontinuous
nature of rock such as fault and joint, causing local instability
of slope. Records show multiple rock fall and landslips
occurred in this area, especially at elevation 44m–116m. A
3D numerical model is developed using the PFC software in
order to investigate themicromechanism of failure of jointed
rock slope during excavation process.

5.2. Construction of Jointed RockModel. 'emodel takes the
direction of perpendicular to the stope as the x-axis, ex-
tension direction of slope is y-axis, and vertical direction is z-
axis. 'e lengths along the axis of x, y, and z are 140m, 20m,
and 90m, respectively. For obtaining reliable simulation
results, the ratio of smallest characteristic length for the
model to the median particle radius should be 50–100
[33, 34, 53–55]. Considering the computational efficiency
and accuracy, the minimum particle radius and particle size
ratio are set as 0.3m and 1.66, respectively. 'e four groups’
dominant orientations of joints obtained in section 3.1 were
added into the model successively. 'e model before ex-
cavation is composed of 81886 particles and 54219 cracks, as
shown in Figure 17. 'e height and slope angle of bench in
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Figure 10: Comparison of uniaxial compressive test from experimental and numerical results.

Table 8: Comparison of mechanical parameters between experimental and numerical tests.

Mechanical property E (GPa) ] σc (MPa) c (MPa) φ (°) σt (MPa)
Experimental result 55.23 0.183 125.71 12.35 41.51 6.65
Numerical result 55.75 0.190 128.61 13.54 41.73 6.86
Error (%) 0.94 3.83 2.31 9.64 0.53 3.16

Table 9: Microparameters of the SJM after calibration.

Microparameter Description Value
sj_kn (N·m− 1) Normal stiffness 2.5×107

sj_ks (N·m− 1) Shear stiffness 2.5×107

sj_fric Friction coefficient 0.5
sj-da (°) Dilation angle 5
sj_state Joint bond state 0
sj_ten (MPa) Bonded tensile strength 0
sj_bcoh (MPa) Bonded cohesion 0
sj_bfa (°) Bonded friction angle 0
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this model are 15m and 65°, respectively, which are entirely
consistent with the facts. In what concerns the model
boundary conditions, the horizontal displacements in the
model’s vertical boundaries were fixed, along with all of the
displacements in the lower boundary. 'e slope surface and
higher boundary were free. Because the main rock of this
area is granite, the strength parameters of rock mass and
joint are selected according to Table 10.

5.3. Micromechanical Analysis of Slope Failure. In PFC,
particles are rigid spherical bodies with bonded contacts
representing intact rock. And those contacts will be broken

in shear mode or tension mode when external force exceeds
the bonding strength. 'erefore, the number, mode, and
propagation of crack can be used to analyze the failure
evolution. In this paper, the model is excavated by four steps,
one bench at a time. Subsequently, the failure mechanism
during the excavation process was investigated from
micromechanical viewpoint based on PFC software.

Figure 18 illustrates the relationship between crack
number and timestep. It should be noticed that generation of
cracks is concentrated in a short time (about 4000 timestep)
after excavation, which indicates that excavation may cause
instantaneous failure of slope. Moreover, with the progress
of excavation, the number of cracks is increasing to a total of
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Figure 11: Shear stress-shear displacement curves under different normal stresses: (a) numerical results; (b) experimental results.
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Table 10: 'e microparameters of engineering rock mass in the SRM model.

Microparameter
FJM SJM

Ec (GPa) krat μ σb (MPa) cb (MPa) Φb (°) sj_kn (N·m− 1) sj_ks (N·m− 1) sj_fric sj_da (°)
Value 18 1.6 0.5 0.18 0.84 6 2.5×107 2.5×107 0.5 5

Table 11: Comparison of mechanical parameters between the H-B method and numerical tests.

Mechanical property E’ (GPa) σc’ (MPa) c’ (MPa) φ’ (°) σt’ (MPa)
H-B method 14.09 9.153 3.513 41.73 0.154
Numerical result 13.15 10.041 3.814 43.36 0.151
Error (%) 6.671 9.702 8.568 3.906 1.948
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Figure 17: Jointed rock slope model before excavation of Shuichang open-pit iron mine.
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Figure 19: Evolutionary process of microcrack.
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Figure 20: Velocity vector diagram.
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Figure 21: Displacement vector diagram.
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14800, and the number of tensile cracks is much more than
that of shear cracks at any timestep. It can be inferred that
the failure is essentially caused by the dominated tensile
microcracks.

Figure 19 shows the evolutionary process of micro-
cracks during excavation, where the tensile crack and shear
crack are shown in red and blue, respectively. In the first
two steps, a small number of cracks appeared around the
toe of the slope. From the third step, cracks begin to in-
crease sharply in number and expand constantly inside the
slope. At the end of the excavation process, the distribution
of cracks reaches a depth of about 50mm, and the tensile
crack almost propagates through from the middle of the
third bench to the toe of the fourth bench, forming a macro
fracture zone.

Diagrams of velocity vector (Figure 20) and displace-
ment vector (Figure 21) clearly show the distribution of
potential unstable rock mass when the slope is unstable. 'e
distribution is the same as that of microcrack. 'e velocity
and displacement around the third and top of the fourth
bench are larger than other regions.

Figure 22(a) shows the horizontal displacement of
particles at the end of the simulation. Particles with large
displacement are mainly concentrated in the middle and
lower part of the slope, some of which have been separated
from parent rocks and form a rock fall. And due to the cross
cuttings of joints, the main failure mode of slope is wedge
failure, being relatively complete in the upper and seriously
damaged in the lower of the whole slope, which is consistent
with the actual situation, as shown in Figure 22(b).

6. Conclusions

In this paper, the SRM model was established in PFC
software to represent the mechanical properties of rock mass
from Shuichang open-pit iron mine. Based on the prepared
model, the failure mechanism during excavation process was

investigated from the micromechanical viewpoint. 'e
conclusions of this study are as follows:

(1) statistical analysis method can act as a useful tool to
group the dominant orientations of joints and
determine the geometric parameters such as dip
angle, size, and trace length. 'e joint distributions
of Shuichang slope were obtained by the field survey
and quantitatively described in the numerical
model.

(2) 'e effects of different microparameters on mac-
romechanical properties of rock are different.
'rough the orthogonal experiment and variance
analysis, the calibration and optimization of the
parameters were accomplished. 'e mechanical
properties including stress-strain curve and failure
pattern from numerical results were verified with
those from experimental results.

(3) 'e existence of joints results in scale effect and
anisotropic behavior of rock mass, and these prop-
erties tend to gradually weaken with the increasing
rock block size. By carrying out numerical tests on
multiscale SRM models, the representative elemen-
tary volume (REV) in the selected research area was
obtained with the size 16m× 16 m× 16m. 'en, the
microparameters of the SRM model were calibrated
to match the mechanical parameters of the engi-
neering rock mass.

(4) SRM is an effective method to analyze the failure
evolution of jointed rock slope. 'e failure of the slope
was dominated by the tensile microcracks between
bonded particles. 'e microcracks primarily occurred
at the bottom of the slope and gradually developed
upwards. In addition, microcracks were mainly dis-
tributed on the shallow part of the slope. After exca-
vation, the wedge occurred in the middle and bottom
part of the slope (Appendix) (Tables 12 and 13).
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Figure 22: Failure mode of the slope: (a) simulation result; (b) current situation.
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Appendix

Orthogonal Design Table and Results
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*e essence of roadway excavation is a process of unloading at the periphery, and the influence of unloading paths on surrounding
rock damage is directly related to the selection of support design and construction technology.*e real stress state of surrounding
rock is often affected by different excavation conditions in the actual construction process. *erefore, a testing system of ex-
cavation and unloading model was developed to simulate the unloading process of the arch roadway under different excavation
conditions. Small hollow cylindrical specimens used in this experiment were made of cement mortar. *e load at the inner cavity
of specimens was removed under the constant action of external pressure and axial force to simulate the real excavation unloading
process. *e deformation, the failure modes, and the acoustic emission evolution characteristics at the inner of specimens were
obtained under unloading conditions using the strain and acoustic emission monitoring systems. *e experimental results
indicate that deformation laws of surrounding rock were similar under different unloading rates and initial geostresses, but failure
modes and acoustic emission characteristics were quite different. Compared with that of slow unloading, the damage of sur-
rounding rock under rapid unloading mainly accumulated after unloading, and it is easier to induce rockburst after unloading. As
initial geostress increased, the occurring time of the main fracture may be delayed relatively, and the phenomenon that the
distribution range of peak frequency expanded and the amplitude rose gradually can be regarded as the precursor information of
the main fracture occurring. *is study can be used to provide experimental support for the failure and supporting design of
surrounding rock in deep underground engineering.

1. Introduction

With the development of the economy, the construction of
underground chambers is gradually developing into the
deep under the background of huge energy demand. *e
excavation unloading of the roadway will lead to the re-
distribution of the surrounding rock stress and the release of
strain energy. *e effects caused by different excavation
unloading methods of roadway are quite different, which not
only threaten the stability of the surrounding structure but
also endanger the safety of the workers [1–3]. *erefore, it is
of great theoretical significance and engineering value to
investigate the influence of excavation unloading rates on

deformation and damage evolution characteristics of
roadway surrounding rock under different initial
geostresses.

A large number of studies have shown that stress re-
distribution can cause the initiation and extension of cracks
in roadway surrounding rock under excavation unloading,
and the damage degree of surrounding rock is closely related
to the selection of unloading stress paths and unloading rates
[4, 5]. In the absence of field tests, mechanical properties of
rock, such as the strength, deformation, and failure mech-
anism, have been explored under different confining pres-
sures and unloading rates through indoor triaxial tests. Si
and Gong [5] conducted triaxial unloading tests under
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different unloading rates and confining pressures using fine-
grained granite cube samples to study the effects of
unloading velocities and stress paths on the degree of rock
failure. Li et al. [6] studied the strength and failure modes of
the cube rock material through triaxial unloading tests and
found that it was mainly affected by the intermediate
principal stress. Zhou et al. [7] analysed the influence of
unloading rates on the mechanical parameters, failure
characteristics, and the brittleness of the shale through
conventional triaxial unloading tests and proposed a new
evaluation method of brittleness characteristics which could
take the unloading effect into consideration. Du et al. [8]
investigated the failure behaviors of different types of rock by
using a novel testing system coupled to true-triaxial static
loads and local dynamic disturbances and found that similar
evolution law of cracks occurred in rock specimens. *ese
results indicate that it is pretty important to consider the real
stress state of roadway excavation when the influence of
unloading stress paths on the mechanical behaviors of rocks
is investigated.

*e initiation and extension of fractures within rocks are
accompanied by acoustic emission (AE). *e parameters
and frequency spectrum characteristics can reflect the
evolution process of damage. AE technique has been widely
used in underground engineering and a lot of research
results have been obtained [9–12], which focus on studying
the evolution of AE parameters in triaxial tests and assessing
the inner damage of rock structures. However, there are few
studies on AE characteristics related roadway excavation
unloading.

In order to investigate the failure features of the sur-
rounding rock and the rationality of supporting methods
accurately, many similar simulation tests and numerical
experiments were conducted in the past few years [13–18].
Gao et al. [16] studied the oscillation law of rock dis-
placement under excavation unloading through a 3D
geomechanical model test and proposed a new energy
failure criterion. Lin et al. [17] researched the deformation,
stress, and failure of roadway surrounding rock under the
high geostress through a geomechanical model test and
found that local rockburst occurred within the roadway.
Based on the numerical calculation, Zhou and Shou [18]
investigated the zonal disintegration mechanism of iso-
tropic rock masses around a deep circular tunnel under
dynamic unloading and found that the number and size of
fractured and nonfractured zones significantly depend on
unloading rates, in situ stress, and dynamic mechanical
parameters of deep rock masses. However, excavation
unloading modes in these studies are relatively single, and
the numerical results are restricted by various theoretical
assumptions.

Considering the real stress state of surrounding rock
under excavation unloading, a laboratory model testing
system that is using small hollow cylindrical specimens to
simulate the excavation unloading process of roadway was
independently developed by the authors [19]. *e principle
of the mechanical evolution process during the test is similar
to that of field excavation, and it is also consistent with the
mechanical model under excavation unloading in elastic-

plastic theory [20]. In this paper, the influence of the
unloading rate on failure mode and AE characteristics of the
arch roadway under different geostresses were analysed
using the new testing system and method. Furthermore,
based on the AE parameters, the influence mechanism of the
unloading effect on the damage and failure of surrounding
rock were investigated, and the precondition of rockburst
was revealed.

2. Experimental Methodology

2.1. Mechanical Parameters and Specimens Preparation.
As a kind of rock-like material, the cement mortar has been
widely used in rock mechanical experiments [21, 22]. Strain
gauges can be buried in hollow cylindrical specimens made
of this material to monitor the deformation of surrounding
rock. In the test, the cement mortar was composed of
cement (C40), fine sand, and various additives, in which the
mass ratio of cement to sand was 1 : 1.7, and the mass ratio
of water to this material was 1 : 4 in pouring. Mechanical
parameters of this material measured by conventional
triaxial compression tests of standard samples
(φ50 ×100mm) are shown in Table 1, which are similar to
those of sandstone.

*e affecting scope of surrounding rock stress caused by
excavation unloading is 3–5 times of the excavation radius in
rock mechanics theory. *erefore, according to the theo-
retical boundary and practical engineering conditions, each
hollow cylindrical specimen was sized at 270mm height,
200mm outer diameter, and 40mm inner diameter of the
arch cavity (Figure 1). Subsequently, strain gauges located in
the middle height of the specimen were arranged in the
center of the roof (A), the side wall (B), and the floor (C).
Among them, No. 1, 2, and 3 measuring points, respectively,
represented the position number from the inner wall of the
cavity to the outer. *ere were three groups of measuring
points arranged from the inside to outside of the specimen to
monitor radial and tangential strain.*e strain gauges at No.
2 were 30mm away from the inner wall.

As shown in Figure 2(a), the molds were made of hard
PVC buckets with an outer diameter of 250mm. *e strain
gauges were fixed with extremely thin and sparse wire
(diameter 0.2mm) mesh, which can be tightly bonded with
the cement mortar materials. And they have a similar linear
temperature expansion coefficient, which can be deformed
together during the test. Moreover, the test results show that
the strain gauges sticking to the surface of the specimen and
the strain gauges embedded in the specimen have the same
strain variation pattern. So there is little effect on experi-
mental results. In addition, the position of the upper and
lower ends of the specimen near the pressure plate will be
affected by the boundary effect. *e two ends of the spec-
imen were oiled to reduce the boundary effect. And strain
gauges were arranged in the middle of the height of the
specimen so that the test data will not be affected by the end
boundary effect. Based on the design dimension, the poured
specimens were processed by the machine tool after 28 d
curing (Figure 2(b)).
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2.2.ExcavationUnloadingTestingSystem. *e testing system
consists of three subsystems, such as the loading and
unloading subsystem for hollow cylindrical specimens, the
AE monitoring subsystem, and the strain monitoring sub-
system (Figure 3). *e axial force, internal and external oil
pressure applied to the hollow cylindrical specimen, can be
controlled independently by the computer terminal. *e
maximum loading capacities of the axial force, internal and
external oil pressure, are 3000 kN, 100MPa, and 100MPa,
respectively. As shown in Figure 4, the inner and outer
surfaces of the specimen are sealed by rubber membrane at
upper and lower cushion blocks to prevent silicone oil from
penetrating into the specimen.

In the present study, the DS5–8B AE monitoring system
(Figures 3(c) and 3(d)) was utilized to investigate the AE

evolution characteristics of the specimen during the de-
formation and failure process. As shown in Figure 4(b), six
AE sensors (type RS–2A, operating frequency range from
50 kHz to 100 kHz) placed on the outer surface of the
specimen were divided into two groups randomly, which
was 50mm away from the upper and lower bottom surfaces,
respectively.*e trigger threshold of AE was set to 30mV for
each test, and full waveform data was recorded at a rate of
3MHz. Furthermore, the AE output voltage was amplified to
40 dB gain.

2.3. Testing Procedure. *e “excavation unloading” refers to
a process in which the load on the inside of the roadway
decreases from in situ rock stress level to zero when the

Table 1: Mechanical parameters of cement mortar specimens and the parameter range of sandstone.

Material types Cohesion (MPa) Friction angle (°) Poisson ratio Elastic modulus (GPa) Compression strength (MPa)
Cement mortar 10.02 28.7 0.17 12.8 26.4
Sandstone 8–40 20–50 0.02–0.2 4.9–78.5 20–170
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Figure 1: *e arrangement of strain gauges. (a) *e arrangement at the vertical section. (b) *e arrangement at the cross section.
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Figure 2: Production and molding of samples. (a) Molds making. (b) Processed specimens.
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excavation body is taken out under in situ rock stress
(Figure 5(a)). As shown in Figure 5(b), three-dimensional
stresses applied in the specimen are the axial stress pz,
external confining stress p0, and internal confining stress p1,
respectively. *e external confining stress p0 is regarded as
the initial geostress (or in situ rock stress) because the size of
the outer surface of the specimen reaches 5 times of the
excavation radius, and it obeys the theoretical boundary
conditions of roadway excavation. In addition, based on
previous research results on the elastic-plastic theory about
roadway excavation unloading [23], the axial stress pz was
equal to the external confining stress p0 in the process of
roadway excavation unloading.

*ere were three applied initial geostresses (10, 20, and
30MPa) and two unloading rates (slow unloading 0.05MPa/s
and rapid unloading 2MPa/s) in the tests, and each specimen
can only correspond to one unloading rate under one initial
geostress. Before the test, the internal and external oil-filled
pressure of the specimen was 2.5MPa, which was considered
as the initial stress during loading. AE and strain monitoring
were carried out simultaneously in the loading and unloading
process. Taking initial geostress 20MPa as an example, this
paper shows the stress paths under two unloading rates in
Figure 5(b), and specific experimental procedure consists of
the following four stages:

(1) At the loading stage, three-dimensional stresses si-
multaneously increased to the designed initial
geostress level (pz � p0 � p1 � 20MPa) in a constant
rate of 0.1MPa/s

(2) At maintaining stage after loading, the specimen was
maintained for 10min under the three-dimensional
stresses to make the load transferred uniformly and
create an initial geostress environment

(3) At the unloading stage, the internal confining stress
p1 decreased in a constant rate of 0.05MPa/s (or
rapid unloading 2MPa/s) to simulate the process of
roadway excavation under invariable stresses pz and
p0

(4) At the maintaining stage after unloading, the spec-
imen was maintained for 15min under this stress
level (p1 � 0MPa, pz � p0 � 20MPa) to observe static
creep features of surrounding rock

Numerical data from the strain gauges were recorded to
investigate the deformation of surrounding rock during
testing. Positive and negative strain values represent tensile
and compression of the surrounding rock, respectively. To
investigate the effect of unloading on surrounding rock
deformation, the beginning of the unloading stage was taken
as the zero point of strain statistics, and the strain variation

b

Cooling machine

Hydraulic hoist

Servo oil source

Specimen

Oil tubing 

Oil tubing II

Air pump

Strain monitoring system

Computer control so�ware 

Pressure
chamber 

Axial 
loading 
system

AE monitoring system

(a)

(c) (d)

(b)

Figure 3: Model test system for excavation unloading of rock around the roadway. (a) *e testing machine, data acquisition subsystem. (b)
Static strain gauge. (c) Computer control terminal. (d) AE monitoring subsystem.
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at the unloading stage and the maintenance stage after
unloading was analysed. In this study, the excavation
unloading model tests with rapid and slow unloading rates
under three initial geostresses were carried out, so there were
six types in total. *ree groups of parallel tests were con-
ducted for each type, and the results of one group were
presented, in which the effect of surrounding rock strain and
AE characteristics was the best.

3. Experimental Results

3.1. Strain Characteristics of Roadway Surrounding Rock.
*e strain data obtained from the static strain gage were
processed, in which the beginning of the unloading stage was
taken as the starting point of strain recorded. *e positive
sign represented the tensile strain and the negative sign
represented compressive strain. Moreover, the strain

1-Tank base;
2-Bottom seal disc II;
3-Bottom seal disc I;
4-specimen;
5-Top seal disc I;

6-Top seal disc II;
7-Fixed link;
8-External rubber sleeve;
9-Inner rubber sleeve.
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(b)

Figure 4: Sealing structure of the specimen. (a) *e design of sealing structure. (b) *e assembled specimen.
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Figure 5: Mechanical mechanism model of the roadway under excavation unloading. (a) *e theoretical model of roadway excavation. (b)
Stress paths of excavation unloading test.
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evolution characteristics from the beginning of the
unloading stage to the end of the maintaining stage after
unloading were analysed in this study.

3.1.1. Strain Field of Surrounding Rock. *e strain features of
different measuring points with the radial depth are shown
in Figures 6 and 7, in which r is the distance from the
position ofmeasuring point to the center of the cavity and r0 is
the radius of the cavity (r0� 20mm). A radial strain refers to
the strain generated along the radius direction at the mea-
suring point inside the surrounding rock, while tangential
strain refers to the strain generated in the direction per-
pendicular to the radius. *e solid line means that the strain
was generated under a slow unloading rate (0.05MPa/s) at
different measuring points, and the dotted line means that the
strain was generated under a rapid unloading rate (2MPa/s)
at different measuring points. It was seen that the effects of
unloading rates on surrounding rock strain were similar
under different initial geostresses. *e radial strain of all
measuring points was tensile, whose value decreased with
radial depth increasing (Figure 6). In contrast, tangential
strain behavior was different from that of the radial (Figure 7).
*e strain was compressive at the roof, and the value also
decreased with radial depth increasing, whereas it was tensile
at the inner surface of the side wall and the floor and con-
verted to be compressive at 1∼2.5 time regions of the exca-
vation radius, whose value first increased to the peak and then
decreased gradually with radial depth increasing.

*e strain value of all measuring points was positively
correlated with initial geostresses and negatively correlated
with unloading rates. Besides, the influence degree of
unloading rates and initial geostresses on radial strain was
weakened with the radial depth increasing.

3.1.2. Strain Evolution Process. Taking evolution features of
radial strain around the floor (measuring point C1) as an
example, this paper shows the stress-strain relationship
under two unloading rates in the unloading stage (Figure 8)
and strain-time evolution characteristics in maintaining
stage after unloading (Figure 9). First, the strain caused by
rapid unloading stress increased slowly at the early
unloading stage. *en, the stress-strain curves happened to
turn with the deviatoric stress (p0 − p1) increasing, and then
augmented rapidly, which indicated that the elastic strain
energy in the specimen was released quickly. However, the
stress-strain curves approximated a straight line under slow
unloading, whose value was obviously larger than that of
rapid unloading.*e strain difference of two unloading rates
was enlarged with the initial geostress rising. At the
maintaining stage after unloading, compared with that of the
slow, the creep growth rate under rapid unloading was much
larger, and both curves tended to converge gradually at the
end.

3.2. Failure Modes. Figure 10 presents the failure modes of
hollow cylindrical specimens with two unloading rates
under different initial geostresses. It can be seen that there

was no apparent damage at the outer surface, but failure
patterns at the inner were significantly affected by unloading
rates.

When the initial geostress was 10MPa, there were some
tiny cracks generated in the inner surface of the specimen.
Compared with that of the slow, the damage under rapid
unloading was serious relatively, in which the abscission
layer of thin sections occurred in the floor and the side wall
(Figures 10(a) and 10(b)).

When the initial geostress was 20MPa, rock blocks
slabbing occurred on the floor and the side wall under rapid
unloading, which was similar to rockburst. Nevertheless, the
floor heave and tension cracks were generated under slow
unloading, and flaky rock desquamated from the side wall.
*e damage degree of the roof under two unloading rates is
relatively low, from which some small rock pieces peeled off
(Figures 10(c) and 10(d)).

When the initial geostress was 30MPa, the failure mode
was similar to that of the 20MPa, but the damage was more
serious (Figures 10(e) and 10(f)). Rockburst could be ob-
served on the floor and the side wall under rapid unloading.
In contrast, the floor heave was obvious under slow
unloading and was accompanied with a broken expand of
the ruptured rockmass. Under the two unloading rates, large
flaky rock stratification occurred in the roof and extended to
the side wall.

In summary, under low initial geostress, the damage of
rock mass is tiny and failure patterns are less affected by
unloading rates. *e larger the initial geostress, the more
serious damage of the surrounding rock. When the initial
geostress reaches a certain magnitude (30MPa), the failure
mode is dominated by large rock blocks slabbing in the floor
and the side wall under rapid unloading in this paper, which
is similar to rockburst in practical engineering (Figure 11)
[17, 24]. Nevertheless, it is dominated by the heave and
broken expand of ruptured rock mass under the slow.

3.3. Acoustic Emission Characteristics. *e hits, the ampli-
tude, and the frequency obtained from the AE monitoring
system were processed. AE time-domain and frequency-
domain analyses were conducted to systematically investi-
gate the fracturing processes of surrounding rock under two
unloading rates.

3.3.1. AE Time-Domain Characteristics. *e AE method has
been widely used to investigate rock failure and to quantify
rock damage in many engineering applications [25–27].
Based on previous research achievements about rock failure
[28], the number of cracks can be manifested by AE hits, and
the rock damage was quantified by changes of AE signal
characteristics. *e damage variable (D) can be calculated
for hollow cylindrical specimens by the following:

D �
Ω
Ωm

, (1)

whereΩ is the number of AE hits at a certain time during the
damage evolution. Ωm is the cumulative amount of AE hits
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during the whole testing period. Evolution characteristics of
AE hits and damage variable (D) subjected to two unloading
rates under different initial geostresses are shown in
Figures 12–14.

It can be seen that AE time-domain characteristics are
similar under different initial geostresses. At the loading
stage, a large number of AE signals were produced due to the
closure of preexisting cracks, voids, or other defects. AE hits
rate increased gradually and peaked near the end of this
stage, and the damage variable (D) increased in a type of “S”.
During the stress maintenance phase, AE hits rate decreased
and D grew slowly, which indicated that the specimen was
compacted gradually.

Taking 30MPa initial geostress as an example, evolution
characteristics of AE hits rate and the D during unloading

stage and maintaining stage after unloading is shown in
Figure 14. At the early and middle stages of rapid unloading,
the AE hits rate was low, and it reached the peak rapidly at
the end. *e D rose vertically in this stage, which indicated
that propagation and transfixion of cracks occurred im-
mediately. After unloading, the AE hits rate remained active
and stabilized gradually with the maintenance time
(Figure 14(a)). On the other hand, the phased division of AE
time-domain characteristics during the slow unloading stage
was evident, which was significantly different from that of
the rapid. First, there were few AE hits at the early unloading
stage and AE signals were in a “quiet period.” *en, AE hits
rate increased slowly with the unloading continuing, re-
vealing that new microcracks were generated and started to
grow. Subsequently, they increased in a type of jumping,
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Figure 6: Radial strain characteristics of roadway surrounding rock. (a) *e roof. (b) *e side wall. (c) *e floor. *e solid line represents
0.05MPa/s; the dotted line represents 2MPa/s.
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indicating that microcracks started to extend unsteadily.
Finally, AE hits rate reached the peak and the D rose in
exponential type, which demonstrated that the main fracture
of the surrounding rock occurred. After this stage, the AE
hits rate decreased slowly and tended to be relatively stable
(Figure 14(b)).

Table 2 illustrates the effects of unloading rates on AE
hits rate and damage variable under different initial geos-
tresses. At the unloading stage, AE average hits rate of rapid
unloading was much larger than that of slow unloading
under the same initial geostress, indicating that the gener-
ation rate of cracks under rapid unloading was far more.*e
relative damage proportion of rapid unloading was much
smaller than that of the slow during the unloading stage,
whereas it was opposite in the creep stage after unloading,

which was consistent perfectly with strain characteristics in
Section 3.1.2. As the initial geostress increased, the time at
the peak of the AE hits rate would be relatively delayed after
the beginning of unloading, and it even appeared in a period
of time after unloading.

3.3.2. AE Frequency-Domain Characteristics. AE frequency-
domain characteristics were similar under different initial
geostresses, so taking 30MPa initial geostress as an example,
this paper investigated the influence of unloading rates on AE
peak frequency and the amplitude during the unloading stage
and maintaining stage after unloading. Based on the fast
Fourier transform (FFT) method, Figures 15 and 16 present
evolution characteristics of the peak frequency-time-amplitude
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Figure 7: Tangential strain characteristics of roadway surrounding rock. (a) *e roof. (b) *e side wall. (c) *e floor. *e solid line
represents 0.05MPa/s; the dotted line represents 2MPa/s.
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obtained from the AE wave data under two unloading rates.
Experimental results are as follows:

At the rapid unloading stage, the main fracture occurred
immediately in the surrounding rock due to the instanta-
neous removal of stress. *e distribution range of peak
frequency signals was extensive, which was concentrated in
40∼100 kHz and 120∼190 kHz. *e amplitude of signals rose
drastically near 150 kHz and reached up to 691mV. At the
maintaining stage after unloading, high amplitude signals
were also observed, and there were a small number of high-
frequency signals at the end, which was concentrated in
140∼160 kHz (Figure 15).

However, compared with that of the rapid, the phased
division of AE peak frequency signals was evident at the
unloading stage. First, there was a small amount of AE
signals at the early, which were concentrated in 130∼160 kHz
with low amplitude. *en, signals increased gradually,

whose distribution range was wider. In the end, the am-
plitude of signals rose slowly near 150 kHz and reached up to
439mV, and the peak frequency was most widely distributed
at the same time. At the maintaining stage after unloading,
the amplitude of signals reduced slowly, which changed to be
steady at the end, and the peak frequency was also con-
centrated in 140∼160 kHz (Figure 16).

Overall, the evolution characteristics of AE amplitude
and the peak frequency corresponds well to that of AE hits
rate in Section 3.3.1, which also reflect the failure process of
surrounding rock under two unloading rates. By comparing
with AE frequency-domain features under two unloading
rates, a large number of AE signals were generated in the
main rupture period, in which the distribution range of peak
frequency becomes wider gradually, the amplitude rose and
high-amplitude signals distributed around 150 kHz.
*erefore, it is believed that the expansion of the peak
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Figure 8: Radial stress-strain curves around the floor surrounding rock at the unloading stage. (a) 10MPa; (b) 20MPa; (c) 30MPa.
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frequency distribution range and the gradual rise of AE
amplitude can be regarded as precursory information of the
main fracture occurring in surrounding rock at the
laboratory.

4. Analysis and Discussions

4.1. Influence ofUnloadingRates onDeformation. During the
process of unloading, the free face was formed around the
cavity with internal confining pressure unloaded. *e sur-
rounding rock expanded laterally under axial pressure, and it
could only be developed towards the interior of the cavity
due to the external confining pressure. Hence, as can be seen
in Figure 6, the radial strain of surrounding rock was tensile
and decreased gradually with the radial depth increasing.

It is believed that compressive stress concentration was
generated in the tangential direction of the vault when the

surrounding rock moved inward [29]. Meanwhile, tensile
stress was generated in the tangential direction of the floor
and the side wall, and the touch effect of both can cause the
compression of the corner rock. With the radial depth in-
creasing, the degree of unloading effect was weakened, and
the compressive stress of the corner surrounding rock was
gradually transferred to the interior of the floor and the side
wall. *erefore, the tangential strain was compressive inside
the surrounding rock of the floor and the side wall due to the
constraints of external confining stress and axial stress. *e
characteristics of the strain field are consistent with that of
roadway surrounding rock in actual engineering [30].

*e characteristic floor radial strain proportion and the
strain in the unloading stage and maintaining stage after
unloading under different unloading rates are shown in
Figure 17.*e proportion of the strain at the unloading stage
to the total strain was the highest when the initial geostress
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Figure 9: Radial strain-time curves around floor surrounding rock at the maintaining stage after unloading. (a) 10MPa; (b) 20MPa; (c)
30MPa.
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was 10MPa. In the contrast, the proportion of strain at the
maintaining stage after unloading was the lowest. With the
increase of initial geostress, the proportion of strain at the
maintaining stage after unloading increased relatively.
However, when the initial geostress was 30MPa, the pro-
portion was slightly lower than that of the initial geostress
20MPa. It is estimated that a part of the strain energy stored
in the specimen was converted into the elastic energy re-
quired for stripping and falling of rock blocks and fragments.
In addition, under the same initial geostress conditions, the
proportion of strain at the maintaining stage after unloading
of the rapid was higher than that of slow. As can be seen from
Figures 8 and 9, with the stress increased, the deformation
speed of the surrounding rock accelerated, and the
unloading stress of the unit time caused greater deformation
of the surrounding rock. *at is, the greater the initial

geostress is, the greater the impact on the deformation of the
surrounding rock is. As shown in experimental results, the
strain features of surrounding rock corresponded well with
that of AE time-domain and the frequency-domain. *e
relative damage proportion (Table 2) under two unloading
rates was similar to the strain characteristics.

4.2. Influence of Unloading Rates on Failure. Rock me-
chanical characteristics are the intrinsic properties of the
failure mode of surrounding rock caused by excavation
unloading. *e rockburst grade of cement mortar in this
paper was determined by the mechanical characteristics.
Table 3 shows the classification standard of rockburst
proneness. Uniaxial strength and elastic modulus of cement
mortar were 26.4MPa and 12.8GPa, respectively.*e elastic

(a) (b)

(c) (d)

(e) (f )

Figure 10: Failure modes of specimens under different initial geostresses and unloading rates. (a) Rapid unloading under 10MPa. (b) Slow
unloading under 10MPa. (c) Rapid unloading under 20MPa. (d) Slow unloading under 20MPa. (e) Rapid unloading under 30MPa. (f )
Slow unloading under 30MPa.
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strain energy index is used to identify the rockburst
proneness of cement mortar [31]. *e index can be calcu-
lated by

U �
σ2c
2E

, (2)

where U is the elastic strain energy of the material. E is the
elastic modulus of the material, and U� 27.225 kJ/m3 is
calculated. According to Table 3, it is judged that the cement
mortar material in this paper has a weak rockburst
proneness.

Generally, the failure modes of arch roadway are to
produce large wedge at the hole wall or to produce different
forms of broken area, the plastic area near the hole wall, and
so on, which has been confirmed by previous chamber
model tests and field tests [32, 33], and can also be explained
by the existing mechanical theory of arch roadway structure
[29]. When the tensile (compressive) stress is larger than the
tensile (compressive) strength of the material itself, the
failure occurs in the surrounding rock and the failure range

is extended to a certain position where the tensile (com-
pressive) stress caused by unloading is less than its limit
value. Failure modes of surrounding rock can be well
explained by the evolution characteristics of AE parameters.
*e experimental results show that rockburst can be induced
by spalling damage of rock material [34]. In addition,
rockburst may occur in weak rockburst tendency materials,
which with under high ground stress and high unloading
rate.

Based on the energy theory of rock damage and com-
bined with the influence mechanism of unloading rates on
surrounding rock failure studied by predecessors through
triaxial tests [5, 35], it was analysed that a large number of
microcracks in the specimen closed under the action of
three-dimensional stresses during loading and maintaining
stages, and this caused a large amount of elastic strain energy
stored in surrounding rock. Whereafter, during the process
of unloading, stress concentration occurred in the crack tip
due to the stress adjustment inside the surrounding rock,
and microcracks expanded, and strain energy was released

(a) (b)

Figure 11: Failure characteristics of rockburst at actual arch roadway [17, 24].
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Figure 12: AE Time-domain characteristics under 10MPa. (a) Rapid unloading. (b) Slow unloading.
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Figure 13: AE Time-domain characteristics under 20MPa. (a) Rapid unloading. (b) Slow unloading.
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Figure 14: AE Time-domain characteristics under 30MPa. (a) Rapid unloading. (b) Slow unloading.

Table 2: Effects of unloading rates on AE hits rate and damage variable under different initial geostresses.

Initial
geostresses
(MPa)

Unloading rates
AE average hits rate
at the unloading

stage

Deviatoric stress at the
peak of AE hits rate

(MPa)

Relative damage
proportion at the

unloading stage (%)

Relative damage proportion
at static creep stage after

unloading (%)

10 Rapid 14.85 8.5 (85%)1 4.9 15
Slow 1.16 7.35 (73.5%)1 8 7

20 Rapid 25.02 18.6 (93%)1 3.5 20.1
Slow 3.48 18.1 (90.5%)1 11.5 10.4

30
Rapid 100.3 28.5 (95%)1 3.4 48.1

Slow 12.56 30 (30 s after
unloading)1 20.5 27.8
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when the stress was larger than its critical strength. When
the geostress was low, the energy storage in the specimens
was relatively low. Nomatter the unloading speed was fast or
slow, there will be no rockburst occurred. When the initial
geostress reached a certain magnitude, a large amount of
strain energy was accumulated in the surrounding rock.
During the rapid unloading stage, the surrounding rock
stress could not be adjusted in time at the early, and a large
number of cumulative strain energy was released instantly
under the cumulative deviatoric stress at the end, which
caused that cracks to rapidly extend to the deep. *e
specimen was still affected by the unloading effect after this
stage. Furthermore, some strain energy was directly con-
verted into kinetic energy, which led to rockburst in the floor
and the side wall (Figures 10(c) and 10(e)). Nevertheless,
during the slow unloading stage, the stress transmitted fully

under a long unloading time, the strain energy inside the
surrounding rock was released slowly and fully under slow
unloading. *is caused a large amount of cracks initiation
and propagation (Figures 10(d) and 10(f)). *us, the strain
value of slow unloading was larger than that of the rapid
unloading at any deviatoric stress during the unloading
stage, whereas it was opposite in the static creep stage after
unloading. *e compactness of the surrounding rock was
raised and the ability to resist external forces at internal
cracks was also enhanced due to the rise of initial geostress,
which caused that the time of main fracture occurring may
be delayed relatively.

In conclusion, in order to avoid rockburst, the velocity of
excavation unloading should be reduced in deep mining
engineering. For example, the excavation method of TBM
should be used instead of the drilling and blasting method in
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Figure 15: AE frequency-domain characteristics with rapid unloading under 30MPa. (a) Peak frequency-time–amplitude evolution
process. (b) Peak frequency-time evolution process.
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Figure 16: AE frequency-domain characteristics with slow unloading under 30MPa. (a) Peak frequency-time-amplitude evolution process.
(b) Peak frequency-time evolution process.
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actual engineering, which means to improve the efficiency of
mechanical drivage and fully release the strain energy to
improve the stability of the surrounding rock after exca-
vation. In the process of roadway excavation unloading, it is
necessary to support timely and effectively for heave de-
formation at the floor, the side wall, and the caving at the
vault to inhibit the generation and development of cracks
and prevent the engineering accidents.

*is paper provides a new test method for investigating
the deformation and AE characteristics of roadway sur-
rounding rock under different excavation unloading paths.
However, deep excavation is a step-by-step unloading
process, which is difficult to be simulated in the laboratory
[36]. Most of the simulation tests of roadway excavation and
rockburst are one-time excavation. At present, few experi-
mental systems can simulate the step-by-step excavation of
roadway in a three-dimensional stress state, which is a
subject of our future work.

5. Conclusions

In this paper, excavation unloading model experiments of
the arch roadway that were conducted by the self–developed
laboratory test system using the small hollow cylindrical
specimens were performed to investigate the effects of
unloading rates on surrounding rock deformation and AE
features under different geostresses. Based on the experi-
mental results, the following conclusions can be drawn:

(1) *e deformation laws of surrounding rock are
similar under different initial geostresses and

unloading rates. *e strain is tensile in the radial
direction of the surrounding rock, whose value de-
creases with radial depth increasing. In contrast, the
tangential strain characteristic is different from the
radial. *e strain is compressive at the roof, whereas
it is tensile at the inner surface of the side wall and
the floor and converted to be compressive with the
radial depth increasing, whose value first increases to
the peak and then decreases gradually.

(2) *e strain value of all measuring points is positively
correlated with the initial geostresses and negatively
correlated with the unloading rates in the process of
unloading. Compared with that of the slow, the
strain value is smaller under rapid unloading at the
unloading stage, but it is larger at the static creep
stage after unloading.

(3) When the initial geostress reaches a certain mag-
nitude, there is a conspicuous difference in failure
modes under two unloading rates. On the floor and
the side wall, it is dominated by large rock blocks
slabbing under rapid loading, which is similar to
rockburst, whereas it is dominated by the heave and
broken expand of rock mass under the slow. *e
damage degree of roof surrounding rock is relatively
low under two unloading rates.

(4) AE time-domain characteristics indicate that the
main fracture occurs immediately in surrounding
rock under rapid unloading. Nevertheless, the
phased failure process is revealed obviously under
slow unloading, which includes the initiation and
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Figure 17: Characteristic floor radial strain proportion and strain in the unloading stage and maintaining stage after unloading. (a) Rapid
unloading. (b) Slow unloading.

Table 3: Classification criteria for rockburst tendency [31].

U (kJ/m3) U< 40 40<U≤ 100 100<U≤ 200 U> 200
Intensity of rockburst Weak Medium Intensity Extra intensity
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expansion of microcracks, appearance of macro-
cracks, and the generation of the main fracture. *e
relative damage proportion during the rapid
unloading stage is much smaller than that of the
slow, whereas it is opposite in the creep stage after
unloading. As the initial geostress increases, the time
of the main fracture occurring may be delayed rel-
atively, and it even appears in a period of time after
unloading.

(5) AE frequency-domain characteristics indicate that
the expansion of the peak frequency distribution
range and the gradual rise of AE amplitude can be
regarded as the precursor information of the main
fracture occurring. Compared with that of the slow,
the peak-amplitude of AE signals is larger under the
rapid unloading and the stability is worse after
unloading. As the initial geostress increases, the
distribution range of peak frequency is wider
gradually.
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To overcome the problems of poor cutting effects in hard rock roadways, a cut blasting technique with large diameter charges was
developed; that is, the cut holes employ 50mm diameter blast holes and 45mm diameter explosive sticks, while the other holes
adopt 42mm diameter blast holes and 35mm diameter explosive sticks. First, the effect of charge diameter on damage range and
cut cavity formation was analyzed. Next, simulation of wedge cut for different charge diameters was conducted to reveal the stress
wave developments and compare the stress field intensities. Finally, field tests were conducted to verify the viability of this
technique. +e results indicate that large diameter charges can increase the damage range around cut holes to improve the
fragmentation degree of the rock mass in the cut cavity and significantly enhance the cavity formation power to better expel the
rockmass fragments.+e stress wave evolution of wedge cut was visualized using numerical simulations, which confirmed that the
use of large diameter charges in cut holes increases the stress field intensity in the cut cavity and hence increases the damage degree
of the rock mass. In this study, the use of a large diameter charge for cut blasting increased the average footage by 0.30m, and the
average utilization rate of blast holes increased by 12.5%. +erefore, the cutting effects in hard rock roadways can be improved by
using large diameter charges, which increase the blasting footage and the utilization rate of blast holes.

1. Introduction

Drilling and blasting is a traditional, efficient, and eco-
nomical construction method, which is widely used in
mining excavation engineering [1–3]. During roadway ex-
cavation, cut blasting is the key to developing an additional
free face for subsequent blasting, which affects the overall
blasting effect and the average effective footage [4, 5]. Based
on the spatial relationship between the cut hole and the
working face, cut blasting is divided into two groups: parallel
cuts and incline cuts [6]. Wedge cut is the most commonly
used cutting method in incline cuts, because its significant
advantage is that a large cavity volume can be achieved with
few blast holes and low explosive consumption [7].

For roadway excavation, cut blasting is challenging due
to the lack of a free face. +erefore, finding ways to improve

cut efficiency has been the focus of research in rock roadway
excavation. Several researchers have studied wedge cut
blasting and have obtained significant findings, some of
which are reported here. Shapiro [8] compared the blasting
effects of different cutting methods and proved that wedge
cut is more effective than other cutting methods used for
shallow hole blasting. Dai and Du [9] theoretically analyzed
the mechanism of cavity formation and proposed a design
method of blasting parameters for wedge cut. Cardu and
Seccatore [10] presented the statistical data of industrial
trends and found that wedge cut is adopted in a wide variety
of applications. Zou et al. [11] analyzed the vibration sup-
pression of stepped-wedge cut blasting by using millisecond
blasting principle and conducted field tests to compare
conventional-wedge cut blasting with stepped-wedge cut
blasting, and they demonstrated the superiority of the latter.
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Pu et al. [12] determined the factors affecting wedge cut
blasting based on cement mortar model tests and calculated
the gray correlation degree of these factors using gray
correlation theory. Zhang and Yang [13] developed a
multistep cut blasting technique and performed cavity
formation analyses and field blasting tests. +en they con-
clude that this technique has the advantages of low resistance
to cavity formation and good cutting effects. Liang et al. [14]
tested laboratory models and discussed the effect of cut hole
angle symmetry on cut blasting and found that a sym-
metrical arrangement of cut hole angles can improve the
utilization rate of blasting energy. Shan et al. [15] studied the
effects of cut hole space, cut hole top space, and cut hole
angle on cut blasting through orthogonal model tests and
thus obtained the optimal layout parameters of cut holes.
Yuan et al. [16] performed a model test for wedge milli-
second cut blasting, using concrete as a similar material, and
discussed the blasting results from the standpoints of cut
cavity volume, utilization rate of blast holes, and rock
fragmentation level. Man et al. [17] compared the blasting
energy distribution of different cut blasting methods
according to the field test results. +ey found that the energy
distribution of wedge cut is more uniform and mainly
concentrated at high frequencies, while the energy distri-
bution of parallel cut is more concentrated at low fre-
quencies. Using the explicit dynamic finite element software
ANSYS/LS-DYNA, Yang et al. [18] simulated the duplex
wedge cut with center blast holes, and the simulation results
revealed the stress field distribution in the cut cavity and the
process by which cavity forms at the bottom of the cut holes.
Hu et al. [19] used AUTOCAD and ANSYS to establish a
numerical model for wedge cut blasting and applied rock
damage criterion in the explicit dynamic solver LS-DYNA to
simulate cut cavity extension. +ey also further investigated
the applicability of wedge cut blasting in roadway excavation
from the perspectives of temporal and spatial evolution, with
multidirectional cutaway views.

At present, most coal mines use 42mm diameter blast
holes and 35mm diameter explosive sticks for the blasting
excavation of rock roadways [20]. When the hardness co-
efficient of the rock mass is greater than 7, it is difficult to
obtain a good cut blasting effect, which results in a low
utilization rate of blast holes in subsequent blasting. +e
rapid development of drilling equipment in recent years has
led to the use of drilling jumbos, which have greatly in-
creased drilling efficiency and reduced labor intensity,
which, in turn, have resulted in an increased feasibility of
using large diameter charges for cut blasting. As a result, a
cut blasting technology with large diameter charges has been
developed to overcome the difficulties associated with cut
blasting in hard rock roadways, that is, the cut holes now
adopt 50mm diameter blast holes and 45mm diameter
explosive sticks, while the other holes still use 42mm di-
ameter blast holes and 35mm diameter explosive sticks. In
this paper, the effects of charge diameter on damage range
and cut cavity formation are analyzed based on the relevant
blasting theory. Using ANSYS/LS-DYNA, simulation of
wedge cut blasting for different charge diameters was
conducted to understand the stress wave formations and

compare the stress field intensities. Finally, field comparison
tests are performed in a hard rock roadway to verify the
viability of cut blasting technique with large diameter
charges.

2. Effect of Charge Diameter on Damage Range

Based on traditional blasting theory, the damage of the
surroundingmedium after charge blastingmainly depends on
the dynamic action of shock waves (or stress waves) and the
quasi-static pressure of the detonation gas [21]. As illustrated
in Figure 1, three damage zones are formed around a blast
hole after charge blasting: the crushing zone, the cracking
zone, and the vibration zone [22, 23]. In the proximity of the
blast hole, the rock mass within a small range is crushed by a
strong compression from a shock wave to form the crushing
zone. Beyond this zone, the shock wave rapidly attenuates to
form a stress wave, which promotes the development of initial
cracks. +e simultaneous effect of the quasi-static pressure of
detonation gas results in the propagation of these cracks.
+us, the cracking zone results from both the stress wave and
the quasi-static pressure of the detonation gas. Finally, the
stress wave attenuates to a seismic wave, which only causes an
elastic vibration of the medium in the far area rather than a
direct damage to the rock mass.

For rock excavation engineering, the ranges of the
crushing and cracking zones are the most important con-
siderations in the selection of blasting parameters. Recent
studies indicate that the process of cut blasting can be di-
vided into two stages. In the first stage, the rock mass in the
cut cavity is damaged by blasting loads and forms rock
fragments. In the second stage, the rock fragments are
thrown out from the cut cavity due to the quasi-static
pressure of the detonation gas. To simplify the calculations
of the ranges of the crushing and cracking zones around a
cut hole, only the dynamic action of the shock wave (or stress
wave) is considered, and the quasi-static pressure of deto-
nation gas is ignored [24].

When a cylindrical charged hole is initiated, it usually
radiates P waves and shear-vertical (SV) waves. Depending on
the magnitude of the detonation velocity, P-Mach or/and SV-
Mach waves can be formed [25]. It is observed that the dy-
namic process of cylindrical charge blasting is complex.
However, in the current research, a two-dimensional sim-
plified model that only considers P waves is usually employed
to calculate the damage range of cylindrical charge.

2.1. Blasting Load. +e detonation pressure is an important
performance index of explosives, which determines the
damage level of the rock mass. Based on the Chapman-
Jouguet (C-J) detonation theory, the semiempirical formula
for detonation pressure is expressed as [26]

P0 �
1

1 + k
 ρ0D

2
0, (1)

where P0 is the C-J detonation pressure; k is the adiabatic
exponent, taken as k� 3; ρ0 is the explosive density; and D0 is
the detonation velocity.
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When a radial decoupled charge structure is deployed in
a blast hole, the detonation products initially compress the
air gap to form the shock wave, which then acts on the blast
hole wall [27]. According to the acoustic approximation
theory, the initial pressure exerted on the wall of the blast
hole is given by

Pr �
1
2

 P0K
− 2k

n, (2)

where Pr is the initial pressure of the shock wave on the wall
of the blast hole; K is the radial decoupled coefficient, and
K � db/dc, with db and dc being the diameters of the blast
hole and explosive stick, respectively; and n is the aug-
mentation factor, where n= 10.

+e strong compression from the shock wave causes the
formation of the crushing zone, which consumes a large
amount of energy. +is causes the shock wave to rapidly
attenuate to a stress wave, which then spreads to the sur-
rounding rock mass. Since the charge length is much greater
than the charge diameter, this situation can be simplified to a
plane strain problem, ignoring the special blasting effects at
both ends of the blast hole, and the stress at a point in the
rock mass can be expressed as [28]

σr � Prr
− α

,

σθ � −bσr,

σz � μ(1 − b)σr,

⎧⎪⎪⎨

⎪⎪⎩
(3)

where σr, σθ, and σz are the radial stress, tangential stress,
and axial stress, respectively; r is the relative distance, and
r � r/rb; r is the distance between a point in the rock mass

and the center of the blast hole; rb is the radius of the blast
hole, where rb � 0.5 db; α is the attenuation exponent, where
α1 � 2 + b in the shock wave zone and α2 � 2 − b in the stress
wave zone, with b being the lateral pressure coefficient, and
b � μ/(1 − μ); and µ is the dynamic Poisson ratio of the rock
mass, where μ � 0.8μ0, with μ0 being the static Poisson ratio.

2.2.DamageCriteria. +e damage criteria are determined by
the mechanical properties and real stress conditions of the
rockmass. Under the blasting load, the rockmass around the
blast hole is in a three-dimensional mixed stress state in-
cluding compression, tension, and shear [29]. +us, the
equivalent stress of a point in the rock mass can be described
as

σi �
1
�
2

√

�����������������������������

σr − σθ( 
2

+ σθ − σz( 
2

+ σz − σr( 
2



. (4)

Substituting equation (3) into equation (4), we get

σi �
1
�
2

√ σr

�������������������������������

(1 + b)
2

+ 2μ(1 − μ)(1 − b)
2

+(1 + b)
2



. (5)

Assuming that
A �

��������������������������������

(1 + b)2 + 2μ(1 − μ)(1 − b)2 + (1 + b)2


, equation (5)
can be simplified as

σi �
1
�
2

√ σrA. (6)

Based on the von Mises criterion and rock damage
characteristics, the rock damage criteria can be expressed as

σi > σcd, (crushing zone),

σi > σtd, (cracking zone),
 (7)

where σcd and σtd are, respectively, the dynamic compres-
sion strength and dynamic tensile strength of rock.

In contrast to static loads, rock materials are sensitive to
high strain rates that occur under blasting loads, which need
to be considered in analyses involving the use of the me-
chanical properties of rock [30–32]. In general, the dynamic
strength of rock increases with strain rate, but the sensitivity
to strain rate varies for different rocks [33]. For common
types of rocks, the dynamic strength varies linearly with the
cube root of the strain rate [34] as follows:

σcd � σc · _ε(1/3)
,

σtd � σt · _ε(1/3)
,

⎧⎨

⎩ (8)

where σc and σt are the static compression strength and
static tensile strength of rock, respectively; and _ε is the strain
rate, where _ε(1/3) � 5 in the shock wave zone and _ε(1/3) � 3 in
the stress wave zone [24].

2.3. Blasting Damage Range. +e radii of the crushing and
cracking zones, after a radial decoupled cylindrical charge
blasting in a blast hole, can be calculated based on the above
blasting load and rock damage criteria as follows:

Crushing zone

Cracking zone

Vibration zone

Rock mass
Explosive

Figure 1: Damage zones around a blast hole.
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Rc �
ρ0D2K− 2knA

8
����
2σcd

 

1/α1( )

rb, (9)

Rt �
ρ0D2K− 2knA

8
�
2

√
σcd

 

1/α1( ) σcd
σtd

 

1/α2( )

rb, (10)

where Rc and Rt are the radii of the crushing and cracking
zones, respectively.

According to explosive detonation theory, the deto-
nation velocity increases, within a certain range, with an
increase in explosive stick diameter. +e detonation ve-
locities of class 2 coal mine permissible water-gel ex-
plosives with different diameters were measured by a
detonation velocity meter, and the results are presented in
Table 1. It is observed that the detonation velocity of a
45mm diameter explosive stick is 8.4% higher than that of
a 35mm diameter explosive stick. Also, standardized
pieces of rock roadway samples were tested for physical
and mechanical properties, and the results are listed in
Table 2.

+e values of the parameters for the charges, detonation
velocities, and the mechanical properties of rocks noted
above were substituted into equations (9) and (10) to cal-
culate the radii of the crushing and cracking zones for
different charge diameters, and the results are shown in
Table 3. It can be seen that the radii of the crushing and
cracking zones increase with charge diameter, and the
damage range generated by a 50mmdiameter blast hole with
a 45mm diameter explosive stick is 1.31 times that generated
by a 42mm diameter blast hole with a 35mm diameter
explosive stick. +us, further penetration of blasting cracks
can be realized by large diameter charges to improve the
fragmentation degree of the rock mass in the cut cavity.

3. The Effect of Charge Diameter on Cut
Cavity Formation

3.1. Wedge Cut Blasting Model. To study the influence of
charge diameter on cut cavity formation, a wedge cut
blasting model was established. As illustrated in Figure 2,
ACDF is the free face; AG, BH, CI, DJ, EK, and FL are the cut
holes; x is the cut hole top space; y is the cut hole bottom
space; a is the cut hole space; (H/ sin β) is the cut hole length;
β is the cut hole angle; H is the vertical depth of the cut hole.

3.2.Analysis ofResistance toCavityFormation. In addition to
ACDF as a free face, five other surfaces have resistance to
cavity formation. +e shear resistance of AFLG, CDJI,
ACIG, and FDJL can be estimated by the Mohr-Coulomb
criterion, and the tensile resistance of GIJL is related to the
tensile strength of the rock mass and the bottom area of the
cut cavity [35].

+e shear resistance of AFLG and CDJI is given by

QAFLG � QCDJI � c + σ1 tanϕ( 
(x + y)H

2
, (11)

where c is the cohesion; φ is the internal friction angle; σ1 is
the vertical normal stress.

+e shear resistance of ACIG and FDJL is calculated
from

QACIG � QFDJL � c + σ2 tanϕ( 
2aH

sin β
 , (12)

where σ2 is the horizontal normal stress: σ2 � σ1(μ0/1 − μ0).
+e tensile resistance (T) of GIJL is expressed as

T � 2ayσt. (13)

+e cavity formation resistance (f) is represented as

f � QAFLG + QCDJI + QACIG + QFDJL sin β + T. (14)

3.3. Analysis of Cavity Formation Power. +e cavity for-
mation power is derived from the quasi-static pressure of the
detonation gas. Based on adiabatic expansion theory, the
force exerted directly on the rock mass, after charge blasting
in cut holes with good stemming, is given by [36]

Table 1: Detonation velocities of explosives with different
diameters.

dc (mm) ρ0 (kg·m−3) D (m·s−1)

35 1100 3425
45 1100 3713

Table 2: Physical and mechanical properties of rock mass.

Density (kg·m−3) μ0 σc (MPa) σt (MPa)

2450 0.25 95.8 9.6

Table 3: Damage ranges for different charge diameters.

db (mm) dc (mm) Rc (mm) Rt (mm)
42 35 69 347
50 45 91 453

C

B

A

D

E

F

G

H

I

J

K

L

x

y

2a

β
H/s

inβ

Figure 2: Wedge cut blasting model.
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F0 � mP0K
− 2k

Lcdb, (15)

where m is the number of cut holes; F0 is the force from the
detonating gas acting directly on the rock mass; Lc is the
charge length.

Since the force exerted directly on the rock mass is
parallel to the radial direction of the cut hole and there is a
certain angle between the cut hole and the free face, the
component of the force towards the free face, which con-
stitutes the cavity formation power, is described by

F � F0 cos β � mP0K
− 2k

Lcdb cos β, (16)

where F is the cavity formation power.
Based on the above analysis, rock fragments can be

expelled from the cut cavity when the cavity formation
power is greater than the cavity formation resistance, which
is expressed as

F>f. (17)

When the number of cut holes (m), charge length (Lc),
and cut hole angle (β) remain constant, it can be calculated
that the cavity formation power generated by 50mm di-
ameter cut holes and 45mm diameter explosive sticks is 2.22
times that generated by 42mm diameter cut holes and
35mm diameter explosive sticks. +erefore, for a constant
cavity formation resistance, the cavity formation power of
cut blasting with a large diameter charge is significantly
greater than that of cut blasting with a small diameter charge,
which is more conducive to expelling the rock mass frag-
ments from the cut cavity.

4. Numerical Simulation of Wedge Cut
Blasting for Different Charge Diameters

4.1. Numerical Model. To investigate the formation of the
stress wave and the intensity of the stress field, three-di-
mensional numerical models of wedge cut blasting for two
charge diameters were established by a solid element of eight
nodes in ANSYS/LS-DYNA [37]. As shown in Figure 3, for
both numerical models, the size of the rock mass is
4000mm× 3000mm× 3000mm with six cut holes sym-
metrically arranged on the left and right sides of the model;
the cut hole angle is 77°, the cut hole top space is 1500mm,
the cut hole bottom space is 300mm, the cut hole space is
500mm, the cut hole depth is 2600mm, and the charge
length is 1320mm. +e difference between the two nu-
merical models is that the model with the large diameter
charge adopts 50mm diameter cut holes and 45mm di-
ameter explosive sticks, while the model with the small
diameter charge adopts 42mm diameter cut holes and
35mm diameter explosive sticks.

In this simulation, the explosive and air were defined
as ALE grids, and the Lagrange algorithm was performed
for the rock mass and stemming. Using the keyword
∗CONSTRAINED_LAGRANGE_IN_SOLID, the fluid-
solid coupling algorithm was defined to realize the transfer
of blasting energy from the detonation products to the rock

mass and stemming [38, 39]. Nonreflecting boundaries
were applied to the model surface in addition to the working
face to reduce the influence of stress wave reflections
on the simulation results [40, 41]. Also, the keyword
∗ INITIAL_DETONATION was used in the calculation
program to define the initiation points at the bottom of each
cut hole [42].

Blair [43, 44] noted that grid size has an important effect
on calculation accuracy and time consumption. In this
simulation, due to the limitation of computer capacity, small
grids were used near the cut holes and at the bottom of the
cut cavity to ensure precision, while large grids were adopted
farther from the cut holes to reduce computational com-
plexity and improve efficiency. Moreover, numerical con-
vergence tests were performed to obtain a reasonable mesh.
For this purpose, the number of grids was increased for
successive tests until the difference between the results of
two consecutive tests was less than 5% [45]. +e meshing of
the rock mass model used for numerical simulations is
shown in Figure 4.

4.2. Material Model. +e key to conducting numerical simu-
lations of engineering blasting is the determination of the blasting
load. In this paper, the ∗MAT_HIGH_EXPLOSIVE_BURN
model embedded in the LS-DYNA was chosen as the
explosive, and the JWL state equation was used to ac-
curately describe the relationship between the expanding
volume, pressure, and energy change of detonation
products [46]. +e JWL state equation is expressed as
[47–49]

peos � Aeos 1 −
ω

R1V
  e

− R1V
+ Beos 1 −

ω
R2V

  e
− R2V

+
ωE0

V
 ,

(18)

where peos, E0, and V are the pressure, specific internal
energy, and relative volume of the detonation products,
respectively; and Aeos, Beos, R1, R2, and ω are material
constants. Some of the main parameters of the JWL state
equation are shown in Table 4.

Air, being a fluid, is usually described by constitutive and
state equations. In this simulation, the ∗MAT_NULL
model was used as the constitutive equation, and the fol-
lowing linear polynomial equation was selected as the state
equation [50, 51]:

p0 � C0 + C1ξ + C2ξ
2

+ C3ξ
3

+ C4 + C5ξ + C6ξ
2

 E1,

ξ �
ρ
ρa

  − 1,

(19)

where p0 is the pressure, and C0, C1,C2, C3, C4, C5, and C6
are material constants; ξ is the nonlinear coefficient of
viscosity; E1 is the internal energy per unit volume; ρ is the
density at test conditions; ρa is the nominal density. +e
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parameters for air and the above linear polynomial state
equations are listed in Table 5.

+e rock mass was modeled using the
∗MAT_PLASTIC_KINEMATIC model, which considers
the effect of strain under a blasting load [52]. Based on the
Cowper and Symonds empirical formula, an amplification
factor related to strain rate is introduced into the yield stress
equation as follows [53, 54]:

σY � η σ0 + β1Epεeff ,

η � 1 +
_ε
C

 

(1/P)

,

(20)

where σY is the current yield strength; η is the amplification
factor of yield strength; σ0 is the initial yield strength; β1 is
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Figure 3: Numerical model of wedge cut blasting (unit: mm). (a) Front view. (b) Left view. (c) Top view (or A-A section).
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the hardening regulation parameter; Ep is the plastic
hardening modulus; εeff is the effective plastic strain; _ε is the
strain rate; C is the Cowper strain rate parameter; P is the
Symonds strain rate parameter. +e parameters for the rock
mass material have been previously presented in Table 2.

+e stemming was modeled using the
∗MAT_SOIL_AND_FORM model, which can effectively
simulate the liquefaction characteristics of sand under dy-
namic load [55]. +e parameters for the stemming material
are listed in Table 6.

4.3. Analysis of Simulation Results. Numerical and material
models have been used to simulate the stress wave evolution
of cut blasting models with small and large diameter charges;
then the numerical models were segmented along A-A
section in LS-PREPOST. Figures 5 and 6 show the evolution
of effective stress field of the numerical models with the
small and large charge diameters, respectively.

As shown in Figures 5 and 6, explosive detonation
initiates at the bottom of the cut hole and propagates along
the cut hole towards the free face, with the simultaneous
propagation of the stress wave towards the free face with a
conical wavefront. Due to the proximity of the bottoms of
the cut holes, the resulting superposition of the stress waves
appears in the middle of the cut cavity at t � 45 μs, which can

enhance the damage of the rock mass in the cut cavity. With
an increase in the distance between the cut holes, the su-
perposition effect becomes weaker. Although the explosive
detonation of each cut hole is completed at t � 320 μs, the
stress wave continues to propagate towards the free face with
a circular arc wavefront. When the stress wave reaches the
free face at t� 490 μs, it is reflected as a tensile stress wave.
+e reflected tensile wave encounters the propagating
compression wave, resulting in a complex stress superpo-
sition, which causes further damage to the rock mass in the
cut cavity. +e above analysis demonstrates that simulation
results can reveal the stress wave evolution of wedge cut
blasting.

Comparing Figures 5 and 6, the range of high stress
around the cut hole in the numerical model with the large
diameter charge is significantly larger than that in the nu-
merical model with the small diameter charge. Likewise, the
stress wave superposition effect in the middle of the cut
cavity in the numerical model with the large diameter charge
is more significant than that in the numerical model with the
small diameter charge. To compare stress field intensities in
the cut cavity for different charge diameters, a measuring
line extending from the free face to the bottom was placed at
the center of both numerical models, as shown in Figure 3. A
measuring point was placed every 0.1m along this mea-
suring line, and the peak effective stress at these measuring
points was output to plot the curve of peak effective stress
with cut depth.

As illustrated in Figure 7, both numerical models have
the same trend in the variation of the peak effective stress
with cut depth along the central measuring line. Aside from
a small fluctuation at a cut depth of 1.2m, the peak effective
stress increases with cut depth, for a cut depth in the range of
0∼2.5m, and reaches a maximum value at a cut depth of
2.5m. +ereafter, the peak effective stress decreases rapidly
with an increase in cut depth. It also can be seen that the peak
effective stress at all measuring points of the numerical
model with the large diameter charge is higher than that of
the numerical model with the small diameter charge. Fur-
thermore, the difference in peak effective stress between the
two numerical models remains approximately constant for a
cut depth range of 0∼1.3m and increases gradually for a cut
depth range of 1.4∼2.5m.

As shown in Figure 7, the maximum and average values
of peak effective stress at the measuring points along the
central measuring line of the numerical model with the small
diameter charge are 216.8MPa and 86.7MPa, respectively.
+e corresponding maximum and average values of peak
effective stress at the measuring points of the numerical
model with the large diameter charge are 318.1MPa and
122.7MPa, respectively. +us, the maximum and average
values of peak effective stress at the measuring points along
the central measuring line of the numerical model with the
large diameter charge are 46.7% and 41.5% higher than that
of the numerical model with the small diameter charge,
respectively.+is result demonstrates that the large diameter
charge can increase the effective stress field intensity in the
cut cavity and hence enhance the damage degree of the rock
mass.

Figure 4: Meshing of rock mass model.

Table 4: Parameters used in the JWL state equation for the
explosive.

Aeos (GPa) Beos (GPa) R1 R2 ω E0 (GPa) V0

214 0.182 4.15 0.95 0.15 4.19 1.0

Table 5: Parameters for air and state equation.

ρa (kg·m−3) C0 C1 C2 C3 C4 C5 C6

1.25 0.00 0.00 0.00 0.00 0.40 0.40 0.00
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Figure 5: Continued.

Table 6: Parameters for the stemming material.

Density (kg·m−3) Bulk modulus (GPa) Shear modulus (GPa) Tensile cut-off (GPa)
1800 1.32 0.016 0.0
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Figure 5: Continued.
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Figure 5: Effective stress wave evolution of cut blasting model for a small charge diameter. (a) t� 045 μs; (b) t� 150 μs; (c) t� 320 μs;
(d) t� 400 μs; (e) t� 490 μs; (f ) t� 600 μs.
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Figure 6: Continued.
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Figure 6: Continued.
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5. Field Comparison Tests

5.1.TestConditionsandBlastingParameters. To further verify
the practicality of cut blasting technology using a large diameter
charge, field comparison tests of two cut blastingmethods were
performed in a hard rock roadway, and the tests for each
method were conducted 12 times.+e field tests of cut blasting
with a small diameter charge were conducted with a blast hole
diameter of 42mm for the cut holes and other holes and with
35mm diameter explosive sticks. During the field tests of cut
blasting with a large diameter charge, the cut holes were 50mm
diameter blast holes and 45mm diameter explosive sticks were
utilized, while the other holes were 42mm diameter blast holes
and 35mm diameter explosive sticks were utilized.

+e field tests were conducted at the −650m level rail
roadway of the Panbei Coal Mine in Huainan, Anhui
province, China. +is rail roadway has a straight wall arch

section with a width of 5.4m, a height of 3.95m, and a
sectional area of 19.03m2, where the height of the straight
wall is 1.1m. Based on geological survey data, the rock strata
are mainly composed of hard fine sandstone with good
integrity and few joint fissures, which cause difficulty in cut
blasting. +e physical and mechanical parameters of fine
sandstone have been previously listed in Table 2.

For the field tests, a dual-arm hydraulic drilling jumbo
was used for drilling operations, and class 2 coal mine
permissible water-gel explosive sticks with 1–5 segment
millisecond delay electric detonators were used as blasting
materials. +e explosive sticks used were of two specifica-
tions: D45mm× L400mm×M700 g and D35mm×

L330mm×M350 g.+e blasting parameters for different cut
methods are listed in Tables 7 and 8, and the layout of the
blast holes is shown in Figure 8. Figure 9 shows some of the
relevant construction operations of the field tests.
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Figure 6: Effective stress wave evolution of cut blasting model for a large charge diameter. (a) t� 045 μs. (b) t� 150 μs. (c) t� 320 μs.
(d) t� 400 μs. (e) t� 490 μs. (f ) t� 600 μs.
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5.2. Results of Field Tests. Comparative data of the blasting
effects are presented in Table 9. For the 42mmdiameter blast
holes with 35mm diameter explosive sticks used for cut
blasting, the average footage is 1.9m, and the average uti-
lization rate of the blast holes is 79.2%. For the 50mm
diameter blast holes with 45mm diameter explosive sticks
used for cut blasting, the average footage reaches 2.2m, and
the average utilization rate of the blast holes reaches 91.7%.
+us, in contrast to cut blasting with the small diameter
charge, the average footage is increased by 0.30m, and the
average utilization rate of blast holes is increased by 12.5%,
with the large diameter charge.

+e results of field comparison tests indicate that the use
of a large diameter charge can improve the cut effect in hard
rock roadway and hence increase the blasting footage and
the utilization rate of blast holes.

6. Discussion

In rock blasting engineering, the effective energy used for
rock breaking and rock excavation accounts for about 60∼70
percent of the total blasting energy, and the remaining
energy results in blast hazards [56]. As mentioned in Section
2, with the blast hole as the center, there are the crushing

Table 7: Blasting parameters for cut blasting with a small diameter charge.

Hole name Hole no. Number of holes Hole diameter (mm) Charge diameter (mm)
Charge quantity

Detonator
orderExplosive volume

per hole
Total

weight (kg)
Cut hole 1–6 6 42 35 4.0 8.40 1
Auxiliary hole 7–14 8 42 35 3.0 8.40 2
Auxiliary hole 15–25 11 42 35 3.0 11.55 3
Auxiliary hole 26–39 14 42 35 3.0 14.70 4
Peripheral hole 40–60 21 42 35 2.0 14.70 5
Bottom hole 61–68 8 42 35 3.0 8.40 5
Total — 68 — — — 66.15 —

Table 8: Blasting parameters for cut blasting with a large diameter charge.

Hole name Hole
no.

Number of
holes

Hole diameter
(mm)

Charge diameter
(mm)

Charge quantity
Detonator
orderExplosive volume per

hole
Total weight

(kg)
Cut hole 1–6 6 50 45 3.3 13.86 1
Auxiliary hole 7–14 8 42 35 3.0 8.40 2
Auxiliary hole 15–25 11 42 35 3.0 11.55 3
Auxiliary hole 26–39 14 42 35 3.0 14.70 4
Peripheral
hole 40–60 21 42 35 2.0 14.70 5

Bottom hole 61–68 8 42 35 3.0 8.40 5
Total — 68 — — — 71.61 —
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zone, the cracking zone, and the vibration zone.+e blasting
vibration from roadway excavation might negatively impact
the stability of surrounding rocks and supporting structures.

Blasting vibration is usually expressed by the particle
vibration velocity, which can be calculated from Sadov’s
formula as follows:

V � K1
W(1/3)

Rm

 

α3
, (21)

where V is the particle vibration velocity; Rm is the dis-
tance from the blasting source; W is the single blasting
charge quantity; K1 and α3 are the coefficient and

attenuation exponent associated with geological condi-
tions, respectively.

According to equation (21), for identical geological
conditions and distances from the source, the blasting vi-
bration depends only on the single blasting charge quantity.
+e use of large diameter charges implies an increase in the
single blasting charge quantity, which leads to an increase in
particle vibration velocity. However, for the case presented
in this study, after the use of a large diameter charge, the
single blasting charge quantity of cut blasting increased from
8.40 kg to 13.86 kg, which is still less than the maximum
single blasting charge quantity of 23.10 kg. It can be seen that
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(a) (b)

(c) (d)

Figure 9: Construction operations of field tests. (a) Check of hole space. (b) Check of hole depth. (c) Charge of blast holes. (d) Measurement
of footage.

Table 9: Comparative data of blasting effects.

No.
Cut blasting with small diameter charge Cut blasting with large diameter charge

Footage (m) Utilization rate of blast hole (%) Footage (m) Utilization rate of blast hole (%)
1 1.95 81.3 2.20 91.7
2 1.90 79.2 2.20 91.7
3 1.90 79.2 2.15 89.6
4 1.90 79.2 2.25 93.8
5 1.85 77.1 2.15 89.6
6 1.90 79.2 2.20 91.7
7 1.95 81.3 2.25 93.8
8 1.85 77.1 2.20 91.7
9 1.85 77.1 2.15 89.6
10 1.90 79.2 2.25 93.8
11 1.95 81.3 2.20 91.7
12 1.90 79.2 2.20 91.7
Average 1.90 79.2 2.20 91.7
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the blasting vibration generated by cut blasting with large
diameter charges is within a controllable range.

7. Conclusions

(1) Based on theoretical analysis, the radii of the
crushing and cracking zones caused by a 50mm
diameter blast hole and a 45mm diameter explosive
stick are 1.31 times that caused by a 42mm diameter
blast hole and a 35mm diameter explosive stick.
Further penetration of blasting cracks can be realized
by a large diameter charge to enhance the frag-
mentation degree of the rock mass in the cut cavity.
+e cavity formation power generated by a 50mm
diameter blast hole and a 45mm diameter explosive
stick is 2.22 times that generated by a 42mm di-
ameter blast hole and a 35mm diameter explosive
stick. For constant cavity formation resistance, a
large diameter charge is conducive to expelling the
rock mass fragments from the cut cavity.

(2) Simulation results can depict the formation of stress
wave in wedge cut blasting for different charge di-
ameters. +e maximum and average values of peak
effective stress at measuring points along the central
measuring line of the numerical model with a large
diameter charge are 46.7% and 41.5% higher, re-
spectively, than those obtained from the numerical
model with a small diameter charge. +e use of a
large diameter charge in cut holes can increase the
stress field intensity in the cut cavity and hence
increase the extent of damage to the rock mass.

(3) A comparison of the blasting effects after field tests
shows an average footage of 2.20m and an average
utilization rate of blast holes of 91.7% for 50mm
diameter blast holes and 45mm diameter explosive
sticks used in cut blasting, which represent an av-
erage increase in footage of 0.30m and an average
increase in the utilization rate of blast holes of 12.5%
over cut blasting with 42mm blast holes and 35mm
diameter explosive sticks. +us, the cutting effects in
hard rock roadways can be improved with the use of
large diameter charges, which increase the blasting
footage and the utilization rate of blast holes.
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Conjugate joint is one of the most common joint forms in natural rock mass, which is produced by different tectonic movements.
To better understand the preexisting flaws, it is necessary to investigate joint development and its effect on the deformation and
strength of the rock. In this study, uniaxial compression tests of granite specimens with different conjugate joints distribution were
performed using the GAW-2000 compression-testing machine system.(e PCI-2 acoustic emission (AE) testing system was used
to monitor the acoustic signal characteristics of the jointed specimens during the entire loading process. At the same time, a 3D
digital image correlation (DIC) technique was used to study the evolution of stress field before the peak strength at different
loading times. Based on the experimental results, the deformation and strength characteristics, AE parameters, damage evolution
processes, and energy accumulation and dissipation properties of the conjugate jointed specimens were analyzed. It is considered
that these changes were closely related to the angle between the primary and secondary joints. (e results show that the AE counts
can be used to characterize the damage and failure of the specimen during uniaxial compression. (e local stress field evolution
process obtained by the DIC can be used to analyze the crack initiation and propagation in the specimen. As the included angle
increases from 0° to 90°, the elastic modulus first decreases and then increases, and the accumulative AE counts of the peak first
increase and then decrease, while the peak strength does not change distinctly. (e cumulative AE counts of the specimen with an
included angle of 45° rise in a ladder-like manner, and the granite retains a certain degree of brittle failure characteristics under the
axial loading. (e total energy, elastic energy, and dissipation energy of the jointed specimens under uniaxial compression failure
were significantly reduced. (ese findings can be regarded as a reference for future studies on the failure mechanism of granite
with conjugate joints.

1. Introduction

Rock mass is discontinuous because of the movement and
development of the crust. (e joint, fissure, and fault
fracture are the typical modes of this discontinuation. (e
most common joint geometries in natural rock mass are
parallel joints and conjugate joints (also called X-shape
intersecting joints), which are generated by different geo-
tectonic movements [1, 2]. It is generally assumed that the
failure of rock involves the growth and interaction of

preexisting joints. (e geometric configuration of joints has
a paramount influence on the strength and deformation
behavior of the jointed rock mass [3–5]. Many studies have
considered the influence of joint geometries on the overall
mechanical behavior of rockmass, the vast majority of which
have involved testing on rock-like materials with artificially
embedded joints [6–10]. For example, Brace and Bombolakis
[11] carried out uniaxial and biaxial compression tests on
brittle rock specimens with a single inclined crack. Griffith
attributed the discrepancy between the observed fracture
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strength of crystals and the theoretical cohesive strength to
the presence of flaws in brittle materials. More severe stresses
are raised by sharper natural defects, which are assumed to
be present in all brittle materials, known as Griffith cracks.
Hoek and Bieniawski [12] studied the initiation and prop-
agation of a single Griffith crack in a biaxial compressive
stress field. Bobet and Einstein [13] studied the behavior of
fracture coalescence under uniaxial and biaxial compression,
using gypsum specimens with two preexisting parallel joints.
Chen et al. [14] investigated the combined influence of joint
inclination angle and joint continuity factor on deformation
behavior of jointed rock mass for gypsum specimens with a
set of nonpersistent open flaws in uniaxial compression and
revealed that the deformation behavior of the jointed rock
mass was correlated to the closure of preexisting joints.
Furthermore, many other experimental studies on the
strength and deformation behavior of multiple joints with
different geometries have been extensively conducted
[15–18].

Acoustic emission (AE) testing technology is an effective
means to study the propagation of defects in brittle mate-
rials, such as rocks. At present, this technology is widely used
to study the internal damage and fracture behavior of rock
materials [19–23]. (e researchers use AE parameters to
study fracture characteristics and processes of rocks, such as
AE counts, amplitude, average frequency, duration, rise
time, and energy. Eberhardt et al. [24] studied the failure
process of the Lac Du Bonnet granite by the AE technology
and found that the AE response is markedly different before
and after new crack initiation. Rudajev et al. [25] disclosed
the AE characteristics of the rock failure process using a
uniaxial compression test. Zhao et al. [26] investigated the
spatial AE distribution of granite samples with different
surface precut cracks under uniaxial compression. Ganne
et al. [27] studied brittle failure of rocks using the AE
technology and divided the accumulated AE activity into
four stages, which correspond to the generation, propaga-
tion, coalescence, and final failure of microcracks, respec-
tively. Huang et al. [28] studied the effects of preexisting
cracks on the mechanical properties of rocks and the coa-
lescence process of cracks using AE technology and estab-
lished the relationship between axial stress, AE counts, and
the crack coalescence process. Zhang et al. [29] studied the
AE characteristics of granite, marble, and salt rock in the
process of damage and fracture and made a comparative
analysis of their damage evolution trend.

Digital image correlation (DIC) is an optical and non-
contact deformation measurement technique, which can be
used to calculate the spatial distribution of the stress and the
strain of the object during the deformation process. Re-
cently, the DIC technique has been widely used in the field of
experimental rock mechanics. Zhao et al. [30] studied the
processes of crack initiation, propagation, and evolution and
the distribution of stress field at the tip of crack and verified
the results of DIC technique from the point of fracture
mechanics. Munoz et al. [31] used DIC technique to analyze
the strain field and eventual strain localization in the rock
surface under uniaxial compression test. Furthermore,
Cheng et al. [32] carried out uniaxial compression tests on a

series of composite rock specimens with different dip angles,
studied the evolution of axial strain field and the maximal
strain field before and after the peak strength based on DIC
technique, and analyzed the effect of bedding plane incli-
nation on the deformation and strength during uniaxial
loading. Yang et al. [33] carried out uniaxial compression
tests on granite specimens containing a single crack and
studied the effects of crack angle and heat treatment tem-
perature on the mechanical properties and deformation
failure behavior by using AE method and DIC technique.

According to the law of thermodynamics, the defor-
mation of rock under loading is essentially a process of
energy transformation, including energy absorption, evo-
lution, and dissipation [34–37]. (e theoretical and exper-
imental studies have confirmed that energy plays a highly
crucial role in the process of deformation and destruction of
rock materials [38–42]. Cai [38] analyzed rockburst disasters
in mining engineering from the prospect of energy accu-
mulation theory. Gong et al. [39, 40] studied the energy
storage and dissipation laws of rock materials in the uniaxial
compression tests and three tension-type tests. Yang et al.
[41] conducted conventional triaxial compression on marble
and studied the resulting rock deformation damage and
energy characteristics. Meng et al. [42] explored the energy
accumulation, evolution, and dissipation characteristics in
uniaxial cyclic loading and unloading compression of
sandstone rock specimens under different loading rates.

Although considerable attention has been paid to the
initiation and propagation of preexisting flaws in jointed rocks,
the influence of conjugate joints on the overall mechanical
properties of jointed rock mass and the underlying energy
conversionmechanism remain less well understood.(e AE of
rock materials is a phenomenon where rock elastic strain
energy is released in the deformation or failure process [43]. In
this paper, uniaxial compression experiments of granite
specimens with conjugate joints were performed using the
GAW-2000 compression-testing machine system and the PCI-
2 digital AE testing system. At the same time, the VIC-3D DIC
System was used to study the evolution of local stress field
before the peak strength at different loading times. Firstly, the
whole process of the stress-strain curve was analyzed, and the
deformation and strength characteristics of the jointed speci-
mens during the loading process were discussed. (en, the AE
counts and the damage evolution process were studied, and the
differences in AE characteristics of the jointed specimens with
different included angles were explored and the evolution of the
stress concentration area on the specimen surface was analyzed.
Finally, based on the energy conservation theory, the prefailure
energy evolution of granite during uniaxial compression tests
was examined. (e results of this study will further the
characterization of the deformation and failure process of
conjugate jointed rock mass and will provide a reference for
typical operations in rock engineering.

2. Experimental Methodology

2.1. Specimen Preparation. (e joints that are not fully
connected and persistent for the existence of rock bridges are
termed as nonpersistent joints. It is an effective and
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economical method to make jointed specimens by using
rock-like materials such as concrete or gypsum for labo-
ratory experiments [14–16]. In this method, the nonper-
sistent joints are usually produced by inserting different-
sized metallic sheets into the rock-like specimen. (e
thickness of themetallic sheet determines the joint thickness,
and the width of the metallic sheet determines the joint
length. However, there are some shortcomings in this
method. On the one hand, rock-like materials cannot reflect
the real mechanical properties of rock materials. On the
other hand, the preexisting joints produced by this method
are relatively rough, and there are also some errors in the
width and inclined angle.

In order to improve these deficiencies, this paper selects
natural granite to make rock specimens. (e granite used in
the experiments is collected from Sanshandao gold mine,
which is an underground gold mine located in Laizhou city,
Shandong province, China. (e granite is firstly processed
into rock specimens with width of 50mm, height of 100mm,
and thickness of 25mm. (e ends of each specimen were
ground flat so that the error flatness of both end surfaces did
not exceed 0.02mm to avoid stress concentration during
loading. To rigorously screen specimens, perform the fol-
lowing: (1) remove specimens with visible surface damage
and visible flaws and (2) remove specimens whose size and
flatness do not meet the standard requirement. To improve
the precision of the preexisting joints, the specimen cutting
and processing equipment were used, including a water jet
cutter (WJC) and a wire cutting machine (WCM). Two
joints with different lengths were cut at the center of the
granite specimens by using the cutting equipment to study
the effect of conjugate joints on the mechanical properties of
granite specimens. As shown in Figure 1, the red line and the
blue line represent the primary and the secondary joints,
respectively. Both joints are discontinuous joints with a
width of 0.3mm, and the lengths of the primary and the
secondary joints are 20mm and 15mm, respectively. It
should be noted that the lengths of the primary and the
secondary joints studied in this paper are only a special case.
(e angle between the primary joint and the loading di-
rection is 90°, and the angle between the primary and the
secondary joints is α, including 0°, 30°, 45°, 60°, and 90°.

2.2. Testing System and Procedure

2.2.1. Loading System Equipped with AE Monitoring. (e
uniaxial compression tests were carried out using a com-
puter-controlled electrohydraulic servo compression-testing
machine system (GAW-2000, Chaoyang Test Instrument
Co., Ltd., Changchun, China). (e GAW-2000 testing
system can test the specimens in load or displacement
control mode with simultaneous data recording. (e
maximum axial loading capacity of the servo-controlled
system was 2000 kN, and the maximum displacement ca-
pacity was 100mm. During the uniaxial compression tests,
mechanical behavior and damage evolution of the preex-
isting jointed specimens were analyzed by the AE method.
(e AE instrument employed a PCI-2 AE monitoring

system produced by American Physical Acoustics Corpo-
ration (PAC), which is composed of cable, amplifier (AMP),
AE sensors, and data-acquisition control system. (e
sampling frequency range of the AE sensor is 1 kHz∼3MHz,
and the A/D conversion resolution is 18 bits. (e pream-
plifier is a 40 dB gain adjustable amplifier, which can amplify
the signal 100 times.(e AE system can perform real-time or
postdata analysis and spectrum analysis. (e uniaxial
compression-testing system equipped with AEmonitoring is
presented in Figure 2.

2.2.2. DICMeasurement System. Using the DICmethod, 3D
displacements and strains are available at every point on the
surface of specimen. (e experimental equipment used in
this study was the VIC-3D DIC System (Correlated Solu-
tions, South Carolina, USA), which is a system formeasuring
and visualizing full-field, three-dimensional measurements
of shape, displacement, and strain based on the principle of
DIC. To achieve the effective correlation of the system, two
main steps need to be completed before the experiment,
namely, the charged couple discharge (CCD) cameras cal-
ibration and the speckle pattern of the specimens. Cali-
bration of the system is essential in order to determine the
best possible position of the two cameras, whereas the
quality of the calibration also determines the accuracy of the
DIC. (is work can be done by calibration panel and VIC-
3D software. For calculating the displacements with DIC, a
reference image and an image after deformation must be
recorded. Before the software VIC-3D calculates the dis-
placements between these two images, an area of interest has
to be set on the reference image. (erefore, the area of
interest on the surface of specimen was coated with a white
paint and sprayed with black aerosol to produce the required
surface condition for the DIC. A setup of the rock specimens
and the main equipment is illustrated in Figure 3.

2.2.3. Testing Procedure. During the test, the load and
deformation values applied on the granite specimens were
recorded simultaneously at a same data collection in-
terval. (e tests were conducted on the GAW-2000
compression-testing machine system by imposing a
constant displacement speed of 0.03mm/min until failure
occurred. Two rigid steel blocks were placed between the
loading frame and rock specimen. Vaseline was used as a
coupler to load the specimen and AE sensors, and the AE
sensors were attached on the two sides of the specimen by
insulating tape to continuously record the AE activity
during damage and fracture propagation within the
specimen. (e CCD cameras were used to take a series of
images of the front surface of the specimen at a speed of
one frame per second.(ese images were then analyzed by
the VIC-3D software to determine the whole area dis-
placement and stress distribution.(e GAW-2000 loading
machine, AE system, and the CCD camera were executed
simultaneously to obtain the correlation of mechanical
behavior, AE damage detection, and optical observation
results.
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3. Energy Calculation

Based on the laws of thermodynamics, the failure of rock
material is the result of energy conversion. Assuming that a unit
volume ofmaterial deforms by outer forces and that this physical
process occurs in a closed system, the energy conversion can be

defined according to the first law of thermodynamics

U � Ue + Ud, (1)

where Ue and Ud are elastic strain energy density and
dissipation energy density, respectively. U is the energy

LVDT sensor

Servo valve

Steel block
AE sensor

Pressure sensor

AMP

AMP

AMP

AMP

D/A

A/DA/D

AE data-acquisiton system Load control system

Figure 2: GAW-2000 testing system equipped with AE monitoring.

CCD cameras LED light

PCI-2 AE system

Compression-testing system

DIC so�ware

Open flaws

AE sensors

Area of interest Speckle pattern

Figure 3: Rock specimens and main equipment.

(a) (b) (c) (d) (e)

Figure 1: Preexisting conjugate joints with different included angles. (a) α� 0°, (b) α� 30°, (c) α� 45°, (d) α� 60°, and (e) α� 90°.
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density done by the outer force, which can be calculated as
[36, 37]

U � 
ε1

0
σ1dε1 + 

ε2

0
σ2dε2 + 

ε3

0
σ3dε3, (2)

where σi and εi (i� 1, 2, 3) are the total stress and strain in the
three principal stress directions, respectively. Under uniaxial
compression conditions, equation (2) can be written as

U � 
ε1

0
σ1dε1, (3)

where σ1 and ε1 are the axial stress and axial strain of the rock
element, respectively.

Figure 4 illustrates a typical stress-strain curve of rock, in
which the lighter dotted area under the stress-strain curve
represents the dissipated energy Ud

i , and the darker gridded
area represents the releasable elastic energy Ue

i stored in
rocks. (e dissipation energy Ud results in internal damage
and irreversible plastic deformation in the rock. (e elastic
energy Ue under uniaxial compression is given by the fol-
lowing [43]:

Ue �
1
2
σ1ε

e
1 �

1
2Ej

σ21, (4)

where Ej is the elastic modulus of specimen with different
angles and εe

1 is the related elastic strain.
Substituting equations (3) and (4) into equation (1), the

dissipation energy density can be expressed as

Ud � 
ε1

0
σ1dε1 −

1
2Ej

σ21. (5)

4. Results and Discussion

4.1. Stress-Strain Curve. (e uniaxial compression test is
carried out by the AEmethod to evaluate the susceptibility of
the granite specimens to deformation and failure.(e stress-
strain curves of the intact specimen and the conjugate
jointed specimens under uniaxial compression are shown in
Figure 5. In this section, the results of representative
specimens are presented and analyzed. From the test results,
the deformation and strength characteristics for the con-
jugate jointed specimen with different included angles were
obtained.(e overall stages of the stress-strain curves during
the complete failure process could be divided into four
stages, namely, initial compaction, elastic deformation,
plastic deformation, and postpeak failure.

For the intact specimen, the elastic deformation stage is
the longest among all specimens due to the uniform axial
loading. In the stage of plastic deformation, the initiation,
propagation, coalescence, and interaction of microcracks
will induce the degradation of mechanical properties of
specimens. (e plastic deformation stage of the intact
specimen is shorter than that of the jointed specimen. When
the axial compressive stress reaches the peak strength, the
specimen will be destroyed rapidly and enter the postpeak
failure stage. (e whole stress-strain curve shows a typical
failure characteristic of elastic-brittle materials.

For the conjugate jointed specimens, the overall trend of
the initial compaction stage is similar to that of the intact
specimen. In the initial compaction stage, the stress-strain
curves of the specimen with α� 0° and α� 90° are the closest
to those of the intact specimen, indicating that the preex-
isting joints have little effect on the compaction of this stage.
It is worth noting that, at the initial compaction stage, the
stress of the specimen with α� 60° fluctuates obviously,
which is due to the closure of the preexisting joints caused by
the formation of new cracks. Under the same strain, the
stress of the specimen with α� 45° is lower than that of other
jointed specimens, which indicates that the initial damage of
the specimen with α� 45° is the most serious among all the
jointed specimens.

Due to the damage caused by the preexisting joints, the
ability of the conjugate jointed specimen to resist external
force deformation was reduced, and the elastic deformation
stage was shorter than that of the intact specimen.(e plastic
deformation stage of the specimens with included angles of
0°, 30°, and 90° has significant fluctuation characteristics,
which means that, under the axial loading, stress
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E0

Figure 4: Relationship between dissipated energy and elastic
energy.
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Figure 5: Stress-strain curves of the granite specimens.
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concentration will occur around the preexisting joints and
accelerate the microcracks initiation, propagation, and
transfixion. With the release and redistribution of stress, the
area of stress concentration gradually transfers to other parts
of the specimen, which is the internal reason of the mul-
tistage drop of stress-strain curve. For the specimen with
α� 30°, there are two small peaks before the peak, which
illustrates that there are two incidents of local damage in the
specimen which will not lead to the macroscopic failure of
the specimen before the final failure. (e peak strain of the
conjugate jointed specimens is less than that of the intact
specimen except for the specimen with α� 45°. With the
increase of axial loading, new macrocracks will appear until
the specimen loses its load-carrying capacity, which even-
tually leads to failure.

Table 1 shows the uniaxial compressive strength (UCS)
and the elastic modulus of the intact and the jointed
specimens. In order to characterize the damage evolution,
two damage indices considering degradation of the UCS and
the elastic modulus are introduced.

(e normalized UCS was defined as the UCS of jointed
specimen (σcj) divided by the UCS of intact specimen (σc),
and the normalized elastic modulus was defined as the elastic
modulus of jointed specimen (Ej) divided by the elastic
modulus of intact specimen (E0). (e two damage indices
were defined as follows:

Dc � 1 −
σcj

σc

,

DE � 1 −
Ej

E0
.

(6)

(e changes of two damage indices with the included
angle are shown in Figure 6. It can be seen that the UCS and
the elastic modulus of the conjugate jointed specimens are
significantly reduced compared with the intact specimen,
and the decrease range of the UCS was more obvious. (e
UCS of the jointed specimens is about 28%∼35% of that of
the intact specimen, which indicated that the preexisting
joints have large initial damage to the specimen. (e UCS of
the jointed specimens is little affected by the included angle,
and the change range is only about 7%. With the increase of
the included angle, the elastic modulus decreases first and
then increases. When α� 45°, the elastic modulus is the
smallest, about 44% of that of the intact specimen, which
means that the initial damage in this case is the largest.
When the secondary joint is perpendicular to the primary
joint (i.e., α� 90°), the initial damage is the smallest, and the
elastic modulus is about 69% of that of the intact specimen.

4.2. Effect of Angle on the AE Counts and Damage Evolution.
Each oscillation wave of electrical signal exceeding the
threshold is an AE count, which is the external acoustic
performance of the change of internal structure of rock,
reflecting the intensity of AE activity and the evolution
process of internal damage of rock. Figure 7 shows the AE
counts and the accumulative AE counts during the loading
of the jointed specimens with α� 0°. In the initial

compaction stage (I), the primary joints and the microcracks
would be closed under the axial pressure. As a result, the AE
counts were small and sporadic, with the accumulative
counts increasing slowly. In the elastic deformation stage
(II), the strain energy was continuously stored in the elastic
matrix of the undamaged part of the granite, the specimen
did not appear to undergo significant damage, the AE counts
were small and tended to be smooth, and the accumulative
AE counts growth was very slow. In the plastic deformation
stage (III), the external loading gradually approaches the
UCS of the specimen. Due to the influence of the preexisting
joints, the stress-strain curve fluctuated significantly, and
there are two peaks. (e AE counts were raised significantly
and the accumulative AE counts increased rapidly. In the
postpeak failure stage (IV), the elastic energy accumulated in
the rock is released quickly, and the specimen was seriously
damaged. As the displacement continued to load, there was
still a strong AE signal generated, and the accumulative AE
counts also showed an upward trend. (e reason for this is
that the cracks previously generated further expanded and
penetrated, resulting in a more intense structural movement
and friction between the block fragments.

To reveal the evolution characteristics of the stress field
during the loading process of jointed specimen with α� 0°, a
series of different times of interest were selected on the
stress-time curve shown in Figure 7. (e stress field of the
specimen surface at these different times is shown in Fig-
ure 8. At the end of the initial compaction stage (I), the stress
concentration area appears in the center of the specimen,
and the elastic strain energy begins to accumulate. Two new
stress concentration areas began to appear below the two

Table 1: UCS and elastic modulus of specimens.

Parameter
Included angle α

Intact
0° 30° 45° 60° 90°

UCS (MPa) 43.14 40.94 42.45 46.33 36.94 131.43
Elastic modulus (GPa) 17.68 16.48 15.30 21.06 23.92 34.75
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Figure 6: (e changes of two damage indices with α.
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ends of the preexisting joint when the first AE event sud-
denly increased. Soon after that, the stress-time curve began
to enter the plastic deformation stage (III). At the beginning
of the plastic deformation stage (III), the H-shaped stress
concentration area appeared, and the area gradually in-
creased until the peak. At the peak point, the stress accu-
mulation area is transferred to the lower-left corner of the
specimen, and macrocracks begin to form.

Figure 9 shows the AE counts and the accumulative AE
counts during the loading of the jointed specimens with
α� 30°. (ere are more AE counts in the initial compression
stage (I) and elastic deformation stage (II) than α� 0°. (e
plastic deformation stage (III) is longer, and the stress-time
curve basically rises in the form of “ladder.” At the plastic

deformation stage (III), two distinct stress drops were ob-
served on the curve, corresponding to two incidents of
discrete damage. (is indicates that there is not only the
initiation of new cracks but also the further compaction,
propagation, and coalescence of the preexisting joints in this
stage. Every time the stress dropped, the AE counts expe-
rienced a large increase, and also a leap appeared in the
accumulative AE counts correspondingly. (e jointed
specimens with α� 30° also had a certain degree of ductility
and residual strength in the postpeak failure stage (IV);
many AE counts were recorded and the accumulative AE
counts also increased. Figure 10 shows the stress field at
different times on the stress-strain curve of the specimen
with α� 30°. In the initial compression stage (I) and elastic
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Figure 8: Stress field developed at different times for the specimen with α� 0°. (a) t� 0 s. (b) t� 360 s. (c) t� 590 s. (d) t� 695 s. (e) t� 752 s.
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deformation stage (II), the stress concentration will occur
around the preexisting secondary joints. With the release
and redistribution of stress, the area of stress concentration
gradually transfers to other parts of the specimen, which is
the internal reason of the multistage drop of the stress-time
curve.

Figure 11 shows the AE counts and the accumulative AE
counts of the jointed specimens with α� 45° during the
loading. Different from other joint specimens, the stress-
time curve before the peak point does not have the char-
acteristics of fluctuation, which means that the specimen
with α� 45° will not cause the preexisting joints initiation
and propagation in advance. Furthermore, the accumulative
AE counts curve does not show a stable growth; rather it

shows a ladder-like rise. Because the plastic deformation
stage (III) was not obvious, it can be considered that the
stress-time curve before the peak point only has the initial
compaction stage (I) and elastic deformation stage (II). In
the elastic deformation stage (II), the AE counts at many
time points suddenly increase, but the AE signals were not
dense. Unlike the other jointed specimens, no significant
increase in the AE counts of the jointed specimen with
α� 45° was detected for a period of time before reaching the
peak point.(ese phenomena were proposed to be related to
the multistage damage in the specimen, and the granite
specimen with α� 45° exhibited an obvious brittle failure
characteristic. Figure 12 shows the stress field for the
specimen with α� 45° at the different loading times. Because
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Figure 10: Stress field developed at different times for the jointed specimen with α� 30°. (a) t� 0 s. (b) t� 315 s. (c) t� 500 s. (d) t� 620 s. (e)
t� 760 s.
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the damage of the preexisting joints with α� 45° to the
mechanical properties of the specimen was smaller than
those of other included angle joints, the specimen showed a
certain degree of brittle deformation characteristics. During
the loading process, the stress distribution was relatively
uniform, and the area of stress concentration was small. (is
was also the reason why the stress-time curve did not un-
dergo the obvious plastic deformation stage (III) but un-
derwent brittle failure near the peak point. At the peak point,
two localized highlights of the stress formed on the surface of
the specimen were distributed on both sides of the secondary
joint, and the whole stress field was H-shaped.

Figure 13 shows the AE counts and the accumulative AE
counts during the loading of the jointed specimens with
α� 60°. During the initial compaction stage (I), the stress-
strain curve shows a steep fall, but the AE counts were still in
the stationary phase, and the accumulative AE counts in-
creased slowly, indicating that this is due to the compaction
and closure of the preexisting joints, and there are no new
crack initiation and propagation. Similar to the specimen
with α� 45°, the plastic deformation stage (III) was not
obvious, so it can be considered that the stress-time curve
before the peak point only has the initial compaction stage
(I) and elastic deformation stage (II). In the period from the
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Figure 12: Stress field developed at different times for the jointed specimen with α� 45°. (a) t� 0 s. (b) t� 500 s. (c) t� 660 s. (d) t� 890 s. (e)
t� 975 s.
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beginning of the elastic deformation stage (II) to the peak
point, there is no obvious fluctuation in the stress-time
curve, and the AE counts were raised significantly and the
accumulative AE counts increased rapidly. Figure 14 shows
the stress field at different times on the stress-strain curve of
the specimen with α� 60°. In the initial compaction stage (I),
although there is a sudden stress drop point, the stress
concentration area is not transferred or redistributed. In the
stage of plastic deformation, a new stress concentration area
appears at the upper end of the secondary joint, and two
clear color gradients emerged in the stress field.

Figure 15 shows the AE counts and the accumulative AE
counts during the loading of the jointed specimens with

α� 90°. During the initial compaction stage (I) and elastic
deformation stage (II), the AE counts were in the stationary
phase, and the accumulative AE counts slowly increased.
Same as the specimen with α� 60°, the plastic deformation
stage (III) of the specimen with α� 90° is very short. In the
plastic deformation stage (III), there appears a sudden drop
of stress in the stress-time curve, forming two peak points.
(e AE counts detected in a short period of time before the
peak point was reached increased significantly, and the
accumulative AE counts increased accordingly as the dis-
placement continued to load. (ese results show that the AE
characteristic can be used to characterize the damage and
failure of the specimen during the loading process. Figure 16
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Figure 13: AE counts and accumulative AE counts of the jointed specimens with α� 60°.
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Figure 14: Stress field developed at different times for the jointed specimen with α� 60°. (a) t� 0 s. (b) t� 180 s. (c) t� 525 s. (d) t� 655 s. (e)
t� 720 s.
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shows the stress field for the specimen with α� 90° at the
different loading times. Before the plastic deformation stage
(III), the stress concentration area is mainly distributed in
the center of the specimen. With the increase of the axial
loading, there appears a sudden drop point in the stress
before the peak point is reached, some of the elastic strain
energy was released, and the stress field was redistributed. At
the peak point, the stress is concentrated on the diagonal of
the specimen, which eventually causes the specimen to fail
along the diagonal.

4.3. Effect of Angle onEnergy Evolution. (e energy evolution
processes of rock specimens under the uniaxial compression
test are shown in Figure 17. (e initiation, propagation,
coalescence, and interaction of microcracks in the process of
loading lead to the deterioration and loss of the rock strength,
which is the main cause of the energy dissipation. In other
words, the energy dissipation is closely related to the atten-
uation of the strength, and the amount of the dissipation
energy can be used to reflect the degree of damage of
specimen in the process of axial loading. Because the granite
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t� 470 s.
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specimens contain many native holes and defects, the holes
and defects would be closed under the initial pressure. At the
initial compression stage, the total input energy increases
nonlinearly with the strain, and most of the energy is con-
sumed by the closure and friction ofmicrocracks. At this time,
the dissipation energy is generally greater than the elastic
deformation energy. (e closure of microcracks increases the
effective contact area, increases the accumulation rate of
elastic energy, and decreases the growth rate of dissipative
energy until the curve of elastic energy intersects the curve of
dissipative energy. (en, the growth rate of elastic energy is
gradually greater than that of dissipation energy, which is
consistent with the growth rate of total energy input into the
system. After that, the deformation of the specimen began to
enter the stage of elastic deformation.

At the elastic deformation stage, the total energy and the
elastic energy increase linearly with the strain approxi-
mately, and the dissipation energy almost remains un-
changed or even decreases. At this stage, the dissipative
energy of the intact specimen is about 10 kJ/m3. (e dis-
sipative energy of the conjugate jointed specimens is gen-
erally lower than that of the intact specimen, and the energy
evolution is closely related to the included angle. (e dis-
sipated energy of the jointed specimens with included angles
of 0°, 30°, and 45° in the elastic deformation stage is about
5 kJ/m3, 3 kJ/m3, and 7 kJ/m3, respectively. At this time, the
total input energy is almost completely converted into the
elastic energy, and the dissipated energy is very little. (e
peak strain of the specimens with α� 60° and α� 90° is
smaller than those of the other jointed specimens, and the
elastic deformation stage is relatively short, while the de-
crease of the dissipation energy is obvious. (is phenom-
enon shows that the microcracks or the preexisting joints in
the rock specimens are further compressed and the pro-
portion of the elastic energy is further increased.

At the plastic deformation stage, the external loading
gradually approaches the UCS of rock specimen. With the
rapid initiation and propagation of new cracks in the
specimen, the dissipation energy begins to increase. Due to
the strong brittleness of the intact specimen, when a large
number of new cracks appear, the specimen will quickly
reach the peak strength and then be fractured. (erefore,
there is almost no plastic deformation stage in the complete
specimen. At this stage, there is not only the initiation of new
cracks but also the further expansion and transfixion of the
preexisting joints, leading to the obvious increase of dissi-
pation energy. For the jointed specimens with the angles of
0°, 30°, 60°, and 90°, the continuous accumulation of de-
formation leads to the stress concentration at the crack tip,
thus accelerating the crack initiation and propagation. In
this process, the accumulated elastic energy in rock speci-
men is released suddenly, and the curves of the elastic energy
and the dissipation energy increase in the form of “ladder.”
At this stage, the dissipation energy of the jointed specimen
with α� 45° increases gradually, but it does not have the
characteristic of ladder-like growth.

At the postpeak failure stage, the macrofracture occurs,
the elastic energy accumulated in the rock is released
quickly, and the internal cracks of the specimen are

coalesced and penetrated rapidly. (en, the rock loses
carrying capacity and shows obvious brittle characteristics.
During this stage, the dissipation energy increases with the
increase of strain, while the elastic energy decreases with the
increase of strain, and the curves of the dissipation energy
and the elastic energy intersect.

4.4. Peak Indexes. (e peak energy indexes of the intact
and the jointed specimens are shown in Table 2, and the
comparison of peak energy and the accumulative AE
counts of the jointed specimens is shown in Figure 18. It
can be seen that the ability of accumulating elastic strain
energy of the intact specimen is the strongest. (e total
elastic energy accumulated at the peak can reach
208.37 kJ/m3, and the energy accumulation rate can reach
94.26%, indicating that most of the work done by the
external force is converted into the elastic energy and
stored in the intact rock matrix. When the axial stress
reaches the UCS, the damage caused by the instantaneous
release of the elastic energy is also the most serious.
However, for jointed rock mass, the behaviors of the
preexisting flaws propagation will consume energy, and
the accumulation of the dissipation energy will lead to the
jointed rock from original stable state to unstable state
and finally to failure.

For the conjugate jointed specimens, because of the
initial damage caused by the preexisting joints, the energy
storage capacity of the specimen is weaker than that of the
intact specimen, indicating that the ability to accumulate
elastic energy is closely related to the included angle. Among
them, the ability to accumulate elastic energy of the speci-
men with α� 45° is the strongest, and the total accumulated
elastic energy at the peak is 58.87 kJ/m3, accounting for
71.4% of the total energy. It shows that the specimen with
α� 45° has strong brittleness deformation characteristics,
and a large part of the work done by the external force was
stored in the rock mass in the form of elastic energy, which
was released instantly when the final failure occurs. (e
energy accumulation rate of the specimen with α� 60° is
88.39%, which is the highest among all jointed specimens.
(e capability of accumulating elastic energy of the speci-
men with α� 90° is the weakest, which is only 25.69 kJ/m3 at
the peak. (erefore, the specimen with α� 90° will be
destroyed first in all specimens.

As the included angle of conjugate joint increases from 0°
to 90°, the accumulative AE counts of the peak increase first
and then decrease. (e number of peak cumulative AE
counts of the specimen with α� 45° is the biggest, which
means that the joint specimens with this angle have strongest
brittleness deformation ability. (e peak accumulative AE
counts of the specimen with α� 30° are very close to those of
the specimen with α� 60°.(e peak cumulative AE counts of
the specimen with α� 0° are much smaller than those of
other joint specimens, because the primary and secondary
joints coincide, and the mechanical properties of the
specimen are only affected by the primary joint. Compared
with other conjugated joints, the single joint formed by
overlapping of the primary and secondary joints has less
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damage to the rock mass, so it retains the strength char-
acteristics of the granite materials to a large extent.

5. Conclusions

Based on the uniaxial compression test and the AE test of the
granite specimens with conjugate joints, the following points
are summarized:

(1) (e angle between the primary and the secondary
joints has a significant effect on the stress-strain
curve of the rock specimens. (e stress-strain curve
of the jointed specimens will enter the plastic de-
formation stage in advance, and the elastic defor-
mation stage will be shorter, while the plastic
deformation stage will be longer. (e plastic de-
formation stage of the jointed specimens with in-
cluded angles of 0°, 30°, and 90° has obvious stress
fluctuation characteristics.

(2) (e damage and deformation of jointed rock under
different included angles can be described by ac-
cumulative AE counts. (e accumulative AE counts
of the specimen with α� 45° rise in a ladder-like
manner, leading to multistage damage in the rock
mass until the macrocracks occurred. (e conjugate
joints of 45° retain the brittleness of granite to some
extent and show obvious brittleness failure

characteristics under the axial loading. (e accu-
mulative AE counts of the specimen with α� 0° are
the smallest and the rock mass still has strong
brittleness. (e AE duration time of the specimen
with α� 90° is the shortest, but the growth rate of the
accumulative AE counts curve is the largest.

(3) Compared with the intact specimen, the peak
strength and the elastic modulus of the jointed
specimens are significantly decreased, and the de-
crease range of the peak strength is more obvious. As
the included angle increases from 0° to 90°, the elastic
modulus first decreases and then increases, and the
accumulative AE counts of the peak increase first and
then decrease, while the peak strength does not
change distinctly. (e peak strain of the other
specimens is less than that of the intact specimen
except for the specimen with α� 45°.

(4) (e total energy, elastic energy, and dissipation
energy of the uniaxial compression failure of the
jointed specimens are significantly reduced com-
pared with the intact specimen, and the ability of the
specimens to accumulate the elastic energy is closely
related to the included angle. Compared with other
conjugated joints, the single joint formed by over-
lapping of the primary and secondary joints has less
damage to rock mass and retains the strength
characteristics of the granite materials to a large
extent.
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Table 2: Peak energy indexes of the intact and the jointed specimens.

α Total energy
(kJ/m3)

Elastic energy
(kJ/m3)

Dissipation energy
(kJ/m3)

Energy accumulation rate
(%)

Energy dissipation rate
(%)

Intact 221.05 208.37 12.68 94.26 5.74
0° 70.17 52.29 17.88 74.52 25.48
30° 62.16 50.60 11.56 81.40 18.60
45° 82.45 58.87 23.58 71.40 28.60
60° 54.62 48.28 6.34 88.39 11.61
90° 30.75 25.69 5.06 83.54 16.46
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In view of the influence of mining stress on the stability of the surrounding rock of inclined roof mining roadways in deep mines,
the surrounding rock stability index is defined and solved based on the rock strength criterion and the stress distribution. /e
mining roadway of the 17102(3) working face of the Pansan Coal Mine is used as the engineering background and example. /e
surrounding rock’ stabilities under the conditions of no support and bolt support are analyzed according to the surrounding rock’s
stability index and the deformation data. /e results show that the areas of low wall and high wall instability are 1.68m2 and
2.12m2, respectively, and the low wall is more stable than the high wall; the areas of the roof and floor instability are 0.33m2 and
0.35m2, respectively, and the roof and floor are more stable than the two sides. During mining, the area of instability greatly
increases at first, then decreases to 0, and reaches a maximum value at the peak of the abutment pressure. /e stability of the
surrounding rock decreases first and then increases. Compared with the end anchoring bolt support, the full-length anchoring bolt
support reduces the area of instability to a greater extent, and the full-length anchoring bolt support effect is better. /e
surrounding rock in the end anchoring zone and the full-length anchoring zone began to deform significantly at 200m and 150m
from the working face, respectively. /is indicates that the control effect of the full-length anchoring bolt support is better and
verifies the rationality of the surrounding rock stability index to describe the instability characteristics. /is research method can
provide a theoretical reference for analysis of the stability characteristics and support design of different cross-section roadways.

1. Introduction

With the increasing depletion of shallow coal resources,
deep mining in various mining areas has become the norm
in China. In high ground stress environments, a deepmining
roadway often shows the characteristics of soft rock. It is
difficult to control the deformation of the mining roadway
when it is affected by mining stress. Effective control of the
surrounding rock deformation of the mining roadway is the
premise to ensure smooth mining of the working face. In
deep coal resources, the inclined coal seam is widely dis-
tributed and occupies a large proportion of the area. When
mining an inclined coal seam, to facilitate the management
of the roof of the mining roadway, the mining roadway is

often driven along the roof of the coal seam, forming an
inclined roof mining roadway (IRMR). With the charac-
teristics of supporting fast driving speeds and simple con-
struction technology, IRMR is widely used in inclined coal
seams. /e stability characteristics of the surrounding rock
of IRMR have their own features, which has attracted the
attention of the field engineers and rock mechanics workers.

As the core content of roadway support theory, the
stability of a roadway’s surrounding rock is always one of the
key research directions in mining engineering. Many
scholars at home and abroad, using field engineering
practices, experimental results, and theoretical reasoning
analyses, have carried out in-depth research on the stability
of the surrounding rock and bolt support mechanism from
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different angles and have established many classic theories,
such as the combined arch theory [1], the plasticity zone
theory [2, 3], and the broken rock zone theory [4]. In IRMR,
because of the existence of corners, when affected by mining
stress, there is a large concentration of stress in these corners,
resulting in a large difference between the surrounding rock
stability characteristics of IRMR and that of regular cross-
section roadways such as circular, elliptical, and straight wall
arches.

/is study on the stability characteristics of surrounding
rock and the bolt supporting mechanism of IRMR affected
by mining stress is of great significance to the surrounding
rock control of IRMR in deep mining. Based on this, this
paper proposes a surrounding rock stability index (SRSI),
which can quantitatively describe the stability of the sur-
rounding rock based on the stress distribution of IRMR and
the rock strength criterion. SRSI provides the theoretical
basis for the study of the evolution law of the surrounding
rock stability characteristics and the bolt support mecha-
nism of different anchorage forms of IRMR under the in-
fluence of mining stress.

In terms of research on the surrounding rock stability of
roadways with irregular cross sections, such as inclined roof
cross sections, the numerical simulation method is mainly
used to carry out relevant research. Some of the research
results are as follows: G. Li and others used FLAC3D nu-
merical simulation software to study the distribution of the
surrounding rock plastic zone, the principal stress differ-
ence, and the deformation characteristics of six tunnel
section shapes, namely, rectangular, straight walls with
arched tops, horseshoe shaped, three centered arches, circles,
and ellipse, and proposed the concept of equivalent exca-
vation and void reinforced areas [5]. Q. Meng and others
used FLAC3D numerical simulation software to study the
surrounding rock deformation characteristics and the sur-
rounding rock distribution of the plastic zone of six kinds of
cross-section shape roadways, namely, rectangular, trape-
zoid, straight wall arches, horseshoes, ovals, and round
shapes. /e results show that the round and oval shapes are
the optimal cross-section shapes for deep roadway under
high ground stress [6]. L. Hu and others used ANSYS
software to simulate and analyze the influence of roadway
section structure on the surrounding rock deformation. /e
results show that the section form has an appreciable impact
on both the horizontal displacement and the vertical dis-
placement of the surrounding rock under the same condi-
tions, and the rectangular section has the greatest impact [7].
Although numerical simulation can be used to study and
solve a wide range of engineering technical problems, nu-
merical simulation can only obtain quantitative conclusions,
and some problems cannot be judged qualitatively. At the
same time, the research method of numerical simulation is
still based on a theoretical basis, and the imperfection of
theoretical research limits the application and development
of numerical simulations.

In view of the research on the bolt support mechanism
with different anchorage forms, scholars at home and abroad
have conducted thorough studies and achievedmany results.
For the end anchored bolt support, there are mainly classical

theories such as the combined arch theory [1], the broken
rock zone theory [3], the suspension theory [8, 9], and the
dynamic response theory [10], which play an irreplaceable
role in the design of bolt support. For the full-length an-
choring bolt support, there have been numerous studies, and
some important achievements are listed as follows: J. Chen
and others used an analytical model to study the load
transfer behavior of fully grouted rock bolts. /e results
show that the axial load in the rock bolt decayed from the
loaded end to the free end independent of the pull-out load.
However, the trend of the load distribution curve was
influenced by the pull-out load [11]. M. H. Aghchai and
others presented an analytical method to use this curve for
determining the bond (bolt-grout and grout-rock interface)
shear strength parameters [12]. Cui and others aimed to
propose new numerical procedures for elastoplastic analysis
of the interactions between fully grouted bolt and rock with
slip and nonslip cases at a potential-failure interface [13].
Zou and Zhang investigated the dynamic evolution char-
acteristic of the bond strength at the interface of a bolt and a
rock mass under an axial tensile load and the mechanical
behavior of fully grouted bolts in situ considering the
nonuniform stress of the surrounding rock along the bolts
[14]. C. Wu and others studied the tensile behavior of
unreinforced and reinforced rock with fully grouted bolts
and an empirical approach was proposed to predict the
strength of rock reinforced with fully grouted bolts [15]. Liu
and others established an analytical model for the interac-
tion between the bolt and surrounding rock based on the
bearing mechanism of fully grouted rock bolts, deduced the
corresponding controlled differential equation for load
transfer, and obtained the stress distributions of the an-
chorage body [16]. Chen and others employed the elastic
theory of a semi-infinite length beam and approximate
differential equation of the deflection curve (elastic and
elastoplastic) to analyze the lateral behavior of a bolt under
surrounding rock pressures [17]. Although there is much
research on the mechanisms of bolt support with different
anchorage forms in the existing literature, most of them are
based on the condition that the mechanical state of the
surrounding rock remains unchanged. However, owing to
the influence of mining stress, the mechanical state of the
surrounding rock is obviously changed, so it is necessary to
consider the influence of the change of the surrounding
rock’s mechanical state when studying bolting mechanisms.

To summarize, this paper proposes a method for the sur-
rounding rock stability analysis with reference to previous re-
search results. Based on the strength criterion and the stress
distribution of the surrounding rock, SRSI is defined tomeasure
the surrounding rock stability characteristics. Using the Mohr-
Coulomb strength criterion and the complex function method
proposed by Muskhelishvili [18–23], the analytical solution of
SRSI is obtained. Based on the study of the 17102(3) working
face of the PansanCoalMine (PCM) in theHuainan, China, the
area of the unstable area (AUA) of the surrounding rock is
calculated according to SRSI, and then the evolution law of
surrounding rock stability characteristics is analyzed when
IRMR is affected by mining stress in deep mining. By changing
the boundary conditions, the distribution of the SRSI with
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supporting conditions and the change law of AUA with the
mining of the working face are obtained. Combined with the
observation data of the IRMR deformation, the supporting
effect andmechanismof the end anchoring bolt support and the
full-length anchoring bolt support are analyzed. Finally, this
paper summarizes the research results and gives relevant
conclusions.

2. Analysis Method of Surrounding Rock
Stability Characteristics

2.1.Definition and Solution of SRSI. /e strength criterion of
rock can be expressed by an equation describing the function
relationship between the principal stresses:

σ1 � f σ2, σ3( . (1)

In equation (1), σ1 represents the maximum principal stress
of the critical failure state; σ2 represents the intermediate
principal stress; σ3 represents the minimum principal stress;
function f represents the strength criterion. When the real
maximum principal stress σ1 is less than the critical failure
maximumprincipal stress σ1, the surrounding rock is in a stable
state./e smaller σ1 is, the more stable the surrounding rock is.
On the contrary, when the surrounding rock is in a state of
instability, the larger σ1 is, the worse the stability of the sur-
rounding rock is. According to this, SRSI can be defined as

K �
σ1
σ1

. (2)

In equation (2), K represents SRSI. SRSI reflects the
relationship between the actual maximum principal stress σ1
and the critical failure maximum principal stress σ1. WhenK
is equal to 1, the surrounding rock is in a critical state of
failure; when K is greater than 1, the surrounding rock is in a
stable state; when K is less than 1, the surrounding rock is in
a state of failure, that is, an unstable state, so this area is
called an unstable area (UA). According to this, AUA can be
defined to evaluate the stability of the surrounding rock and
the bolt support effect. /e smaller AUA is, the more stable
the surrounding rock is. /e definition of AUA is as follows:

S � B
Ω

H(1 − K(x, y))ds. (3)

In equation (3), Ω represents the specific area in the
surrounding rock, which can be the entire surrounding rock,
the roof and floor, the two sides, or other designated areas; H
represents the Heaviside step function, and the Heaviside
function H is as follows:

H(t) �

1, t> 0,

0.5, t � 0,

0, t< 0.

⎧⎪⎪⎨

⎪⎪⎩
(4)

In this paper, the basic form of the Mohr–Coulomb rock
strength criterion is used to calculate K. When the Mohr-
Coulomb strength criterion is expressed by principal stress,
it is as follows:

σ1 �
1 + sinϕ
1 − sinϕ

σ3 +
2c · cos ϕ
1 − sinϕ

. (5)

In equation (5), ϕ represents the internal friction angle
and c represents cohesion. By substituting equation (5) into
equation (2), the expression of K under the Mohr–Coulomb
criterion can be obtained as follows:

K �
(1 + sinϕ)σ3 + 2c · cos ϕ

(1 − sinϕ)σ1
. (6)

/e complex function method proposed by
Nusyfmjzcjmj is used to solve the principal stress dis-
tribution of the surrounding rock of IRMR [18–23]. /e
specific ideas are as follows: first, the outer area of IRMR is
mapped to the unit circle on the complex plane with a
conformal mapping function; second, the complex function
of the representative stress distribution is solved by using
relevant knowledge of the complex analysis according to the
boundary conditions; finally, the principal stress distribution
is calculated with the complex function.

/e deep buried IRMR can be regarded as an infinite plane
orifice. /e vertical pressure σV, horizontal pressure σH, and
shear stress τ are used to represent the total pressure on the
surrounding rock. /e stress diagram of IRMR is shown in
Figure 1.

According to the Riemann mapping theorem [18, 24],
the surrounding rock area of IRMR can be mapped into a
unit circle via the conformal mapping function ω(ξ). In
general, it is very difficult to find the exact conformal
mapping function to use. An effective method is to expand
it into a Laurent series and take the finite term as the
approximation of the conformal mapping function ω(ξ).
In this case, the conformal function ω(ξ) can be expressed
as

z � ω(ξ) � 
n�N

n�−1
Cnξ

n
. (7)

In equation (7), z � x + iy represents the coordinate of the
point on the z plane where the roadway section is located; ξ �

ρeiθ represents the coordinate of the point on the ξ plane where
the unit circle is located; Cn � An + iBn represents the complex
coefficient, whose value is related to the shape of the roadway
section; N represents the order of the Laurent series. /en the
search for an exact conformal mapping function is transformed
into a search for a group of the complex coefficients Cn for
approximation. According to the algorithm proposed in
[24–29], this paper uses scientific calculation software to pro-
gram and solve the complex coefficient Cn. /e corresponding
relationship between the coordinates of the points on the zplane
and the ξ plane is as follows:

x � Re ω ρe
iθ

  ,

y � Im ω ρe
iθ

  .

⎧⎪⎨

⎪⎩
(8)

In equation (8), the function Re represents the real part
of the complex number; the function Im represents the
imaginary part of the complex number.
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/e stress of the surrounding rock can be determined
with two complex functions, φ(z) and ψ(z), in the complex
plane. To solve the distribution of the principal stress in the
surrounding rock of IRMR, the form of the complex
function is as follows:

φ(z) �
σV + σH

4
· ω(ξ) + φ0(ξ),

ψ(z) �

��������������

σV − σH( 
2

+ 4τ2


·
e
2iαω(ξ)

4
+ ψ0(ξ).

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(9)

In equation (9), the complex functions φ0(ξ) and ψ0(ξ)

represent the analytic function satisfying the Cauchy-Rie-
mann condition in the definition domain, which can be
expanded to Taylor series, as shown in equation (10). And
the α value is as shown in equation (11). One has

φ0(ξ) � 
n�+∞

n�0
anξ

n
,

ψ0(ξ) � 
n�+∞

n�0
bnξ

n
.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(10)

α � arctan
σV − σH +

��������������

σV − σH( 
2

+ 4τ2


2τ
⎛⎜⎜⎝ ⎞⎟⎟⎠. (11)

In equation (10), an and bn represent the complex co-
efficients. /e complex functions φ0(ξ) and ψ0(ξ) can be
obtained using the boundary conditions of the roadway
surface. According to Harnack’s theorem [18], the boundary
conditions of the roadway surface can be equivalent to two
functional equations as

φ0(ζ) +
1
2πi


Γ

ω(ζ)

ω′(ζ)
·
φ0′(ζ)

ζ − ξ
dζ �

1
2πi


Γ

f0

ζ − ξ
dζ ,ψ0(ζ) +

1
2πi


Γ

ω(ζ)

ω′(ζ)
·
φ0′(ζ)

ζ − ξ
dζ + a0 �

1
2πi


Γ

f0

ζ − ξ
dζ.

⎧⎨

⎩ (12)

In equation (12), Γ represents the boundary of the
roadway section; ζ represents the point on the boundary Γ;
ω(ξ) is the complex conjugate of ω(ξ); φ0′(ζ) is the complex
conjugate of φ0′(ζ); f0 and f0 represent the reduced
boundary condition as follows:

f0 �−
1
2

σV +σH(  ·ω(ζ)−

�������������

σV −σH( 
2
+4τ2



·e
2iα

·ω(ζ) ,

f0 �−
1
2

σV +σH(  ·ω(ζ)−

�������������

σV −σH( 
2
+4τ2



·e
−2iα

·ω(ζ) .

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(13)

By substituting equation (10) into equation (12), the
integral is solved by using the Cauchy integral formula.
/en, the complex coefficients an and bn can be obtained by
comparing the coefficients on both sides of equation (12),
and the complex functions φ0(ξ) and ψ0(ξ) can be obtained.

/en, the stress distribution of surrounding rock can be
obtained with the following equation:

σρ + σθ � 4Re
φ′(ξ)

ω′(ξ)
⎛⎝ ⎞⎠,

σρ − σθ + 2iτρθ �
2ξ2

ρ2
·

ω(ξ)

ω′(ξ)
·

φ′(ξ)

ω′(ξ)
⎛⎝ ⎞⎠

′
+
ψ′(ξ)

ω′(ξ)

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(14)

In equation (14), σρ represents the normal stress in the
direction of the coordinate line ρ; σθ represents the normal
stress in the direction of the coordinate line θ; τρθ represents the
shear stress in the direction of the coordinate lines ρ and θ.

Because the stress calculated by equation (14) is in an
orthogonal curvilinear coordinate system determined by the

o x

y

σV

σH

τ

Figure 1: Stress diagram of IRMR.
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conformal mapping function ω(ξ), the principal stress
component can be directly calculated as

σ1 �
σρ + σθ

2
+

�������������
σρ − σθ

2
 

2
+ τ2ρθ



,

σ3 �
σρ + σθ

2
−

�������������
σρ − σθ

2
 

2
+ τ2ρθ



.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(15)

By substituting the main principle into equation (6), the
analytical solution of SRSI can be obtained.

2.2. Effect of Mining Stress. Mining stress mainly affects the
surrounding rock stress conditions and the strength pa-
rameters of the surrounding rock. According to the research
results on the abutment pressure in [30–34], the exponential
model is used to describe the abutment pressure, which is
used to estimate the vertical pressure σV(l) of the sur-
rounding rock:

σV(l) � H ls − l(  ·
ksσ

0
V

e
als − 1

· e
al

− 1 

+ H l − ls(  · σ0V · ks − 1( e
b ls− l( ) + 1 .

(16)

In equation (16), l represents the distance from the
working face; σ0V represents the vertical pressure of the
original rock; ks represents the vertical stress concentration
coefficient at the peak of the abutment pressure; ls represents
the peak position of the abutment pressure; coefficients a
and b are used to describe the change severity of the
abutment pressure curve. /e lateral pressure coefficient λ
and shear stress coefficient η are defined as

λ �
σH

σV

,

η �
τ
σV

.

(17)

Assuming that the lateral pressure coefficient λ and shear
stress coefficient η are constant in the mining process, the
horizontal pressure σH(l) and shear stress τ(l) of the sur-
rounding rock of the roadway are

σH(l) � λ · σV(l),

τ(l) � η · σV(l).

⎧⎨

⎩ (18)

It is assumed that the cohesion of the surrounding rock is
constant before the peak of the abutment pressure, decreases
linearly after the peak of the abutment pressure, and is 0 at
the working face. /e internal friction angle of the sur-
rounding rock changes little in the mining process, which is
assumed to be constant. /e cohesion c(l) and the internal
friction angle ϕ(l) are as follows:

c(l) � H ls − l(  ·
c0l

ls
+ H l − ls(  · c0,

ϕ(l) � ϕ0.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(19)

In equation (19), c0 represents the cohesion of the
protolith, and ϕ0 represents the internal friction angle of the
protolith.

By substituting equations (16) and (18) into equation (9),
the distribution of the principal stress of the surrounding
rock of IRMR under the influence of mining can be ob-
tained. By substituting the principal stress distribution and
equation (19) into equation (6), the analytical solution of K
under the influence of mining can be obtained.

3. Results and Discussion

/e 17102(3) face in the PCM of the HuainanMining Group
is a typical deep mining face with a mining depth of 700m.
In the 17102(3) working face, one side of the mining
roadway is the other side of the working face, which is solid
coal. Its stress can reflect the influencing characteristics of
the mining stress. /e total length of the roadway is 1808m.
/e sections 0–180m and 1380–1808m away from the open-
off cut adopt the end anchoring bolt support mode, while the
section 180–1380m adopts the full-length anchoring bolt
support mode.

To facilitate the analysis of the stability of the sur-
rounding rock of the roadway, the areas of the roof and floor
and the two sides are divided. In the middle of the roof, the
floor, and the two sides, a radial survey line is arranged in the
vertical rock wall. A radial survey line is arranged in the
diagonal direction at the corners of the roadway. A circular
survey line is arranged on the roadway surface and 0.3m into
the surrounding rock. And the corners of roadway are
numbered. /e roadway section shape, the survey line
position, the number of corners, the two-side area, and the
roof and floor area are shown in Figure 2. In Figure 2, the
orthogonal curvilinear coordinate system determined by the
conformal mapping function ω(ξ) is also drawn. It is il-
lustrated as a spider network coordinate system composed of
circular coordinate line ρ and radial coordinate line θ in the
figure.

3.1. Distribution Law of Mining Stress in Roadway. /e roof
and floor of the 17102(3) working face are mudstone and
sandy mudstone, which are similar to the mechanical
properties of the coal seam and thus are combined.
According to the in situ stress test results, σ0V is 16.8MPa; σ0H
is 13.3MPa; τ0 is 0.5MPa; λ is 0.79; η is 0.03. According to
[30–34], as well as field mine pressure observation results,
mining height, mining speed, hydraulic support parameters,
and other relevant data, let ks � 1.9, a� 0.1, and b� 0.03.
When the distance between the roadway and the working
face is more than 250m, the roadway is not affected by
mining stress. Substitute the above parameters into equation
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(16) to obtain the abutment pressure curve, as shown in
Figure 3. It can be seen from Figure 3 that σV increases first
and then decreases with mining, reaching a maximum value
ksσ0V at l � ls.

After the laboratory test and using different weights to
determine the reduction coefficient, we obtain the rock
mechanics parameters, which are more consistent with the
actual site. When not affected by mining stress, let the
cohesion c0 be 6.2MPa and let the internal friction angle ϕ0
be 28°. According to equation (19), the change in the sur-
rounding rock cohesion of the roadway with the mining can
be obtained as shown in Figure 4. It can be seen from
Figure 4 that c is a constant before the peak of the abutment
pressure, and after the peak, c decreases linearly, reaching a
minimum value of c� 0 at the working face.

3.2. Distribution Law of SRSI in IRMR without Support.
Without considering roadway support, SRSI in the vertical
section of the 17102(3) working face is obtained at different
positions (l) in front of the advancing direction, and SRSIs of
radial survey line and the circumferential line are obtained.
/ey are as shown in Figures 5–7, respectively.

It is generally believed that when l> 250m, it is not
affected by mining. It can be seen from Figure 5 that the
distribution law of SRSI is similar when the roadway is
affected by mining stress and when it is not affected by
mining stress. In the roof and floor and the two sides of the
roadway, there are unstable areas of the surrounding rock. It
can be seen from Figure 6(a) that theminimum value of SRSI
at the roof and floor radial survey lines is greater than 0, as
shown by arrows b and d in Figure 6(a), indicating that the
UAs of the roof and floor are not connected, and the
minimum value of SRSI at the two-side survey lines is less
than 0, as shown by arrows a and c in Figure 6(a), indicating
that the UAs of the two sides are connected. From Figure 5, it
can be clearly observed that there are two blue areas in the

roof and floor, which are located at the two corners, re-
spectively. With the mining of the working face, there is a
trend of connectivity, indicating that the UAs of the roof and
floor are located at the two corners, respectively, and with
the mining of the working face, there is also a trend of
connectivity. /ere is a blue area in each of the two sides,
which is the arched distribution, and the arch corners are
located at the roadway corners, indicating that the UAs of
the two sides are an arched distribution and the arch corners
are located at the roadway corners. /e minimum value of
SRSI is 0, and the minimum value is located at the roadway
corners, indicating that the stability of the roadway corners
is worst in the surrounding rock of the roadway.

It can be seen from Figure 6(b) that, on the diagonals of
the roadway, SRSI tends to be constant when it approaches
the corners from the depth of the surrounding rock, as
shown by arrows e, f, g, and h in Figure 6(b). It can be seen
from Figure 7(a) that, on the roadway surface, SRSI tends to
be 0 when approaching from the middle of the rock wall to
the corners, as shown by arrows i, j, k, and l in Figure 7(a). It
can be seen from Figure 7(b) that SRSI near the corners
increases suddenly, as shown by arrows m, n, o, and p in
Figure 7(b). Based on this, it can be found that the distri-
bution of SRSI at the corners of IRMR has variability. So
first, UA appears at the corners of IRMR and then develops
to the middle of rock wall.

According to equation (3), when the distance from the
working face is different, the AUAs of the roof and floor and
the two sides are calculated, as shown in Figure 8. It can be
seen from Figure 8 that the AUAs of the roof and floor and
the two sides first increase and then decrease with mining of
the working face. /e maximum values of the AUAs of the
roof and floor and the two sides appear at the peak of the
abutment pressure, as shown by arrow q in Figure 8, in-
dicating that the stability of the surrounding rock is the
worst at the peak of the abutment pressure. Before the peak
of the abutment pressure, with the mining, the AUAs of the
roof and floor and the two sides first increase slowly, as
shown in part (a) in Figure 8, and then increase rapidly, as
shown in part (b) in Figure 8, which shows that the stability
of the surrounding rock decreases slowly and then rapidly
decreases before the peak of the abutment pressure. /e
AUA changes of the roof and floor are greater than that of
the two sides, and the AUA change of the high wall area is
greater than that of the low wall, indicating that the roof and
floor are more affected by mining stress than the two sides,
and the high wall is more affected by mining stress than the
low wall. After the peak of the abutment pressure, the AUAs
of the roof and floor and the two sides decrease rapidly and
are reduced to 0, as shown in part (c) in Figure 8, indicating
that the stability of the surrounding rock of the roadway
increased.

It can be seen from Figure 8 that the AUA curve of the
low wall is below the AUA curve of the high wall. When the
roadway is not affected by mining stress, the AUAs of the
low wall and the high wall are 1.68m2 and 2.12m2, re-
spectively. At the peak of the abutment pressure, the AUAs
of the low wall and the high wall are increased to 2.81m2 and
4.24m2. /is shows that the AUA of the low wall is smaller
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Figure 2: Schematic diagram of roadway section.
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than that of the high wall; thus, the low wall is more stable.
/ere is little difference between the AUA curves of the
instability areas of the roof and floor. When the roadway is
not affected by mining stress, the AUAs of the roof and floor
are 0.33m2 and 0.35m2, respectively. At the peak of the
abutment pressure, the AUAs of the roof and floor increase
to 4.11m2 and 3.97m2. /e results show that the AUA
difference between the roof and floor is small, and the
stabilities of the roof and floor are equal. Before the peak of
the abutment pressure and being less affected by the mining
stress, the AUA curve of the roof and floor is located below
the AUA curve of the two sides, and the AUA of the roof and
floor is less than that of the two sides, indicating that the roof
and floor are more stable than the two sides.

3.3. Distribution Law of SRSI in IRMR with Different An-
choring Forms of Bolt Support. /e main bolt supporting
parameters of the roadway are as follows: 5 bolts are installed

in the high wall, with a spacing of 800mm; 4 bolts are
installed in the low wall, with a spacing of 800mm; 7 bolts
are installed in the roof, with a spacing of 750mm; all bolts
are 2400mm long, 22mm diameter high-strength bolts, with
an anchorage length of 400mm in the end anchorage zone
and 2200mm in the full-length anchorage zone, with a
preload of 15 kN. 4 cables are installed in the roof, with a
spacing of 1200mm. Cables are 6300mm long, 22 mm
diameter anchor cables, with an anchorage length of
1200mm and a preload of 180 kN. At the same time, other
supporting materials such as anchor net and steel belt shall
be used. /e roadway section parameters and support
scheme are shown in Figure 9.

In this paper, only the influence of bolt resistance on the
stability of the surrounding rock is considered. According to
the calculation method of the working resistance of bolts
with different anchorage lengths in [11, 13], the variations of
working resistance of end anchorage and full-length an-
chorage bolts during the mining are obtained. By changing
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the boundary conditions, the working resistance of the bolt
is superposed onto the stress distribution of the surrounding
rock of the roadway, and the distribution of SRSI with
support conditions is obtained. /e contour map of SRSI
with different anchoring methods is shown in Figures 10 and
11. /e distribution of SRSI at 0.3m from the roadway
surface is shown in Figure 12. Equation (3) shows calculation
of the AUAs of the roof and floor and the two sides under the
conditions of the end anchoring bolt support and the full-
length anchoring bolt support when the distances from the
working face are different, as shown in Figure 13.

Compared with Figures 5, 10, and 11, it can be seen that
the SRSI of the shallow area is greater than that of the no-
support area when there is support and that of the full-length

anchoring bolt support is greater than that of the end an-
choring bolt support, indicating that both the end anchoring
bolt support and the full-length anchoring bolt support can
improve the stability of the surrounding rock. Moreover, the
control effect of the full-length anchoring bolt support on
the surrounding rock is stronger than that of the end an-
choring bolt support. Compared with Figures 12(a) and
12(b), it can be clearly observed that, at the corner, the SRSI
is higher with the full-length anchoring bolt support than
that with the end anchoring bolt support, as shown by ar-
rows a, b, c, d, e, and f and a′, b′, c′, d′, e′, and f′ in Figure 12.
/e SRSI in the middle of the rock wall is approximately the
same as that when adopting the full-length anchoring or end
anchoring bolt support, as shown by arrows g, h, and l and
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g′, h′, and l′ in Figure 12. /is shows that the full-length
anchoring bolt support is better than the end anchoring bolt
support in controlling the surrounding rock deformation at
the corners of the roadway. Meanwhile, the full-length
anchoring bolt support or the end anchoring bolt support
has the same control effect on the middle of the rock wall.
/e main reason for this is that the working resistance of the
bolt with full-length anchoring bolt support at the corners is
higher than that of the bolt with end anchoring bolt support,
while the working resistance of the bolt at the middle of the
rock wall is similar to the roadway with end anchoring or
full-length anchoring bolt support.

It can be seen from Figure 13 that, under the conditions
of end anchoring bolt support, full-length anchoring bolt
support, or no support, the AUAs of the roof and floor and

the two sides tend to be the same as that with the mining.
Before the peak of the abutment pressure and being less
affected by the mining stress, the AUA curve under the
condition of the full-length anchoring bolt support is located
below the AUA curve under the condition of the end an-
choring bolt support, as shown in part (a) in Figure 12. /is
shows that the AUA with the full-length anchoring bolt
support is significantly smaller than that of the end an-
choring bolt support, and the supporting effect of the full-
length anchoring bolt support is better than that of the end
anchoring bolt support. At the peak of the abutment
pressure and after the peak of the abutment pressure, the
AUA curves with the full-length anchoring bolt support or
the end anchoring bolt are basically coincident, as shown in
part (b) in Figure 12. /is shows that, at the peak of the
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abutment pressure and after the peak of the abutment
pressure, there is little difference between the AUAs under
the conditions of the end anchoring bolt support and the
full-length anchoring bolt support, and the supporting effect
of the full-length anchoring bolt support is equivalent to that
of the end anchoring bolt support.

3.4. Analysis of Control Effect of Field Surrounding Rock.
In the 17102(3) working face, three groups of stations are
arranged in the full-length anchoring bolt support zone and
the end anchoring bolt support zone. /e cross-point
method is used to observe the surface deformation of the
IRMR during mining. /e surface deformation is shown in
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Figure 14. /e surface deformation rate is shown in Fig-
ure 15. In the figure, stations 1, 2, and 3 are arranged in the
full-length anchoring bolt support zone, and stations 4, 5,
and 6 are arranged in the end anchoring bolt support zone.

According to the calculations in Figure 14, the average
values of the roof to floor displacements and the two-side
displacements with the full-length anchoring bolt support
are 946.67mm and 452.32mm, respectively, and the average
values of the roof to floor displacements and the two-side

displacements with the end anchoring bolt support are
1421.26mm and 526.66mm. It can be seen from Figure 14
that the deformation curve in the full-length anchoring bolt
support zone is below the deformation curve in the end
anchoring bolt support zone. /e deformation in the full-
length anchoring bolt support zone is less than that in the
end anchoring bolt support zone, and the full-length an-
choring bolt support effect is better than that of the end
anchoring bolt support. According to Figures 13 and 14,
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Figure 9: Schematic diagram of the roadway support.
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when the stations in the end anchoring bolt support zone are
about 200m away from the working face, the deformation
begins to increase significantly, as shown by arrows a, b, c,
and d in Figures 13 and 14. However, the displacement in the
full-length anchoring bolt support zone increases signifi-
cantly when stations are about 150m away from the working
face, as shown by arrows e, f, g, and h in Figures 13 and 14.
At the peak of the abutment pressure, the displacement rate

of the full-length anchoring bolt support zone is obviously
lower than that of the full-length anchoring bolt support
zone, as shown by sections i and j in Figure 15. /e main
reason for this is that, before the peak of the abutment
pressure, compared with that of the end anchoring bolt
support, the full-length anchoring bolt support reduces the
AUA to a greater extent, as shown in part (a) in Figures 13;
thus, the surrounding rock is more stable when adopting
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full-length anchoring bolt support. Near and after the peak
of the abutment pressure, the displacement rates of the
surrounding rock in the full-length anchoring bolt support
zone and the end anchoring bolt support zone are slightly
different as shown in section k and l in Figure 15. /e main
reason for this is that, near and after the peak of the
abutment pressure, there is little difference in the AUAs of
the surrounding rock under the conditions of the full-length
anchoring bolt support and the end anchoring bolt support.
/e full-length anchoring bolt support of this part is
equivalent to the end anchoring bolt support. In conclusion,
it can be concluded that the full-length anchoring bolt
support effect is significantly better than the end anchoring
bolt support, and the theoretical analysis results are verified.

4. Conclusions

In order to study the stability characteristics of the sur-
rounding rock and the control effect of bolt support with
different anchoring methods under the influence of mining
stress, the SRSI is defined and solved based on the rock
strength criterion and the stress distribution. /e Mohr-
Coulomb strength criterion and a complex function method
are used to solve the analytical solution of the SRSI.
Combined with the actual conditions, through the analysis
of the changes of the SRSIs and the AUAs under the con-
ditions of no support, the end anchoring bolt support, and
the full-length anchoring bolt support, the evolution law of
the stability characteristics with the mining is obtained.
Combined with the observation data of the deformation, the
supporting effects of the full-length and the end anchoring
bolt support are analyzed. /e conclusion is as follows:

(1) Based on the rock strength criterion and stress
distribution of the surrounding rock, the SRSI is
defined, which is a more reasonable and effective
method with which to analyze the stability charac-
teristics of the surrounding rock. Based on theMohr-
Coulomb strength criterion and a complex function

method, the analytical solution of the SRSI of IRMR
is obtained./e SRSI can comprehensively reflect the
influence of the shape of the roadway section, the
stress conditions, and the strength parameters on the
stability characteristics.

(2) Under the condition of no support and without the
influence of mining stress, the AUAs of low wall
and high wall are 1.68m2 and 2.12m2, respectively.
/us, the AUA of the high wall is larger than that
of the low wall, and the low wall is more stable. /e
AUAs of the roof and floor are 0.33m2 and
0.35m2. Compared with that of the two sides, the
roof and floor are more stable. Before the peak of
the abutment pressure, the SRSI decreases, the
AUA increases, and the stability decreases as a
whole. After the peak of the abutment pressure, the
AUA decreases to 0 and the stability of the sur-
rounding rock increases.

(3) /e theoretical analysis shows that, compared with
the end anchoring bolt support, the full-length an-
choring bolt support method reduces the AUA to a
greater extent. /e surrounding rock in the end
anchoring zone and the full-length anchoring zone
began to deform significantly at 200m and 150m
from the working face, respectively. /e control
effect of the full-length anchoring bolt support is
better than that of the end anchoring bolt support
and verifies the rationality of SRSI to describe the
instability characteristics.
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To explore the variation behaviour of anchor jointed rock subject to high in situ stress states, a coupling effect calculation model
based on stress equality was established based on the original rheological model of rock by combining element combination theory
and experiment, and the model was verified. *e coupling effect between rock mass creep and bolt prestress loss is established by
setting the deterioration function of bolt prestress loss. *e uniaxial creep test is performed on specimens with different joint
angles, and the results show that the prestress loss time in anchor rods decreases linearly with increasing stress level. With
increasing stress level, the time of prestress loss decreases linearly with the increase in stress level. With increasing axial load, the
deformation caused by the transverse expansion stress of the specimen can offset the compression deformation of the prestressed
anchor rod. *e relationship between prestress loss in anchors and creep of rock is solved theoretically, and the stability criterion
for anchor jointed rock is proposed. *e results of this study provide a scientific reference for anchor design of deep jointed
rock mass.

1. Introduction

During the development and construction of the Sichuan-
Tibet Railway challenges related to, a high density distri-
bution of fault zones, high in situ stress states, and weak rock
mass were very common [1, 2]. Eighteen fault zones exist in
the Lhasa-Linzhi Railway project region alone. *is region
contains the Bayu tunnel, which is 13037m long and more
than 2000m deep, and the Dagala Tunnel, which is 1760m
deep and contains weak and fractured rock masses. Ageing
and a large degree of deformation of the Dagala Tunnel
under high in situ stress is apparent [3–7].

From a practical engineering standpoint, the creep
characteristics of jointed rock masses under high in situ
stress and the anchorage mechanism of prestressed bolts
have been widely discussed. Zhao [8–10] performed uniaxial
creep tests on anchored and nonanchored rockmasses.*eir
experiments analysed the differences in the creep thresholds
and the difference in long-term strength between anchored
and nonanchored specimens to establish a creep model.

Wang et al. [11] studied the coupling effect between rock
creep and the reduction of force in prestressed anchor cables
(“prestress loss”). *ey established creep constitutive and
relaxation equations, which reflect the anchor-rock coupling
effect. Furthermore, they derived the calculation model for
anchor prestress loss through the relaxation equation of the
model. Grgic [12] analysed the elastic-plastic and viscoelastic
failure of rigid multivoid rocks. Subsequently, a constitutive
model conforming to the failure mode was proposed based
on the unified theory of inelastic flow. Wang et al. [13]
determined the relationship between force changes in pre-
stressed anchor cables and the main parameters of rock mass
creep based on the coupling effect model of creep defor-
mation and the prestress loss of anchored rock mass. By the
comparative analysis of theory and simulation, the specific
causes of the errors were obtained, and the optimal design of
the initial prestressing value applied to the anchor cables was
proposed.

Despite numerous studies on the coupling effect between
creep deformation of bolted rock masses and the prestress
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loss in bolts, the mechanism of this coupling effect remains
unclear. *e coupling effect model of creep deformation and
prestress loss in anchor bolts developed in the studies de-
scribed above are concerned with slope engineering and only
consider the axial compressive deformation of rock mass
under the action of anchor prestress loads. *is model
cannot solve the problem of prestressed loss in anchor rods
caused by rock mass creep deformation due to surrounding
rock pressure in tunnel engineering. In this study, the
coupling effect between creep deformation and prestress loss
in bolt jointed rock subject to external pressure is system-
atically evaluated by means of theoretical analysis and
laboratory tests.

2. Establishment of the Coupling Effect
Model between Creep Deformation and
Prestress Loss

A number of engineering studies show that the instabilities
and failures of rock masses are closely related to internal
joints, crack development, expansion, and penetration. In
this study, a rock mass with a single joint and anchor is
analysed.*ree kinds of joint inclination angles were used to
analyse the coupling effect between creep deformation
characteristics of rock mass with different joint angles and
the prestress loss in the anchor [14]. Chen and Egger [15]
proposed a new model of anchored joints, based on the
rheological model of Sharma and Pande [16]. *e model is
divided into rock mass and joint parts, which are connected
in series by the generalized Kelvin model, and the whole
creep of the model is divided into compact rock mass. *e
sum of the deformation and joint deformation is shown in
Figure 1.

*e general Kelvin model is used in the rheological
model of rock mass, which consists of a spring and a Kelvin
model in series. Its constitutive equation is as follows:

ηk

Eh + Ek

_σk + σk �
EhEk

Eh + Ek

εk +
ηkEk

Eh + Ek

_εk,

ηjk

Ejh + Ejk

_σjk + σjk �
EjhEjk

Ejh + Ejk

εjk +
ηjkEjk

Ejh + Ejk

_εjk,

(1)

where Eh, Ek, and ηk are the component parameters of rock
mass; Ejh, Ejk, and ηjk are the joint component parameters;
σk and εk are the stress and strain of rockmass; and σjk and εjk
are the stress and strain of joint part.

For a homogeneous rock mass with an even distribution
of the prestressing force in the free section of the bolt, the
elastic modulus of the bolt body can be equivalently
transformed into the elastic modulus of the bolt body:

Es �
E1As

Ar

,

Ejs �
E1As

Ar

,

(2)

where E1 is the elastic modulus of anchor; As is the lateral
cross-sectional area of the anchor body; and Ar is the cross-

sectional area of the rock mass in the lateral anchorage of the
anchor body.

*e function for setting the loss modulus of the anchor
rod with time is y � at + b and is used to characterize the
extent of axial stress versus lateral stress on the lateral an-
chor. Es

′ � Es(at + b), when t� 0, Es
′ � Es, then b � 1,

Es
′ � Es(a′t + 1); and then Ejs

′ � Ejs(a′t + b), when t� 0,
Es
′ � Ejs, then b � 1, Es

′ � Ejs(a′t + 1):
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  ,
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2

6
  ,
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where E2 � (σc/B2), F2 � (D2/B2), H2 � (C2/B2),
G2 � (σc/Ejh + Ejs), B2 � (ηjkEjk/Ejh + Ejk), D2 � (Ejh

Ejk + ηjkEjsa/Ejh + Ejk) + Ejs, and C2 � Ejsa′, where
E1 � (σc/B1), F1 � (D1/B1), H1 � (C1/B1), (σc/Eh + Es)

� G1, B1 � (ηkEk/Eh + Ek), D1 � (EhEk + ηkEsa/Eh + Ek)

+Es, and C1 � Esa:
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(4)

3. Uniaxial Creep Test of Prestressed Anchored
Jointed Rock Mass

3.1. Test System and Specimen Preparation. *e content of
this section describes the uniaxial compression creep test,
the loading system, and the data acquisition system indi-
cated in Figure 2.

*e loading system uses the microcomputer-controlled
electrohydraulic servo three-axis tester obtained from the
Civil Engineering Test Center of the Liaoning Technical
University. *e overall stiffness of the tester is over 10GN/
m, the maximum axial load achievable is 2000 kN, and the
effective range of force measurement is 40–2000 kN. *e
resolution of the force measurement is 20N, with 1% ac-
curacy, and the maximum confining pressure is 100MPa,
with 2% accuracy.

*e unstructured rock mass and jointed rock mass for
the specimen base are made of cement mortar consisting of
42.5MPa ordinary Portland cement with river sand used in
the ratio of 1 : 2 cement: sand. *e anchor material used is
HRB400 steel with a diameter of 10mm, length of 160mm,
thread length of 15mm, and yield strength of 400MPa. *e
model as a whole is a cube test piece with a side length of
150mm.*e joint was 150mm long, 50mmwide, and 5mm
thick, with inclination angles of 30°, 60°, and 90° on either
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sides of the mould. *e test piece and the joint test piece are
shown in Figures 3 and 4, respectively.

*e tests were carried out as follows:

(1) Strain gauges were attached longitudinally and
transversely on both sides of the test piece to measure
the axial and lateral creep behaviour of the test piece. A
force measuring ring is placed under the base plate of
the specimen to measure the application and variation
of the prestress value of stress in the anchor rod.

(2) *e strain gauge was attached along the joint surface
to measure the joint shear deformation behaviour.

*e mechanical parameters of the test specimens, de-
termined through the relevant conventional methods, are
shown in Table 1.

3.2. Test Methods. A uniaxial creep test was carried out on
the 30°, 60°, and 90° dip joint prestressed anchor specimens.

*e loading rate is controlled (500N/s) to 2MPa, 4MPa, and
6 MPa, for the respective tests, and then kept constant for
10 h. *e creep test loading method considers the effect of
creep deformation occurring in a short time, and the
specimen is loaded by single-stage dead load creep.

3.3. Test Results and Analysis. In order to explore the lon-
gitudinal creep behaviour of rock mass with anchor joints,
the creep variable curve with time is drawn and is shown in
Figure 5:

(1) Under the action of each stress level, the 30°, 60°, and
90° dip joint specimens exhibit three stages of de-
formation, namely, transient deformation, decay
creep, and steady-state creep with creep variables at
each stage. It increases with increase in the stress levels.

(2) As the joint angle increases, the instantaneous de-
formation, attenuation creep, and steady-state creep
of the specimen increase first and decrease subse-
quently. After the attenuation creep phase of the
specimen, the creep rate gradually decreases until it
finally stabilizes.

*e lateral creep behaviour of anchor jointed specimens
is shown in Figure 6:

(1) As Figure 6 shows, the specimen has a compressive
stress because of the prestressed anchoring action. As
the axial load is applied, “expansion” stress occurs.

Figure 2: Physical map of the test system.

Figure 3: Production of specimens.
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Figure 4: Diagram of typical joint specimens.
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Figure 1: Coupling effect model of creep deformation and anchor prestress loss of anchored rock mass.
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Owing to the fastening effect of the prestressed
anchor, the lateral deformation of the jointed test
piece is delayed. *is is because the lateral expansion
stress is greater than the compressive stress gener-
ated by the anchor prestress. After offsetting the
prestressed anchoring effect, the instantaneous de-
formation phase, the initial creep phase, and the
isokinetic creep phase occur.

(2) An increase in the stress level causes a corresponding
increase in deformation at each stage. Moreover,
when the inclination angle decreases, the proportion

of the attenuation creep increases and the proportion
of instantaneous deformation decreases. *e in-
stantaneous deformation, attenuated creep, and
steady-state creep of specimens increase first and
then decrease. With a decrease in the dip angle, the
difference in transverse creep between the angles
decreases rapidly. *is shows that a decrease in the
angle between the bolt and the joint causes a more
prominent anchorage effect of the bolt on the
specimen. Compared to the variation of the differ-
ence in the longitudinal creep, the transverse

Table 1: Mechanical parameters of test piece.

Specimen
parameters

Mechanical parameters
Uniaxial compressive strength

(MPa)
Elastic modulus

(GPa)
Poisson’s
ratio

Cohesion
(MPa)

Internal friction angle
(°)

Average value 15.9 2.10 0.19 7.12 28.8
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Figure 5: Longitudinal creep curve of anchored joint specimens. (a) *e stress is 2MPa. (b) *e stress is 4MPa. (c) *e stress is 6MPa.
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resistance of the prestressing bolt to the creep de-
formation is greater than that of the corresponding
longitudinal creep resistance.

Prestress loss behaviour of anchored joint specimens is
shown in Figure 7.

As the axial load is applied, the specimen is deformed.
*is causes the prestress in the bolt to rapidly decrease from
20 kPa to 0 kPa with loss time corresponding to the lateral
deformation time of the test piece. As the stress level in-
creases, the prestress loss time approaches a linear decrease.
As the joint angle decreases, the bolt prestress loss time
decreases first and increases subsequently.

4. Creep Model Parameters and Prestress
Loss-Related Parameters

Using the mathematical optimization software 1st Opt,
which is based on the quasi-Newton and the general global

optimization approaches, the data obtained from the creep
test and the parameters of creep constitutive model equation
(4) were analysed. Furthermore, 2MPa was used as the basis
to obtain relevant parameters. As shown in Table 2, the
correlation coefficient is high, indicating that the model is
reliable. In addition, Figure 8 shows a comparison of the test
and the model.

Based on our results, the prestress loss curves of the
anchored rock mass are analysed as shown in Figure 9.

It can be seen from Figure 9 that the elastic modulus of
the anchor rod decreases linearly with time, and the decline
is the fastest when the joint angle is 60°, indicating that the
elastic modulus of the anchor rod is the most sensitive when
the joint angle is 60°.

*e relationship between rebound value of anchorage
zone and time is shown in Figure 10.

As shown in Figure 10, the rebound deformation of the
anchor end varies linearly. As the stress level increases, the
springback deformation time of the joint specimens at each
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Figure 6: Transverse creep curve of anchored joint specimen. (a) *e stress is 2MPa. (b) *e stress is 4MPa. (c) *e stress is 6MPa.
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angle decreases. As the inclination decreases, the rate of
decrease of the rebound curve increases first and decreases
subsequently; however, the deformation time of the rebound
decreases first and increases subsequently.

According to the elastic modulus loss value of the an-
chorage zone, the springback deformation of the tip is due to
the lateral stress of the prestressed anchor in the prestressed
loss stage. *e formula σ � Es

′ · ε is used to calculate the
prestress loss value. Es � (E1As/Ar), As � 0.0000785m2,
and A1 � 0.01256m2.

*e change in the bolt elastic modulus is calculated, and
the springboard deformation stress of the bolt is obtained by
combining the rebound deformation value of the anchor end
with time. From Figure 11, it can be seen that the longi-
tudinal creep stress is caused by the applied prestress. *e
transverse stress component is larger than the prestress
value, and the prestress loss occurs mostly during initial
deformation phase. As the stress level increases, the prestress
loss curve decreases linearly.*e theoretically derived values
of the bolt prestress loss curves under the three kinds of
stress levels are close to the prestress loss test results.
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Figure 7: Prestress loss curve. (a) *e stress is 2MPa. (b) *e stress is 4MPa. (c) *e stress is 6MPa.

Table 2: Coupling effect model parameters of creep deformation
and prestress loss of jointed and anchored rock mass.

Joint dip angle (°) 90 60 30
Eh (MPa) 22081 4450 9467
Ek 30781 13920 18712
ηk 36187 21930 26404
Ejh 3677 10 160
Ejk 20195 9819 15281
ηjk (MPa∗ h) 104047 70265 77614
a −0.11 −0.05 −0.054
a′ −0.06 −0.14 0
Correlation coefficient R 0.96 0.93 0.97
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Figure 10: Rebound deformation curve of joint specimen anchorage zone. (a) *e stress is 2MPa. (b) *e stress is 4MPa. (c) *e stress is
6MPa.
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Figure 11: Continued.
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*is reflects the fact the prestress loss behaviour is caused by
uniaxial compression creep deformation.

5. Conclusion

In this paper, the coupling effect between creep deformation
of anchored rock and prestress loss in anchor bolts subject to
external pressures is studied using test blocks to simulate
rock mass characteristics and combining laboratory tests
with theoretical research:

(1) *e coupling effect model of creep deformation and
anchor prestress loss for anchored rock masses
subject to external pressure is established, and the
calculation method of bolt prestress loss is proposed.

(2) By uniaxial creep tests on joints with different angles,
it was found that the creep variables of the longi-
tudinal and transverse stages of the joint specimen
increased as stress level increases, and the prestress
loss time of the bolt increases with the stress level.
*us, the linear progression is reduced. As the joint
angle decreases, the magnitudes of axial and lateral
creep variables first decrease and then increase.
Furthermore, the lateral resistance creep deforma-
tion of the prestressed anchor is greater than the
longitudinal creep resistance. In contrast, the bolt
prestress loss time is first reduced and then
increased.

(3) *e coupling effect between creep deformation and
anchor prestress loss in anchored rock has been
explained. When the axial load increases, the
transverse expansion stress of the specimen deforms
correspondingly, which offsets the compressive
stress of the prestressed anchor. *e amount of
compression deformation causes the bolt prestress to
drop to zero. Owing to the presence of the prestress,
the lateral initial deformation of the test piece is

delayed. As the prestress reaches zero, the latter stage
is assumed by the anchor rod. During this stage, the
anchor supports the external load and restrains the
creep of the rock mass.
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In coal mines, underground roadways are required to transport coal and personnel. Such tunnels can become unstable and
hazardous..is study simulates deformation and damage in the rock surrounding a shallow coal seam roadway using particle flow
code. A numerical model of particle flow in the surrounding rock was constructed based on field survey and drilling data.
Microcharacteristic indices, including stress, displacement, and microcrack fields, were used to study deformation and damage
characteristics and mechanisms in the surrounding rocks. .e results show that the stress within the rock changed gradually from
a vertical stress to a circumferential stress pattern. Stress release led to self-stabilizing diamond-shaped and X-shaped tensile stress
distribution patterns after the excavation of the roadway. Cracking increased and eventually formed cut-through cracks as the
concentrated stress transferred to greater depths at the sides, forming shear and triangular-shaped failure regions. Overall, the roof
and floor were relatively stable, whereas the sidewalls gradually failed. .ese results provide a reference for the control of rock
surrounding roadways in coal mines.

1. Introduction

Increasing population growth and socioeconomic devel-
opment have led to increases in the extent and depth of coal
mining [1]. .is has led to an increase in engineering safety
problems such as mineshaft roof instability, roof and floor
water inrush, gas outbursts, and deformation of the rocks
surrounding roadways [2–8]. .ese problems influence the
safety, environmental impacts, and efficiency of coal ex-
traction. .e stability of rocks surrounding underground
coal roadways and associated stability control technology
has become the focus of mining production and safety re-
search [9–11]. Coal roadways are the main passages used for
underground transportation; therefore, their stability affects
the ease and safety of coal and personnel transport. As coal
roadways are excavated, their roof, bottom plate, and sides
can become deformed and damaged due to excavation-

mediated unloading, which affects the safety of the mine-
shaft..erefore, it is necessary to study deformation/damage
mechanisms and characteristics in the rock surrounding coal
roadways after excavation.

Many studies have examined the characteristics and
control of rock surrounding coal mine roadways. Various
research methods have been used, including field investiga-
tion, theoretical calculation and analysis, and laboratory tests,
and good results have been achieved [12–16]. Li et al. [17] used
a large-scale geomechanical model to investigate the defor-
mation and displacement characteristics and the stress evo-
lution of rock surrounding a deep roadway within the
Zhaolou Coal Mine, Juye Mining Area, China. Xue et al. [18]
used theoretical analysis to model the stress and strain of rock
surrounding a roadway and combined it with equations
describing gas seepage. A hydraulic model of roadway-sur-
rounding rock for different areas was established. .e
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permeability characteristics and pressure distribution of rock
in the excavation-damaged area were studied. With devel-
opments in computer technology, numerical simulation has
become a popular research method that has been applied to
coal mining research [19–23]. Simulations of roadway sta-
bility and surrounding rock deformation have been under-
taken based on the finite element method (FEM) and finite
difference method (FDM) [24–28]. Yu et al. [29] performed a
theoretical analysis of a soft-rock roadway in inclined strata at
the Meihe Mine, China, using FLAC3D simulation software.
.e deformation and failuremechanisms of surrounding rock
were analyzed, and measures to improve its stability were
discussed. Yang et al. [30] used FLAC3D to simulate and
analyze the complex process of stress and displacement
during coal roadway driving under various initial stress
conditions and provided a theoretical basis for the control of
outburst accidents. .e FEM and FDM are suitable for
simulating small deformations in continuous media but have
some disadvantages in modeling high deformation/damage
characteristics in discontinuous media. Discrete element
theory can better simulate discontinuous high deformation in
rock and soil, especially that related to the process of de-
formation damage in roadway-surrounding rock [31–35].
Yang et al. [36] combined field investigations, laboratory
experiments, and universal distinct element code (UDEC)
simulations to investigate the deformation and failure of rock
surrounding a deep, soft-rock roadway in the Xin’an Coal

Mine, Gansu province, China. Gao and Stead [37] simulated
and analyzed the evolution of cracks during the deformation
and failure of rock surrounding a roadway excavation in a
coalmine at high horizontal stresses using PFC3D and 3DEC
discrete element software. Scholars have also studied the
deformation characteristics of rocks surrounding excavated
rectangular caverns (tunnels) by theoretical calculation and
laboratory experiments. .ey have revealed the mechanism
by which the spalling phenomenon forms in the sidewalls of
rectangular caverns [38–40]. Currently, deformation/damage
mechanisms, stability analysis, and deformation control in
roadway-surrounding rock have mainly been simulated using
the finite element, finite difference, and block discrete element
methods. .e particle flow discrete element method has also
been used to simulate the deformation/damage characteristics
of overlying rock in coal mine goafs [41, 42], confirming that
this method can be applied to underground excavations.
However, there are relatively few studies that have used the
microcharacteristics of stress, microcracks, and porosity to
investigate deformation and failure in roadway-surrounding
rock. .us, detailed quantitative analyses of microscopic
deformation characteristics are required to better understand
the influences on stability, deformation, and damage to rock
surrounding coal roadways.

In the present study, a shallow coal seam roadway in the
Xiangshuihe Coal Mine, Northern Shaanxi, China, was used
as a case study. Based on a field survey of the geological
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Figure 1: (a) Location of Shenmu city, Shaanxi Province, China. (b) Digital elevation model showing Shenmu city and Xiangshuihe Coal
Mine.
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environment, a numerical model of the coal roadway was
constructed using particle flow code (PFC). .e deforma-
tion/damage characteristics and stability of the surrounding
rock after roadway excavation were simulated and analyzed.
.e present study provides a theoretical basis for sur-
rounding rock stability analysis, which will inform coal
roadway design and the prevention of dynamic roadway
disasters. Additionally, this study provides supplementary
insights into the construction of shallow coal seam roadways
in western China in terms of safety, yields, efficiency, and
environmental impacts.

2. Description of the Study Site

.e Xiangshuihe Coal Mine is located approximately 16 km
southwest of Shenmu County, Shaanxi province, China
(Figure 1(a)). It is part of the Yushen Mining Area, which is
located within the Jurassic coalfields of northern Shaanxi,

China. .e mine is located at 38°43′00″–38°48′30″N,
110°13′30″–110°21′45″E (Figure 1(b)), which is on the
border between the northern end of the Loess Plateau and
the southeastern margin of the Maowusu Desert. .e to-
pography is high in the middle and relatively low in the
south and north with elevations of 1125.50–1314.80m. .e
surfaces of the central and northern parts of the area are
dominated by wind-eroded eolian dune landforms, while the
southern and northeastern surfaces are dominated by hilly
loess landforms.

.e principal strata in the area are 4-2 coal seams,
mudstones, and sandstones of the Middle Jurassic Yan’an
Formation; clay of the Paleogene-Neogene Baode Forma-
tion; subclay and subsandy soils of the mid-Pleistocene Lishi
Formation; middle, fine, and silty sands of the upper
Pleistocene Salawusu Formation; and silty sands of the
Holocene eolian sand and alluvium. .e lithologies within
the roof of the 4-2 coal seam of the Yan’an formation are
mudstone, siltstone, and fine sandstone, and the floor
consists of mudstone and siltstone (Figure 2).

Based on the field geological survey, the actual roadway
section size is 5.4× 2.6m. .e roof of the roadway is sup-
ported by a combination of anchor cables and mesh, the
floor is not reinforced, the sides are unsupported, and coal
rock spalling occurs locally (Figure 3).

3. Numerical Model and the Particle Flow Code

3.1. PFCMethod. .e particle flow code (PFC) method uses
discrete element methods [43]. .e rock-soil mass is sim-
ulated as a series of rigid disks (or spheres in 3D code) with
specific mechanical properties. .ese represent particles
according to a specific contact model, and the macro-
mechanical properties of the rock-soil mass are simulated via
the movement of, and interactions between, the particles
[44]. .e interparticle interactions and particle motion are
simulated using Newton’s law of motion and the law of
force-displacement. .e latter is used to iteratively calculate
the particle-particle and particle-boundary contact forces
and torques. Newton’s law of motion is used to update the
motion and rotation of particles [45, 46]. .e calculations
alternate between the application of Newton’s law and the
law of force-displacement until the model approaches an
equilibrium state. .us, the particle flow calculations are
dynamic equilibrium calculations [47]. .e models of in-
terparticle contact include a linear contact model (LM),
linear contact bonding model (CBM), and linear parallel
bond model (PBM). .e LM is most suitable for loosely
consolidated materials, such as coarse sand. .e CBM is
most suitable for materials formed of particles that contact
at points without significant interparticle torque, such as
loess. .e PBM is most suitable for brittle bodies with
higher strengths than those described by LM and CBM.
.is model incorporates interparticle torque action and is
suitable for consolidated rock masses. .erefore, the PBM
was selected in the present study to model the surrounding
rock mass of a roadway (Figure 4). During the initial stage
of model construction, the rock mass was assigned to a
specific PBM. After the application of external forces
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Figure 2: Stratigraphic column and geological descriptions of the
rocks surrounding the 4-2 coal seam.
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(a) (b)

(c) (d)

Figure 3: Roadway size and failure characteristics of the surrounding rock.
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(loading or unloading), the interparticle contact stresses
and particle motions were updated until the rock reached
an equilibrium state. If the interparticle contact stress was
greater than the interparticle bond strength, then the bonds
were considered to be destroyed, and the contact model was
reassigned as an LM.

3.2. Calculation ofMicrostrength Parameters. .e rock mass
was considered to be a combination of rock and structural
planes. .e strength parameters of the rock mass were
calculated in combination with its rock quality designation
(RQD). .e rock strength parameters were measured in
laboratory experiments on drilled rock samples, and the

Table 1: Calculated macrostrength parameters of intact rock and rock mass.

Lithology
Intact rock

RQD
Rock mass

Er (GPa) UCSr (MPa) Em (GPa) UCSm (MPa)
Fine sandstone 4.6 41.37 65.50 0.94 13.57
Siltstone (roof) 3.4 36.50 56.87 0.48 9.24
Mudstone (roof) 1.8 15.30 42.72 0.14 2.53
4-2 coal 2.4 10.30 36.06 0.14 1.40
Mudstone (floor) 1.8 15.30 42.72 0.14 2.53
Siltstone (floor) 3.4 36.80 57.00 0.48 9.35

Table 2: .e macro-micro parameter calibration for the strength parameters of the different lithologies.

Lithology
Macrostrength parameter Microstrength parameter

E (GPa) μ UCS (MPa) Eb (GPa) Ec (GPa) k∗ τc (MPa) σc (MPa)
Fine sandstone 0.94 0.32 13.57 0.650 0.650 2.75 7.90 7.90
Siltstone (roof) 0.48 0.26 9.24 0.320 0.320 2.23 5.50 5.50
Mudstone (roof) 0.14 0.22 2.53 0.093 0.093 1.89 1.53 1.53
4− 2 coal 0.14 0.29 1.40 0.095 0.095 2.49 0.79 0.79
Mudstone (floor) 0.14 0.22 2.53 0.093 0.093 1.89 1.53 1.53
Siltstone (floor) 0.48 0.26 9.35 0.320 0.320 2.23 5.57 5.57
E is Young’s modulus; μ is Poisson’s ratio; UCS is the unconfined compressive strength; Eb is the bond effective modulus; Ec is the contact effective modulus;
k∗ is the normal-shear stiffness ratio; τc is the shear bond strength; σc is the tensile bond strength.
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RQD was calculated from their characteristics (Table 1).
Young’s modulus of the rock mass was calculated using the
following equation [48]:

Em

Er
� 100.0186RQD− 1.91

, (1)

where Er and Em are Young’s moduli of intact rock and the
rock mass, respectively, and RQD is the rock mass quality
index.

.e strength of the rock mass was calculated using the
following equation [49]:

UCSm
UCSr

�
Em

Er
 

0.7

, (2)

where UCSr and UCSm are the unconfined compressive
strengths of the intact rock and the rock mass, respectively.

.e strength parameters of the rock mass of each geo-
logical unit in the roof and floor of the 4-2 coal seam were
calculated and are shown in Table 1.

In the discrete element model, microscale strength pa-
rameters that describe the contact between particle elements
were assigned. .e macroscale characteristics of the rock-
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soil mass were represented as the collective action of the
microscale strength parameters. .erefore, it was necessary

to calculate these microstrength parameters in different
materials using macro-micro parameter calibration [50].

Table 3: Comparison of the results of simulation and empirical calculation of the self-stabilized arch height and rib spalling depth.

Method Simulation results Empirical formula calculation results Error (%)

Self-stabilized arch height of coal roadway roof (m) 2.78 h0 � W
�������������
3P0/4P0 + 12σt


� 2.77 [52] 0.36

h0 � ((W/2) + hw
∗ tan(45° − (φ/2)))/f � 2.76 [52] 0.72

Rib spalling depth (m) 0.60 L �
����
2hw


/4 � 0.57 [53] 5.26

h0 is the self-stabilized arch height of coal roadway roof;W is the coal roadway width, and the value is 5.4m; P0 is the vertical earth pressure, and the value is
P0 � 64.6× 0.023�1.4858MPa; σt is the tensile strength of rock mass, and the tensile strength of the rock masses was estimated to be one-tenth of the
compressive strength, so the value is 0.92MPa; λ is the lateral pressure coefficient, and the value is 0.15; f is the rock firmness coefficient, and the value is 1.46; L
is the rib spalling depth; hw is the coal roadway height, and the value is 2.6m; Φ is the internal friction angle, and the value is 36°.
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Figure 12: Displacement monitoring curves for the roadway. (a) Roof, (b) floor, (c) left wall, and (d) right wall.
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Figure 13: Summary of roof and floor displacements with distance from the roadway surface. (a) Vertical displacement toward the roadway
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Combined with a comprehensive analysis of the software’s
performance and calculation efficiency, this does not affect
the deformation characteristics of the actual rock mass.
.us, to provide a more realistic simulation, the particle
radius used in the model was increased appropriately. .e
minimum particle radius was set to 0.05m, and the maxi-
mum-to-minimum particle radius ratio was 1.66 [51]. .e
macro- and microstrength parameters of each rock mass

material shown in Table 1 were calibrated using the trial-
and-error method (Wang and Tian [51]; Figure 5), and the
corresponding microstrength parameters were obtained
(Table 2). Comparing the simulated macrostrength pa-
rameters of the rock mass in Figure 5 with the macro-
parameters in Table 2 shows that they are very similar. .is
indicates that the microstrength parameters in Table 2 are
reliable and can be applied to the coal roadway model.

(a) (b)

(c) (d)

Figure 15: Field characteristics of coal roadway rib spalling.
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Figure 16: Results of (a) uniaxial compression testing and (b) biaxial loading and unloading testing of 4-2 coal.
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3.3. PFCModel of theCoal Roadway. A numerical model of a
cross-section of the rock surrounding the coal roadway
was constructed using PFC2D software. We assumed a
plane-strain state for the roadway section and geology that
followed the stratigraphy determined by drilling (Figure 6).
Considering model size effects and computational efficiency
[35], the size of the model was set to 20× 20m, the size of the
coal roadway was 5.4× 2.6m, and the bottom of the coal
roadway was close to the mudstone floor. Particles were
assumed to have flexible deformation with the left, right, and
bottom boundaries set as fixed and the top boundary set as a
stress boundary. A vertical overburden stress of 1.495MPa
was applied, which was consistent with the actual buried
depth.

Roof mudstone was excavated during construction of the
coal roadway (Figure 6), and the roof was composed of
siltstone. Compared with the rigid servo mechanism (wall
boundary), the pressure of the overlying rock-soil mass at
the top of the model was simulated by setting flexible loading
in this area to increase accuracy. .e coal seam was shallow,
so the horizontal additional stress was assumed to be ap-
proximately zero and the left and right boundaries were set
as fixed particle boundaries. After the boundary conditions
were set, gravity was applied to the model, and it was iterated
until an initial equilibrium was reached. .en, construction
of the model was considered complete.

After the completion of the initial model, particles at
preset positions in the coal roadway were deleted. .e
roadway was then simulated, and the relevant indices de-
scribing the surrounding rock deformation were calculated
and monitored.

4. Results

In the model, after excavation of the roadway, the sur-
rounding rock deformed and showed signs of instability

failure in response to excavation unloading and pressure
exerted by the overlying rock-soil mass. To study the de-
formation and damage mechanisms of the roadway-sur-
rounding rock, microcharacteristic indices were analyzed,
including stress, displacement, and microcrack fields.

4.1. Stress Field. .e roadway was relatively shallow;
therefore, the horizontal additional stress was approximately
zero, and the horizontal component of stress exerted by the
overlying rock was small. .us, the present study focused on
the evolution of vertical stress. Vertical stress was monitored
at different positions and used to produce a stress cloud
diagram (Figure 7). Without support after roadway exca-
vation, stress in the shallow parts of the surrounding rock
sidewalls and in parts of the roof and floor initially de-
creased, while there was a gradual increase in tensile stress in
the roof and floor (Figures 7(a) and 7(b)). During the middle
and later stages of model evolution, the vertical stress within
the surrounding rock sidewall at shallow depths was smaller
than that in the original model. With increasing distance
from the sidewall surface, the vertical stress first increased
and then decreased, reaching a maximum at depth, with the
location of sidewall stress concentration varying with time
from shallow to deep. With increasing depth, the stress
gradually decreased to that of the original rock. .e tensile
stress in the arched area of the roof and floor first increased
and then decreased (Figures 7(c)–7(e)) until the 5000th
time-step, when the vertical stress within the roadway-
surrounding rock was effectively stable (Figure 7(f)).

.e contact force chain between particles defines the
path of force transfer, while the strength characteristics that
describe the contact force reflect the macroscopic me-
chanical characteristics of the rock-soil mass. .erefore, the
contact force chain of the surrounding rock after roadway
excavation was analyzed from a microscopic perspective
(Figure 8). After roadway excavation and unloading, the
surrounding rock particles were no longer at equilibrium.
.e particles moved to reach a secondary stress balance and
the interparticle force chain changed (Figure 8(a)). At the
beginning of excavation, the interparticle force chain was
mainly vertical, and the distribution was uniform. After
excavation, the contact forces in the shallow part of the
roadway-surrounding rock gradually decreased, and the
main contact force direction gradually changed from the
original vertical direction to an inclined direction..e forces
had an annular pattern, with ring-shaped contact forces
being greater than radial contact forces..e unloading of the
shallow parts of the roadway surface caused a gradual change
in stress from the original compressive stress to tensile stress.
During this time, the stress state changed from the original
two-dimensional stress state to a one-dimensional stress
state and, with increasing depth, the contact force gradually
changed from an annular pattern to a vertical pattern, as
seen in the unexcavated rock. Simultaneously, a dense area
of compressive contact chains appeared in the deeper parts
of the sidewall, which underwent stress concentration. .e
rhomboid stress within the roof, floor, and sidewall changed
from the original pressure chain to a tensile chain. When the
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associated with deformation and failure of the coal roadway-sur-
rounding rock.
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stress in the stress-concentration area gradually increased to
the ultimate strength of the rock mass, the rock mass was
gradually destroyed and cracks gradually developed. .e
roadway roof initially formed a self-stable arch-shaped stress
area with a height of approximately 2.78m..e floor formed
an inverted self-stable arch-shaped stress area, and the left
and right sides formed a triangular self-stable stress zone
with a depth of approximately 0.6m which, together, formed
a diamond-shaped self-stable stress area (Figure 8(b)). .is
is consistent with the calculations of the relevant empirical
formula (Table 3). .e tensile stress within the diamond
gradually evolved outward through the four corners of the
roadway to produce tensile stress within the area
(Figure 8(c)). .us, the release of stress from the rock
surrounding the roadway led to a diamond-shaped stress
distribution coupled with an X-shaped tensile stress dis-
tribution (Figure 8(c)).

Variations in the vertical and horizontal stresses within
the surrounding rock after coal roadway excavation were
analyzed quantitatively. We assumed that the model was
symmetrical and that the shallow coal seam roadway floor
was more stable than the roof. A total of 50 monitoring
points at each location were assigned to sample the vertical
stress within the roof and the horizontal stress on the right
side of the roadway (Figure 9 (a)). .e horizontal and
vertical stresses were measured and analyzed at the initial
time-step and 5000 steps after excavation.

Secondary stresses occurred in the surrounding rock
after excavation of the roadway (Figures 9(b) and 9(c)). .e
vertical stress within the surrounding rock at a width of 6-
7m above the roof of the coal roadway was less than that
within the original rock prior to excavation (Figure 9(b)).
With increasing distance between the two sides, the vertical
stress increased until it exceeded the stress of the original
rock and then decreased until it approached the stress level
within the rock prior to excavation. .e horizontal stress of
the surrounding rock was lower at 12-13m in the middle of
the roadway than in the original rock. However, outside
these heights, the horizontal stress approached the same
stress as that within the original rock. .is analysis shows
that, after roadway excavation, the stress in the surrounding
rock was redistributed. .e internal stress of surrounding
rock gradually was released at a certain depth, and the stress
of surrounding rock after secondary balancing was lower
than that of the original rock.

4.2. Displacement Field. .e deformation-related dis-
placement of roadway-surrounding rock is the most
important characteristic of roadway deformation. .e
evolution of the displacement field in the surrounding
rock after roadway excavation was analyzed to investigate
its deformation characteristics (Figure 10). With in-
creasing time after excavation, the depth of the defor-
mation-affected region within the surrounding rock
increased, with greater deformation close to the roadway
surface and lesser deformation further away
(Figures 10(a)–10(e))..e displacement vector diagram of
surrounding rock deformation showed that the roof strata

were displaced downwards, the floor strata were displaced
upwards, and shallow triangular areas on each side were
displaced toward the interior of the roadway. .ere was
shear displacement directed away from the roadway and
downwards in the upper parts of these triangular areas
(Figures 10(f ) and 10(g)).

Qualitative analysis of the displacement field was used to
monitor particle displacement at different locations within
the roadway-surrounding rock (Figure 11). Additionally, the
deformation degree and characteristics were studied
quantitatively (Figure 12).

Deformation displacement within the roadway roof and
floor strata increased with time after excavation before
becoming stable (Figures 12(a) and 12(b)). However, after a
rapid increase in displacement, the bottom plate showed
spring-back deformation, with the displacement increasing
to a peak and then decreasing slightly (Figure 12(b)). Par-
ticles in shallow positions on the left and right sides of the
rock mass were displaced by deformation into the roadway
space. .e deformation rate was slow before time-step 1500,
increased gradually at time-step 2000, and stabilized to a
constant value at time-step 3700 (Figures 12(c) and 12(d)).
However, a small degree of backward-directed deformation
displacement was observed in the deeper parts of the
roadway sidewall, which became stable from time-step 3000
(Figures 12(c) and 12(d)).

Combined with the monitoring of particle positions,
the vertical or horizontal distance from the roadway
surface to a certain position in the surrounding rock was
defined as the roadway surface distance (RSD). Variations
in the displacements of the roof, floor, and two sidewalls
were monitored by measuring the RSD after failure of the
coal roadway (Figure 13). Vertical deformation of the roof
and floor decreased linearly with increasing RSD. .e
horizontal deformation of the left and right sidewalls at
different RSD positions was variable, and that of the
surrounding rock did not vary greatly with increasing RSD
at shallow depths (0–0.5m), which was the entire defor-
mation. However, at greater depths (0.5–0.7m), the hor-
izontal deformation of the surrounding rock decreased
linearly with increasing RSD. At depths greater than 0.7m,
the surrounding rock underwent a small reverse dis-
placement deformation in response to shear deformation
and damage.

.e roof and floor of the coal roadway underwent some
degree of elastic deformation after excavation, while the
sidewalls underwent plastic deformation and the deep part
of the plastic failure area underwent reverse shear
deformation.

4.3. Microcrack Field. .e evolution of the crack field was
the main manifestation of the progressive failure of the
surrounding rock. .e initiation, propagation, aggregation,
and interaction of microcracks degraded the mechanical
properties of the rock mass and eventually formed macro-
scopic cracks. When the interparticle stress was greater than
the bond strength, the bonds were destroyed and micro-
cracks formed. Microcrack evolution during deformation of
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the surrounding rock and the damage caused by roadway
excavation were simulated to analyze the progressive failure
of the surrounding rock (Figure 14).

After roadway excavation, there were several tensile
microcracks on the surfaces of the sidewalls (Figure 14).
With increasing deformation of the surrounding rock, this
group of microcracks continued to develop with a preferred
orientation within the deeper parts of the surrounding rock,
and several shear microcracks formed around the tensile
microcracks. With the expansion and aggregation of the
microcracks, a triangular group of microcracks was pro-
duced within the roadway sidewall. .is group is shown by
the black dotted line in Figure 14(f ) and occurred when the
fractures cut through the surrounding rock mass. Finally,
triangular macrocracks formed on the two sidewalls from
groups of microfractures, with an approximately 101° angle
between the sides of the triangle. .e collapse angle of the
coal sidewall was approximately 35°, and the deepest cracks
on the left and right sidewalls were 0.58m and 0.62m, re-
spectively. .e average crack depth was 0.6m, and no cracks
formed in the roof or floor.

.ese results are consistent with the surrounding rock
failure depth measured in the actual roadway (Figure 15),
which validates the model. .e analysis shows that a roof
composed of medium-hard sandstone will not allow the
overburden pressure to crush a shallowly buried coal
roadway with a small span. However, the stress concen-
tration shifted step-by-step to a position of fracture devel-
opment; thus, a crack in the soft rock of the coal seam
developed gradually and the damage was serious. Simulta-
neously, the vertical stress was still much greater than the
horizontal stress.

According to research and analysis of the lateral stress
coefficient [54], cracks most readily occur in the low-stress
direction. .erefore, the coal in the sidewall was gradually
broken, resulting in large displacement. Moreover, because
the model is relatively uniform, the development of
microfractures was basically the same on both sides.
However, although the roof and floor rock masses showed
deformation, there was no crack development. In reality, the
roof was simply reinforced (Figures 3 and 15), and there was
no damage or great displacement for a long time, which is
consistent with the simulation results.

To analyze the mechanism of formation of the triangular
cracks in the roadway sidewall, a uniaxial compression
model and biaxial loading and unloading model were
constructed (Figure 16). .ey used the same particle sizes as
the coal seam particle model and the microstrength pa-
rameters of the coal seam (Table 2)..e results show that the
evolutions of failure cracks within the coal in response to the
two compression types were identical. Both models pro-
duced macroscopic cross-cracks at an angle of 101°. .e
microcrack group in the roadway sidewall controlled the
formation of these characteristic triangular macroscopic
cracks, which formed in response to excavation unloading
and overlying rock pressure. Stacey [55] and Wu et al. [56]
analyzed the deformation characteristics and failure
mechanism of rock surrounding a rectangular cavern ex-
cavation. .ey considered brittle rock conditions from the

perspective of stress. Both reported that surrounding rock is
more easily damaged in the direction of low stress, which is
consistent with the present study.

As roadway deformation and damage progressed,
microcracks continued to develop. .e number of cracks
and their acoustic emissions were monitored and quanti-
tatively analyzed to characterize the fracture evolution
(Figure 17). With increasing time after excavation, defor-
mation of the surrounding rock intensified and microcrack
development increased. .e cracks developed rapidly be-
tween time-steps 1400 and 2200 and then ceased developing
after time-step 3200. By then, the entire sidewall was un-
stable along the triangular macroscopic cracks. .ere were
100 microcracks but no more developed.

5. Conclusions

Deformation of and damage to the rock surrounding coalmine
roadways reduce the safety, efficiency, and environmental per-
formance of coal extraction. To investigate this issue, we con-
ducted a case study on the 4-2 coal seam in the Xiangshuihe Coal
Mine, China. Deformation of and damage to the rock sur-
rounding a coal roadwaywere simulatedusing aPFC2Dnumerical
method. Microscale indices, including stress, displacement, and
microcrack fields, were analyzed to monitor the deformation and
damage characteristics of the roadway-surrounding rock. .e
results are as follows:

(1) After the excavation of the coal roadway, stress was
released in the shallow parts of the surrounding rock
in response to unloading. .e stress pattern changed
from vertical stress to circumferential stress. .e
regions of tensile stress migrated toward the four
corners of the roadway cross-section and formed a
rhomboidal stress self-stabilizing structure within an
X-shaped tensile stress pattern.

(2) With increasing time after excavation, stress became
concentrated in the sidewalls. When the concen-
trated stress exceeded the interparticle bond
strength, bonds fractured and microcracks formed.
.ese microcracks developed and merged to form
macrocracks that broke the coal rock mass. Simul-
taneously, the combined action of overburden
pressure and unloading caused shear failure in the
deeper parts of the coal rock mass within the
roadway sidewalls. .is caused triangular-shaped
peeling of the sidewalls at a depth of 0.6m.

(3) After roadway excavation, different parts of the
surrounding rock showed different displacement
and deformation characteristics. .e roof and floor
were slightly deformed but relatively stable. During
the early stages of the model, the sidewall deviated
away from the roadway in response to shearing and
compression.
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(e power of the Distinct Element Method (DEM) in solving the stability of underground powerhouse caverns (UPC) is
discovered, but when does the DEM need to be adopted? What problems can be solved? (e flowchart is provided and applied to
analyze the stability of UPC in this paper. With the guide of the flowchart, the damage index (Di) is used as a failure type (gravity-
controlled or stress-induced) judgment indicator. (rough the calculation of three typical engineering, the problems of random
blocks stability, dynamic calculation, and support system evaluation are studied, respectively, with the help of the DEM code
3DEC. (e method and results of this paper can give reference to engineering projects of its category.

1. Introduction

Vast underground caverns are used for a variety of purpose
in civil engineering. Stability of underground openings
under different conditions is an essential issue in con-
struction [1]. Rock mass is largely Discontinuous, Aniso-
tropic, Inhomogeneous, and Not Elastic (DAINE) [2].
Numerical simulation has become an important method to
solve the rock mechanics problem of this kind of engi-
neering, while how to choose a suitable numerical method is
a crucial stage.

In the continuous mechanics method for the analysis of
the stability of underground caverns, three-dimensional
stability analyses and displacement predictions of large UPC
were carried out by using FLAC3D [3]. For simulating the
hydraulic-mechanical interaction in the process of cracking,
a coupling method which based on the elastoplastic finite
element method (FEM) is proposed [4]. A hybrid intelligent
method is proposed for a large cavern excavated in alternate
hard and soft rock strata, and the method is an integration of
an evolutionary neural network and FEM analysis using a
genetic algorithm [5]. Detailed performance-monitoring
studies have been carried out for determining the defor-
mations and stress distribution around underground

powerhouse caverns in the nonhomogeneous rock mass,
using the three-dimensional finite element method [6]. (e
stability of a large cavern group at great depth is discussed by
large-scale three-dimensional geomechanical model tests
and numerical simulations of FLAC3D [7].

In underground excavated in jointed rock masses at
relatively shallow depth, the most common types of failure
are those involving wedges falling from the roof or sliding
out of the sidewalls of the openings [8]. If the stability of rock
mass has a close relationship with the discontinuity, the
discontinuous method is indispensable, and the continuum
method will not get a reasonable answer. Considering
modeling in engineering practice, the interest has been
placed on the adoption of discontinuummodels which give a
far more realistic and representative picture of rock mass
behavior than equivalent continuummodels [9].(e distinct
element method (DEM) [10] and discontinuous deforma-
tion analysis (DDA) [11] are better suited than the finite
element, boundary element, and finite difference methods to
perform discontinuum analysis of underground excavations
in jointed rock masses [12]. It is thought that DDA is a
special type of discrete element method [13]. (e relative
advantages and shortcomings of the DEM and DDA are
compared [14]. In 1988, 3DEC was developed for
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Falconbridge Mines in Sudbury, Ontario, to study rock
bursting activity in deep mines. In 1993, the 3DEC models
were constructed to analyse three parallel caverns in shallow
jointed rock, Viikinmäki wastewater treatment plant, Hel-
sinki, and Finland, to compare the cavern displacements
predicted in the highly fractured zone with those observed
[15].

Stability analysis with 3DEC was, thus, conducted to
examine each of the potential issues (stress-inducing brittle
failure, large deformation, and block instability) with various
scenarios corresponding to each of the layout proposals [16].
Triaxial creep tests and back analysis of the time-dependent
behavior of Siah Bisheh cavern by 3DEC [17]. (e dis-
placement-based back analysis using univariate optimiza-
tion algorithm was applied, and numerical modeling results
of 3DEC were in good agreement with measured dis-
placements [18]. An expanded distinct element method
(EDEM) was developed for simulating the crack generation
and propagation due to the shear and tension failures in the
matrix rock blocks [19].

(ere is no doubt that the application of the DEM has
been widely recognized by the industry, especially in un-
derground rock engineering. However, for different complex
engineering problems, systematic and multifaceted research
of how to use 3DEC should be proposed.

In this paper, we firstly present a practical flowchart of
rock mechanics modeling for the steps in the UPC evalu-
ation process. It is intended that these flowcharts should
cover the principles and different aspects of the problems.
Based on the flowchart, this paper is to conduct stability
analysis of the caverns with DEM numerical modeling and
study the mechanical behavior of the rock mass at three
typical projects (Jurong, Dagangshan, and Qiongzhong;
Figure 1), (e three projects are all underground power-
house cavern projects in large-scale hydropower projects.
Jurong and Qiongzhong are pumped storage power plants,
while Dagangshan is a conventional hydropower project.

2. General Flowchart ofModellingofUPCUsing
the DEM

(e response of a rock mass is often dominated by dis-
continuities that cut through the rock because they are
usually much weaker and more deformable than the intact
rock. Cundall [10] described such a numerical model and
applied it to the toppling failure of a rock slope. Subse-
quently, the method became known as the distinct element
method or the discrete element method (DEM). (e name
“discrete element method” applies to a computer program
only if it allows finite displacements and rotations of discrete
bodies, including complete detachment; recognizes new
contacts automatically as the calculation progresses. (e
term “distinct element method” was coined by Cundall and
Strack [20] to refer to the discrete element scheme that uses
deformable contacts and an explicit, time-domain solution
of the original equations of motion (not the transformed,
modal equations). It has been extended to deformable rock
blocks and applied to such diverse systems as granular

material, masonry structures, and hydraulic fracturing
[21, 22].

Although rock discontinuities had previously been in-
troduced (as specialized elements) into the finite element
method [23], the DEM is different because it characterizes a
joint as a nonlinear boundary condition, rather than an
element, and it allows arbitrary displacement and rotation of
rock blocks and unlimited freedom for any purpose to in-
teract with any other object. Any viable DEM code requires
an underlying process that continuously identifies pairs of
neighboring blocks and the specific entities (corners, edges,
and faces) that may interact between each pair. (ese tasks
must execute in linear time for the code to be efficient for
simulating systems with thousands of blocks and complex
block shapes. One such scheme is described by Cundall [24],
but there are other algorithms that also avoid the polyno-
mial-time searches implied by a brute-force approach. (e
DEM is a powerful technique to perform stress analyses in
blocky rock masses formed by discontinuities [12]. But, how
is it used in plant design? When to use and what should be
paid attention to when applying? (ere have been many
earlier presentations on this subject: for example, the
flowcharts developed by Hoek and Brown [25] and Hudson
and Feng [26]. We provide an applicable flowchart in
Figure 2; the work starts with a collection of geological data,
and then, there is the division between types of insta-
bility—leading to the two rows in the flowchart considering
instability due to adverse structural geology and excessively
high rock stress. It, then, leads to decisions on the excavation
processes, support evaluation, and operating maintenance of
the site. It is noted that the flow chart is mainly aimed at how
to choose suitable numerical simulation methods to solve
different failure types of UPC projects.

Notes on the DEM evaluation strategy.

(1) Requirement of structural designs and discontinu-
ities data

(2) Via precedent type analysis and consideration of the
type of failures

(3) Use of rock mass classifications, RMR, Q, GSI, and
BQ to indicate required support

(i) RMR: Bieniawski [27] published the details of a
rock mass classification called the Geo-
mechanics Classification or the Rock Mass
Rating (RMR) system

(ii) Q: Barton et al. [28] proposed a Tunneling
Quality Index (Q) for the determination of rock
mass characteristics and tunnel support
requirements

(iii) GSI: the Geological Strength Index (GSI), in-
troduced by Hoek et al. [29]

(iv) BQ: basic quality index proposed by the Chinese
standard for engineering rock mass classifica-
tion-GB 50218-94, NMWR [30]

(4) Examination of earthquake disaster to the caverns
(5) Use of numerical methods 3DEC to provide a de-
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Figure 1: Sites selected for the investigation. (e locations of three hydropower stations (a). (e transformer chamber of Dagangshan
station (b). (e main powerhouse of Qiongzhong station (c). (e traffic tunnel of Jurong station (d).
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Figure 2: Flowchart of rock mechanics modeling techniques of UPC.
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It provides the overall process as indicated in Figure 2.
On this basis, we illustrate the application of the DEM in
UPC from the following engineering examples.

3. Structurally Controlled Failure Calculation

3.1. Blocky RockMass and DFN. In the excavation of jointed
rock masses at relatively shallow depth, the most common
types of failure are those involving wedges falling from the
roof or sliding out of the sidewalls of the openings. (ese
wedges are formed by intersecting structural features, such
as bedding planes and joints, which separate the rock mass
into discrete but interlocked pieces. When the excavation of
the opening creates a free face, the restraint from the sur-
rounding rock is removed. One or more of these wedges can
fall or slide from the surface if the bounding planes are
continuous or rock bridges along the discontinuities are
broken [8].

Martin et al. [31, 32] pointed out that failure of un-
derground openings in hard rocks is a function of the in situ
stress magnitudes and the characteristics of the rock mass.
At low in situ stress magnitudes, the failure process is
controlled by the continuity and distribution of the natural
fractures in the rock mass. However, as in situ stress
magnitudes increase, the failure process is dominated by
new stress-induced fractures growing parallel to the exca-
vation boundary. (is fracturing is generally referred to as
brittle failure. It is indicated that the initiation of brittle
failure occurs when the damage index (Di) expressed as the
ratio of the maximum tangential boundary stress to the
laboratory unconfined compressive strength exceeds 0.4.
Under the environment of brittle and hardness rocks
(GSI> 40), the gravity-induced and structurally controlled
failure are easy to happen, although stress-induced brittle
spalling can be found in blocky and massive rock mass when
Di> 0.15.

Fractures or faults are often modeled deterministically.
Actual existing faults that have been mapped are represented
explicitly in the model by specifying a location, dip, and dip
direction. It is possible to consider hundreds of individual
faults in this manner, but the procedure is quite labor in-
tensive.(e other alternative is a stochastic representation of
faults. With this approach, which is called the discrete
fracture network (DFN), specific faults are not modeled
explicitly. Instead, a set of statistical parameters are defined,
and a joint set is generated based on the statistical input. In
this way, the joints do not represent specific mapped joints,
and the joint set is nonunique. Different realizations will
satisfy the statistical criteria [33].

3.2. Overview of the Jurong Project. (e Jurong pumped
storage power station project is located in Jurong City,
Jiangsu Province, 65 km apart from Nanjing City (Figure 1).
(e station is a daily regulating pumped storage power
station with a total generating capacity of 1350MW, aiming
at modulating peak, filling the valley, frequency modulation,
phase modulation, and emergency standby for the power
system. (e underground powerhouse complex consists

mainly of the main and auxiliary powerhouse, the main
transformer chamber, the bus tunnel, the traffic tunnel of the
main transformer chamber, the cable tunnel of the traffic
system, outlet shaft of 500 kV systems, the traffic tunnel into
the factory, the ventilation and safety tunnels, drainage
gallery, and drainage tunnel (Figure 3). (e main and
auxiliary powerhouse and themain transformer chamber are
arranged in parallel with each other with a distance of 40m.
(e underground powerhouse complex is located in the
Northeast of Lun Mountain peak mountain slopes, which is
magnificent. (e main caverns are excavated in the Den-
gying Group (Z2dn) of the Sinian Period, Mufushan Group
(∈1m2), and Paotaishan Group (∈1p) of the Cambrian Pe-
riod.(e diorite porphyrite veins invasion also can be found.
(e design of the Jurong powerhouse complex was carried
out by the HydroChina Huadong Engineering Corporation
[34].

3.3. JurongProject FailureMode. (emaximum in situ stress
of the Jurong plant is about 7.0MPa, and the in situ stress
regression analysis shows that the maximum principal stress
is between 5.0 and 7.0MPa. (e uniaxial compressive
strength of the intact rock is about 75MPa. (e engineering
geological types of the surrounding rock mass are mainly
Class III from the classification of BQ (GSI> 40). It can be
considered that the damage index (Di) of the plant is
generally between 0.07 and 0.10. Accordingly, the numerical
results show that stress-induced instability is not a common
phenomenon, which only occurs at the position of small
scale with the ratio of more than 0.15. From Figure 2, the
conclusion can be deduced that the failure type is that the
block will slide along the discontinuities. In other words,
after excavation, the failure of the rock mass is controlled by
discontinuity mostly. When the excavation of the opening
creates a free face, the restraint from the surrounding rock is
removed. One or more of these wedges will fall or slide from
the surface. (e DEM is an appropriate choice to simulate
the behavior of the engineering rock mass.

3.4. JurongProjectDFN. DFNmodeling is increasingly being
used to help provide solutions for many geotechnical and
mining engineering problems. (e DFN approach can be
defined as the analysis and modeling process that explicitly
incorporates the geometry and properties of discrete frac-
tures as a central component controlling rockmass behavior.
With the DFN module of 3DEC, the fracture population
embedded into a rock mass is viewed as a set of discrete,
planar, and finite-size fractures. By default, the discrete
fractures are disk-shaped. (e DFN modeling approach is
stochastic: the geometrical features of a DFNmodel are only
constrained through independent statistical distributions of
its geometrical properties.

(e geometrical characteristics supported by the DFN
module are the fracture size (diameter), orientation, and
position distributions. (e fracture size distribution is de-
termined from a probability function that describes the
distribution of disk diameters. In each case, the dip and dip
direction are drawn from the specified distribution. From
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the DFN model, any number of different DFN realizations
can be generated depending on a random seed. Numerous
realizations of different DFN have been generated statisti-
cally. (e statistical parameters associated with a DFN
typically characterize the fracture size distribution, orien-
tation distribution, and density of each fracture set [35]. (e
DFN used in this study consists of 3 fracture sets, each with a
given statistical distribution (Table 1). (rough the function
of the DFN, we get the jointed rock model, as shown in
Figures 3(a) and 3(b).

3DEC requires material properties for both the intact
blocks and the discontinuities. Properties assigned to
blocks are generally derived from laboratory testing
programs (Table 2). Joint properties are conventionally
derived from laboratory testing (e.g., triaxial and direct
shear tests). (e joint cohesion and friction angle cor-
respond to the parameters in the Coulomb slip consti-
tutive model (Table 3).

3.5. Distributions of Different Displacement Blocks. To speed
up the solution, a rigid blocks method is used for calculation.
Based on the calculation result, we can divide the blocks into
several types according to the displacement. It is a practical
method to judge the stability through full displacement,
although it is not perfect.

X

Z

Y

(a) (b) (c)

(d)

Figure 3: (e 3DECmodel of the Jurong pumped storage power station project. Random blocks simulation result (a); the rock mass model
is processed transparent to make the project location clear (b). Inner structures of the caverns (c); excavation sequence scheme of the
underground cavern complex (d).

Table 1: Statistical results of strongly developed joint sets.
Joint
set

Dip direction
(degree)

Dip
(degree)

Average spacing
(m)

1 155 70 5
2 175 70 8
3 40 70 5

Table 2: Physical and mechanical parameters of rock mass.

Bulk
modulus
(MPa)

Shear
modulus
(MPa)

Density
(kN/m3)

Cohesion
(MPa)

Friction
angle

(degree)
5185 2475 27 0.9 45

Table 3: Physical and mechanical parameters of joints.

Joint
set

Friction
angle

(degree)

Cohesion
(MPa)

Normal
stiffness
(GPa/m)

Shear
stiffness
(GPa/m)

1 20 0.08 1 0.5
2 25 0.08 1 0.5
3 20 0.10 1 0.5
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According to the absolute displacement, the surround-
ing rock mass of the Jurong underground powerhouse
complex is generally divided into the following four cate-
gories: one is unstable blocks with a displacement greater
than 5 cm, the second is fewer stable blocks with a dis-
placement between 4 and 5 cm, the third is blocks with an
obvious displacement within 3-4 cm, and the fourth is rel-
atively stable or stable blocks with a displacement less than
3 cm. (e results are shown in Figure 4, unstable blocks are
mainly distributed in the main powerhouse, and the main
powerhouse arch near the downstream side is the most
dangerous position. It is necessary to fix a certain number of
long anchor cables at the crown part of themain powerhouse
cavern beside the systematic support. Also, there are a small
number of unstable blocks in the upstream and downstream
sidewalls of the main powerhouse, and the downstream
blocks are more than the upstream. (e volume of unstable
blocks with a displacement greater than 5 cm is about 12
499.4m3, the volume of less stable blocks with displacement
between 4 and 5 cm is about 2 844.4m3, and the volume of
blocks with obvious displacement within 3-4 cm is about 3
941.5m3.

Simulation results indicate that the potential problem of
stability will give priority to failure of structurally control.
Also, the failure blocks have little relationship with the stress
field after excavation. Figure 4 discovered, clearly, that in-
stability blocks and latent instability blocks are not in ac-
cordance with the stress field distribution but have a close
correspondence with the spatial location of the joints atti-
tude, and the stress is not the primary control factor.

3.6. Suggestion for the Design and Construction. Numerical
analysis provides a useful tool to enhance understanding of
the rock mass behavior after excavation. According to the
absolute displacement, the surrounding rock mass of the
Jurong complex and unstable blocks are mainly distributed
around the main powerhouse, and the main powerhouse
arch near the downstream side is the most dangerous po-
sition. It is necessary to fix a certain number of long anchor
cables at the crown part of the main powerhouse cavern.

4. Dynamic Calculation

4.1. Principle of DEMDynamic Calculation. (e calculations
performed in the DEM alternate between application of a
force-displacement law at all contacts and Newton’s second
law at all blocks. (e force-displacement law is used to find
contact forces from known (and fixed) displacements.
Newton’s second law gives the motion of the blocks resulting
from the known (and fixed) forces acting on them. If the
blocks are deformable, the motion is calculated at the grid
points of the triangular finite-strain elements within the
blocks. (en, applying the block material constitutive re-
lations gives new stresses within the elements.

(e modeling of geomechanics problems involves media
which, at the scale of the analysis, are better represented as
unbounded. Numerical methods relying on the discretiza-
tion of a finite region of space require that appropriate

conditions be enforced at the artificial numerical bound-
aries. In dynamic problems, such boundary conditions cause
the reflection of outward propagating waves back into the
model and do not allow the necessary energy radiation. (e
alternative is to use quiet boundaries. Several formulations
have been proposed. (e viscous boundary developed by
Lysmer and Kuhlemeyer [36] is used in 3DEC [33]. It is
based on the use of independent dashpots in the normal and
shear directions at the model boundaries. (e free-field
condition is applied to lateral boundary grid points. (e
lateral borders are coupled to the free-field grid by viscous
dashpots to simulate a quiet boundary, and the unbalanced
forces from the free-field zone are applied to the deformable-
block boundary at the boundary grid points.

Damping is used to describe the dissipation of system
energy when the research object is under the action of
dynamic loading. Local damping is chosen in this case. Local
damping was originally designed to equilibrate static sim-
ulations. However, it has some characteristics that make it
attractive for dynamic simulations. It operates by adding or
subtracting mass from a grid point or structural node at
certain times during a cycle of oscillation; there is overall
conservation of mass because the amount added is equal to
the amount subtracted. (us, the use of local damping (local
damping ratio� 0.03) is simpler than Rayleigh damping
because we do not need to specify a frequency.

4.2. Overview of the Dagangshan Project. (e Dagangshan
hydropower station dam site is in the upper part of the
middle reaches of the Dadu River in Shimian County,
Sichuan Province (Figure 1). (e upstream relates to the
tailwater of the Yingliangbao power station, and down-
stream relates to the reservoir of the Longtoushi power
station. (e dam site is about 40 km from Shimian County
which located in the downstream of the Dadu River and
about 72 km from Luding County which located in the
upstream. (e main task of the Dagangshan hydropower
station is to generate electricity, and its control area is 62
727 km2, accounting for 81% of the total drainage area of the
Dadu River. (e installed capacity of the power station is
2600MW, the maximum water head is 178.0m, the mini-
mum water head is 156.8m, and the rated water head is
160.0m. (e powerhouse cavern, transformer chamber, and
tailrace surge tank in UPC are arranged in parallel (Figure 5).

(e centerline distance between the main building and
tailrace surge tank is limited in 141.20m according to the
requirement of guaranteed regulation, the centerline dis-
tance of the three caverns is 72.30 and 68.90m, and the
longitudinal axis of the main powerhouse is N°55°E with a
size of 226.58× 27.30× 74.30m. (e elevation of the gen-
erator floor, turbine, and plant roof is 916.60m, 944.00m,
and 991.80m, respectively, and the span of the main cavern
above the crane beam is 30.80m, with the span of 27.30m
below the crane beam. (e dimensions of the transformer
chamber are 144.00×18.80× 25.60m. (e rock mass of the
UPC area is mainly composed of grayish-white and reddish
biotite monzonitic granite, and there is diabase, granite
aplite, diorite, and other vein rocks interspersed in granite,
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among which the diabase veins are widely distributed. (e
width of vein rocks is generally 0.5m to 10m, and the
maximumwidth is up to 26m, mainly with a steep dip angle.
(e rock classifications surrounding underground power-
house caverns are mostly Class II and III from the classi-
fication of BQ (GSI> 40). (e fresh rock around the cavern
is intact. (e rock structure is massive and submassive, and
the rock blocks are firmly embedded. Besides, there is good
fracture development of the top arch in local areas.

(e underground cavern complex is constructed at a
depth of approximately 390.00–520.00m below the ground
surface. (e measured maximum principal stress value is
11.37–19.28MPa. (e laboratory intact rock uniaxial
compressive strength is about 110MPa. (e damage index
(Di) of the plant is generally between 0.10 and 0.18. In
addition, there are some auxiliary projects including the
tailrace tunnel and busbar tunnels which are not considered
in the calculation for shortening the time of calculation.
According to the design scheme, the construction of the

underground cavern complex is simplified as 9 steps, as
shown in Figure 5. (e typical cross joints are distributed in
a rectangular region that contains the underground cavern
complex. It is 400m in the X-direction and 200m in the Z-
direction of the rectangular area. Each cavern consists of a
circular arch and a vertical wall. Two group of typical joints
(N12-25°E/NW ∠ 70–80°and N15°W/SW ∠ 65–80°) are in-
cluded in the model.

4.3. Dynamic Calculation Conditions. After the earthquake
of Wenchuan in 2008, an interim regulation has been issued
by the Chinese authority (Hydropower andWater Resources
Planning and Design General Institute) that a two-level
seismic stability assessment shall be performed for the
critical components of a large-scale hydropower plant. In
this manner, the reference ground motions may be set into
two levels, which, respectively, correspond to the seismic
intensity of 63% exceedance probability during 50 years
(p50 � 5%) and 2% exceedance probability during 100 years
(p100 � 2%). (e two levels of ground motion are named as
the term of operating basis earthquake (OBE) and safety
evaluation earthquake (SEE), respectively. A basic earth-
quake intensity VIII is obtained, and the reference earth-
quake motion parameters are given, as shown in Table 4.

No seismic motion was recorded accurately in the his-
tory near the project site. (us, a specified technique of
artificial simulation of nonstationary seismic motion for a
large-scale underground cavern complex was conducted.
(e simulated waveforms for OBE and SEE are shown in
Figure 6. According to Chinese seismic codes, a discount
factor of 2 is specified for the peak acceleration value in the
seismic analysis of underground structures with an over-
burden depth greater than 50m [37, 38]. (erefore, the peak
values of OBE and SEE are set to be 168 and 279 gal in the
following analyses, respectively. Also, the vertical compo-
nent of the accelerograms is taken as two-thirds of the
horizontal component. During the numerical simulation,
the earthquake waveform was the input from the bottom of
the model to simulate the propagation of the groundmotion.
As we mentioned earlier, the 3DEC can simulate the far-field
rock mass through the viscous boundary and to eliminate
the reflection effect of external waves. When 3DEC is used
for seismic dynamic response analysis, the surrounding

X

Y

Z

Powerhouse cavern

Transformer chamber

Tailrace surge tank

Figure 5: Structures and the DFN model of Dagangshan power-
house caverns.

Displacement
3-4cm
4-5cm
>5cm

(a) (b)

Figure 4: (e unstable blocks distribution after the full excavation. Overall visualization of different displacements of blocks distribution
(a); different displacements of blocks distribution along downstream sidewall of the main powerhouse cavern (b).
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boundary of the model is set to viscous and free-field, and
shear waves from the X- and Z-direction are applied to the
bottom of the model.

4.4. Dynamic Calculation Results. To study the stability of
the UPC’s surrounding rock mass under seismic loading,
the surrounding rock deformation is focused on under the
OBE and SEE seismic condition. (e corresponding
numerical calculations are conducted, and the UPC’s
surrounding rock deformation process diagram is ob-
tained, which are shown in Figure 7.(e figure shows that,
at the beginning of the earthquake load, visible open
cracks emerge in the right sidewall of the UPC, but the
rock block does not fall off. (en, with the expansion of
open cracks, obvious damages occur on the sidewall.
Lately, the damaged area extends from the sidewall to the
top arch gradually until a large area collapses eventually.
(e analysis of the deformation response of the UPC
under dynamic earthquake load is a very complex
problem, which is influenced by the model size, joint

cutting shape, mechanical parameters of rock mass and
joints, boundary conditions, and the effect of seismic
loads.

4.5. Suggestion for theDesign andConstruction. According to
the simulations, the acceleration pulse is the primary
cause of the destructive power associated with discon-
tinuous effects. (e failure mechanism of underground
caverns is controlled by unfavorable discontinuities that
are subjected to ground motions of different levels. (e
larger the PGA value, the larger the irrecoverable shear
displacement in the geological discontinuity induced.(is
large shear displacement may induce cavern failure due to
sliding or the formation of wedges with other intersecting
discontinuities, thus threatening cavern stability. Under
the action of two groups of discontinuity cutting, unstable
blocks under earthquake conditions mainly appear in the
main powerhouse cavern at this project. It should be
noted that the support system is not considered in the
analysis.

Table 4: Reference earthquake motion parameters of the Dagangshan hydropower plant.

Probability of exceedance
50 a 100 a

p50 � 63% p50 � 10% p50 � 5% p100 � 2%

PGA (gal) 51 165 336 558
Calculation value — — 168 279
PGA-peak ground acceleration; unit: gal, 1gal� 1 cm/s/s.
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Figure 6: Acceleration-time curve of the seismic wave used in the model. (a) OBE; (b) SEE.
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5. Support System Calculation

5.1. DEM Bolting Element. Rock bolts (anchors) have be-
come a favorite technique for reinforcing rock masses all
over the world [39, 40]. Rock bolts are installed to reinforce
fractured rock mass by resisting dilation or shear movement
along the fractures. Several rock bolts can create a reinforced
zone of fractured rock mass to improve the self-supporting
capacity of the rock. Rock bolts usually undergo tensile and
shear loading in the field. When the bolted rock mass de-
forms, load transfer occurs between the bolt and the rock.

3DEC provides structural elements representing the
rock support systems. Two types of the reinforcement
model are provided in 3DEC: local and global. A local
reinforcement model considers only the local effect of
reinforcement where it passes through existing discon-
tinuities. A global reinforcement model thinks the pres-
ence of the support along its entire length throughout the
rock mass. From those, a global reinforcement cable el-
ement is selected in this study. Cable elements interact
with the 3DEC grid through shear and normal coupling
springs. Normal forces act perpendicular to the rock bolt
element and shear forces parallel to the element. (e
coupling springs are nonlinear connectors that transfer
forces and motion between the rock bolt elements and the
grid at the rock bolt element nodes. (e behavior of the
shear coupling springs represents the shear behavior of
grout while the normal coupling springs are primarily
used to model the influence of the medium deformation.
Cable elements in 3DEC allow the modeling of a shearing
resistance along their length, as provided by the shear
resistance between the grout and either the cable or the
host medium. (e cable is assumed to be divided into
some segments of length with nodal points located at each
segment end. (e mass of each segment is lumped at the

nodal points, as shown in Figure 8. Shearing resistance is
represented by spring/slider connections between the
structural nodes and the block zones in which the nodes
are located.

5.2. Overview of the Qiongzhong Project. (e Qiongzhong
pumped storage power station is located in Qiongzhong
City, Hainan Province, 164 km apart from Haikou City
and 213 km apart from Sanya City (Figure 1). (e station
is a daily regulating pumped storage power station with a
total generating capacity of 600MW, aiming at modu-
lating peak, filling the valley, frequency modulation,
phase modulation, and emergency standby for the power
system. (e underground powerhouse complex consists
of the main and auxiliary powerhouse, the main trans-
former chamber, the bus tunnel, the traffic tunnel of the
main transformer chamber, the cable tunnel of the traffic
system, the traffic tunnel into the factory, the ventilation
and safety tunnels, drainage gallery, and drainage tunnel.
(e main powerhouse and the main transformer chamber
are arranged in parallel with each other with a distance of
40 m. (e main and auxiliary powerhouse has the size of
136.5 × 24.0 × 54.0 m and the transfer chamber of
98.87 ×19.00 × 20.6 m (Figure 9(a)). (e engineering
geological types of the surrounding rock mass are mainly
Class II2 form the classification of BQ (GSI > 40). It can be
considered that the damage index (Di) of the plant is
generally between 0.11 and 0.12. (e support system is
demonstrated in Figure 9(b), and Table 5 gives the ma-
terial property values used for the rock supports in the
numerical model. (e design of the Qiongzhong pumped
storage power station project was carried out by
HydroChina Zhongnan Engineering Corporation Lim-
ited [41].

Free field zones
(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 7: Blocks failure under SEE and OBE. Free-field zones are installed before dynamic calculation (a and c), failure blocks (red)
distribution under OBE (b� 5 s c� 15 s d� 26 s), and failure blocks (red) distribution under SEE (b� 5 s c� 15 s d� 26 s).
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5.3. Calculation of the Unsupported and Supported Scheme.
(e excavation of the cavern group is divided into 8 steps
overall. (e calculation results show that the monitoring
points of the typical sections in each cavern increase
gradually with the excavation process during the excavation
process. After the cavern excavation ends, the deformation
of the surrounding rock reaches its maximum and eventually
stabilizes. (e deformation of the crown is small. (e de-
formation of the dome and abutment tends to be stable after
2-3 excavation steps. It has little change on the deformation
of the crown in the subsequent excavation steps. With the
excavation of the cavern, the deformation of the wall rock
gradually increases, and the variation of the deformation of

the monitoring points along the wall synchronize well with
the excavation steps. (e change of the deformation of the
upstream and downstream sidewalls of the caverns is not
different.

After all the caverns are excavated, the crown of the main
powerhouse cavern deforms vertically downwards, and the
deformation of the sidewall to the free surface and the rebound
of the floor also occur.(emaximum total displacement occurs
near the intersection of the downstream sidewall of the main
powerhouse cavern and the busbar hole in 1# Set (Figure 10(a)),
with a deformation of 28.49mm. It is due to the existence of
two discontinuities (Ja/Jb) in the area near the right side of the
sidewall which penetrates the busbar holes. (e spacing of two

Cavern

Reinforcing element

Grout annulus

m

m

m

Reinforcement
nodal point

Slider (cohesive
strength of grout)

Axial stiffness of steel
Shear stiffness of grout

(a)

E × area

Tensile
force

Yield

1

(b)

Force/length

kbond
1

Relative shear
displacement
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max

L
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max

L

(c)

Figure 8: Conceptual mechanical representation of fully bonded reinforcement, which accounts for shear behavior of the grout annulus (a).
Cable material behavior for cable elements (b). Grout material behavior for cable elements (c).

(a)

Ponertrated anchor location

Transformer chamber

Bolt Φ 25 length 5m
Anchor
Monitoring point

Bolt Φ 28 length 9m
Bolt Φ 32 length 9m
Bolt Φ 25 length 7m
Bolt Φ 25 length 5m

(b) (c)

Non-installed anchor

(d)

Figure 9: Caverns and tunnels in the Qiongzhong underground complex (a). (e support system installed in the powerhouse cavern, and
the monitoring points used in the numerical simulation are also shown (b). Twenty penetrated anchor bolts designed, demonstrated from
two perspectives (c). (e installation of 8 anchor cables has been canceled (d).

10 Advances in Civil Engineering



the discontinuities is small, and the directions are approxi-
mately parallel and towards the main powerhouse cavern.

According to the design support scheme, the instal-
lation position of the prestressed penetration anchor
cable is the upper of and between the downstream
sidewall of the main powerhouse cavern and the upstream
sidewall of the transformer chamber (Figures 9(b) and
9(c)). (e total number of the anchors is 40. However, in
the actual construction process, due to the geological
conditions and the complexity of the construction, the
installation of 8 anchor cables has been canceled
(Figure 9(d)). When considering the support system, the
final cumulative deformation values of all the critical
monitoring points in the excavation process are lower
than those in the unsupported condition. It shows that the
current support system also has a good control effect on
the deformation and stability of the surrounding rock
mass. (e maximum total displacement also occurs near
the intersection of the downstream sidewall of the main
powerhouse cavern and the busbar hole in 1# Set
(Figure 10(b)), with a deformation of 25.85 mm of the
actual construction condition.

In order to explain, clearly, the deformation char-
acteristics and reinforcement effects of various parts of
the cavern under the conditions of system support,
Figure 11 summarizes the displacement without or with
the support of the key monitoring points of the main
powerhouse and transformer chamber. (e maximum
total displacement occurs in the vicinity of the inter-
section of the downstream sidewall and the busbar hole in

the main powerhouse 1# Set (Section 1-1) with the dis-
continuity passing through.

5.4. Cable Axial Force Distribution. (is section analyses the
stress of the bolts and anchors imposed by the system an-
chorage and demonstrates the reliability of the current
construction support under the control of the
discontinuities.

Figures 12(a) and 12(b) show the overall stress charac-
teristics of the bolts system after excavation. In general, the
stress of the anchor system is in good agreement with the
deformation of the surrounding rock. (e greater the de-
formation of the main powerhouse cavern and transformer
chamber is, the higher the corresponding anchor bolt force is.
(e maximum position of the anchor bolt is located at the
connection of the downstream wall of the main building and
the busbar hole, which is consistent with the more substantial
deformation at this position. (e load of the standard mortar
bolt of the crown of themain powerhouse of 1# Set is 0–50 kN.
(e prestressed bolts in the arch seat are subjected to a more
significant force, which reaches 100–150 kN. (e standard
bolt load of the upstream sidewall is 0–75 kN, and the value of
the downstream sidewall is also 0–75 kN. Close values of bolt
load are found in the chamber cavern.(roughout the model,
the bolts of maximum load are in the upstream sidewall
(crossed by the discontinuities) at 125–200 kN, part of the
prestressed bolt stress close to the design strength (200 kN).

According to the design support scheme, the main
place of the prestressed cable is the central of the
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Figure 10: Total displacement contour (m) along 1# set (section 1-1) of the unsupported (a) and supported condition (b).

Table 5: Material property values used for rock supports in the numerical model.

Supporting type Elastic modulus (GPa) Tensile yield strength (kN) Grout stiffness (N/m/m) Grout bond strength (Pa/m)
Bolt ϕ 25 200 196 17e9 56e9
Bolt ϕ 28 200 240 18e9 63e9
Bolt ϕ 32 200 320 19e9 72e9
Anchor 195 2000 17e9 56e9
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downstream sidewall of the main powerhouse and the
central of the upstream sidewall of the transformer
chamber (Figure 8(b)). In the actual construction process,
due to the complexity of geological conditions and
constructions, the installation of 8 cables is canceled. (e
design load of the cable is 2000 kN, and the initial tensile
lock average 1700 kN applies to the prestress cables.
Figures 13(a) and 13(b) show the overall force charac-
teristics of the final cavern cable system after excavation is
completed under actual support conditions. (e cable
with maximum stress is located at middle rock mass cut by

the discontinuity, between the main powerhouse and the
transformer chamber, between 1# Set and 2# Set, reaching
2000 kN. (e cable force of 1# Set is between 1700 and
2000 kN. (e cable force of 2# Set is between 1700 and
1950 kN. (e cables force of 3# Set is between 1700 and
1810 kN.

5.5. Suggestions for theConstruction. Figures 14(a) and 14(b)
show that the current support system has a good control
effect on the deformation and stability of the surrounding
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Figure 11: Displacement without (a and c) or with (b and d) support of the key monitoring points of the main powerhouse and transformer
chamber.
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Figure 14: (e construction site of the main powerhouse cavern (a) and the location of the anchor heads in the sidewall (b).
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rock mass although 8 noninstalled anchor bolts exist. By
analyzing the stress of bolt and cable after the final exca-
vation, it is considered that the anchoring system is safe
under the construction support scheme. (e overall stress
state of the anchors is normal. (e load of the most pre-
stressed anchor bolts increases small compared with the
prestressing force of the prestressed bolt, and a few of them
appear close to the yield state, mainly distributed close to the
discontinuity, at the downstream sidewall of the main
powerhouse cavern, especially near the 1# Set section.

6. Conclusions

Each numerical method has its own advantages and
disadvantages. (e suitability and applicability of a nu-
merical method must be ascertained for each individual
case and on the objective of the study. Under the guidance
of the flowchart, this paper studies the blocks stability and
dynamic and anchoring problems of UPC through three
typical projects. Based on the ratio of maximum initial
stress to uniaxial compressive strength, the failure type
can be judged. When the underground caverns are ex-
cavated in the hard and brittle rock mass, gravity-induced
instability is more likely to happen. So, we all choose
3DEC to analyze the different problems of the three
projects. With the DFN module of 3DEC, the fracture
population can be embedded into a rock mass model.
Because of its advanced DFN modeling and solving
methods, 3DEC is a powerful DEM tool for research of
UPC, which can provide useful suggestions for the design,
construction, and operation. Furthermore, experience in
the application of the DEM to practical situations of more
cases is required so that an understanding may be de-
veloped of the flowchart and to answer where, when, and
how the DEM is best applied.
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Deep rock mass theory has not yet been completely established, which leads to a lack of theoretical guidance for deep resource
development and poor continuity among engineering activities. 'e foundation of deep rock mechanics theory is to achieve the
deep in situ rock fidelity coring (including the retaining of the pore pressure and temperature). To realize this, pressure-retaining
coring technology is required. A self-triggered pressure-retaining controller based on magnetic control is proposed in this paper.
'e pressure-retaining controller realizes pressure-retaining coring in any direction by triggering the closure of the valve cover by
a magnetic force, forming a magnetic seal. Fifteen combined magnetic circuit design schemes are proposed. 'e magnetic flux
density norm distribution and magnetic force evolution law of different schemes are then quantitatively analyzed by the finite
element method. 'e results show that a complex magnetization combination can weaken the nonlinear negative correlation
between the magnetic force and distance. 'e optimal design of the valve seat magnetic circuit is Scheme 9, with the valve seat
consisting of four shape identical tile magnets. Among the schemes, for Scheme 9, the magnetic flux density norm of the valve
cover is the most concentrated.'emaximummagnetic flux density norm is in the middle, and the magnetic force at 35mm from
the valve cover to the valve seat is 2.915N. Scheme 9 satisfies the minimum condition of the mechanical model and verifies the
feasibility of magnetic field triggering. 'is research can be used to gain a better understanding of deep Earth properties and
provides technology for the improved design of deep in situ pressure-retaining coring devices.

1. Introduction

At present, deep rock mass engineering activities are far
ahead of basic theoretical research, but deep rock mass
mechanics theory has not been fully established, leading to a
certain degree of unawareness, inefficiency, and uncertainty
in deep resource development engineering activities [1]. For
example, the study on spalling failure of deep tunnel sur-
rounding rocks, the relationship between the strength of
mine surrounding rocks and abutment pressure, the control
of deep gas, the destructive study of rock burst, etc. all

require the support of deep rock mechanics theory [2–4].
'erefore, it is urgent to systematically study deep rock
mechanics theory and form the corresponding deep mining
theory. 'e key to studying deep rock mechanics theory and
methods is to realize deep in situ high-fidelity coring [1, 5].
Xie et al. [6] first proposed in situ high-fidelity deep rock
coring technology (including the retaining of the original
pore pressure, temperature, quality, luminosity, and hu-
midity of cores) based on the urgency of the development of
deep rock mechanics theory. 'ey explained the importance
of pressure-preserving coring. In addition, they indicated
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that the principle and technology of pressure-retaining
coring, which directly determines the accuracy of the
pressure-retaining ability and influences the effect of heat
preservation, quality preservation, luminosity preservation,
and humidity preservation, is the key to deep in situ high-
fidelity coring. Pressure-retaining coring technology is an
advanced and technically difficult drilling coring technology
that adopts advanced pressure-retaining and closed coring
tools. 'is technology can remove deep in situ cores that
maintain or nearly maintain the original stress and are not
contaminated by the drilling fluid.'is technology is of great
significance to obtain accurate deep rock data [7, 8]. Pres-
ently, pressure-retaining coring technology is used in pe-
troleum exploration and development, natural gas and deep-
water gas hydrate exploration, deep coalbed gas exploration
and development, marine deep resource exploration, and
deep geological exploration [9–16]. Pressure-retaining
coring is of great economic and strategic significance for
resource development and exploration [17]. 'e key to the
pressure-retaining coring technique is the pressure-retain-
ing coring device. Among such devices, the pressure core
barrel (PCB) has been used in the international Deep Sea
Drilling Project (DSDP) [18], the advanced piston corer
(APC) and pressure core sampler (PCS) have been used in
the Ocean Drilling Program (ODP) [19, 20], the Fugro
pressure corer (FPC) and Hydrate Autoclave Coring
Equipment (HYACE) rotary corer (HRC) have been applied
[21, 22], and the multiple autoclave corer (MAC) and dy-
namic autoclave piston corer (DAP) have been used for
coring during the “RV SONNE” cruise [23, 24]. In addition,
pressure core extractors include the pressure-temperature
core sampler (PTCS) developed in Japan [25], the gravity
piston-type gas hydrate high-fidelity coring device devel-
oped in China [26], the natural gas hydrate (NGH) deep-
water shallow-hole insulated and pressure-retaining core
drilling tool developed by the First Institute of Oceanog-
raphy [27], and the pressure and temperature preservation
system (PTPS) for NGHs developed by Zhu et al. [28]. In
recent years, China’s pressure-retaining coring technology
has also made great progress, gradually forming two major
technical categories: offshore wire line pressure-retaining
coring technology and onshore drilling type pressure-
retaining coring technology [29].

Currently, the pressure-maintaining sealing devices of
pressure-retaining coring tools commonly used worldwide
include ball valves [30, 31], flap valves [32, 33], and ice
valves [34, 35]. Xie et al. [6] innovated and developed a self-
triggered pressure-retaining control technology for deep in
situ coring based on the geometry of a square cover,
providing a new principle, technology, and test platform for
exploring the difference in the in situ physical and me-
chanical properties of rock at different occurrence depths.
At the same time, this technique can be used to solve the
theoretical and technical problems of deep resource mining
and to construct a research system of deep rock mechanics
and mining theory [36]. He et al. [37] analyzed several
schemes of the square cover and optimized the pressure
retention ability of the square cover. 'e essence of the
square cover is the flap valve structure, and its working

principle is as follows. A trigger shrapnel is provided on the
back of the flap valve cover. When the coring is completed,
due to the lifting of the inner barrel of the coring chamber,
the shrapnel starts the valve cover. Under the action of the
cover’s own gravity, it reverses to the matching valve seat at
the bottom of the pressure-holding barrel to complete the
automatic sealing [6].

In the exploitation of deep coal resources, geologic
bedding is often present in the rock body, and the coal seam
usually contains some precursory fractures [38]. 'erefore,
the excavation of mine roadways will lead to the destruction
of the surrounding rock and other factors, resulting in the
reduction in gas pressure [39]. When the surrounding rock
is destroyed, the study of the dynamic failure mechanism of
coal and gas outbursts will be more complicated [3]. In
addition, the construction of deep underground engineering
will cause abnormal energy storage and dissipation in the
deep rocks [5, 40]. A pressure-retaining tool can be used to
obtain a pressure-retaining core in all directions from the
roadway space and thus will be helpful to carry out more
extensive and more accurate in situ scientific research in
deep rock. However, the application range of the pressure-
retaining controller is limited by the deadweight closure of
the valve cover, which is difficult to apply in some special
pressure-retaining coring fields. We propose the design of a
pressure-retaining coring device that can work in any di-
rection. 'e magnetic field is an important form of energy
that has been used continuously by engineers for hundreds
of years for exploration [41]. 'erefore, an innovative
pressure-retaining controller based on a magnetic field
trigger is designed in this paper so that the valve cover is no
longer subject to gravity. Such a device can be used for
pressure-retaining coring of a target formation in any di-
rection in coal mines, shale gas fields, and other fields. 'is
device provides in situ cores for the study of coal seam gas
distribution, deep rock burst tendency, and destructive
evaluation [42, 43].'e feasibility of this innovative design is
verified through the preliminary exploration of the magnetic
field space, and the optimal magnetic circuit design is ob-
tained, which provides data support and a theoretical basis
for the study of the magnetic field self-triggered pressure-
retaining controller.

2. Magnetic Field Control Mechanical Model of
the Pressure-Retaining Controller

2.1. How Magnetic Field Control Works? With the limited
design space available due to the accommodation of the
mechanical structure of the coring drill, the use of a mag-
netic force instead of gravity is proposed to realize the self-
triggered closure of the valve cover in any direction under
the constraint of a nonmechanical structure, as shown in
Figure 1. A magnetic force has many advantages, such as
easy control, energy savings, pollution reduction, and simple
structure, and it is widely used in machinery [44]. A cy-
lindrical groove outside the valve seat is cut, and the per-
manent magnet is inserted on the outside of the valve seat to
form a permanent magnet valve seat, as shown in Figure 2.
'e magnetic force generated by the magnetic field of the
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magnetic base makes the valve cover flip and close.'e force
diagram at a certain moment in the process is shown in
Figure 3. After the valve cover is closed, the magnetic force
causes the valve cover to close tightly against the valve seat to
form a static magnetic seal.

2.2. Simplificationof theMechanicalModel BasedonMagnetic
FieldControl. 'e dominant factors of the magnetic force
are determined by the coercivity, the size of the per-
manent magnet, and the distance between the permanent
magnet and the desired point. 'e coercivity is deter-
mined by the permanent magnet material. 'e size of the
permanent magnet is determined within a limited range.
'e magnetic force at a certain position during the ro-
tation of the valve cover varies according to the distance
between the valve cover and the permanent magnet.
'erefore, when simplifying the mechanical model, the
main research point is the change in the magnetic force
caused by the change in the distance. 'e valve cover is
simplified as a thick round plate, and the valve seat is

simplified as a permanent magnet cylinder. 'e valve
cover is subject to only two forces in the magnetic field,
namely, gravity and the magnetic force generated by the
valve seat. If the magnetic force is greater than gravity,

Valve cover

Valve seat

(a) (b) (c)

Figure 1: Square cover solid drawing.
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Figure 2: Permanent magnet valve seat design diagram. I, the valve cover. II, the valve seat. III, permanent magnet.
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Figure 3: Schematic diagram of the force applied at a certain
moment during the valve cover closure.
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then the valve cover will overcome gravity under the
magnetic force to render a variable acceleration linear
motion. And the valve seat will finally close. 'e force
exerted on the valve cover under the valve seat is shown
in Figure 4. 'e magnetic force of the valve cover at-
tenuates with the increase in the distance between the
valve cover and the valve seat [45]. How to weaken the
relationship between the magnetic force and the distance
is the main goal of model establishment and optimiza-
tion. 'erefore, it is important to explore different
magnetic circuit design schemes and seek magnetic
optimization schemes for long-distance traction.

3. Exploration of the Magnetic Field
Spatial Distribution

3.1. Magnetic Circuit Design. In magnetic mechanical
design, an optimized magnetic element usually has
multiple magnetizing directions [46]. Based on the Hi-
bachi array principle [46, 47], divide the permanent
magnet valve seat into two identical shape tile magnets,
four identical shape tile magnets, and eight identical
shape tile magnets along the axis, as shown in Figure 5.
'e spatial distribution of the magnetic field of the valve
seat will be optimized through the comprehensive
comparison and analysis of the magnetic flux density
norm and magnetic force.

Two kinds of magnetizing methods, namely, axial and
annular, are selected, as shown in Figure 6.

When the valve seat consists of two identical shape tile
magnets, three magnetic field combinations are offered.
When the valve seat consists of four identical shape tile
magnets, six magnetic field combinations are offered.
When the valve seat consists of eight identical shape tile
magnets, six magnetic field combinations are offered. A
total of fifteen magnetic field combinations are designed.
'e magnetic circuit design schemes are shown in
Figures 7–9.

3.2. Basic Parameter Setting. According to the actual size of
the coring device, the inner diameter of the simplified
valve seat is 60mm, the outer diameter is 80mm, and the
height is 45mm. 'e simplified seat has a diameter of
80mm and a height of 5mm. 'e maximum distance
between the center point of the inner surface of the valve
cover and the center point of the sealing surface of the
valve seat is 34mm. 'erefore, 8 monitoring positions are
set between the seat and the valve cover; that is, the
distances between the seat and the valve cover are 1mm,
5mm, 10mm, 15mm, 20mm, 25mm, 30mm, and 35mm.
In this paper, COMSOL Multiphysics is adopted for
numerical simulation analysis. 'e air region is estab-
lished outside the coring device.'e valve cover is made of
silicon steel.'e seat material is N52 NFeB.'e outer edge
of the air region is set as a zero magnetic scalar potential,
and the steady-state model is used for calculation
according to Figures 2 and 7–9. 'e average meshing
quality interval is 0.758–0.786.

3.3. Analysis of the Calculation Results When the Valve Seat
Consists of Two Identical Shape Tile Magnets

3.3.1. Magnetic Flux Density Norm Analysis. 'e magnetic
flux density norm reflects a stress relationship between the
valve seat and the valve cover. When the valve cover is in
the magnetic field generated by the valve seat, the greater
the magnetic flux density norm of the valve cover is and the
tighter the stress relationship between the valve cover and
the valve seat is [45]. According to Figure 7, a magnetic field
simulation is carried out to generate three completely
different magnetic field distributions. 'e magnetic flux
density norm nephogram of the valve cover is shown in
Figure 10. According to the figure, the magnetic flux
density norm of the valve cover decreases with increasing
distance between the valve cover and the valve seat in each
scheme. In Scheme 1, the maximum value of the cover flux
density norm is in the outermost region of the valve cover.
When the valve cover is more than 15mm from the valve
seat, the maximum value is four disconnected point areas.
In Scheme 2, when the valve cover is close to the valve seat,
the maximum value of the valve cover flux density norm
occurs at two symmetric areas on the outermost side. When
the cover is more than 15mm from the seat, the maximum
value is a concentrated in an oval area. In Scheme 3, when
the valve cover is close to the valve seat, the maximum value
of the valve cover flux density norm occurs at two sym-
metric areas on the outermost side. When the cover is more
than 15mm from the seat, the maximum value is a con-
centrated line area. Among the three schemes, the flux
density norm of the valve cover of Scheme 2 is the optimal
value at the same position from the valve seat, followed by
Scheme 3 and Scheme 1. In summary, from the perspective
of the magnetic flux density norm, the advantages of the
three schemes suggest the following ranking: Scheme 2,
Scheme 3, and Scheme 1.

3.3.2. Magnetic Force Analysis. 'e relationship between the
distance and maximum magnetic force is fitted according to
Table 1, and the fitting curve is shown in Figure 11.

All three schemes can be described by a logistic fitting
function, and the fitting degrees exceed 0.9. 'e three fitting

mg

Fm

Figure 4: A simplified mechanical model of the valve cover at a
certain position.
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curves show the same trend, and the fitting function is as
follows:

F �
A1 − A2( 

1 + x/A3( 
p

  + A2
, (1)

where F represents the maximum magnetic force exerted on
the valve cover,A1,A2,A3, and P are constant coefficients, and
x is the distance between the valve cover and the valve seat.
Formula (1) shows that there is a close relationship between
the maximum magnetic force and distance, showing a
nonlinear negative correlation. In the fitting formula, P is the

negative correlation coefficient, and the P values are 2.138,
1.712, and 1.808 for Schemes 1–3, respectively. 'us, the
negative correlation between the magnetic force and distance
is the smallest in Scheme 2. According to Figure 11, the curve
of Scheme 2 plots above the other two curves, indicating that
themaximummagnetic force of the valve cover of Scheme 2 is
the optimal value at the same position from the valve seat. In
summary, from the perspective of magnetic force, the ad-
vantages of the three schemes results in the following ranking:
Scheme 2, Scheme 1, and Scheme 3.

In summary, when the valve seat consists of two identical
shape tile magnets, Scheme 2 is the optimal scheme.
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(a)

N
S

(b)

Figure 6: Magnetizing mode of the tile magnet. (a) Axial magnetization. (b) Circular magnetization.
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Figure 7: Magnetic circuit design scheme when the valve seat consists of two identical shape tile magnets. (a) Scheme 1. (b) Scheme 2.
(c) Scheme 3.

(a) (b) (c)

Figure 5: 'e valve seat is divided into identical shape tiles. (a) Two identical shape tile magnets. (b) Four identical shape tile magnets.
(c) Eight identical shape tile magnets.
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Figure 8: Magnetic circuit design scheme when the valve seat consists of four identical shape tile magnets. (a) Scheme 4. (b) Scheme 5.
(c) Scheme 6. (d) Scheme 7. (e) Scheme 8. (f ) Scheme 9.
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Figure 9: Magnetic circuit design scheme when the valve seat consists of eight identical shape tile magnets. (a) Scheme 10. (b) Scheme 11.
(c) Scheme 12. (d) Scheme 13. (e) Scheme 14. (f ) Scheme 15.
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3.4. Analysis of the Calculation Results When the Valve Seat
Consists of Four Identical Shape Tile Magnets

3.4.1. Magnetic Flux Density Norm Analysis. According to
Figure 8, magnetic field simulation is carried out to generate six

completely different magnetic field distributions.'emagnetic
flux density norm nephogram of the valve cover is shown in
Figure 12. According to the figure, the magnetic flux density
norm of the valve cover decreases with increasing the distance
between the valve cover and the valve seat in each scheme.'e
analysis method is the same as that used in Section 3.3. In
Scheme 9, at the same distance from the valve seat, the valve
cover flux density norm distribution is radial, with the max-
imum value at the center of the valve cover. In addition, the
maximum value is distributed across a wide area, forming a
square at close distance and an oval at long distance. 'e valve
cover flux density norm of Scheme 9 tends to decrease when
the distance between the valve cover and the valve seat is large,
but in this case, the valve cover flux density norm is larger and
more concentrated than in other schemes. Among the six
schemes, the flux density normof the valve cover of Scheme 9 is
the optimal value at the same position from the valve seat. In
summary, from the perspective of the magnetic flux density
norm, the advantages of the schemes result in the following

1 mm 5 mm 10 mm 15 mm

Flux density norm (T)

25 mm20 mm 30 mm 35 mm

1.00.80.60.40.20.0

0.50.40.30.20.10.0

(a)

0.50.40.30.20.10.0

1 mm 5 mm 10 mm 15 mm

Flux density norm (T)

25 mm20 mm 30 mm 35 mm

2.0 2.51.51.00.50.0

(b)

0.50.40.30.20.10.0

1 mm 5 mm 10 mm 15 mm

Flux density norm (T)

25 mm20 mm 30 mm 35 mm

1.51.20.90.60.30.0

(c)

Figure 10: Magnetic flux density norm nephogram of the valve cover when the valve seat consists of two identical shape tile magnets.
(a) Scheme 1. (b) Scheme 2. (c) Scheme 3.

Table 1: Maximum magnetic force of the valve cover when the
valve seat consists of two identical shape tile magnets in three
schemes.

Distance (mm)
Maximum magnetic force (N)

Scheme 1 Scheme 2 Scheme 3
1 259.329 354.435 161.725
5 68.370 131.817 53.001
10 19.124 49.643 18.332
15 7.851 22.130 7.991
20 4.380 10.368 3.926
25 2.817 5.049 2.077
30 1.859 2.486 1.158
35 1.179 1.229 0.661
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ranking: Scheme 9, Scheme 8, Scheme 7, Scheme 5, Scheme 6,
and Scheme 4.

3.4.2. Magnetic Force Analysis. 'e relationship between the
distance and maximum magnetic force is fitted according to
Table 2, and the fitting curve is shown in Figure 13.

All 6 schemes can be described by fitting formula (1), and
the fitting degrees exceed 0.9. 'e P values are 2.265, 1.855,
1.958, 1.844, 1.486, and 1.311 for Schemes 4–9, respectively.
'us, the negative correlation between the magnetic force
and distance is the smallest in Scheme 9. According to
Figure 13, the curve of Scheme 9 is above the other five
curves when the distance between the valve cover and the
valve seat exceeds 10mm.'is indicates that when the cover
is far from the seat, the maximummagnetic force of the valve
cover of Scheme 9 is the optimal value at the same position.
In summary, from the perspective of magnetic force, the
advantages of the schemes result in the following ranking:
Scheme 9, Scheme 8, Scheme 4, Scheme 7, Scheme 5, and
Scheme 6.

In summary, when the valve seat consists of four
identical shape tile magnets, Scheme 9 is the optimal scheme.

3.5. Analysis of the Calculation Results When the Valve Seat
Consists of Eight Identical Shape Tile Magnets

3.5.1. Magnetic Flux Density Norm Analysis. According to
Figure 9, magnetic field simulation is carried out to generate six
completely different magnetic field distributions. 'e magnetic
flux density norm nephogram of the valve cover is shown in
Figure 14. According to the figure, the magnetic flux density
norm of the valve cover decreases with increasing the distance
between the valve cover and the valve seat in each scheme. 'e
analysis method is the same as that in Section 3.3. In Scheme 15,
the magnetic flux density mode is generally low in the center
and high at the peripheries in a symmetric distribution. 'e

outer ring of the valve seat has four large areas in which the
magnetic flux density mode is more uniform and is generally
higher than it is in other schemes. Among the six schemes, the
flux density norm of the valve cover of Scheme 15 is the optimal
value at the same position from the valve seat. In summary,
from the perspective of the magnetic flux density norm, the
advantages of the schemes result in the following ranking:
Scheme 15, Scheme 14, Scheme 13, Scheme 11, Scheme 12, and
Scheme 10.

3.5.2. Magnetic Force Analysis. 'e relationship between the
distance and maximum magnetic force is fitted according to
Table 3, and the fitting curve is shown in Figure 15.

All 6 schemes can be described by fitting formula (1), and
the fitting degrees exceed 0.9. 'e P values are 2.220, 2.484,
2.332, 2.042, 1.894, and 1.706 for Schemes 10–15, respectively.
'us, the negative correlation between the magnetic force and
distance is the smallest in Scheme 15. According to Figure 15,
the curve of Scheme 15 plots above the other five curves when
the distance between the valve cover and the valve seat exceeds
5mm.'is indicates that when the cover is far from the seat, the
maximummagnetic force of the valve cover of Scheme 15 is the
optimal value at the same position. Although the curve fluc-
tuates at 35mm, the overall trend is clear. In summary, from the
perspective of magnetic force, the advantages of the schemes
result in the following ranking: Scheme 15, Scheme 10, Scheme
13, Scheme 12, Scheme 14, and Scheme 11.

In summary, when the valve seat consists of eight
identical shape tile magnets, Scheme 15 is the optimal
scheme.

3.6. ComparativeAnalysis of theMagnetic FieldOptimization.
According to the above sections, three comparison schemes
are selected: Scheme 2, when the valve seat consists of two
identical shape tile magnets; Scheme 9, when the valve seat
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Figure 11: 'e curve of the relationship between the maximum magnetic force and distance when the valve seat consists of two identical
shape tile magnets.

8 Advances in Civil Engineering



1 mm 5 mm 10 mm 15 mm

Flux density norm (T)

25 mm20 mm 30 mm 35 mm

1.00.80.60.40.20.0

0.50.40.30.20.10.0

(a)

1 mm 5 mm 10 mm 15 mm

Flux density norm (T)

25 mm20 mm 30 mm 35 mm

1.51.20.90.60.30.0

0.50.40.30.20.10.0

(b)

1.00.80.60.40.20.0

0.50.40.30.20.10.0

1 mm 5 mm 10 mm 15 mm

Flux density norm (T)

25 mm20 mm 30 mm 35 mm

(c)

1 mm 5 mm 10 mm 15 mm

Flux density norm (T)

25 mm20 mm 30 mm 35 mm

1.00.80.60.40.20.0

0.50.40.30.20.10.0

(d)

1 mm 5 mm 10 mm 15 mm

Flux density norm (T)

25 mm20 mm 30 mm 35 mm

1.51.20.90.60.30.0

0.50.40.30.20.10.0

(e)

1 mm 5 mm 10 mm 15 mm

Flux density norm (T)

25 mm20 mm 30 mm 35 mm

1.51.20.90.60.30.0

0.50.40.30.20.10.0

(f )

Figure 12: Magnetic flux density norm nephogram of the valve cover when the valve seat consists of four identical shape tile magnets.
(a) Scheme 4. (b) Scheme 5. (c) Scheme 6. (d) Scheme 7. (e) Scheme 8. (f ) Scheme 9.
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Table 2: Maximum magnetic force of the valve cover when the valve seat consists of four identical shape tile magnets in six schemes.

Distance (mm)
Maximum magnetic force (N)

Scheme 4 Scheme 5 Scheme 6 Scheme 7 Scheme 8 Scheme 9
1 265.098 344.533 169.530 171.384 190.576 236.777
5 64.168 111.624 52.093 53.455 67.263 97.531
10 16.374 37.288 16.272 17.915 27.857 46.035
15 6.575 14.886 6.697 7.862 13.646 24.548
20 3.369 6.221 3.027 3.873 7.242 13.931
25 2.174 2.749 1.534 2.120 4.042 8.028
30 1.552 1.247 0.843 1.238 2.287 4.806
35 1.151 0.586 0.512 0.771 1.350 2.915
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Figure 13: 'e curve of the relationship between the maximum magnetic force and distance when the valve seat consists of four identical
shape tile magnets.
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Figure 14: Continued.
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Figure 14: Magnetic flux density norm nephogram of the valve cover when the valve seat consists of eight identical shape tile magnets.
(a) Scheme 10. (b) Scheme 11. (c) Scheme 12. (d) Scheme 13. (e) Scheme 14. (f ) Scheme 15.

Table 3: Maximum magnetic force of the valve cover when the valve seat consists of eight identical shape tile magnets in six schemes.

Distance (mm)
Maximum magnetic force (N)

Scheme 10 Scheme 11 Scheme 12 Scheme 13 Scheme 14 Scheme 15
1 264.869 328.353 175.293 182.453 199.339 286.889
5 62.423 75.978 41.999 48.249 62.507 112.262
10 16.285 16.184 10.078 13.940 20.242 43.513
15 6.516 3.910 3.130 5.233 7.948 18.762
20 3.384 0.957 1.228 2.339 3.278 8.315
25 2.189 0.256 0.652 1.228 1.434 3.850
30 1.561 0.071 0.421 0.711 0.651 1.834
35 1.168 0.020 0.301 0.447 0.300 0.867
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consists of four identical shape tile magnets; and Scheme 15,
when the valve seat consists of eight identical shape tile
magnets. By comparing Figures 10, 12, and 14, it is found
that the magnetic flux density norm of the three schemes is
relatively concentrated. However, from the observation of
the whole trend, Scheme 9 of the magnetic flux density norm
is more concentrated, and it is superior to other schemes at
monitoring points farther than 10mm. Figure 16 shows the
fitting curve of the magnetic force exerted on the valve cover
and the distance between the valve cover and the valve seat in
the three schemes. According to the information of the
figure, at close range, the magnetic force generated by
Scheme 2 is relatively large, and it is conducive to magnetic

sealing; the magnetic force of the three schemes is much
greater than the gravity of the valve cover, so there is no need
to consider the traction problem at close range. When the
distance is greater than 10mm, the magnetic force generated
by Scheme 9 gradually surpasses the other two schemes and
becomes the optimal scheme. By comparing the negative
correlation parameter P of the three schemes, it can be seen
that the P value of Scheme 9 is the smallest at 1.311. 'is
means that the magnetic force of Scheme 9 decays more
slowly with distance than those of the other schemes.
'erefore, the optimal scheme is Scheme 9. 'e scheme
generates 2.915N magnetic force when the valve cover is
35mm from the seat, which is greater than the 2.25N gravity
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Figure 15: 'e curve of the relationship between the maximum magnetic force and distance when the valve seat consists of eight identical
shape tile magnets.
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Figure 16: Relationships of the maximum magnetic force and distance of the monitoring point with fitting curves for three schemes.
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of the valve cover itself. 'erefore, the feasibility of a
magnetic trigger can be verified under the magnetic circuit
design of this scheme.

4. Conclusions

In this paper, based on the past development of pressure-
retaining controllers, an innovative design for a pressure-
retaining controller triggered by a magnetic force is presented.
Based on the Hibachi array principle, fifteen varieties of
magnetic circuit design schemes are proposed. 'e magnetic
field is analyzed through numerical simulation, which avoids
the problems that the magnetic field is difficult to solve ana-
lytically and that the accuracy of an empirical formula is low.
'rough this exploratory study, the mechanical feasibility of a
magnetic trigger is clarified, and a feasibility analysis is provided
for this magnetic trigger.'is work provides new opportunities
for in situ pressure-retaining coring of deep rock masses. 'e
specific conclusions are as follows:

(1) An innovative design for a pressure-retaining con-
troller based on a magnetic trigger is proposed to
realize flip closure under any circumstances and
magnetic sealing effects. 'e technique can be ap-
plied to coring a target formation in any direction in
areas such as a coal mine or shale gas field.

(2) Considering all the results, the magnetic flux density
norm is more concentrated when the valve seat
consists of four identical shape tile magnets (Scheme
9), and this scheme is superior to other schemes
when the monitoring point distance is greater than
10mm.

(3) 'e optimal scheme under the long-distance traction
condition is Scheme 9. 'e magnetic force of this
scheme decays more slowly with distance than those
of the other schemes. 'e valve cover’s magnetic
force 35mm from the valve seat is 2.915N, which is
greater than the gravity of the valve cover of 2.25N.
'e valve cover can close against gravity, which
verifies the feasibility of a magnetic field-triggered
pressure-retaining controller.

(4) 'e composite of multipole magnetization helps to
weaken the nonlinear negative correlation between
the magnetic force and distance. 'e composite
magnetization combination of the same monitoring
point has a greater magnetic flux density norm and
magnetic force. For this valve seat, the number of
magnetic poles is four.
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Aiming at the dynamic mechanical properties of weakly cemented fine sandstone in the rich water-bearing strata in western China
under dynamic loading, a 50mm rod diameter separation Hopkinson pressure bar (SHPB) test was used to study the Paleogene
fine sandstone in a coal mine in Ningxia. +e system carried out the impact compression tests of −15°C, −20°C, and −30°C and the
average strain rate of 28 s−1–83 s−1 and obtained the dynamic compressive strength of the frozen fine sandstone specimens under
different test conditions. +e strain curve and the fracture morphology were analyzed for the relationship between dynamic peak
stress, peak strain, dynamic strength growth coefficient (DIF), and fracture morphology and strain rate. +e results show that the
peak stress of frozen fine sandstone increases from the decrease of freezing temperature under the same average strain rate. +e
peak stress of the specimen increases from the increase in the average strain rate of the same freezing temperature. +e failure
modes of specimen are mainly divided into axial splitting tensile failure and compression crushing failure. To the splitting tensile
failure and the compression crushing failure, the main factors determining the two failure modes are the strain rate, while the
temperature affects the severity of the impact damage. In the load strain rate and temperature range, the DIF of the frozen fine
sandstone is linearly correlated with the strain rate, and the lower the temperature, the slower the growth rate of the DIF.

1. Introduction

In the construction of coal mine shafts in western China,
Paleogene fine sandstone is often encountered, which easily
disintegrates in water to form quicksand, seriously endan-
gering the safety of workers and equipment at the working
face [1, 2]. +e freezing method is widely used in shaft
construction in water-rich strata due to its effective water
shutoff [3–5]. +e frozen bedrock section of the shaft is
usually constructed by drilling and blasting. However, the
Paleogene fine sandstone is mostly nondiagenetic or slightly
semidiagenetic and has poor cementation. +e study of the
dynamic mechanical properties of frozen fine sandstone
under a dynamic load is of great value of practical appli-
cations because it ensures the safety of the frozen sidewalls
and guides drilling and blasting construction.

Until now, research on the freezing of Paleogene fine
sandstones in western China has mainly focused on its static
physical and mechanical properties. Using freezing shaft

construction in the Hujiahe Coal Mine in the Binchang
Mining Area, Shaanxi, China, as the study area, Yang and Lv
[6] experimentally studied the uniaxial and triaxial me-
chanical properties of the sandy mudstone in the main shaft
and investigated the variation patterns of the strength and
deformation properties under different temperatures and
confining pressures. Liu et al. [7] studied the strength
properties of red sandstone with a weak plane in the Me-
sozoic strata of western China at various low temperatures
using uniaxial and triaxial compression tests. Dai and Carlos
Santamarina [8] conducted stress freezing tests on unsat-
urated fine sand under a nonlateral strain boundary con-
dition to study the variation in the P-wave velocity in fine
sand during loading, freezing, unloading, creep, and ice
melting. +ey also investigated the influence of the loading
and unloading rates on sand stiffness. Shogaki et al. [9]
studied the dynamic strength and deformation properties of
the sand layer in the Niigata East Port using a cyclic triaxial
test. Hu et al. [10], Xu et al. [11], and Xu et al. [12] studied the
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mechanical properties of saline frozen silty sandy sand using
triaxial compression tests. Liu et al. [13] investigated the
influence of the dynamic axial load on the dynamic prop-
erties and fatigue properties of frozen silty sand using cyclic
triaxial tests. Ma et al. [14] used an environmental material
test apparatus with three-point temperature control to
perform triaxial compression tests for four temperatures and
four confining pressures to examine the scattering of the
mechanical properties of frozen sand. Liu et al. [15] con-
ducted uniaxial compression tests for frozen sandstone
samples and used X-ray computed tomography (X-ray CT)
to study the effects of temperature and water content with
uniaxial compression strength. Bai et al. [16] studied the
microstructure and mechanical properties of frozen red
sandstone samples by X-ray diffraction, mesostructure ob-
servation, and subzero rock triaxial test system.When a rock
is broken by impact, the rock will break only when the stress
is greater than the crushing strength of the rock.+us, a rock
test of a static or quasi-static load cannot be used to study the
crushing strength or failure mode of the rock. +erefore, the
study of the dynamic mechanical properties and failure
modes of a rock mass under dynamic loading uses the
comprehensive resistance index to measure the rock
crushing difficulty during dynamic crushing. In this case, it
is of great significance to study the dynamic mechanical
properties and failure mode of frozen fine sandstone under
an impact load in a low temperature environment.

At present, few studies have been conducted on the
dynamicmechanical behavior of frozen fine sandstone. Yang
et al. [17, 18] studied the dynamic compression character-
istics of red sandstone, marble, and granite at different low
temperatures using a split Hopkinson pressure bar (SHPB)
testing device.+erefore, it is necessary to study the dynamic
compressionmechanical properties of frozen fine sandstone.

In this study, we used a Φ50mm SHPB test device and a
high-low temperature experimental chamber to make froze
fine sandstone specimens at −15°C, −20°C, and −30°C. +e
impact compression tests were performed using an impact
air pressure in 0.15MPa, 0.25MPa, and 0.3MPa. +e var-
iations in dynamic peak stress, dynamic peak strain, failure
morphology, and dynamic increase factor of frozen fine
sandstone with temperature and strain rate are discussed
and analyzed.

+is paper is organized as follows. In Section 2, the
preparation of the frozen fine sandstone specimens, the
experimental procedure, and the test scheme are discussed.
In Section 3, we present and discuss the experimental results,
and we describe the dynamic mechanical properties and
failure modes of the frozen fine sandstone specimens under
lower temperatures and high strain rates. In Section 4, we
present the conclusions reached based on the previously
discussed results.

2. Impact Compression Tests of Frozen
Fine Sandstone

2.1. Specimen Preparation. +e rock samples were collected
from the Paleogene strata of a coal mine in Ningxia, China.
+e geological data shows that the mine shaft passes through

multiple layers of fine sandstone. +e rock has poor ce-
mentation and softens easily in water. +e maximum
thickness is 40m, and the water inrush rate is 3 to 6m3/s.
Quicksand can form into construction disturbance, and the
risk of water and sand inrush is extremely high. After a
relevant technical demonstration, it was decided to adopt a
construction method combining the freezing method and
blasting excavation.+e rock samples easily disintegrate into
fine sand. +e detailed physical indicators of fine sand are
shown in Table 1.

+e test specimens were prepared by remodeling the
disintegrated fine sand. A Φ50mm× 100mm cylinder was
used to prepare the quasi-static uniaxial compression
specimens, and a Φ50mm× 30mm cylinder was used to
prepare the impact specimens. +e specimen preparation
process was conducted as follows:

(1) +e disintegrated fine sand was placed in an oven
and heated for 12 h at a constant temperature of
105°C.

(2) An appropriate amount of distilled water was added
to prepare a sand sample of a moisture content of
9.88%. +en, it was stirred evenly and sealed for 24 h
to make the moisture content and structure of the
sand uniform.

(3) +e sand sample was stirred a second time, divided
evenly into three parts, placed into the mold in
layers, and compacted. Vaseline was applied to the
surface to reduce the moisture loss of the specimen.
To ensure the same degree of compaction, we poured
each sand sample with a consistent quality into a
custom abrasive tool to ensure the same depth each
time, and then, we press the sand samples the same
number of times. After sample compaction, we
ensure that the same quality is achieved each time.

(4) +e prepared sand sample in the mold was placed
into the high-low temperature test chamber and
frozen for 12 h at the required temperature (−15°C,
−20°C, and −30°C). +e mold was quickly removed,
and then, the specimen was placed in a numbered
sealed bag for moisture isolation, put back in the
high-low temperature test chamber, and frozen at a
constant temperature for more than 12 h.

A prepared frozen fine sandstone specimen is shown in
Figure 1.

2.2. Static Compressive Strength Test. +e static uniaxial
compression test on the frozen fine sandstone was carried
out using the W3Z-200 frozen soil triaxial test machine.
During the test, the temperature of the test machine was set
at −15°C, −20°C, and −30°C. +ree specimens frozen at each
temperature were selected, and axial loading of the speci-
mens was performed by direct loading, with a loading strain
rate of 1%/min. +e test results are shown in Table 2.

Table 2 shows that the static compressive strength of the
frozen fine sandstone gradually increased with decreasing
temperature. A number of theoretical analyses and similar
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tests have shown that a decrease in temperature leads to a
decrease in the unfrozen moisture content between the fine
sand particles [19]. Part of the unfrozen moisture content is
directly condensed from water vapor into ice, which gen-
erally exists in the form of ice monomers between the pores
or shrinkage cracks of the sand particles, while the other part
of the unfrozen moisture content is frozen in situ by liquid
water into cementing ice, which exists at the contact or
cementation interface between the sand particles, thereby
enhancing the cementation effect of the ice in the frozen fine
sandstone, giving it a high compressive strength and strong
plastic deformation resistance.

2.3. SHPB Test System and Principle. +e SHPB impact test
technique is widely used to test the mechanical properties of
materials at high strain rates [17–22].+e test was conducted
using the Φ50mm SHPB test system in the Impact Labo-
ratory of Anhui University of Science and Technology. +e
test system consists of a dynamic loading module, a rate
timing module, and a data acquisition and processing
module, as shown in Figure 2. +e bullet, incident bar, and
transmission bar are all made of the same high-strength alloy

steel, which has a density of 7800 kg/m3, an elastic modulus
of 210GPa, Poisson’s ratio of 0.30, and a wave velocity of
5190 km/s.

During the test, a specimen is placed between the in-
cident bar and the transmission bar, and the bars are kept
coaxial to ensuring that no scattering occurred during the
propagation of the stress wave. +e bullet is set to hit the
incident bar in the axial direction at a certain initial velocity
v, generating an incident pulse εi in the incident bar. When
the stress wave reaches the specimen, it simultaneously
generates a reflected pulse εr, which returns to the incident
bar, and a transmitted pulse εt, which enters the trans-
mission bar. +e strain signals of the incident bar and the
transmission bar is measured by strain gauge placed on these
bars. Based on one-dimensional stress wave theory, the
stress, strain, and strain rate of the specimen can be cal-
culated using the following equations [23]:

σd(t) �
SBE

2Ss

εt(t) + εr(t) + εi(t) , (1)

_εs(t) �
C0

Ls

εt(t) + εr(t) − εi(t) , (2)

Table 1: Sand parameters.

Dry density (g/cm3) Moisture content (%) Void ratio (%) Particle density (g/cm3) Liquid limit (%) Plastic limit (%)
2.26 9.88 19.0 2.84 31.23 18.27

(a) (b)

Figure 1: Frozen fine sandstone specimens before the SHPB test. (a) Top view of the specimen. (b) Side view of the specimen.

Table 2: Uniaxial compression test results of the frozen fine sandstone.

Freezing temperature T (°C) Static compressive strength σs (MPa) Static average compressive strength σs (MPa)

−15
10.18

9.758.54
10.52

−20
12.43

13.4514.93
12.98

−30
20.15

20.0619.45
20.58
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εt(t) �
C0

Ls


t

0
εt(t) + εr(t) − εi(t) dt. (3)

Here, SB, E, and C0 are the cross-sectional area, elastic
modulus, and elastic compression wave velocity of the bar,
respectively; εi(t), εr(t), and εt(t) are the incident, reflected,
and transmitted strain signals in the bar, respectively; and Ls
and Ss are the length and cross-sectional area of the spec-
imen, respectively.

2.4. Test Control Parameters and Test Scheme. Impact loads
of 0.15MPa, 0.25MPa, and 0.3MPa were applied to
specimens with freezing temperatures of −15°C, −20°C,
and −30°C to obtain the stress pulse data under the
corresponding conditions. +e tests were performed 3
times for each set of conditions, amounting to a total of 27
tests. In order to ensure that the impact velocity of the
incident bar is the same for all three tests, the incident bar
was kept at the same position within the emitter during all
tests.

+e SHPB dynamic test results must meet the following
three basic requirements [23]: (a) the stress wave in the
SHPB bar system conforms to the one-dimensional stress
wave propagation characteristics; (b) the specimen is under
stress equilibrium during the deformation process; and (c)
the friction at each end of the specimen is negligible. To
improve the accuracy of the SHPB dynamic test results in the
frozen fine sandstone, the following measures were adopted
in the test:

(1) To reduce the friction effect at the interface between
the rock sample and the bar, a thin layer of Vaseline
lubricant was evenly applied on the interface be-
tween the specimen and the two compression bars to
reduce the friction between the specimen and the
end face of the bar, the influence of the loading end
restraint forces on the stress state distribution of the
specimen, and the disturbance to the collected
waveform.

(2) To reduce the influence of the dispersion effect
during the test, according to the dispersion correc-
tion concept proposed by Frantz, a thin copper disc
was attached to the impact end of the incident bar as
a pulse shaper to increase the rise time of the pulse
and thereby reduce the magnitude of the waveform
oscillation [23].

(3) To eliminate the notable Pochhammer–Chree (PC)
oscillation at the wave head, which causes the
specimen to be in the repeated loading and

unloading stage, an incident bar with a conical
structure was used. Using an incident bar of a conical
structure, the leading edge of incident waves which
rose slowly was realized. As the loading section
gradually rises, the waveform is flat and smooth, and
the entire waveform has no obvious oscillations. It
can meet the necessary time for the specimen to
reach the requirement of stress uniformity, making it
suitable for testing the dynamic stress-strain curve of
the rock materials [23, 24].

3. Results and Analysis

3.1. Test Results. According to the basic principle of the
SHPB test, the data were processed using the three-wave
method to obtain the mechanical parameters, such as the
dynamic stress and strain, of the frozen fine sandstone
specimens. σd is the dynamic peak stress and εf is the
corresponding strain of the specimen (that is, dynamic peak
strain). +e dynamic increase factor (DIF) is defined as the
ratio of the dynamic compressive strength to the static
compressive strength of the specimen, which represents the
increase in the compressive strength of the specimen under
the impact, that is,

DIF �
σd

σs

, (4)

where σd is the dynamic compressive strength of the
specimen and σs is the static compressive strength of the
specimen.

+e typical waveform of the frozen fine sandstone
specimen obtained from the test is shown in Figure 3. As can
be seen from Figure 3, both the incident and reflected waves
are rectangular pulses. +e higher the impact velocity is, the
larger the amplitude of the incident wave is. +e transmitted
wave has a waveform that is unloaded halfway and has a
small amplitude, which is reduced compared to that of the
incident wave. In addition, it can be seen from the figure that
the reflected wave has a good plateau at the top. So, it can be
concluded that constant strain rate loading was achieved in
the SHPB impact test [23].

+e typical dynamic stress equilibrium waveform of the
frozen fine sandstone specimen obtained from the test is
shown in Figure 4. +e figure contains incident wave (Inc),
reflected wave (Re), and comparison wave (Inc + Re). It can
be seen from Figure 4 that the time-history curve of
transmission waves to coincide with comparison wave ba-
sically. It can be considered that the specimen is in a state of
stress balance during deformation.

Bullet Laser source Transmission barSpecimenIncident bar Damper

Strain gauges

Oscilloscope
Data processing

system
Ultra-dynamic

strain gaugeVelocimeter

Figure 2: Schematic diagram of the SHPB test device.
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+e measured data were analyzed using equations
(1)–(3) to obtain the average strain rate _ε, the dynamic peak
stress σd, and the dynamic peak strain εf of the specimen at
different freezing temperatures T and impact velocities v.
+e typical test results are shown in Table 3.

3.2. Dynamic Stress-Strain Curve. A typical dynamic stress-
strain curve obtained from the test is shown in Figure 5.

As can be seen from Figure 5, the entire testing process of
the frozen fine sandstone specimens at different tempera-
tures (−15°C, −20°C, and −30°C) under different strain rates _ε
can be divided into four stages (as shown in Figure 5(d)).
Stage I (OA) is the compaction stage. +e stress-strain curve
has a small slope and is to bent upward, that is, its line slope
gradually increases. +is stage reflects the inelastic defor-
mation caused by the closing of the initial defects (micro-
cracks and microvoids) in the frozen fine sandstone
specimen during compression. Because the strain rate of the
dynamic load is much higher than that under the static or
quasi-dynamic load, the microcracks in the frozen fine

sandstone are closed to a relatively small extent, so this stage
is not obvious, but it is still present on the stress-strain curve.
Stage II (AB) is the elastic deformation stage. +e stress state
of the impact load on the specimen is lower than the yield
state of the material, forming an elastic stress wave. +e
stress-strain relationship enters the linear elastic deforma-
tion stage, at which the compression modulus of the
specimen reflects the true elastic modulus. Stage III (BC) is
the plastic deformation stage. +e stress-strain relationship
is no more linear, and the curve is bent downward with a
gradually decreasing slope. Due to the propagation of the
stress waves, the cementation of the ice crystals in the
specimen is gradually destroyed. As a result, the material
yield strength decreases, which is the plastic stage before
yielding is reached, and the specimen undergoes irreversible
plastic deformation. In this stage, the microcracks at the
specimen gradually nucleate and propagate, and the plastic
deformation stage ends at the peak stress. Stage IV (CD) is
the failure stage. In this stage, the specimen is damaged, its
stress decreases in increasing deformation, and the curve has
a negative slope.

As can be seen from Figures 5(a)–5(c), under different
test conditions, the variation patterns of the stress-strain
curves of the specimens are similar, and the strain on the
elastic deformation stage is smaller than that in the plastic
deformation stage. As can be seen from Figure 5(c), the
stress-strain curve of the frozen fine sandstone specimen at a
freezing temperature of −30°C is similar in shape to the
stress-strain curve of ice subjected to impact compression
tests at low temperatures [25, 26]. Because the frozen fine
sandstone specimen is a multiphase complex consisting of
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Figure 4: Typical dynamic stress equilibrium waveform.

Table 3: Typical SHPB tests results.

Number T (°C) v (m·s−1) _ε (s−1) σd (MPa) εf DIF

A1-1

−15

1.98 28 26.38 0.007 2.71
A1-2 2.12 32 26.77 0.009 2.75
A1-3 2.28 34 30.92 0.013 3.17
A2-1 2.74 41 33.78 0.010 3.46
A2-2 2.87 42 37.63 0.012 3.86
A2-3 3.28 47 38.35 0.016 3.93
A3-2 3.83 64 57.72 0.015 5.92
A3-3 4.52 70 55.34 0.016 5.68
B1-1

−20

2.15 33 37.34 0.009 2.78
B1-2 2.28 34 42.26 0.012 3.14
B1-3 2.31 36 42.19 0.008 3.14
B2-1 3.28 48 51.44 0.020 3.82
B3-1 3.99 60 58.33 0.017 4.34
B3-2 4.21 64 62.58 0.016 4.65
B3-3 4.48 67 60.37 0.017 4.49
C1-1

−30

1.40 31 55.49 0.006 2.77
C1-3 2.17 36 55.48 0.009 2.77
C2-1 3.01 46 71.55 0.010 3.57
C2-2 3.03 46 71.63 0.016 3.57
C2-3 3.34 54 72.99 0.014 3.64
C3-1 3.94 58 78.06 0.014 3.89
C3-2 4.96 74 80.15 0.017 4.00
C4-1 5.51 83 87.79 0.025 4.38
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Figure 3: Typical waveform.
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fine sand particles of ice cemented between them [27], it can
be inferred that the strength properties of the frozen fine
sandstone at −30°C mainly depend on the properties of the
cementing ice between the sand particles, which is consistent
with previous results [28].

3.3. Dynamic Peak Stress. +e variation in the dynamic peak
stress of the specimens at different temperatures with the
strain rate is shown in Figure 6.

As can be seen from Figure 6, the dynamic peak stress of
the fine sandstone specimens increases linearly with the
increasing strain rate. +e fitted straight lines σd − _ε asso-
ciated with −20°C and −30°C are both located above the
fitted straight line associated with −15°C, that is, the σd in
this temperature range is higher than the σd at −15°C for the
same _ε. Among them, the fitted straight line σd − _ε associated
with −30°C is at the top of the fitted straight lines associated

with the three temperatures, that is, it has the largest value of
the curve σd − _ε; with _ε � 31 to 83 s−1, σd � 55.49 to
87.79MPa, and σd is increased by 44.8% to 107.3% com-
pared with that of the frozen fine sandstone at −15°C for the
same _ε. +is shows that, in the temperature range of
−30°C≤T≤−15°C, a decrease in temperature has a
strengthening effect on the dynamic compressive strength of
the frozen fine sandstone specimens, and this temperature
effect is the most remarkable at −30°C. Regression analysis of
the test gives

σd � a_ε + b, (5)

where σd is the dynamic peak stress; _ε is the strain rate; and a
and b are the coefficients related to the fitted straight line.
+e values of the frozen fine sandstone specimens at dif-
ferent low temperatures are reported on Table 4.
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Figure 5: Typical strain-stress curves. (a) −15°C. (b) −20°C. (c) −30°C. (d) +e different stages.
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As can be seen from Table 4, the minimum value of the
fitting correlation coefficient R2 of the dynamic peak stress
σd and the strain rate _ε of the frozen fine sandstone spec-
imens at different low temperatures is 0.87, indicating that
there is a significant correlation between the two. +e fitted
straight line σd − _ε is shown in Figure 6.

As can be seen from Table 4, temperature has little
influence on parameter a, so the average value (0.6580) of a
at the three temperatures can be used. Parameter a reflects
the influence of the strain rate for the dynamic compressive
strength of the frozen fine sandstone. +e temperature has a
high influence on parameter b, and the value of b increases
linearly from decreasing temperature:

B � −2.3976T − 30.1462,

R
2

� 0.98 −30°C≤T≤ − 15°C( ,
(6)

where b is the influence parameter of temperature on the
dynamic compressive strength of the frozen fine sandstone
and T is the freezing temperature.

By substituting equation (6) into equation (5), the re-
lational expression of the dynamic peak stress of the spec-
imen to the freezing temperature and strain rate for the test
conditions (−30°C≤T≤−15°C, 28 s−1≤ _ε≤ 83 s−1) can be
obtained as

σd � 0.658_ε − 2.3796T − 30.1462, (7)

where σd is the dynamic peak stress of the specimen.
To quantify the influence of temperature on the dy-

namic compressive strength of the frozen fine sandstone
specimens, the dynamic peak stress of the specimens with a
certain range of strain rates (with a fluctuation of 5 s−1) is
evaluated, as shown in Table 5, and then, the variation in
the average dynamic peak stress of the frozen fine sand-
stone specimens with different strain rate ranges as a
function of temperature (σd—T curve) is obtained, as
shown in Figure 7.

As can be seen from Figure 7, at the approximate strain
rate, the peak stress is very sensitive to the freezing tem-
perature, i.e., it increases sharply as the freezing temperature
decreases. Under different strain rates, the higher the strain
rate is, the more dramatic the variation in dynamic peak
stress with the initial freezing temperature is, that is, as the
initial loading rate increase, the sensitivity of the frozen fine
sandstone to temperature becomes increases. As can be seen
from Figure 7, the dynamic compressive strength of the
specimen within the tested strain rate range of −30°C is
higher than the dynamic compressive strength of the
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Figure 6: Relationship between the peak stress and the strain rate.

Table 4: Fitting parameters for the peak stress and the strain rate.

Temperature T
(°C)

a
(MPa·s)

b
(MPa)

Correlation coefficient
R2

−15 0.582 41.024 0.97
−20 0.635 20.078 0.98
−30 0.749 4.303 0.87

Table 5: Average peak stress of the frozen fine sandstone.

_ε (s−1) T (°C) σd (MPa) σd (MPa)

28
−15

26.38
28.0232 26.77

34 30.92
33

−20 37.34 39.8034 42.26
31

−30 55.49 55.4933 55.48
49 −15 38.35 38.35
48 −20 51.44 51.44
50 −30 72.99 72.99
68

−15 57.72 56.5370 55.34
64

−20 62.58 61.4867 60.37
74 −30 80.15 80.15

σd = –1.1617T + 31.0725
R2 = 0.965

σd = –1.7933T + 2.2477
R2 = 0.977

–30 –28 –26 –24 –22 –20 –18 –16 –14–32
Temperature T (°C)

10

20

30

40

50

60

70

80

10–4s–1

25s–1–35s–1
45s–1–55s–1

65s–1–75s–1

A
ve

ra
ge

 p
ea

k 
str

es
s σ

d 
(M

Pa
)

σd = –3.6103T + 18.2306
R2 = 0.998

σd = –2.2873T + 4.0721
R2 = 0.995

Figure 7: Relationship between the average dynamic peak stress
and the temperature.
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specimen with the highest test strain rate for −15°C.
+erefore, for the two test temperatures, temperature is the
main factor affecting the dynamic compressive strength of
the specimens. However, frozen fine sandstone is a complex
structure composed of frozen ice and fine sandstone [29],
and the content of unfrozen water decreases from decreasing
temperature [30]. +e unfrozen water in the frozen fine
sandstone determines the migration of the liquid water in
the frozen fine sandstone. In addition, as the temperature
decreases, the liquid water changes from the liquid phase to
the solid phase, that is, part of the unfrozen water within the
pores of the fine sandstone particles is converted into pore
ice, which leads to an increase in the dynamic compression
strength of the specimen.

3.4. Dynamic Fragmentation Degrees. +e typical fragmen-
tation degrees of specimens under different test conditions are
shown in Table 6. As can be seen from Table 6, at the same
temperature, as the strain rate increased, the number of
fracture cracks in the specimen gradually increased, and the
size of the fragments decreased. At −15°C, under a strain rate
of 32 s−1, there were no notable macrocracks on the surface of
the specimen. Under a strain rate of 34 s−1, the failure plane of
the specimen was approximately parallel to the axial direction
and the specimen was broken into two pieces. Under a strain
rate of 47 s−1, the specimen was broken into 7 pieces. Under a
strain rate of 70 s−1, the specimen was crushed. At −20°C and
−30°C, as the strain rate increased, the fracture morphology of
the specimen after failure showed the same development
trend.+e typical failure modes of specimens are mainly axial
splitting tensile failure and compression crushing failure. +e
failure mode of the specimen depends on the strain rate level.
When the strain rate is within a certain low range, the frozen
fine sandstone specimen mainly fails in the axial splitting
tensile failure. In general, the failure plane is approximately
parallel to the axial direction and the specimen is broken into
two or more pieces, which is characteristic of a typical tensile
splitting failure. +is is because the resistance of the frozen
fine sandstone to tension is far less than its resistance to
compression. As the strain rate increased, the axial com-
pression loads increased rapidly under a large impact load,
and the frozen fine sandstone exhibited a compression
crushing failure. (1) At −15°C, the specimens under impact
compressions of 34 s−1 to 64 s−1 failed in the axial splitting
tensile failure. In Table 6, the specimens under 34 s−1 and
47 s−1 failed in this mode.When the strain rate reached 70 s−1,
the specimens failed in the compression crushing failure. In
Table 6, the specimen under 70 s−1 failed in this mode. (2) At
−20°C, the specimens under impact compressions of 36 s−1 to
64 s−1 failed in the axial splitting tensile failure. In Table 6, the
specimens under 36 s−1 and 48 s−1 failed in this mode. When
the strain rate reached 67 s−1, the specimens failed in the
compression crushing failure. In Table 6, the specimen under
67 s−1 failed in this mode. (3) At −30°C, the specimens under
impact compressions of 46 s−1 to 58 s−1 failed in the axial
splitting tensile failure. In Table 6, the specimens under 46 s−1
to 54 s−1 failed in this mode. When the strain rate reached
74 s−1, the specimens failed in the compression crushing

failure. In Table 6, the specimen under 74 s−1 failed in this
mode.

+e underlying mechanism is analyzed as follows. At low
temperatures, the macroscopic fragmentation degrees of the
specimen under impact compression are the result of the
initiation, evolution, propagation, and coalescence of the
internal microcracks of the frozen fine sandstone under the
combined action of temperature and impact load. At different
stages of impact loading, crack propagation reaches different
levels, leading to different failure forms of the frozen fine
sandstone. At a low strain rate level, the resulting cracks are all
from the tip of an existing defect, and it extends along the
direction parallel to the compressive stress and it has obvious
direction. +e main cracks do not participate in the failure of
the material, while the development and aggregation of
microcracks with less energy absorption plays a major role in
the failure of the frozen fine sandstone, resulting in a small
degree of failure of the frozen fine sandstone and exhibiting
the axial splitting tensile failure. At a high strain rate level,
after the axial splitting and tensile failure of the specimen, the
stress wave propagated into the rock continued to increase,
more and more microcracks absorb energy, propagate to
coalesce into a main crack, and they participate in the failure
of the material, resulting in more severer crushing of the
material and exhibiting the compression crushing. However,
a decrease in temperature can increase the strength of the
cementing ice between the sand particles of the material,
enhancing the mechanical properties of the specimen, and
thus, decreasing the severity of the impact failure.

3.5. Dynamic Increase Factor. +e strength of the specimen
increases with decreasing temperature under both dynamic
and static loads.+e variation in the dynamic increase factor
(DIF) of the specimens at different temperatures with strain
rate _ε was obtained using equation (4), as shown in Figure 8.

Specifically, the relationship between the DIF and the
loading strain rate for the three temperatures is

−15∘C :DIF � 0.0768_ε + 0.4412 28 s−1 ≤ _ε≤ 83 s−1
 ,

−20∘C :DIF � 0.0499_ε + 1.3277 28 s−1 ≤ _ε≤ 83 s−1
 ,

−30∘C :DIF � 0.029_ε + 2.0453 28 s−1 ≤ _ε≤ 83 s−1
 .

(8)

As can be seen from Figure 8, under a dynamic load
impact, the DIF increases linearly with increasing strain rate
_ε, and the growth rate of the DIF decreases as the tem-
perature decreases. When the strain rate is around 33 s−1, the
DIF of the three lower temperatures frozen fine sandstone
samples are almost the same, approximately 3.0. However, as
shown in Figure 8, with the lower the temperature, the
growth rate of DIF is smaller. Analyze the cause. With the
decrease of temperature, the content of pore water in the
specimen turned into frozen ice increased, and the initial
dynamic compressive strength of the specimen was relatively
high. +erefore, it was more difficult to rapidly improve the
DIF value of dynamic strength of the specimen. Meanwhile,
with the decrease of temperature, the brittleness of the
specimen became larger, and under the effect of high strain
rate, the tensile stress was less.
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In this paper, we studied the dynamic mechanical
properties and failure modes of frozen fine sandstone
specimens under lower temperatures and high strain
rates. +e experimental results reveal some changes in the
related regularity. However, during the construction of a
coal mine shaft, the influence of the ground stress on the
frozen wall is not negligible. Future research should focus
on the dynamic mechanical properties and failure modes
of frozen fine sandstone under confining pressure and
axial compression. Furthermore, the study of dynamic
crack propagation with a high-speed video system would
improve our understanding of the failure mechanism and
failure mode of dynamic fine sandstone under impact
loading.

4. Conclusions

An SHPB test system was used to perform impact com-
pression tests of frozen fine sandstone specimens within a
strain rate range of 28 s−1 to 83 s−1 at −15°C, −20°C, and
−30°C. +e following conclusions are drawn:

(1) Under low temperature conditions, the dynamic
peak stress of the frozen fine sandstone specimens
increase linearly from increasing strain rate. Under
the same strain rate, the dynamic peak stress grad-
ually increases from decreasing temperature.

(2) +e fragmentation degrees of the specimen are
mainly divided into the axial splitting tensile failure
and the compression crushing failure. Under the
same temperature condition, with the increase of
strain rate, the crack of the specimen increases
gradually and the crushing size decreases.

(3) +e DIF of frozen fine sandstone has a linear rela-
tionship with the strain rate for low temperatures.
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Exploration of deep-rock mechanics has a significant influence on the techniques of mining and rock mechanics. Rock coring
technique is the basic method for all rock mechanics study. With the increase of the drilling depth and increasing strength of the
hard rock, how to obtain high-quality rock core through various coring techniques is an eternal work. Here an innovative method
is applied to design the new coring system tomaximize the efficiency of operation.$e stress conditions or parameters of rock core
in the coring are analyzed, and the mechanism of the core with in situ stress is shown in this paper. $e conflict of the core and
coring tool chamber is proposed for the innovative design. $e innovative design method is fulfilled by the theory of inventive
problem solving (TRIZ). An improved coring system for the full-length core with in situ stress was obtained with the solutions of
improved coring mechanism, cutting mechanism, and spiral drill pipe.

1. Introduction

In the past, human activities are mainly on the subsurface
range of the earth’s surface, whose depth is less than 100m.
However, with the development of the human civilization,
people living on the earth’s surface encountered a lot of
limitations. $e growth of human knowledge about earth’s
crust and the advancement in engineering helped mankind
to study and analyze deeper parts of earth’s crust. $is
steered the development of various industrial activities, such
as coal mining and oil drilling. $e activities in deeper parts
of earth’s crust have not only helped in better understanding
of geoscience but also finding a lot of new resources for
people, such as gas hydrate and geothermal energy [1–3]. At
present, the mineral resources in the shallow part of the
earth have been gradually exhausted, and the development
of resources has been moving towards the deep part of the
earth. However, the basic research on the deep development
is not enough and the basic law is still unclear [4]. Further,

coring methods provided a better understanding of the
structure and stress distribution of rocks underground. Rock
coring technique is the basic method for all rock mechanics
because of its ability to provide the mechanical behavior,
chemical characterization, and structure of rock and this
information gives a better understanding of the structure
and stress distribution of rocks underground [5]. All the
information mentioned above has significant impact on rock
engineering [6]. $e rock core at the deep is the most
important part of the earth’s crust as it has or bears all
geological information [7]. Based on the different conditions
of underground, deep-rock coring techniques can be clas-
sified into three categories, that is, oil core drilling tech-
niques, geological core drilling techniques, and scientific
core drilling techniques [8]. According to the coring
method, each method can be divided into wireline coring
and coring by lifting drilling pipe [9]. As wireline coring has
better efficiency and continuous coring ability, this method
has wide application in hard-rock coring by vertical drilling.

Hindawi
Advances in Civil Engineering
Volume 2020, Article ID 8899156, 11 pages
https://doi.org/10.1155/2020/8899156

mailto:chenlingscu@scu.edu.cn
https://orcid.org/0000-0003-0090-8791
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8899156


Based on the underground condition, different core barrel
structures to obtain high-quality core are developed.
However, the core always gets cracked or broken during the
coring process due to stress developed when drilling, disking
phenomenon, crack, and so on. Moreover, the core recovery
method is still the main method for obtaining the main
information of the underground condition, especially for the
stress distribution in the core [10, 11].When drilling depth is
increased, we can find that the strength of hard rock is also
increased. As a result, core blocking occurs which poses a
great challenge to drilling. $erefore, how to obtain high-
quality rock core is always an eternal work for a coring
technique. $e quality of core is not only limited by the
coring technology but also by the strong crustal stress on the
deep rock [12]. High ground stress is the main factor af-
fecting the special mechanical behavior of deep rock [13, 14].
It is well known that stresses are commonly assumed to be
caused by primary and secondary sources. Assuming there is
no man-made stress on the rock core, the core only has
primary stress on it caused by the cumulative effect of events
that happened in the geological history of the rock, for
example, gravitational, tectonic, residual, and terrestrial
stresses [15, 16]. For the hard rock, there is a little
achievement in obtaining this primary stress or in situ stress
in coring technique. In China, a key research project is
proposed by the government to obtain the hard-rock core
with in situ conditions. $e ultrasonic drilling method is
applied to reduce the stress relief in cutting. $e exploration
of the deep-rock mechanism was used to understand the
challenges to be faced and the innovative method is applied
to assist designers in finding the relevant knowledge in all
research fields for designing the structures. $is paper an-
alyzed the stress conditions of rock core during the coring
and showed the mechanism of the core with in situ stress.
$e structure is analyzed to fit this in situ stress condition
and the conflict between core and coring tool chamber is
proposed for the innovative design. $e innovative design
method is based on the theory of inventive problem solving
(TRIZ) and some new methods are proposed by this theory.
After comparison of these new structures in rock core
mechanic analysis, the simulation work of rock core with in
situ stress was studied to explore the contribution to deep-
rock mechanics. An improved coring system for full-length
core with in situ stress was obtained with the solutions of
improved coring mechanism, cutting mechanism, and spiral
drill pipe.

2. Mechanical Analysis in Rock Coring System

$e rock core with in situ conditions under a borehole is
taken for themechanical analysis. As the rock core with in situ
coring needs to retain stress distribution as in the under-
ground, then the contact between core barrel and rock core
will be very hard. At the same time, contact force needs to be
in equilibrium with rock core in the in situ state.$erefore, to
obtain a hard-rock sampler, a simple method is used in which
a steel cylinder inbuilt with drill bits bore a rock mass up to
the required depth based on the conditions of the rock
structure [6]. During coring, lubricating oils will be used for

cooling purposes and when coring operation is over, the
bored holes are assumed to be filled with lubricants or fluids
in this coring or drilling method. $erefore, the core force
analysis is shown in Figure 1.

As mentioned in the Introduction section, the general
idea of coring with in situ conditions should keep the force
between core barrel and rock core in equilibrium. Because of
the in situ stress, there is always a plastic-elastic effect zone,
as shown in Figure 1. $e forces developed during opera-
tions are mainly caused by gravity G, friction force Ff, core
hydrostatic pressure P0, and the in situ stress of deep rock.
$e interaction and influence of forces determine the effi-
ciency and quality of core. $e mechanical analysis is
presented to find the mechanism for low quality of core. In
the deep-rock environment, the primary stress of the rock
core is the stress in the vertical direction, which is equal to
the pressure generated by the weight of the rock mass in the
vertical direction and is expressed as

σv � c · h, (1)

where c represents the volume weight (N/m3) and h is the
depth of the core location (m).

In the system with existing coring tool and the borehole
coring technology, the water pressure in the vertical di-
rection of the core is equal to the stress in its vertical di-
rection, which can be expressed as

σv � ρwgh + p0. (2)

In the above equation, ρw denotes the density of water, g

denotes the acceleration of gravity, and p0 indicates the
pressure value of water coming out of the horizontal surface
under hydrostatic pressure.

$e strength of the core barrel and its related structure
should be greater than the damage intensity force at the core
level according to the pressure characteristic of the rock core.

While the core is subjected to the original horizontal
stress, in the vertical direction, the force due to friction and
gravity will cause the core to become shorter and thicker. In
addition, because the core is located in the core barrel, the
horizontal deformation is restrained by the core barrel, thus
increasing the horizontal stress. $is change causes not only
increases in the frictional force when the core slides into the
core barrel, but also increases in the original stress on the
core barrel.

In this paper, the influence of the increase of the horizontal
stress of the core is analyzed. According to distribution law of
horizontal principal stress with depth [17], the horizontal stress
σh of the core is mainly from the stress in the vertical direction.
At the same time, the magnitude of the horizontal stress will
increase with the increase of core depth and gradually turn into
a major stress, which can be expressed as

σh � 0.0238h + 7.648. (3)

In addition, because the rock core is squeezed into the
core barrel, the force analysis of the core will need to be
reanalyzed, and the analysis results are shown in Figure 2.

In the vertical direction, the core is subjected to the
frictional force generated by the friction force Ff and by its
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own gravity. As the core length l increases, the vertical
support force FN is also increasing, and its concrete force
can be expressed as

FN � π dl · σh. (4)

In addition, because the rock core is surrounded by the
water, the gravity of the core in the water can be expressed as

G �
πd

2
gh ρR − ρw( 

4
. (5)
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Figure 1: Mechanical analysis of coring system. (a) $e schematic diagram of the core axial force under the core bit structure and (b) the
radial force of the core.
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Figure 2: Mechanical schematic diagram of rock core.
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$e water environment of the core is in the range of core
length, the pressure change is very small, and the water
pressure on the core will be the same. When the core enters
the core barrel, as the depth of sampling increases, the
corresponding friction force will increase, the friction co-
efficient μ is about 0.35, and the friction force can be
expressed as

Ff � μ · FN � πμ dl · σh. (6)

At this point, the total support force N of the rock core
can be expressed as

N � G + Ff �
πd

2
gh ρR − ρw( 

4
+ μπ dl · σh. (7)

$ough the rock core is in the core barrel, the condition
of rock core is related to deep rocks in the earth.

$erefore, the bottom of the core is the most vulnerable
deformation position, and the stress at the bottom of the
core can be expressed as

σN �
4N

πd
2 � gh ρR − ρw(  +

4l

d
· μσh. (8)

If the strength of the bottom volume of the rock core
reaches the yield strength of the core, the rock core will have
a severe plastic deformation when it enters the core barrel.
As the extrusion intensifies, the core will be damaged.
$erefore, the yield strength at the bottom of the core is the
maximum or limit stress at the entry point of the rock into
the fidelity cylinder. According to the limit conditions, the
rock core can enter the length of the core cavity when the
yield strength occurs and the limit length can be expressed as

σN �
4N

πd
2 � gh ρR − ρw(  +

4l

d
· μσh < σY. (9)

According to formula (9), the limit length of the core
rock that can enter barrel is given as follows:

l<
d

4
σY − gh ρR − ρw( 

μσh

 . (10)

In the traditional penetration coring device, limestone is
assumed for the coring rock in the deep underground. $e
other parameters of the rock core conditions are shown in
Table 1.

Substitute the above parameters into equation (10) and
obtain the limit length l< 102mm. In the actual coring
process, a part of the core is usually lost, so it is impossible to
make a standard core with length of 100mm. It is necessary
to study how to obtain longer cores.

In order to obtain the in situ conditions of rock core, the
contact point of hard rock and core barrel should be strong
enough to keep the stress in horizontal direction. Taking the
drilling system as a base for the sampling mechanism,
cutting area, debris removal, and contact form of core barrel
should be optimized to improve the core recovery rate and
obtain better core morphology, as shown in Figure 3 and
Table 2. However, there is a conflict relation between hard
contact and high friction at the entry point of hard-rock core

into core barrel. For the better design of coring system, the
innovative design method is applied. Moreover, the solution
of the new design is also applied to the method of knowledge
engineering to obtain the exact and required knowledge for
this new design.

3. Design Solution Strategy of Hard-
Rock Sampler

As core drilling process involves various complex functions
such as drilling, sampling, storage, and fidelity and in the
process of the designing and implementation of the hard-
rock sampler, a series of design conflicts that are more
difficult to break through and solve usually exist. If we want
to maintain the integrity of the sampled drill core strength
better during design, other parameters related to the
modified structure may be affected by the change of drilling
and mining methods. $e result may cause the device to
have a negative impact on other performances and create a
conflict. Relying on the design criteria that are summed up
by the predecessors often is not a good way to start with.$e
above problems can be solved easily using the conflict
resolution theory: theory of inventive problem solving
(TRIZ) [18].

$e innovation of various equipment structures is
fundamentally to solve or improve the design problem and
create a new competitive solution. Conflicts generally exist
in design; particularly, technical conflicts and physical
conflicts are the main forms of existence. It is universally
believed that, in the process of improving the conflict
problem, it is not possible to solve the problem completely
but can reduce the degree of conflict with a compromise
formula [19]. In the actual problem analysis process, in order
to facilitate the definition of a technical conflict in a system,
TRIZ theory transforms a specific problem into a standard
TRIZ problem with the help of 39 general technical pa-
rameters. $en, the technical conflict is solved by the in-
vention principle and the physical conflict is solved by four
separate principles [20].

Here, when mechanical properties, mainly friction force,
of deep hard are analyzed, there is a need to reduce and
eliminate the effect of drill core pile and the degree of
distortion by designing a new type of mechanical device. In
order to solve the design problem and conflict of the hard-
rock sampler, a set of innovation oriented design solution
strategies should be set up. Based on TRIZ conflict reso-
lution theory, substance-field model, the design strategy
process of a hard-rock sampler as shown in Figure 4 can be
established, and it includes the following parts [21–23]: (1)
the stage of analyzing drilling module problem: based on the
mechanical properties and the fidelity coring requirements,
the opportunity recognition and problem discovery are
realized, and the engineering definition of the problem is
completed; (2) the stage of problem transition and conflict
definition: problem-oriented conflicts are resolved, then
expressing the defined engineering problems in the way of
demand and clear solution direction; (3) the stage of in-
novation design: we usually establish substance-field model
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and conflict solutions for the design of hard-rock sampler
and the separation principle; the invention principle or the
standard solution can be used to reduce the solution range
according to the specific conflict characteristics; (4) the stage
of project evaluation and verification: we turn the design

plan into an application plan and judge its effectiveness in
combination with manufacturing and existing environment.
If a conflict is generated, return to the design phase and solve
the conflict.

As an important tool for description and analysis of
TRIZ theory, substance-field model decomposes the func-
tion of the system into two substances (S1, S2) and a field (F)
[24]. A function consists of the three components, that is,
two substances and a field. A matter achieves a specific
function by field interaction. $e conflict between the three
elements of the substance-fieldmodel and the expected effect
can be solved by using 6 general solutions and 76 standard
solutions. It usually consists of four types, which are useful
and full-interaction models, useful but insufficient inter-
action models, useful but excessive interaction models, and
harmful interaction models. $e functional components of
the core module of the hard-rock sampler can be described
in the form of the substance-field model as follows:

〈F, S1, S2〉, (11)

here, F represents the way of drilling and collecting the core
module (embodied in the way of the field), S1 represents
core module of hard-rock sampler, and S2 represents drilling
material like hard rock. $e substance-field model of hard-
rock sample belongs to the second type of useful but in-
adequate interaction models. Materials S1 and S2 can be
defined as a useful but inadequate trigger for design elements
and performance design elements. Field F can be defined as a
useful but inadequate structural design performance.

$e core structure of the hard-rock sampler is designed
to maximize the horizontal pressure characteristics of the in
situ core and to improve the strength and integrity, reduce
the pressure stress caused by friction in vertical direction,
reduce the constraints imposed on the core in horizontal
direction of the fidelity coring tube, and weaken the change
of the horizontal stress component in the core. Generally,
the solving process of this method is as follows: choose
solution tools, choose a solution synthetically, and judge
whether the solution is complete and effective.

4. Design Analysis of the Hard-Rock
Coring System

4.1. Innovative DesignMethods. To maintain the integrity of
the in situ coring pattern of the hard-rock sampler in deep-
rock mass environments, we use the abovementioned design
flow to improve the design of hard-rock sampler by drilling
recovery collection module. According to processes (1) and
(2), the design problems are defined and the design re-
quirements are analyzed. In the traditional drilling, the core
sample is subjected to the existing horizontal stress, and the

Table 1: $e core parameters for calculation.

Core diameter
(m)

Compressive strength
(Pa)

Acceleration due to gravity
(N/kg)

Depth of core
(m)

Water density
(kg/m3)

Rock density
(kg/m3)

Friction angle
(°)

0.05 9E+ 07 9.8 1,000 1,000 2,000 35

d1

d2

D

L

Figure 3: Structural parameters of coring system.

Table 2: Structural parameters and optimization objectives of
traditional coring.

Key parameter Optimization objective
D Reduce
d1 Reduce
d2 Constant
L Increase
Ff Reduce
Coring mechanism Rotary drilling
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compressive stress caused by the friction and gravity force in
the vertical direction, which causes the core to become
shorter and thicker. $e core is located in the fidelity core
barrel and the horizontal deformation is restrained by the
core barrel, causing the horizontal stress component in the
core to change. $e size of the change not only causes the
frictional force of the core sliding into the core barrel to
increase but also changes the original stress state of the core
barrel. $e above analysis shows that the core is subjected to
the friction generated by the extrusion force FN in the
vertical direction. As the coring length increases, the
component N in the vertical direction also increases:

FN � π dl · σh. (12)

When improving the design, frictional forces are mainly
taken into account. Friction is the main force to keep the core
fixed and is due to the basic physical contact between two bodies,
as shown in Figure 5. However, the friction force also changes
the force distribution of the core, resulting in the pile effect of the
core and the increase of in situ distortion of the core. It is hoped
that the process of the hard-rock sampler drilling and collecting
module can improve the other mechanical properties by re-
ducing the extrusion FN, the friction force Ff, and the stress σh

while ensuring the core-taking length.
For the existing mechanical characteristics, the method of

reducing friction according to the core characteristics can be
divided into the following aspects: structure, contact medium,
andmovement control method. According to processes (1) and
(2), the substance-field model of the hard-rock sampler is
established. As shown in Figure 6, as the existing structure can
only perform coring operations and its effect on maintaining
the original mechanical properties is not obvious, the type of
the substance-field analysis model should be a useful but not
sufficient interaction model. $is type can adopt the standard
solutions of the second and the third class of the substance-field
model, including 23 standard solutions of “enhanced object
field model” and 6 standard solutions of “transformation to
supersystem or microlevel,” further reducing the standard
solution space, and adopting comprehensively conflict

resolution theory and substance-field model to improve the
effectiveness and efficiency of the solution.

Classical conflict matrix can be based on the design of the
system to produce two conflicting technical parameters, so
that the innovative design can be found out from the in-
vention principle of the conflict directly from the matrix
table and using the principle to solve the problem [25, 26].

According to the analysis of the problems, the determi-
nants of hard-rock sampler conflict parameter to be improved
are determined to reduce the extrusion force FN, the friction
force Ff, and the stress σh, but the depth of the core conflicts
with it (the contact area between the core and the core barrel
during the movement), so refer to 39 common technical
parameter definitions: hope to improve the parameters (10)
force, (11) stress and pressure, deteriorating parameter, and
(5) the area of the moving objects. Corresponding to the
theory of TRIZ in Table 3, the collision matrix is queried.

Application solution is designed by comprehensively
analyzing the solution of the invention principle and the
standard solution of the substance-field analysis:

σN �
1
n

·
4N

πd
2 �

1
n

· gh ρR − ρw(  +
4l

d
· μσh < σY. (13)

4.2. Innovative Design of Coring Mechanism. As the whole
system is divided into n parts, each part cannot yield the rock
core, and the new structure has the ability to obtain the no-
damage core. $e principle of invention (19) periodic effect
suggests replacing continuous action with periodic action or
impulse action, and the principles of invention (15) dynamic
characteristics prompts to separate objects so that its various
parts can change the relative position. $e second standard
solution prompted S2 (core barrel) separation and get the design.
(1) $e design of penetration coring is improved to self-ad-
vancing rotary drilling and coring; at the same time, the drill pipe
body is separated from the core barrel, and the core barrel made
of a new material with smaller friction coefficient is separated
from the rock core, so as to minimize the drilling disturbance to
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Figure 4: Design process of core system based on TRIZ conflict resolution theory—substance-field model.
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the core and reduce the friction, as shown in Figure 7. (2)
Principle of multistage and equal diameter cutting is designed to
complete the rock cutting step by step. $e outer diameter of
new reaming tool is almost the same as that of drill pipe body,
while the outer diameter of common core bit is about 5mm
larger than that of drill pipe. Taking the design in Table 4 as

an example, the cutting area of new reaming design is about
30% lower than that of traditional blade design [27]. (3)$e
new design reduces the annulus area of cuttings when
returning, which causes cuttings-sticking or friction in-
creasing as cuttings-entering the core barrel. According to
the principle of innovation (28), the spiral core drill pipe is

G

 

Useful and fully effective
Useful but not sufficient

Electric
& force

field

Motor &
sensor

Core
cutter

Rock
core 

Core
barrel

Friction
pressure

Mechanical
energy

P0

P0

Ff

σh

Ff

N + σv

Figure 6: Substance-field model of the hard-rock sampler drilling.

G

P0

P0

σh

FfFf

N 

Moving
direction

Contact surface

Structure

Figure 5: $e distribution of elements for innovative design by mechanical analysis.

Table 3: Hard-rock sampler drilling conflict matrix.

Types Improved parameters Deteriorating parameters Invention principle

Technical conflict (10) Force (5) $e area of the moving objects

(19) Periodic effect
(10) Prerole

(15) Dynamic characteristics
(10) Prerole

Technical conflict (11) Stress and pressure (5) $e area of the moving objects
(15) Dynamic characteristics

(36) Phase change
(28) Replace with mechanical system
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Fluid

Hydraulic
motor

Piston
mechanism

Spiral coring pipe

(a)

Rock core

Core barrel

Spiral drill
pipe

(b)

Figure 7: Innovative design of coring mechanism. (a) Self-advancing rotary drilling and coring. (b) Assembly relationship of drilling
components.

Table 4: Structural parameters of coring bit assembly.

Design method d1 (mm) D1 (mm) D2 (mm) Reaming area (mm2) Area reduction (%)

Traditional design 80 89 94 1,913 30

Innovative design 80 89 90 1,335

Coring bit

Reaming bit

Spiral groove

D1
d1 D2

Table 5: Drilling parameters.

Speed Weight on bit (WOB) Circulation rate
300 r/min 180 kg 40 L/min
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Figure 8: Experimental equipment and coring bit assembly.
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Figure 9: Drilling parameters of marble.
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Figure 10: Drilling parameters of dolomite.
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designed innovatively to increase the return channel, and
the spiral mechanism is used to increase the return force of
cuttings and the drilling force of core bit.

5. Experimental Study on Rotary Drilling and
Coring System

In order to experimentally analyze the dynamical behavior
of new coring system, a drilling test on coring bit assembly in
design was conducted, which was the foundation of in situ
coring system designing.

5.1. Experimental Equipment and Parameters. As shown in
Figure 8, the experimental equipment mainly includes
the following: (1) rotating unit: because of the limitation
of indoor space, electric motor is used instead of hy-
draulic motor; (2) hoist unit: it provides downward
drilling power and hoist coring bit assembly to obtain
rock core; (3) circulation equipment: it is used to assist
the upper return of rock cuttings and maintain the liquid
lubrication between the core and the core barrel at a
certain pressure. $e main drilling parameters are shown
in Table 5.

5.2. Result Analysis. Two coring tests were undertaken in
marble and dolomite. $e calculated torque (T) and rota-
tional speed (n) for dolomite and marble are presented in
Figures 9 and 10 as a function of time. One core in marble
and one in dolomite are shown in Figure 11.

As a uniform material, marble shows a relatively stable
curve with little fluctuation of drilling torque. However, do-
lomite consists of nonuniform layers, and the results of drilling
torque fluctuate violently. In the process of experiment, two
40 cm long cores of marble and dolomite were obtained, which
proved the effectiveness of innovative design.

6. Conclusions

Due to the serious “stake effect” of hard-rock core in coring
process, the in situ coring of the hard rock deeply underground
(>1000m) is a great challenge. $is paper has done the me-
chanical analysis of the coring system of the hard rock and
designed a new coring system for hard-rock core with in situ
stress. In mechanical analysis, the core barrel has a serious
friction problemwith the hard-rock core. It not only causes the
surface damage due to the friction force but also limits the core
length for the condition of forming “stake effect.” Based on this

conflict by friction, four innovative structures are proposed to
reduce the damage by friction and enhance the good effect to
keep the in situ stress.$e innovative designmethod of TRIZ is
applied to improve the coring structure, contact medium of
barrel and core, and motion control method. In this me-
chanical analysis, it is proved that all of these innovative designs
can obtain the better quality of the hard-rock core than the
traditional coring method. In the future, this new design
method and coring system could be employed for the future
exploration of the deep-rock mechanics.
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)e environmental conditions due to unreasonable mining in underground stopes, the slurry diffusionmechanism in the grouting
reinforcement of a stope within its influence, the causes of large-scale instability collapse, and the catastrophic stope process are
analyzed, and limit upper line analysis theory and numerical analysis methods are comprehensively adopted, revealing the
continuous catastrophic collapse mode of large-scale underground stopes. )e method of determining the stope instability
collapse boundary and the slip surface within the range based on the theory of the maximum shear strain increment is proposed,
and the diffusion radius and range of the grouting slurry during the reinforcement process, which considers the multifield
coupling factors, are obtained. )e results show that the U-shaped hidden danger area formed after the collapse of the large-scale
underground stope. )e influence range reaches six adjacent stopes, which are symmetrically distributed around the collapse; the
mining instability is manifested as a catastrophic chain process of stress change, energy accumulation, state change, and instability
collapse. )e damage mode of instability collapse is a combination method of wedge collapse, circular arc rotation, triangular
translation, and strip slip. According to the multiphysics coupling numerical calculation, the diffusion radius of the grouting
slurry is 12m, exhibiting an elliptical distribution. )e research results can be used to comprehensively control the underground
mining environment, thus effectively solving the safety problems faced by tunnel or roadway excavations above the goaf.

1. Introduction

Mineral resources are one of the most basic sources of
human production and living materials and are an im-
portant material for economic development. In addition,
most mineral resources are nonrenewable [1]; thus, the
rational and effective application of mineral resources is a
societal responsibility. With the rapid development of
China’s social economy, the consumption of mineral re-
sources has increased, and mineral resources with high
grades and easy exploitation have also been depleted [2, 3].
To meet the growing demand of economic construction for
mineral resources and to maintain stable economic growth,
the exploitation of mineral resources should not only
continue to extend deeper but also fully recover the hidden
resources left in the mining process under the existing
technical and economic conditions [4, 5]. Given the

unreasonable mining that took place in the early stages of
mining, a series of complex engineering problems, such as
the subsidence of surrounding rock, structural failure of rock
masses, and instability of roadways, the results from the
collapse of underground goafs, cause substantial hidden
dangers to the subsequent mining and repair processes of
underground roadway spaces [6]. Problems such as the
determination of the slip boundary of the underground
collapse zone and its influence range [7–10], deformation of
the upper ore body of the collapsed zone and two areas of
surrounding rock (filling body), evaluation and prediction of
subsidence and movement [10–13], and reinforcement and
repair of surrounding rock in the roadway within the scope
of the collapse zone [14–16] all affect the selection and
optimization of the hidden resource recovery plan in the
entire underground collapse zone and the budget of the
project investment.
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Determining the influence range of mining instability in
complex large-scale underground stopes and providing the
corresponding reinforcement is a key link for safe mining of
hidden dangerous resources and is crucial to mining safety
[17]. )e main research methods for the instability and
collapse of underground stopes include numerical simulation
analyses, the catastrophe theory, similar material simulations,
and the uncertainty method [18–23]. Yao, followed by Wood
[24], studied the conditions and heights of overlying rock
collapse caused by stoping through the finite-element method
and boundary-element method [25]. Freidin et al., based on
finite-element software, conducted stress distribution and
stability analysis studies on goaf roofs and obtained the safe
range of underground mining spans [7]. Peralta studied the
stability of fluid-filled roadways under mining influences by
the perturbation method, and the change pattern of impacts
exerted by different dynamic waves on existing structures was
analyzed [26]. Grgic studied the mechanical behavior of iron
ore and marl through rock mechanics tests and FLAC 2D

software, and Malan proposed an elastic-viscoplastic method
to study the time dependence of the creep deformation of an
ore rock fault zone during surface excavation works [27].
With respect to the stoping of resources with hidden dangers
and the countermeasures of hidden dangers, developed
countries studied the exploitation of resources containing
hidden dangers in underground mines much earlier than
China. By adopting a completely different concept, residual
ore was fully and effectively recovered from the San Manuel
coppermine andWhite Pine coppermine in the United States
by using the dissolving leaching mining method, which was
safe and had low mining costs [28]. Tan studied the stress
distribution pattern of semi-U-shaped valley terrain [29]. In
addition, research on stope/rock mass instability caused by
the failure of rock discontinuities (mechanical joints, bedding,
or veins) is also common in rock engineering. For example,
Junlong Shang et al. studied the fracture of vein-like granite in
multiaxial compression using a discrete element method
model [30]. An engineering method was proposed by Grenon
for the analysis and reinforcement design of open stopes in
jointed rocks [31]. Shang et al. discussed the tensile strength of
the initial discontinuity in rock, and a result from a laboratory
test procedure was proposed to quantify this parameter [32].
For the above research, the choice of a specific method is
determined by a series of trade-offs between technology and
practice.

)e collapse and instability mechanism of underground
stopes is complex; thus, it is crucial to analyze the causes of
instability and collapse of underground stopes for mining
safety, to determine the catastrophic mechanism of insta-
bility and collapse area, to determine the slip surface, to carry
out effective grouting reinforcement, and to control the
hidden danger area. Meanwhile, there are no general ap-
proaches or methods for reference. )e collapse instability
mechanism of the underground stope mentioned above is
very complicated, with no fixed method for a recovery plan.
)ere is still no systematic theoretical research on the
methods and means of repair, or the scope and depth of
repair and reinforcement, with no standard available to be
followed.

Based on this condition, which is one of the cutting-edge
topics in sustainable mining development under the con-
dition of increasingly exhausted resources as the mechanism
of large-scale instability and collapse of underground stopes
under complex environmental conditions, the reinforce-
ment and restoration of the geological environment in the
collapsed area are carried out to realize the safe and efficient
mining of hidden danger resources in underground col-
lapsed areas.

In this paper, a method to determine the sliding surface
of a stope collapse boundary and scope based on the
maximum shear strain increment theory is proposed to
improve mining safety and reveal the mechanical behavior
mechanism of collapse and control risks, which is combined
with a metal ore mine as a case study, in view of the complex
mining conditions of the collapsed area. )e theory of the
upper-bound theorem of limit analysis and rock pressure
and rock mechanics theory are used, and the mechanical
behavior mechanism of collapse and the diffusion mecha-
nism of grouting in the collapse area are revealed to obtain
the causes and catastrophic process of large-scale instability
and collapse of stopes. )en, based on the Richard model,
the grout diffusion trend under time series is explored to
guide roadway or tunnel grouting reinforcement and
modification work in the future.

2. Current Situation of Instability in the
Collapse Area of an Underground Stope

Based on the unreasonable metal mining practices, the
collapse of the stope forms a large-scale collapse area, whose
elevation is −298.3m to −232.0m, and the coordinates are
313.5 to 396.5 in the north-south direction (see Figure 1).
)e area comprises a goaf, filling body, and ore body, and the
width of the stope is 6.5–8m. After the collapse of the stope,
which is approximately 22.5m in height at the lower part of
the #0 stope that is completely explored, two bangs of fillings
rush into the goaf due to the collapse, and the upper ore body
sinks as a whole. According to the site survey, the mining
environment conditions of the ore bodies in the area are very
complicated.

3. Analysis of the Causes of Instability Collapse

)e large-scale instability and collapse of the underground
stope not only cause continuous movement of the upper part
of the goaf and the two areas but also produce discontinuous
damage. )e discontinuous collapse affects the adjacent
stope. )e mining methods, mining time, and filling ma-
terials of different stopes differ, and the repeated mining of
each stope makes the overall trend of the rock mass around
the collapsed area move continuously toward the goaf. In the
position with considerable uneven sinking, the “wedge-
shaped” crack is likely to occur. Figure 2 shows the specific
causes of instability collapse.

After the formation of the underground goaf, the col-
lapse of the two-package body is induced, resulting in crack
development at the stope interface until a local part or
complete penetration. )e filling body slides and moves
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along the surface of the fracture structure. )e process of
mining collapse and catastrophe also refers to the process of
the gradual accumulation of energy, that is, the process from
quantitative change to qualitative transformation. When the
energy accumulation reaches a certain value, the filling body
is destroyed, and a large crack is formed at the unstable
position, finally promoting large-scale instability collapse,
whose process can be expressed by the catastrophic chain
process shown in Figure 3.

4. Upper-Bound Theorem of the Limit
Analysis of Instability Collapse

When the method of the upper-bound theorem of limit
analysis is applied in engineering practice, the stress field and
ultimate load under the failure state can be determined
through the equilibrium condition, yield condition, flow
rule, and corresponding boundary condition with reason-
able construction of the failure mechanism.)is method can
easily form explicit expressions of objective functions, is
simple and fast in solving processes, and has been fully
recognized and widely used [33].

)e underground stope collapse is analyzed based on the
upper-bound theorem of limit analysis (the energy method).

By constructing the displacement field and velocity field, the
analytical expression of the damage load is obtained based
on the principle that the internal and external powers are
equal [34, 35]. Figure 4 shows the expanded view of the
velocity vector.

)e external power calculation is as follows [36]:

Wn � c × SGCnF × Vn+1 × cos
π
2

+ φ − αn+1 

� c × V0 × h
2

× fn.

(1)

In the above formula, V0 refers to the initial velocity
vector, V2, V23, . . . , Vn+1 are the respective components of
the velocity vector, α2, α3, . . . , αn denote the angles, c

represents the gravity of the rock mass ( kg/m3), and h is the
goaf height (m).

)erefore,

fn �
1
2


n
2 cos 2φ − αi( 

cosn−12φ × sin αn+1 × cos αn+1 × cos
π
2

+ φ − αn+1  × e
α1 tan 2φ,

(2)

where φ denotes the internal friction angle of the rock
mass (°).

)e calculation of the power of the bearing reaction is as
follows:

WT � −q ×
l

2
× V0 − e × h × Vn+1 × cos αn+1 − φ( 

� −qhV0f0,

(3)
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For unreasonable
mining sequences and

rock masses are
prone to

deformation.

The quality of the
two-pack filling
body is unstable
after exhibiting a

large deformation.

The destruction damage of the ore
body after excavation.

Mining is not timely
and consists of

blasting disturbance.

Underground stope
collapse.

Underground stope
collapse

Figure 2: )e causes of steady mine rock collapse.
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where q refers to the support force on the unit area of the
roof ( kPa), l specifies the goaf span (m), and e is the
support force provided for the unraised ore:

f0 �
l

2h
+ K ×


n
2 cos 2φ − αi( 

cosn−22φ cos αn+1 − φ(  × e
α1 tan 2φ,

(4)

where K is the side pressure coefficient and α1, α2, α3, and
α4 are angles (°).

)e dissipation power of the internal energy for GCk is as
follows:

Dint � DAB + DBC1
+ DGBC + 

n−1

1
DCkCk+1

+ 
n

2
DGCk

+ DCnF

� c × h × V0 × g′ + g″ + g
‴

+ 
n

1
gk + 

n

2
lk

⎛⎝ ⎞⎠,

(5)

where c represents the cohesion of the rock mass (MPa) and
g′, g″, and g‴ represent the energy dissipation of the shear
triangles.

)e following equation can be obtained according to the
above simultaneous equations:

q �
ch × f′ + f″ + 

n

1fk  − c × g′ + g″ + g
‴

+ 
n

1gk + 
n

2lk 

f0
,

(6)

where f′ and f″ are coefficients in the power of the work
due to gravity.

)e stope outside the collapse area can be explained by
the strip method [37]:

σT � tan(θ − φ)cot θ
csatDeq

2
+ σ]′  − c[tan(θ − φ) + cot θ],

(7)

where Deq represents the equivalent goaf height, θ repre-
sents the angle between the slip surface and the horizontal
plane, csat is the severity of the surrounding rock, σ]′ is the
average effective vertical stress acting on the top of the strip
filling body, and σT represents the horizontal force of the
strip-shaped filling body; when the physical and mechanical
parameters are constant, σT is a function of (θ, π/2).

Figure 5 shows a schematic of the deformation mech-
anism of mining collapse. In the process of ore extraction,
the supporting force of the two sides of the filling body and
the stability of the surrounding rock gradually decrease. )e
No. 1 and S0-1 stopes of the two sides of the 0 stope and the
internal backfill slag present a wedge-shaped collapse mode,
and the area along D1, D2... Dn presents a circular arc-
shaped rotation; that is, an arc-shaped slip surface is formed
until point B1, and the ore body above the goaf and a part of
the filling body of the two sides will show a triangular
translational pattern. When the force q provided by the roof
cannot continue to support the upper ore body, the filling
bodies in each stope will show a stripe slip along the interface
between them and the slip surface of C1∼Cn, D1∼Dn, and
the distance the farther away the goaf is, the smaller the slip
angle, that is, θ1< θ2...< θn in the figure for S0-1, S1-1, S1-2,
N0-1, and N1-2. )e N2-3 stope slides successively, and at
the same time, the upper ore body will sink or slide along
with the movement of the lower filling body, which will
eventually cause a large area of collapse. )e mechanism of
instability and collapse of underground stopes is explained
from the perspective of energy dissipation and energy
transfer. )e system consisting of each stope in the ore body
is a subsystem composed of the ore and filling body. )e
instability collapse is essentially the process of energy
conversion, transfer, and dissipation of the subsystem
during mining. )e final energy conversion of the system
mainly includes the work due to gravity, the work due to
external forces, and the internal energy dissipation. When
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Figure 5: Deformation mechanism of mining schematic collapse.
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there is work due to gravity, energy dissipation occurs on the
slip surface. According to the above derivation, the work due
to gravity mainly includes Ws, W′, W″, . . . , Wk, and Wn,
and the external force is WT. )at is, the energy released by
the external body after the absorption of the external force in
the process of mining and the critical value exceed e and q,
respectively, and instability occurs. At the same time, the
internal energy is consumed with rupture development.)at
is, the internal energy is lost along the ABG, FCnG, C3CnG,
C2C3G, C1C2G, C0C1G, and BC0G lines until the initial
equilibrium state is reached. In this process, energy is ex-
changed, restricted, and irreversibly fed back to the outside
world. Afterward, gravity and external forces continue to
work, and energy is transferred to the goaf. )e internal
energy is lost along the D0E, EF, FG, and GH lines and the
C0I, IJ, and JK lines until the final equilibrium state is
reached.

In summary, the deformation and failure mode of the
filling body near the goaf of stope #0 is determined by the
downwardly turning wedge. )e deformation and failure
mode of the surrounding rock of the stope positioned at a
distance from the goaf is determined by the strip method.
)e failure mode of mining collapse of “wedge collapse”⟶
“circular arc rotation”⟶ “triangle translation”⟶ “bar
slip” is formed.

5. Searching Potential Failure Surface Based on
the Maximum Shear Strain Increment

5.1. 0e Search Method for the Sliding Surface of the Unstable
Collapse Area. )e hybrid discrete method is used to sim-
ulate plastic failure and plastic flow in FLAC3D, which is
more accurate and reasonable than the finite-element
method. Even if simulating a static system, the dynamic
equation is still used, which allows the simulation results of
FLAC3D to more accurately reflect the real situation than
that of other models.

According to the elastic-plastic mechanics theory and
Mohr–Coulomb strength theory [38], the failure of rocks is
caused by the shear stress on one side of the rock exceeding
the ultimate stress, which inevitably leads to large shear
deformation. )e shear strain increment in FLAC3D is a
physical quantity related to the node displacement; thus,
choosing the position of the maximum shear strain incre-
ment as the criterion for determining the sliding surface has
the advantages of providing a clear physical meaning, which
is consistent with the conclusions of scholars. )erefore, the
sliding surface can be considered to be connected by the
position of the maximum shear strain increment in the
vertical direction. On this basis, this paper presents a method
to determine the potential slip surface by searching for the
maximum shear strain increment.

To determine the slip surface and influence range of the
mining instability area, an analysis model of the instability
collapse state is constructed to obtain the mechanical state
andmaximum shear strain incremental cloud diagram of the
failure area of the underground stope after the clarification
of the slip surface search method based on the maximum
shear strain increment. )en, the three-dimensional shape

and influence range of the slip surface of the collapse area are
determined.

)e rock mass within the collapsed area is discretized
into a series of vertical lines. From the definition of the above
limit states, the rock mass on the slip surface is notably in a
plastic state. )erefore, the unit that enters the plastic state is
the position where the slip surface passes. )at is, on any
vertical line, several unit bodies reach a plastic state, and the
maximum shear strain increment is selected here as the
criterion. )e tensor of the strain increment denotes the
physical quantity associated with the node displacement
[39, 40]. For the tetrahedral element component in the
model, its calculation formula in an infinitely short time dt is
shown in the following formula:

ζ ij � −


4
l0�1 v

l0
i m

l0( )
j + v

l0
j m

l0( )
i A

l0( )

6V0
, (8)

where v
l0
i refers to the displacement in the i direction of the

first node of the unit; m
(l0)
j represents the normal vector of

one of the faces of the tetrahedron corresponding to the first
node of the unit; and A(l0) corresponds to the area of one of
the tetrahedrons corresponding to the first node. )at is,
during the time period dt, the node displacement of the unit
determines the magnitude of the displacement increment of
the strain increment in one time step.

)e least square method is used to fit the curve, which
can smooth the slip surface of the original form of fluctu-
ation. Assuming that the three-dimensional coordinates of
the above maximum shear strain increment are xk and y1,
the form of the fitted curve is shown in the following
formula:

y
∗
(x) � 

n

l�0
a
∗ψl(x). (9)

5.2. Construction of the Instability and Collapse Mechanics
Model of the Underground Stope. )e three-dimensional
numerical analysis model is constructed based on the cur-
rent situation of ore mining, with a length of 200m, a width
of 100m, a height of 100m, a total of 187,500 units, and
199,576 nodes. )e filling body in the model uses a double-
yield constitutive model that simulates those with porous
medium, whereas the rest is described by the
Mohr–Coulomb model. )e interface between the various
stopes and filling bodies is connected by the interface
command. )en, the material parameter assignment,
meshing, boundary condition application, initial geostress
generation, and numerical calculation analysis are com-
pleted. )e ore and filling are generalized. )e material is
assumed to be isotropic and a continuous uniform medium
without joints or cracks. )e results of the mechanical re-
sponse results within the collapse area are monitored by
means of a layout of monitoring points. Table 1 shows the
relevant parameters obtained by the rock mechanics
experiments.
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After the excavation of the underground space, the
destruction of the ore body is caused, and the destruction of
the ore body is represented by the size of the plastic zone.
Figure 6 shows the distribution diagram of the plastic area
formed after the excavation of stope #0.)e figure shows the
shear and tensile damage plastic zones with a large distri-
bution range of the plastic zone. )e goaf roof is represented
by shear failure, and its two areas work jointly for shear and
tensile damage. Moreover, the plastic area of the goaf top
plate and the two areas expand and extend to the adjacent
stope and form a connection, resulting in large-scale in-
stability and goaf failure. )erefore, the two areas of filling
bodies in the goaf are pulled down in the lateral direction,
resulting in pieces and collapse. )e roof also experiences
large-scale falling, which eventually leads to large-scale in-
stability and collapse of the entire empty area.

Figure 7 shows the maximum shear strain increment
cloud diagram of the unstable collapse state. )e figure
shows the collapsed shape of the collapsed area. A larger
maximum shear strain increment in the area results in more
serious damage. However, the specific location and geo-
metrical characteristics of the slip surface at the collapse area
are still uncertain. )e search method of the slip surface
based on the maximum shear strain increment can be used
to determine the position of the slip surface of the collapse
area.

5.3. 0e Search Method of the Slip Surface in the Instability
Collapse Area. )e specific search method for the slip
surface is as follows (see Figure 8):

(1) )e stress and strain data output by the software can
be used to assess the penetration state of the plastic
area.

(2) A vertical line is set along the horizontal direction.
)e FISH language is deployed to search the coor-
dinate position (xk, y1), (i � 1, 2, 3, . . . , n), where
the maximum shear strain increment appears. n
denotes the number of discrete points and is saved in
a .txt format.

As the software can only obtain the maximum shear
strain increment in the center of the unit and smooth the
curve on the slip surface, a smooth collapse zone slip surface
curve can be derived with the above search procedures.

According to the search method of the slip surface of
mining instability, the influence range and three-dimen-
sional shape of the mining collapse area can be delineated.
)e specific method is as follows:

(1) FLAC3D can be used to calculate the stress and strain
of the collapsed area in the limit state, and a series of
vertical lines is set in the calculated section.

(2) )e FISH language programs are compiled, and the
position of the maximum coordinate of the shear
strain increment on the vertical line is searched to
obtain the coordinates of the discrete points on the
slip surface. )e coordinates of the discrete points
are fitted by the least squares method to obtain the
shape and position of the slip surface.

(3) Figure 9 shows the coordinate output of the shape
and position of the slip surface, which is saved in a
.txt format, and the three-dimensional slip surface is
generated by SigmaPlot software.

Table 1: Rock mass mechanical parameters.

Name
Elasticity
modulus
(MPa)

Poisson’s
ratio

Volume
weight
t/m3

Cohesive
force (MPa)

Internal
friction
angle (°)

Strength of
extension
(MPa)

Filling body
1 2750 0.19 2.11 0.74 38.0 2.39

Ore body 19760 0.30 3.80 2.45 40.3 2.4
Filling body
2 2080 0.21 2.23 0.56 37.7 1.96

Shear-n shear-p

Shear-p
Shear-p tension-p
Tension-n shear-p
Tension-p

Shear-n shear-p te

Figure 6: Plastic zone of the instability mining collapse area.

Gradient calculation
1.9410e – 006 to 2.0000e – 004
2.0000e – 004 to 4.0000e – 004
4.0000e – 004 to 6.0000e – 004
6.0000e – 004 to 8.0000e – 004
8.0000e – 004 to 1.0000e – 003
1.0000e – 003 to 1.2000e – 003
1.2000e – 003 to 1.4000e – 003
1.4000e – 003 to 1.6000e – 003
1.6000e – 003 to 1.8000e – 003
1.8000e – 003 to 1.9131e – 003
Interval = 2.0e – 004

Figure 7: Cloud of the maximum shear strain increment.
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)e method of searching the potential failure surface
based on the maximum shear strain increment has the
advantage that the criterion for judging the sliding surface is
clear in terms of its physical meaning, and the method is
simple and practical.

6. The Reinforcement Repair
Research of Grouting

Given the collapse of the large-scale underground stope, a
large number of voids and fissures form in the area. )ese
voids and fissures are usually filled and strengthened by
grouting [41]. )e key to grouting reinforcement and
repair is to explore the diffusion law of the grouting slurry
with time. )erefore, based on the Richard model, a three-
dimensional multifield coupling model is constructed.
)e time step is changed, that is, the set time steps are 0 s,
60 s, 120 s, and 180 s. )e study of the law of slurry dif-
fusion is performed in the time sequence, as shown in
Figure 10.

As shown in the figure below, the comparison after
setting the time step shows that the diffusion proceeds
upwards due to the initial pressure value. )en, the process
enters into the rock mass fissure along the other pores and
fills them. )us, the slurry saturation directly below the
slurry hole is the lowest. As time passes, given the effect of
gravity, the slurry enters the entire area. Similarly, with the

further passage of time, the concentration of the slurry
reaches a certain value, the saturation diffusion diagram
shows no substantial change, and the grouting time can be
obtained. In actual engineering applications, the grouting
numerical simulation can be performed by demand. If the
project is in progress, the water-cement ratio of the material
can be adjusted to change the density and viscosity of the
material in the model. )e optimum water-cement ratio of
the material can be obtained through a simulation in the
same area, effectively shortening the construction period and
preventing slurry stagnation due to condensation that occurs
too early and diffusion, which is beneficial to optimizing the
grouting design.

)rough the above simulation, the pores and cracks in
the filling body that are injected into the original slurry
injection are in a homogeneous state, and their diffusion
radius is R0. After the slurry is filled and coagulated to
become a “capsule”, the effective filling hole and fracture rate
of the filling body areNz, and the total volume of the injected
slurry can be obtained from

Wz � Nz πR
2
0Hz +

4
3
πR

3
0 , (10)

where Wz denotes the total volume of the injected slurry
(m3); R0 is the diffusion radius of the slurry (m); and Hz
represents the total section height of the injected grouting
(m). According to the grouting experience, the Nz value is
3.0% to 6.0%.

Figure 11 shows the relationship curve between the
diffusion radius of the grouting and porosity rate. Re-
markably, when the amount of slurry injected is constant,
the range of the slurry diffusion increases with decreasing
porosity. )e results of the above research can be used to
guide the grouting reinforcement modification work
onsite.
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(a) (b)

(c) (d)

Figure 10: Diffusion law of the slurry over time. (a))e step size is 0 s. (b))e step size is 60 s. (c))e step size is 120 s. (d))e step size is 180 s.
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7. Conclusion

To improve mining safety and reveal the collapse failure
mode of large-scale instability in underground mining and
to guide roadway or tunnel grouting reinforcement appli-
cations, this paper takes the collapse area of a metal mine as
the research object, proposes a method for determining the
potential slip surface by searching for the maximum shear
strain increment, and obtains the radius and scope of grout
diffusion in the solid treatment process.

(1) )e analysis and research on the mechanism of in-
stability and collapse of underground stopes are carried
out. An analysis model of the collapse mechanism is
constructed for the complex mining conditions in the
collapsed area. )e analysis reveals the catastrophic
chain process of the ore body dynamic instability as
“stress change”⟶ “energy accumulation”⟶ “state
change”⟶ “stability collapse” and its collapse mode
of “wedge collapse”⟶ “circular rotation”⟶ “tri-
angle parallel motion”⟶ “bar sliding”.

(2) )e method of searching the failure surface based on
the maximum shear strain increment is proposed.
)e influence range of the instability and collapse of
the underground stope and the position of the slip
surface are determined. A three-dimensional nu-
merical model formed by the mechanical properties
of the stope instability analysis is established to reveal
the mechanical response characteristics of the col-
lapse instability of the stope. )e maximum shear
strain slip surface search method is used to deter-
mine the three-dimensional appearance and spatial
position of the slip surface of the collapse zone.

(3) )e change trend of the slurry with the time of
grouting injection in the underground stope is re-
ceived, and the relationship between the grouting
diffusion radius and porosity rate is revealed to
obtain the reinforcement and repair range of
grouting in the collapsed area.

)e research results can provide theoretical support for
the further recovery of underground mineral resources in
the collapsed area or the tunnels above the goaf.
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Prediction of rock fracture is essential to understand the rock failure mechanism.)e three-point bending test has been one of the
most popular experiments for the determination of rock fracture parameters. However, the crack initiation and propagation of
rock beam with the center notch and offset notch have not been fully understood. )is paper develops a numerical method for
modelling the notched beam cracking based on nonlocal extended finite element method (i.e., XFEM) and mixed mode rock
fracture model. An example is worked out to demonstrate the application of the numerical method and verified with experimental
results. )e crack length development, crack pattern, crack opening and slipping displacements, and the load-crack mouth of
displacement (P-CMOD) curve are obtained. )e effects of offset notch location and mechanical properties on the crack length
development, P-CMOD curve, and crack pattern are investigated and discussed. It has been found that the peak load of the
notched beam nearly linearly increases with the increase of the notch offset ratio. )e cracking of rock beam with offset notch is
dominated by mode I fracture, but mode II fracture contributes more when crack deflection occurs. )e fracture energy sig-
nificantly affects the peak load, while it has little effect on the prepeak and postpeak slopes in the P-CMOD curve.

1. Introduction

)e failure of rock or rock mass in deep rock engineering is
closely related to the crack initiation, propagation, coales-
cences, and nucleation from micro- to macroscales [1–3].
)e energy storage and dissipation during rock cracking
significantly affect deep rock failure behaviour [4]. Predic-
tion of rock fracture is important to understand the rock
mechanical behaviours and rock failure mechanism [5]. Due
to the difficulties in controlling the rock cracking for direct
tensile tests, some indirect tensile tests (e.g., Brazilian test,
three-point bending beam test, and semicircular bending
test) have been widely used to obtain the tensile failure
properties of rock [4, 6–8]. )rough controlling the crack
mouth of displacement (CMOD) of the notch, the whole
load-CMOD curve including the postpeak softening part can
be obtained by three-point bending beam tests [8]. Further,
an improved understanding of rock fracture can be achieved

through investigating the crack initiation and propagation of
rock beam with the center notch or offset notch under the
three-point bending load.

As a standard or suggested method for determining the
strength, fracture energy, and fracture toughness of rock and
concrete from RILEM (International Union of Laboratories
and Experts in Construction Materials, Systems, and
Structures) [8], ASTM (American Society for Testing and
Materials) [9], and ISRM (International Society for Rock
Mechanics) [10], the central notched beams have been
widely employed to investigate the fracture properties of
rock and concrete [2, 7, 11–13]. Gong et al. [4] investigated
the storage and dissipation evolution process during rock
tensile failure based on the Brazilian test, point load test, and
semicircular bending test. )ey found that there were
strongly linear relationships between the elastic energy,
dissipated energy, and total input energy [4]. Fakhimi et al.
[2, 12] compared the characterization of fracture process
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zone around the crack tip by granite beams with single
center notch for four different sizes and found that the
length and width of the process zone increased with the
increase of the specimen size. Dong et al. [6] investigated the
fracture properties of rock-concrete interfaces by making a
notch at the geometric center of the rock-concrete beam and
found the fracture energy of the interface was much smaller
than that for concrete or rock. Furthermore, the fracture of
rock beam with offset notches attracted more attention for
understanding the nominal strength and crack patterns for
offset notched rock under the three-point bending load
[14–17]. Zuo et al. [14] employed the scanning electron
microscope to investigate the effect of the offset notch on the
cracking of basalt beam with dimensions of
25mm× 10mm× 5mm. )ey found that the distance be-
tween the offset notch and the beam centerline significantly
affected the crack patterns [14]. Furthermore, Zuo et al. [18]
investigated the effects of shale bedding on crack behaviour
and fracturing mechanism by scanning electron microscope
(SEM) with a loading system and found that the peak load,
fracture toughness, and fracture energy all increased with the
bedding angle from 0° to 90°. Luo and Gong [19] carried out
a series of single cyclic loading-unloading flexural fracture
tests on marble, red sandstone, and granite and proposed
flexural energy storage coefficient and flexural energy dis-
sipation coefficient to represent rock capacities for storing
energy and dissipating energy, respectively. Guo et al. [15]
made granite beams with single center notch and offset
notch with dimensions of 145mm× 50mm× 18mm and
carried out three-point bending tests. )ey found that the
larger the offset ratio was, the larger the peak load and
nominal strength of the specimen were [15]. Xu and Cao [17]
carried out three-point bending tests by rock-like material
beams with single offset notch at different locations and
found that the peak load increased linearly with the increase
of the offset ratio. However, it is not easy to make an intact
large-scale rock beam without preexisting cracks because
lots of natural fractures or joints exist in rock mass.
Moreover, experimental observations of crack initiation and
propagation of rock beam, especially for the postpeak
softening stages, are time-consuming, technically chal-
lenging, and expensive. )erefore, the effect of offset notch
on the crack initiation and propagation of rock beam has not
been fully understood.

Computational simulations of rock fracture have been
an active research field, which enhanced the understanding
of failure mechanism of rock [16–18, 20–30]. Fakhimi et al.
[2] employed a bonded particle model to investigate the
fracture process of rock beam with a center notch and
found that a cohesionless crack can develop at peak load.
Xu and Cao [17] modelled the cracking of cemented tailings
backfill beam with offset notches and found that the offset
ratio affected the crack patterns of the beam by PFC
software. Huang et al. [28] employed cohesive elements to
model the cracking of layered rock under the semicircular
bending test and found that the fracture load of sandstone
increased with the increase of inclination angle between
loading direction and bedding plane. Wei et al. [30]
modelled the cracking of rock with multiple flaws by

continuum-based discrete element method. Dong et al. [23]
modelled the interface cracking of the rock-concrete
composite beam with offset notch by remeshing finite el-
ement method and found that shear fracture contributed to
the fracture process of beam. Jia and Zhang [26] modelled
the three-point bending beam tests by the damage model in
RFPA (rock failure process analysis) software and found
that the location of the offset notch affected the failure
mode of the rock beam. Among the existing pieces of
literature on numerical modelling of three-point bending
tests of rock beam, most were focused on the beam with the
central notch and others discussed more about the crack
patterns and failure mode for the beam with offset notches.
It is of significance to predict rock cracking and understand
rock fracture behaviour for notched three-point beam tests.
)e extended finite element method (XFEM) provided a
very helpful tool for modelling rock arbitrary cracking
without the requirement for remeshing [31]. Moreover, the
nonlocal stress averaging for cracking can make the pre-
diction of materials cracking more accurate [32].)erefore,
it is worth modelling the cracking of notched rock beam
under the three-point bending load by the nonlocal XFEM
and mixed mode fracture model.

)is paper attempts to develop a numerical method
based on nonlocal XFEM for modelling notched rock beam
cracking under the three-point bending load. Cohesive crack
behaviour is used to describe the mixed mode fracture of
rock. An example of rock beams with the notch at different
locations is worked out to demonstrate the numerical
method. )e crack length development, crack pattern, crack
opening and slipping displacements, and load-CMOD (P-
CMOD) curve are obtained. )e numerical results are
compared with those from experiments. Finally, the effects
of offset notch location and mechanical parameters on the
crack initiation, prorogation, crack pattern, and P-CMOD
curves are investigated and discussed.

2. Constitutive Model for Rock Fracture

Rock exhibits the tensile strain-softening behaviour due to
an inelastic zone being developed ahead of the crack tip,
often referred to as fracture process zone (FPZ) [7, 25]. )e
cohesive crack model first proposed by Jia and Zhang [26]
has been employed to simulate discrete cracking in the
fracture process zone of rock and concrete. Before crack
initiation, the stress of rock linearly develops as a linear
function:

σn � Knδn,

σs � Ksδs,
(1)

where σn and σs are the normal and shear stresses, re-
spectively; δn and δs are corresponding normal and shear
strains, respectively; Kn and Ks are the normal and tangential
stiffness, respectively.

When the maximum principal stress reaches the crite-
rion value (i.e., cohesive strength), crack initiation will occur
and a damage value is introduced to reduce the stiffness for
stress softening, i.e.,
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σn � (1 − D)Knδn,

σs � (1 − D)Ksδs,
(2)

where D is the overall damage variable which is 0 before
damage initiation and 1 after complete failure. As shown in
Figure 1, the damage evolution between initiation of damage
and final failure can follow a linear or exponential function
[33, 34]. )e areas under the normal stress-displacement
curve and shear stress-displacement curve are mode I and
mode II fracture energy, respectively.

)e mixed mode fracture is considered and the mixed
mode fracture energy is defined as follows [34]:

Gc �
1

mI/GI(  + mII/GII( ( 
, (3)

where GC is the mixed mode fracture energy; GI and GII are
the pure mode I and pure mode II fracture energies, re-
spectively.mI andmII are the work ratios done by the normal
and shear forces, respectively.

)e relationship between the fracture energy and the
fracture toughness can be established by Irwin’s formula
[35]:

KC �

��������

GC

E

1 − ]2



, (4)

where KC is the fracture toughness; E is the elastic modulus;
and ] is Poisson’s ratio.

Furthermore, the damage value can be calculated by the
following equation:

D �
δm,f δm,max − δm,0 

δm,max δm,f − δm,0 
, (5)

where δm,max is the maximum effective relative displacement
during the loading history; δm,0 is the critical effective rel-
ative displacement when the damage starts; δm,f is the ef-
fective relative displacement when complete failure occurs;
δm,f can be calculated by the mixed mode fracture energy as
follows:

δm,f �
2Gc

Kδm,0
. (6)

Once the damage value is determined, the residual
stresses can be obtained. By the above equations, the stress-
strain relationship of rock under mixed mode fracture is
established.

3. XFEM Simulation

3.1. Basic Principles of XFEM. To overcome the problem
associated with matching the geometry of the discontinuity
as the crack propagation, the extended finite element
method was first introduced by Belytschko and Black [36].
)e presence of discontinuities is ensured by the special
enriched functions in conjunction with additional degrees of
freedom while the continuous displacements are derived
from the traditional FEM with the retained sparsity and

symmetry. As shown in Figure 2, in XFEM, the Heaviside
enrichment function and the crack tip enrichment functions
are introduced to represent discontinuities and crack tip
fields, respectively. Furthermore, the total displacement can
be expressed as follows [37, 38]:

u � 
N

I�1
NI(x) u

con
I + H(x)aI + 

4

α�1
Fα(x)b

α
I

⎡⎣ ⎤⎦, (7)

where µ is the displacement in the computational domain; N
is the number of the Gauss integral points in the domain;
NI(x) is the continuous nodal shape functions; µconI is the
continuous nodal displacement for the traditional finite
element solution; H(x) is the Heaviside function for
achieving the displacement jump across the crack surface; aI
is the nodal enriched degree of freedom; Fα(x) is the as-
ymptotic crack tip function; bαI is the nodal enriched degree
of freedom.

)e Heaviside function is expressed as follows:

H �
1, if x − x∗(  · n> 0,

−1, otherwise,
 (8)

where x is a Gauss point; x∗ is the closest point to x on the
crack face; n is the unit outward normal to the crack at x∗.

In a polar coordinate system (r, θ), the asymptotic crack
tip function is expressed as follows:

Fα �
�
r

√
sin

θ
2
,

�
r

√
cos

θ
2
,

�
r

√
sin θ sin

θ
2
,

�
r

√
sin θ cos

θ
2

 .

(9)

3.2. Nonlocal Averaging of Stress Field near the Crack Tip.
Once the crack initiation criteria are satisfied, a new crack
will be created in the enriched element. )e newly intro-
duced crack is always orthogonal to the maximum principal
stress direction. However, the direction will be affected by
the local element in the mesh. To reduce the mesh depen-
dency and improve the accuracy of crack direction, a
nonlocal calculation technique is used as illustrated in
Figure 3. )e elements in the defined radius will be used to
calculate the crack direction. Furthermore, a Gaussian
function is used to define the weighting schemes for nonlocal
averaging as follows [38]:

w(r) �
1

(2π)
3/2

r
3
c

e
− r2/2r2c( ), (10)

where rc is the radius around the crack tip for averaging and
r is the location of the element in the averaging region.
)rough this nonlocal and nonuniform calculation, a higher
weighting is given to elements close to the crack tip.

4. Worked Example and Verification

A rock beammodel with single notch at different locations is
used to demonstrate the application of the developed nu-
merical method. As shown in Figure 4, the dimensions of the
beam are 145mm in length, 50mm in height, and 18mm in
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width. A notch of 10mm in height is created in the rock
beam.)e span length is 127mm.)e geometric parameters
of the beam keep the same as the granite beam from the
experiments [15]. )e offset ratio for describing the location
of offset notch is expressed as follows:

r �
2c

S
, (11)

where r is the offset ratio; c is the distance between the notch
and the centerline of the beam; S is the length of the span.
Five cases for the beam with offset ratios of the notch 0, 10%,
20%, 30%, and 40% are considered in this paper.

Figure 5 shows the numerical model for the beam with
the notch of 20% offset ratio. )e bending loads are applied
by the rigid bodies which frictionally contact with the rock
beam.)ere are 19,404 elements in the model and the size of
element in the interest area is 0.5mm which is sufficiently

fine. By moving the location of the preexisting notch, the
numerical models for the five cases with different offset ratio
can be obtained. )erefore, the mesh for the rock beam with
the center and offset notch is the same, which avoids the
effect of meshing on rock cracking. )e mode I and mode II
fracture energies are set at the same value. All the basic
parameters and their sources in the model are listed in
Table 1.

Figure 6 illustrates the cracking process and the maxi-
mum principal stress of the rock beam with 20% offset ratio
notch with the loading displacement increasing. It can be
seen that, with the loading displacement increasing, the
stress firstly concentrates around the crack tip. After
reaching the maximum allowable principal stress, a new
crack is initialized and propagated towards the top of the
beam. )e crack is inclined to the loading point from the
notch while it becomes straight at the final stage. Figure 7
shows the opening and slipping displacements of the final
crack. It can be found that the opening displacement closer
to preexisting notch is larger. However, the large values for

Crack initiation

Linear softening

Exponential softening

Complete failure

σn

δn

GI

(a)

Crack initiation

Exponential softening

Linear softening

Complete failure

σs

δs

GII

(b)

Figure 1: Constitutive model for rock fracture.

Gauss point
Points on the crack

Crack tip enrichment
Heaviside enrichment

n

s
n

s

Mesh

θ
r

Figure 2: Illustration of normal and tangential coordinates for the
crack.

Crack
tip

rc

Figure 3: Illustration of nonlocal averaging of the stress around the
crack tip.
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the slipping displacement discretely occur in the middle part
of the inclined crack. Moreover, the slipping displacement is
much smaller than the opening displacement. )erefore, the
cracking of rock beam with offset notch is dominated by
mode I fracture but mode II fracture contributes more when
crack deflection occurs. And the cracking of rock beam with
offset notch transfers from mixed mode fracture to mode I
fracture.

To investigate the effect of offset notch location on the
cracking, numerical simulations for the beams with offset
notch ratios 0, 10%, 20%, 30%, and 40% are carried out.
Figure 8 illustrates the crack length development with the
bending load (displacement) increasing. )e crack length is
obtained by calculating the overall length of the damaged
elements, which is achieved by an in-house Python script. It
can be seen that the loading displacement to crack initially
increasing is almost the same for all the beams. However, the

smaller the notch offset ratio is, the faster the crack prop-
agation is. )e larger the notch offset ratio is, the larger the
final crack length is. Figure 9 shows the final crack patterns
for the rock beams with different notch of offset ratios. )e
crack patterns are obtained from every single numerical
model and then combined together. It can be seen that, for
every offset notched beam, the new crack obliquely prop-
agates from the preexisting notch to the loading point and
then deflects to a straight crack. )e larger the offset ratio,
the farther the final crack away from the loading point,
which has a good agreement with crack patterns from
previous experiments [14].

)e load-CMOD curves from the numerical simulations
are obtained as Figure 10. )e values of CMOD are cal-
culated by the enriched nodes at the bottom of notch. It can
be found that, with the increase of crack mouth of dis-
placement, the load gradually increases to the peak and then

Center
line

H
 =

 5
0m

m

L = 145mm

Notch
c

10mm

S = 127mmW = 18mm

Figure 4: Geometry of the worked example.

Notch

(b)(a)

Figure 5: Numerical model for the beam with the notch of 20% offset ratio: (a) the whole model and (b) enlarged part around the notch.

Table 1: )e basic parameters for the numerical simulations.

Symbols Description Value
E Young’s modulus 30GPa [15]
v Poisson’s ratio 0.25 [15]
σmax Cohesive strength 9 MPa [15]
GI Mode I fracture energy 100N/m [15]
GII Mode II fracture energy 100N/m [15]
rc Radius of nonlocal averaging 0.5mm
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Figure 6:)e crack processes and maximum principal stress under the loading displacement: (a) 0.018mm; (b) 0.036mm; (c) 0.073mm;
(d) 0.38mm.
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Figure 7: )e displacements of the final crack: (a) opening displacement; (b) slipping displacement.

0.0 0.1 0.2 0.3 0.4 0.5
Loading displacement (mm)

50

40

30

20

10

0

N
ew

ly
 cr

ea
te

d 
cr

ac
k 

le
ng

th
 (m

m
)

Notch offset ratio 30%
Notch offset ratio 40%

Notch offset ratio 0
Notch offset ratio 10%
Notch offset ratio 20%

Figure 8: )e crack length developments with the loading dis-
placement increasing for different notch offset ratios.

Notch offset ratio 30%
Notch offset ratio 40%

Notch offset ratio 0
Notch offset ratio 10%
Notch offset ratio 20%

Figure 9: Crack patterns for the rock beams with different notch
offset ratios.

6 Advances in Civil Engineering



decreases to zero.)e postpeak curves are in bilinear shapes.
)e larger the offset ratio is, the greater the prepeak slope is
and the larger the peak load is.

Figure 11 illustrates the comparison of peak loads from
the numerical simulations and experiments [15]. It can be
seen that the peak load is close to linearly increase with the
increase of the notch offset ratio for both experimental and
numerical results. )e numerical results have a very good
agreement with those from experiments [15].

5. Parametric Studies and Discussion

)e effects of Young’s modulus on the crack length devel-
opment and P-CMOD curve are investigated. All the other
parameters keep the same as listed in Table 1.)e notch offset

ratio of the rock beam is 20% for the parametric studies.
Figure 12 shows the crack length developments with the
loading displacement increasing for the different values of
Young’s modulus. It can be found that the larger Young’s
modulus is, the smaller the loading displacement to crack
initiation is and the faster the crack propagation is. )e final
crack length is the same for all the models.)erefore, Young’s
modulus has little effect on the final crack length. Figure 13
illustrates the P-CMOD curves for the rock beams with
different Young’s modules. It can be seen that the larger
Young’s modulus is, the greater the prepeak slope is and the
larger the peak load is. It is interesting to find that the smaller
Young’s modulus is, the slower the decreasing stages are.
)erefore, Young’s modulus significantly affects the crack
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notch offset ratios.
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Figure 13: Effect of Young’s modulus on the P-CMOD curve.
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propagation, peak load, prepeak slopes, and postpeak slopes
of the P-CMOD curves. It is necessary to accurately determine
Young’s modulus of rock for prediction of the rock fracture.

Figure 14 illustrates the crack length development for
different cohesive strengths. It can be found that the larger
the strength is, the larger the loading displacement to crack
initiation is. )e strength has little effect on the final crack
length. Figure 15 shows the P-CMOD curves for the rock
beam with different cohesive strength. It can be seen that the
larger the strength is, the larger the peak load is. However,
the strength has little effect on the prepeak slope and
postpeak slope in the P-CMOD curves.

Figure 16 illustrates the crack length development for the
rock beam with different values of fracture energy. It can be

seen that the loading displacements to crack initiation are
almost the same. )e fracture energy has very little effect on
the final crack length. However, the crack propagation speed
is slightly smaller for larger fracture energy. Figure 17 shows
P-CMOD curves for the rock beam with different values of
fracture energy. It can be seen that the fracture energy
significantly affects the peak load. )e larger the fracture
energy is, the larger the peak load is. However, the fracture
energy has little effect on the increasing and postpeak slope
in the P-CMOD curves.

Figure 18 shows the final crack patterns for the rock
beams discussed previously. It can be seen that the
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Figure 14: Effect of cohesive strength on the crack length
development.
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Figure 16: Effect of fracture energy on the crack length
development.
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material mechanical parameters, i.e., Young’s modulus,
strength, and fracture energy, have almost no effect on the
crack pattern.

6. Conclusions

In this paper, a numerical method for notched rock beam
cracking under the three-point bending load has been de-
veloped based on the nonlocal XFEM and mixed mode
fracture model. )e cohesive crack behaviour in the fracture
process zone was employed to describe the rock cracking. A
worked example for rock beams with notch offset ratio of 0,
10%, 20%, 30%, and 40% has been presented to demonstrate
the application of the derived method and then verified with
experimental results. )e effects of the offset ratio, Young’s

modulus, strength, and fracture energy on the crack length
development, crack pattern, and P-CMOD curves were
investigated and discussed. Conclusions can be given as
follows:

(1) )e derived method based on nonlocal XFEM and
rock mixed mode fracture is suitable for modelling
the crack initiation and propagation of notched rock
beam under the three-point bending load. )e ar-
bitrary crack is produced without the limitations of
the mesh.

(2) )e peak load of the notched rock beam is close to
linearly increase with the increase of notch offset
ratio. )e numerical results have a good agreement
with those from experiments.

(a) (b)

(c) (d)

(e) (f)

(g)

Figure 18: Crack patterns for the rock beams with the notch of 20% offset ratio for different mechanical parameters: (a) E� 20GPa;
σmax � 9MPa; Gf � 100N/m; (b) E� 30GPa; σmax � 9MPa; Gf � 100N/m; (c) E� 40GPa; σmax � 9MPa; Gf � 100N/m; (d) E� 30GPa;
σmax � 6MPa; Gf � 100N/m; (e) E� 30GPa; σmax � 12MPa; Gf � 100N/m; (f ) E� 30GPa; σmax � 9MPa; Gf � 80N/m; (g) E� 30GPa;
σmax � 9MPa; Gf � 120N/m.
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(3) )e cracking of rock beam with offset notch is
dominated by mode I fracture but mode II fracture
contributes more when crack deflection occurs. )e
cracking of rock beam with offset notch transfers
from mixed mode fracture to mode I fracture.

(4) )ematerial mechanical parameters, that is, Young’s
modulus, strength, and fracture energy, have no
effect on the crack pattern. )e peak load of notched
rock beam increases with the increase of Young’s
modulus, strength, and fracture energy. )e fracture
energy has little effect on the prepeak and postpeak
slopes in the P-CMOD curves.
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elling of a simple concrete: experimental and numerical re-
sults,” Engineering Fracture Mechanics, vol. 76, no. 10,
pp. 1398–1410, 2009.

[14] J.-P. Zuo, X.-S. Wang, and D.-Q. Mao, “SEM in-situ study on
the effect of offset-notch on basalt cracking behavior under
three-point bending load,” Engineering Fracture Mechanics,
vol. 131, pp. 504–513, 2014.

[15] Q. Guo, X. Wu, M. Cai, and S. Miao, “Experimental study on
the effect of offset notch on fracture properties of rock under
three-point bending beam,” Advances in Materials Science
and Engineering, vol. 2020, Article ID 2781928, 7 pages, 2020.

[16] H. Gao, X. Yang, and C. Zhang, “Experimental and numerical
analysis of three-point bending fracture of pre-notched as-
phalt mixture beam,” Construction and Building Materials,
vol. 90, pp. 1–10, 2015.

[17] W. Xu and P. Cao, “Fracture behaviour of cemented tailing
backfill with pre-existing crack and thermal treatment under
three-point bending loading: experimental studies and par-
ticle flow code simulation,” Engineering Fracture Mechanics,
vol. 195, pp. 129–141, 2018.

[18] J. Zuo, J. Lu, R. Ghandriz et al., “Mesoscale fracture behavior
of Longmaxi outcrop shale with different bedding angles:
experimental and numerical investigations,” Journal of Rock
Mechanics and Geotechnical Engineering, vol. 12, no. 2,
pp. 297–309, 2020.

[19] S. Luo and F. Gong, “Linear energy storage and dissipation
laws during rock fracture under three-point flexural loading,”
Engineering Fracture Mechanics, vol. 234, Article ID 107102,
2020.

[20] Y. Huang, Y. Guan, L. Wang, J. Zhou, Z. Ge, and Y. Hou,
“Characterization of mortar fracture based on three point
bending test and XFEM,” International Journal of Pavement
Research and Technology, vol. 11, no. 4, pp. 339–344, 2018.

[21] V. Diana, J. F. Labuz, and L. Biolzi, “Simulating fracture in
rock using a micropolar peridynamic formulation,” Engi-
neering Fracture Mechanics, vol. 230, Article ID 106985, 2020.

[22] J. Duriez, L. Scholtès, and F.-V. Donzé, “Micromechanics of
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A split Hopkinson pressure bar (SHPB) system was first used to perform the cyclic impact loading tests on notched semicircular
bend (NSCB) marble specimens.+en, static and dynamic three-point bending tests were conducted on these dynamically damaged
specimens, respectively. In the cyclic impact loading tests, the dynamic elastic modulus decreases gradually as the impact number
increases, but dynamic cumulative damage exhibits a growing trend. In the static and dynamic three-point bending tests, when
dynamic cumulative damage is less than 0.345, the dynamic fracture toughness values are larger than the static fracture toughness
values, but the experimental data exhibit the opposite results when dynamic cumulative damage ranges from 0.345 to 0.369.+rough
the quantitative analysis of fracture surface morphologies, the roughness and area of the fracture surfaces increase with an increasing
dynamic cumulative damage. Under the same dynamic cumulative damage of the specimens, both the roughness and area of the
surfaces fractured by static three-point bending are larger than those fractured by dynamic three-point bending.

1. Introduction

With the increasing demand for the development of un-
derground engineering, rock dynamics play an increasingly
important role [1–4]. In this research field, the effects of
environmental factors (freeze-thaw cycles, chemical corro-
sion, and thermal damage) on the rock dynamic fracture
properties have been studied in depth. For example, to study
the couple effects of freeze-thaw cycles and dynamic loads on
the fracture mechanism of sandstone, Chen et al. [5] con-
ducted the dynamic loading tests on the specimens with
different freeze-thaw cycles. Yu et al. [6] carried out the
dynamic fracture tests on limestone specimens after chemical
corrosion treatment, and they obtained the deterioration laws
of fracture mechanical properties. Li et al. [7] explored the
dynamic fracturing characteristics of sandstone with different
high-temperature damage by using a SHPB apparatus.

In the field of rock statics, many scholars have made
great efforts to study the rock static fracture properties and
achieved many important results. For example, Han et al.

[8, 9] studied the damage evolution law and fracturing
properties of sandstone under the couple effects of freeze-
thaw cycle and chemical corrosion, and they found that the
static fracture toughness deteriorates as the freeze-thaw cycle
increases. Hua et al. [10] investigated the effect of dry-wet
cycle on the static fracture toughness of CSTBD sandstone
specimens by using an electronic universal testing machine.
To study the effect of thermal damage on the fracturing
properties of granite, Miao et al. [11] carried out the static
fracture tests on the specimens with different high tem-
peratures. To clarify the effect of the testing method type and
specimen size on fracture toughness, Kataoka et al. [12]
performed three types of the static fracture tests on the
Kimachi sandstone. To investigate the energy storage and
dissipation characteristics during the tension-type failure
process of marble, Gong et al. [13] conducted the semi-
circular bending test by using the MTS322 and MTS
landmark-testing systems.

From the above discussion, it can be seen that the current
studies mainly focus on the effects of environmental factors
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on rock dynamic and static fracture properties. However,
few studies have revealed the fracture properties of rocks
after being damaged dynamically. In the construction of
many underground engineering, Bagde and Petroš [14]
found that the surrounding rock was subjected to dynamic
loads from machine impact or explosive blasting, which
caused different dynamic damages to it. After construction,
the reserved surrounding rock bears the static load brought
by the redistribution of the in situ rock stress for a long time,
and it also encounters dynamic loadings from seismic ac-
tivity. Once the defect area in the rock breaks, it may induce
accidents. +erefore, a comprehensive understanding of the
static and dynamic fracture properties of rocks after being
damaged dynamically and their differences are of great
significance in engineering construction and accident
prevention.

In this study, cyclic impact loading tests were first
performed to prepare a batch of dynamically damagedNSCB
marble specimens. +en, static and dynamic three-point
bending tests were performed on these specimens to in-
vestigate the variations of the fracturing properties. On the
aspect of fracture surface morphologies, the roughness and
area of the fracture surfaces were quantitatively analysed.
According to the contrast analysis results of static and
dynamic fracture properties of the damaged marble, it can
provide certain reference meaning for the construction and
safety protection of rock engineering.

2. Test Plan

2.1. Preparation of NSCB Marble Specimens. +e rock ma-
terial used in the tests was marble taken from a quarry in
Dali, Yunnan Province, China. +e marble block is white in
colour, and its basic physical andmechanical properties were
tested in the laboratory (Table 1).

+e marble block was made into 36 NSCB specimens by
coring, cutting, and polishing, and their geometric dimen-
sions are shown in Figure 1. Based on the testing require-
ments of the International Society for Rock Mechanics
(ISRM), two surfaces of the specimens were polished to the
smoothness of less than 0.05mm and parallelism of less than
0.02mm.

2.2. Cyclic Impact Loading Tests. Cyclic impact loading tests
were performed by using a SHPB system located at the
mechanics laboratory of China University of Mining and
Technology. +e SHPB system is composed of a gas gun, a
striker, an incident bar, a transmission bar, and an absorbing
bar (Figure 2). +e bars and striker are made of 50mm
diameter maraging steel with 7800 kg/m3 density, 210GPa
elastic modulus, and 5170m/s P-wave velocity. +e strain
gauges are affixed to the incident, and transmission bars are
used to measure the stress wave propagation. To obtain
better waveform and achieve constant strain-rate loading,
the rubber discs were used as the pulse shapers in the tests
[15–18].

In the cyclic impact loading tests, the air pressure was
selected as 0.10MPa, which can meet the requirement of

causing dynamic damage to the specimens without breaking
them (Figure 3). +is part was detailed in the previous study
[19]. 36 NSCB specimens were divided into 6 groups
according to the test conditions, and their corresponding
numbers are listed in Table 2.

Based on one-dimensional stress wave theory, the stress
σs, strain εs, and strain rate _ε of the specimen are obtained as

σs �
EbAb

2As

εi(t) + εr(t) + εt(t) ,

εs �
Cpb

ls


t

0
εi(t) − εr(t) − εt(t) dt,

_ε �
Cpb

ls
εi(t) − εr(t) − εt(t) ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where εi(t), εt(t), and εr(t), respectively, represent the inci-
dent, transmission, and reflection strain waves; Ab, Cpb, and
Eb, respectively, represent the cross-sectional area, P-wave
velocity, and elastic modulus of the bar; and ls and As, re-
spectively, represent the initial length and cross-sectional
area of the specimen.

Figure 4(a) presents the typical waveforms recorded in
the 3rd impact loading of the CJ5-Sa specimen. It can be
observed that Vi+Vr≈Vt; that is, the dynamic forces on
both ends of the specimen are approximately equal, and the
specimen reaches the dynamic force equilibrium state.

2.3. Static 2ree-Point Bending Test. +e static three-point
bending test of the dynamically damaged specimens was
performed by using a DNS100 electronic universal testing
machine (Figure 5(a)). +e loading rate was selected as
0.06mm/min, which can satisfy the requirement (loading
rate is not higher than 0.20mm/min) of static crack prop-
agation [20].

2.4. Dynamic 2ree-Point Bending Test. +e dynamic three-
point bending test of the dynamically damaged specimens
was performed by using a SHPB apparatus (Figure 5(b)). To
ensure that the specimens obtained a stable loading rate, the
air pressure used in this test was also 0.10MPa. Figure 4(b)
shows the measured waveforms of the CJ4-Db specimen in
the dynamic three-point bending test, and it can be found
that the specimen reaches the dynamic force equilibrium
state.

3. Experimental Results of the Cyclic Impact
Loading Tests

3.1. Dynamic Mechanical Characteristic Curves. Figure 6
presents the dynamic stress-strain curves of the CJ5-Db
specimen under 5 cycles of impact. As the impact number
increases, dynamic peak stress and dynamic elastic modulus
all decrease gradually. +e increasing dynamic damage
caused by the continuous development of microcracks in the
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Table 1: +e basic physical and mechanical properties of the marble.

Density (g/cm3) P-wave velocity (m/s) Compressive strength (MPa) Tensile strength (MPa) Young’s modulus (GPa) Poisson’s ratio
2.70 4584.52 126.05 8.60 25.18 0.24

S

B

R

a

R

Steel rod

Note: R is the radius of the specimen, R = 25 mm; B is the thickness
of the specimen, B = 25 mm; a is the length of artificial prefabricated
crack, a = 5 mm; and S is the distance between two supporting points,
S = 25 mm.

Figure 1: Schematic of the NSCB marble specimen.

Gas gun

Striker
Pulse shaper

Specimen

Incident bar Transmission bar

Absorbing barStrain gauge

εi εt

εr

Strain gauge signal amplifier and oscilloscope

Strain gauge

Energy absorber

Parallel light

Figure 2: Schematic of the SHPB experimental system.

P1 P2

Incident bar Transmission bar

Figure 3: Photograph of cyclic impact loading tests.

Table 2: Specimen numbers and test conditions.

Group CJ0 CJ1 CJ2 CJ3 CJ4 CJ5
Impact number 0 1 2 3 4 5

Specimen no.

CJ0-Sa CJ1-Sa CJ2-Sa CJ3-Sa CJ4-Sa CJ5-Sa
CJ0-Sb CJ1-Sb CJ2-Sb CJ3-Sb CJ4-Sb CJ5-Sb
CJ0-Sc CJ1-Sc CJ2-Sc CJ3-Sc CJ4-Sc CJ5-Sc
CJ0-Da CJ1-Da CJ2-Da CJ3-Da CJ4-Da CJ5-Da
CJ0-Db CJ1-Db CJ2-Db CJ3-Db CJ4-Db CJ5-Db
CJ0-Dc CJ1-Dc CJ2-Dc CJ3-Dc CJ4-Dc CJ5-Dc

Note: specimens with “S” and “D” in the numbers indicate that they need to be subjected to the static and dynamic three-point bending tests, respectively.
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Figure 4: Dynamic force equilibrium check. (a) Cyclic impact loading tests. (b) Dynamic three-point bending test.
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Figure 5: Static and dynamic three-point bending tests. (a) Loading system of the static three-point bending test. (b) Photograph of the
dynamic three-point bending test.
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specimen under the action of stress waves is the main
degradation mechanism.

3.2. Dynamic Cumulative Damage. +e elastic modulus
method is a recommended method to assess the damage
degree of rock in damage mechanics. Hence, the dynamic
cumulative damage DE of the specimens can be expressed as
follows [21]:

DE � 1 −
Edn

Ed1
, (2)

where Ed1 and Edn, respectively, represent the dynamic
elastic modulus of the specimen under the 1st and n-th
impact loading and n represents the total impact number.

Edn in equation (2) can be calculated via the following
formula [22]:

Edn �
_σn

_εn

, (3)

where _εn and _σn are the average strain rate and loading rate
of the specimen under the n-th impact loading, respectively.

+e evolution law of Edn and DE with impact number is
shown in Figure 7. It can be observed that Edn exhibits a
decreasing trend from 42.63 (group CJ1) to 26.91MPa
(group CJ5), while DE exhibits a growing trend from 0
(group CJ1) to 0.369 (group CJ5).

4. Experimental Results of the Static Three-Point
Bending Test

4.1. Load-Displacement Curves. In the static three-point
bending test, the typical load-displacement curves of the
specimens are presented in Figure 8(a), and the curves can be
divided into three stages. (1) +e compaction stage: the
curves are concave and the slope increases gradually. +e
duration of this stage is closely related to the dynamic

cumulative damage of the specimen. Compared with the
CJ2-Sa specimen (DE� 0.097), the number of the micro-
cracks in the CJ5-Sc specimen (DE� 0.376) increases sig-
nificantly (Figure 8(b)), which results in a substantial
increase in the duration of the compaction stage. (2)+e line
elastic stage: the slopes of the curves remain unchanged, but
this stage tends to be insignificant with the increase of
impact number of the specimens. (3)+e brittle failure stage:
the bearing capacity is lost rapidly and the specimens are
brittle fractured.

4.2. Static Fracture Toughness. In 1984, Chong and Kuruppu
[23] first proposed the calculating method of mode I static
fracture toughness KICS of the NSCB specimen, and this
method is recommended by ISRM. +e calculating formula
is as follows:

K
S
IC �

Pmax
���
πa

√

2RB
Y, (4)

where Pmax is the peak load of the specimen during static
three-point bending and Y is a dimensionless function,
which depends on the length a and the distance S. Y can be
expressed as [20]

Y � −1.297 + 9.516
S

2R
  − 0.47 + 16.457

S

2R
  αa

+ 1.071 + 34.401
S

2R
  α2a,

(5)

where αa denotes the dimensionless crack length, αa � a/
R� 0.20.

As presented in Figure 9, there is an obvious negative
linear correlation between KICS and DE. KICS decreases
from 1.08 (DE� 0) to 0.59MPa·m0.5 (DE� 0.368), which
indicates a decrease in the ability of marble to resist fracture
failure. +e main reason is that the damage area or weak
interface inside the specimen increases with the increase of
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DE. Based on the least energy principle of rock failure, the
main crack will choose the path with the least energy
consumption to propagate forward when the specimen is

fractured. +erefore, the greater the DE of the specimen is,
the smaller the KICS is.

5. Experimental Results of the Dynamic Three-
Point Bending Test

Because the specimen reached the dynamic force equilib-
rium state during the dynamic loading period (Figure 4), the
history of mode I stress intensity factor KI(t) can be
expressed as [24]

KI(t) �
Pd(t)S

BR
3/2 Y αa( , (6)

where Pd(t) is the dynamic force applied on the specimen
and Y(αa) is a dimensionless function. For αS� S/2R� 0.50,
Y(αa) can be calculated as follows [24]:

Y αa(  � 0.5037 + 3.4409αa − 8.0792α2a + 16.489α3a. (7)

+e peak value of KI(t) curve is defined as the dynamic
fracture toughness KICD of the specimen. It can be seen
from Figure 9 that KICD exhibits a decreasing trend from
1.46 (DE� 0) to 0.58MPa·m0.5 (DE� 0.370). Compared
with the KICD of group CJ0 (KICD� 1.67MPa·m0.5)
(Table 3), the KICD of group CJ5 decreases by 65.27%.
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By fitting the experimental data, it can be found that there
are good linear correlations between DE and KICS, KICD
(R2� 0.97 and R2� 0.98). When DE< 0.345, the KICD values
are larger than the KICS values, and the difference between
them decreases gradually as DE increases. But the experimental
data exhibit the opposite results when DE ranges from 0.345 to
0.369. +e main reason is that the rate effect plays a major role
when DE< 0.345, but the degradation effect of damage plays a
major role when DE ranges from 0.345 to 0.369.

6. Analysis of the Failure Patterns

6.1. Failure Patterns. Figure 10 displays the typical failure
patterns of NSCB specimens after being subjected to static
and dynamic three-point bending tests. Although the
fracture processes of the specimens all extend from the crack
tip to the loaded end, the failure patterns of the specimens
with different impact numbers and loading rates are sig-
nificantly different.

In terms of impact number, the crack paths of the spec-
imens subjected to either static or dynamic three-point
bending tests all behave more and more tortuous as the impact
number increases. +e main reason is that the greater the
impact number, the more the damage area or weak interface
inside the specimen and the greater the probability of the main
crack encountering them. Based on the least energy principle of
rock failure, the main crack will propagate forward by con-
tinuously changing the direction. Eventually, the crack paths
behave more and more tortuous in the failure pattern.

In terms of loading rate, in the case of the same impact
number, the crack paths of the specimens fractured by static
three-point bending are more tortuous than those fractured
by dynamic three-point bending. +is is because the loading
rate of the static three-point bending test is very small, the
microcracks inside the specimen obtain the sufficient de-
velopment, and the main crack has more time to choose the
path that is easier to propagate.

6.2. Fracture Roughness Measurement. +ere are close re-
lationships between the fracture roughness and the rock
mechanical characteristics. +erefore, the quantitative
characterization of the roughness of fracture surface is very
necessary. In this study, the fracture surface morphologies of
the specimens were detected by using a three-dimensional
(3D) laser scanner. Based on the scanned data, the fracture
surface morphologies can be reconstructed (Figure 11).

It can be found from some previous studies [25–27] that
the average value of joint roughness coefficients (JRCs) of

some unidirectional parallel 2D profiles selected from the
fracture surface is regarded as the fracture roughness.
However, the real fracture surface morphologies are 3D. To
study the geometry of 3D fracture surface in depth, the
spatial distribution characteristics of the fracture surfaces
were quantitatively analysed [28]. Each 0.1× 0.1mm square
area in Figure 11 is considered as an element, and each
element has specific 3D spatial distribution parameters,
which include asperity height, slope angle, and aspect
direction.

+rough statistical induction of the results, the fre-
quency distributions of 3D spatial distribution parameters of
the fracture surface mesh elements of the CJ0-Da specimen
and CJ5-Sc specimen are shown in Figure 12. Figure 12(a)
shows the histogram of the asperity height-frequency dis-
tribution, and the standard deviations (StDev) of CJ0-Da
and CJ5-Sc are 0.4136 and 0.7746mm, respectively.
Figure 12(b) shows a histogram of the slope angle-frequency
distribution, and the StDev of CJ0-Da and CJ5-Sc are 9.6119°
and 12.1031°, respectively. Figure 12(c) shows a polar plot of
the aspect direction-frequency distribution, and the StDev of
CJ0-Da and CJ5-Sc are 102.492° and 105.752°, respectively.

Figure 13 presents the variations in StDev of 3D spatial
distribution parameters with DE. As the DE increases, the
StDev of all parameters show a two-stage growth trend,
which indicates that the roughness of fracture surfaces in-
creases gradually. In the range of DE from 0 to 0.369, the
StDev of the asperity height shows an increase of 56.03%
(static) and 39.87% (dynamic), the StDev of the slope angle
shows an increase of 26.57% (static) and 24.69% (dynamic),
and the StDev of the aspect direction shows an increase of
2.68% (static) and 2.22% (dynamic). +e StDev of 3D spatial
distribution parameters of the surfaces fractured by static
three-point bending are larger than those fractured by dy-
namic three-point bending; namely, the roughness of the
surfaces fractured by static three-point bending is greater
than that fractured by dynamic three-point bending.

Assuming that the fracture surface is continuous and
differentiable, the area of the fracture surfaces is calculated
via the following formula [26]:

S
S
a and S

D
a � 

surface
1 +

zz

zx
(x, y) 

2

+
zz

zy
(x, y)

2
 ⎡⎣ ⎤⎦

(1/2)

dxdy

≈ d
2



Nx−1

i�1


Ny−1

j�1

����������������������������

1 +
zi+1,j − zi,j

d
 

2
+

zi,j+1 − zi,j

d
 

2


,

(8)

Table 3: Experimental results of the specimens of group CJ0.

Group
CJ0

Pmax
(N)

KICS
(MPa·m0.5)

KICD
(MPa·m0.5)

StDev of asperity height
(mm)

StDev of slope
angle (°)

StDev of aspect
(°)

SaS
(cm2)

SaD
(cm2)

CJ0-Sa 2500.30 1.16 — 0.4635 9.8769 102.6492 5.38 —
CJ0-Sb 2535.64 1.26 — 0.4578 9.8532 102.5673 5.33 —
CJ0-Sc 2607.95 1.32 — 0.4358 9.6467 102.1784 5.27 —
CJ0-Da — — 1.57 0.4136 9.6119 102.4920 — 5.34
CJ0-Db — — 1.61 0.4253 9.5465 102.6485 — 5.28
CJ0-Dc — — 1.84 0.4367 9.4873 102.2437 — 5.21
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where SS
a and SD

a , respectively, denote the area of the
surfaces fractured by static and dynamic three-point
bending; Nx and Ny, respectively, denote the number of
points along the x and y axes; d denotes the side length
of mesh element planes; and Zi, j is the height of the point
(xi, yj).

As shown in Figure 14, SS
a and SD

a all show a growing trend
as DE increases. On the whole, the SS

a values are larger than the
SD

a values, and the difference between them increases from
0.92% (DE� 0) to 2.36% (DE� 0.369). By fitting the experi-
mental data, it is found that there are also good linear cor-
relations between DE and SS

a and SD
a (R2� 0.90 and R2� 0.87).

(a) (b)

(c) (d)

(e) (f )

(g) (h)

(i) (j)

Figure 10: +e typical failure patterns of NSCB specimens. (a) CJ0-Sa. (b) CJ0-Da. (c) CJ1-Sb. (d) CJ1-Dc. (e) CJ3-Sc. (f ) CJ3-Db. (g) CJ4-
Sb. (h) CJ4-Da. (i) CJ5-Sc. (j) CJ5-Db.
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Figure 11: Continued.
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Figure 11: Reconstruction of the fracture surface morphologies. (a) CJ0-Sa. (b) CJ0-Da. (c) CJ1-Sb. (d) CJ1-Dc. (e) CJ3-Sc. (f ) CJ3-Db. (g)
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Figure 12: +e frequency distributions of 3D spatial distribution parameters of fracture surface mesh elements of CJ0-Da and CJ5-Sc. (a)
Asperity height. (b) Slope angle. (c) Aspect direction.
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Figure 13: Variations in StDev of 3D spatial distribution parameters with DE. (a) Asperity height (b) Slope angle. (c) Aspect direction.
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7. Conclusions

In this paper, cyclic impact loading tests were first performed
to prepare a batch of dynamically damaged NSCB marble
specimens. +en, static and dynamic three-point bending tests
were performed on these specimens to study the variations of
the fracturing properties. +e main conclusions are as follows:

(1) In the cyclic impact loading tests, Ed decreases grad-
ually as the impact number increases, but DE exhibits a
growing trend. In the static and dynamic three-point
bending tests, when DE< 0.345, the KICD values are
larger than the KICS values, and the difference between
them decreases gradually with the increase of DE. But
the experimental data exhibit the opposite results when
DE ranges from 0.345 to 0.369. By fitting the experi-
mental data, it is found that there are good linear
correlations between DE and KICS and KICD.

(2) +rough the quantitative analysis of the fracture
surface morphologies, the roughness and area of the
fracture surfaces of the specimens increase as the DE
increases. Under the same DE of the specimens, both
the roughness and area of the surfaces fractured by
static three-point bending are larger than those
fractured by dynamic three-point bending.
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Dynamic impact tests were carried out by implying split-Hopkinson pressure bar (SHPB) apparatus under three-dimensional
stress state to investigate the influences of weakly filled joint at seven kinds of angles on dynamic behavior and energy evolution
characteristic of deep roadway sandstone (985 m below the surface). )e results indicated that rebound strain phenomenon was
obvious and the growth rate of stress was in two kinds of phased variations. Dynamic peak strain was inversely proportional to
joint angle under three different strain rates. Dynamic compressive strength, elastic deformation modulus, and plastic defor-
mation modulus were in similar variable tendencies with incremental joint angles, showing firstly decrease to minimum value at
joint angle of 45° and then increase to maximum value at joint angle of 90°. Moreover, the sensitivity of plastic deformation
modulus to joint angle was obviously inferior to that of elastic deformation modulus when joint angle increased from 0° to 45°.
Furthermore, both elastic deformation modulus and plastic deformation modulus were independent of strain rate, which was
contrary to dynamic compressive strength and dynamic peak strain. Additionally, absorption energy release rate was introduced
and defined to describe energy release and conversion characteristics of joint specimens. )e changed trend of energy reflection
coefficient was completely opposite to that of energy transmission coefficient and absorbed energy release rate. Absorbed energy
density was linearly decreased with incremental joint angle and was increased with the increase of strain rate.

1. Introduction

Deepmining was the inevitable trend of future development.
Deep rock mass, which was affected by geological tectonic
movement and human activity, contained various defects,
such as joints, flaws, and fractures. As a kind of filled
fracture, weakly filled joint universally existed in natural
rock masses, resulting in degraded mechanical properties of
deep rock masses and reduced stability of underground
structures. And joint angle was a critical parameter in joint
geometry, with notable influences on energy evolution
characteristic and rock-breaking efficiency. Moreover, dy-
namic disturbance and stress state were significant factors

affecting the mechanical properties of deep rock masses
[1–4]. Hence, it was a tremendous necessity to investigate the
effects of weakly filled joint at various angles on dynamic
behavior and energy evolution characteristic of deep
sandstone under three-dimensional stress state to provide
scientifically guidance for practical projects.

Numerous efforts had been devoted to investigating
mechanical behaviors of intact rock specimens under static
or dynamic loading with various stress states [5–10]. And there
were relatively few studies that investigated the effects of
preexisting defects on deformation features and crack coa-
lescence categories of rockmass. Gong et al.’s [11] experimental
simulation investigated the rockburst characteristics in deep
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circular tunnels by utilizing a true triaxial system under four
different initial stresses and revealed the mechanism of rock-
burst induced by spalling damage. )e diameter of hole and
lateral stress had significant influences on rockburst. Wu et al.
[12] studied the dilatancy, acoustic emission, and failure
characteristics of rock specimens with two preexisting flaws
under uniaxial and triaxial loading states. Moreover, the crack
evolution and failure features were closely related to loading
rate and confining pressure. Bai et al. [13] carried out triaxial
tests in laboratory to solve ice–rock coupled problem of red
sandstone with two preexisting ice-filled fissures. )e rela-
tionship between shear strength (σ1 − σ3) and confining stress
was nonlinear, which was opposite to peak strength, elastic
modulus, and shear strength parameters. Wang et al. [14]
studied the strength and the failure mode of a heterogeneous
rock mass by combining numerical simulation and acoustic
emission technology under conventional triaxial compression.
Confining pressure could inhibit the development of tensile
cracks, but facilitate the coalescence of shear cracks. Both
discretized virtual internal bond model and element partition
method were utilized by Yang et al. [15] to simulate and get
insight into failure sequences of rock with single flaw or
multiple flaws under unloading conditions. )e fracturing
processes and failure modes were significantly influenced by
configuration of randomized flaws, whereas the amount of
flaws could slightly affect acoustic emission counts. Li et al. [16]
combined experimental analysis with theoretical derivation to
describe stress distribution around the circular and elliptical
hole contained in specimens under axial compression and
found that digital image correlation technology could well
reflect crack coalescence processes at different stress stages. Liu
et al. [17] proposed a damage constitutive model to analyze
deformation and strength properties of rock with intermittent
joints under cyclic axial compression. Yang et al. [18] con-
sidered that U-shaped variation in peak strength and elastic
modulus of nonpersistent jointed rock specimens was obvious
with incremental joint inclination, and shear slipping cracks
easily occurred at the sidewalls of circular hole. Si and Gong
[19] considered that the weakening effect was positively related
to unloading rate and confining pressure. However, a higher
unloading rate would lead to a weaker rockburst, and a more
severe rockburst resulted from a higher confining pressure.)e
failure mode transformation, i.e., shear failure in triaxial
compression tests transformed to tension failure in triaxial
unloading compression tests, was the central reason for the
weakening of strength.

However, aside from static loadings, dynamic loadings
were universally distributed in deep underground engi-
neering. And various defects in rock masses performed
significant effects on mechanical behaviors and energy
evolution characteristics. Han et al. [20] found that flaw
inclination angle and ligament angle remarkably affected
dynamic compressive strength and dynamic deformation
properties, respectively. Liu et al. [21] comparatively ana-
lyzed energy consumption properties of vertical bedded and
parallel bedded coal-rock and observed that more energy
would be needed by vertical bedded coal-rock for the same
fractal dimension. Yuan et al. [22] investigated the effect of
joint angle on zonal disintegration under coupled high in

situ axial stress and blasting load and found that the number
of cracks after blasting and released strain energy had similar
variable tendency. Li et al. [23] carried out a series of dy-
namic tests to study the influences of joint roughness co-
efficient on wave energy attenuation and introduced a new
method based on stress wave energy to calculate seismic
quality factor, which was simpler than traditional approach
dependent on stress–strain curves. Wang et al. [24] theo-
retically analyzed the effects of various parameters of stress
wave and joint gap width on energy transmission coefficient.
)ere was an optimal incident angle of stress wave to
maximize the transmission coefficient and a critical width of
joint gap existed for effective propagation of stress wave. Li
et al. [25] found that, under coupled dynamic and static
loads, the influences of axial pressure and incident energy on
the mechanical parameters of flawed granite were signifi-
cant. With the increase of axial pressure, the energy ab-
sorption rate of granite with single flaw increased first and
then decreased, which was inversely proportional to impact
pressure. Chen et al. [26] found that the interference of
detachment wave was adverse to achieve stress equilibrium
of specimen and could be avoided by adopting two strain
gauges mounted on the incident bar at different locations to
separate the detachment wave and reflected wave in triaxial
SHPB tests. Additionally, in terms of rock masses with filled
joint, the propagation mechanisms of stress wave were the
central issues of scholars. Zou et al. [27] derived the solutions
in time domain for plane wave propagation across filled joint
based on Maxwell and Kelvin models and considered that
the stiffness and the viscosity of joints, incident angle, and
duration of incident waves had notable effects on propa-
gation and attenuation of stress wave. Cai et al. [28] adopted
theoretical analysis with the displacement discontinuity
model to describe the effects of stiffness, spacing, and
number of parallel fractures on wave attenuation and found
that the ratio of fracture spacing to wavelength was a de-
termining factor for the dependence of transmission coef-
ficient on fracture spacing and number. Zhu et al. [29] found
that the displacement and stress discontinuity model could
well characterize the seismic response of the filled joint and
the incident angle, joint stiffness. )e nondimensional joint
viscosity and the impedance ratio of the filled joint had
significant effects on reflection coefficient and transmission
coefficient. Li et al. [30] demonstrated theoretically that
similar variable tendencies of transmitted wave were ob-
tained for parallel joints and single joint under different
incident angles and frequencies, and the number of joints
was inversely proportional to transmission coefficient.

It could be safely accepted that weakly filled joint at
various angles had notable influences on dynamic behavior
and energy evolution mechanism of rock masses. Many
engineering accidents were caused by neglecting the dra-
matic change of lithology around the weakly filled joints.
However, insufficient researches had been conducted on the
dynamic behavior and energy evolution mechanism of rock
masses possessing weakly filled joint with various angles. In
the present study, a series of dynamic compressive tests were
carried out to investigate the influences of weakly filled joint
at seven kinds of angles on dynamic properties and energy
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evolution characteristics of deep roadway sandstone (985 m
below the surface) under three-dimensional stress state
coupled with three different strain rates. )e variations in
dynamic stress–strain curves, dynamic compressive
strength, dynamic peak strain, elastic deformation modulus,
plastic deformation modulus, typical energy–time curves,
absorbed energy release rate, absorbed energy density, en-
ergy transmission coefficient, and energy reflection coeffi-
cient were analyzed in detail.

2. Testing Specimens and
Experimental Methods

2.1. Preparation of Testing Specimens. Specimens containing
weakly filled joint were made of sandstone and gypsum,
divided into seven types according to joint angle α, i.e., 0°,
15°, 30°, 45°, 60°, 75°, and 90°, as shown in Figure 1(a) and
Figure 1(b). )e joint angle α was defined as the acute angle
formed by joint and cross section of specimen. And the
sandstone was selected from a roadway 985 m below the
surface of a coal mine located in Huainan, Anhui province of
China, which was composed of quartz (85%), microcline
(6.8%), muscovite (4.6%), albite (2.2%), and small amount of
other minerals (1.4%) as determined by XRD analyses, as
displayed in Figure 1(c). Firstly, intact cylinder core without
obvious defects was drilled from a sandstone block; then the
cylinder specimens were cut into two parts on the basis of
designed joint angle by rock cutting machine. Secondly,
prefabricated joints with a thickness of 4 ± 1mm (same
thickness as cutter blade) were made of gypsum (the weight
ratio of gypsum to water was 2:1). )e joint and paired
sandstone pieces were cemented by gypsum. Finally, both
ends of specimens were grinded and polished to control
unevenness and nonperpendicularity less than 0.2mm. )e
qualified jointed specimens were with size of 50mm in
diameter and 50mm in height following the method sug-
gested by the International Society for Rock Mechanics
(ISRM) [31].

2.2. Testing Equipment. )e dynamic tests were conducted
by employing a modified SHPB apparatus coupled with
confining pressure system and data processing system. )e
modified SHPB equipment was consisted of an axial com-
pressive system, elastic bars (i.e., an incident bar, a trans-
mitted bar, and an absorbing bar), a cone-shaped striker, a
launch device, and a laser speedometer. )e elastic bars were
all made of high-strength alloy steel with Young’s modulus E
of 210GPa, density of 7900 kg/m3, and P-wave propagation
velocity of 5100m/s. Data acquisition and processing system
was composed of bridge boxes, an oscilloscope, a dynamic
resistance strain gauge, a chronograph, a computer, and
strain gauges mounted on elastic bars. )e experimental
procedure could be described as follows: (1) )e confining
pressure system was carefully debugged, and an appropriate
amount of Vaseline was daubed to eliminate as much
frictional force as possible between interior surface of
confining pressure chamber and elastic bars. (2) Jointed
specimen was put into confining pressure chamber of

confining pressure system and sandwiched the jointed
specimen between incident bar and transmitted bar. (3) )e
confining pressure was applying until the jointed specimen
was loaded with 1MPa, and then the axial precompressive
stress was also loaded with 1MPa, which could effectively
avoid the failure of specimen with weakly filled joint prior to
dynamic loading. We had determined that the active con-
fining pressure and axial precompressive stress were both
1MPa after many tests. )e reasons behind this determi-
nation were stated as follows. Weak cementation action
between rock matrix and joint plane made the jointed
specimen separated locally along cementation planes under
lower axial precompressive stress. Although the jointed
specimen had not reach static compressive strength at this
moment, considerable influence of prior local separation on
stress wave propagation had formed under dynamic loading.
(4) Gas pressure was adjusted to generate desired strain rate,
and the pressure switch was opened to accelerate the cone-
shaped striker hitting the incident bar with the strain rate _ε
around of 30 s−1, 85 s−1, and 105 s−1, respectively. Simulta-
neously the elastic stress pulses were captured and displayed
by oscilloscope, dynamic resistance strain gauge, and the
strain gauges mounted on the incident bar and transmitted
bar. (5) Finally, fragments of specimen were collected after
test, and the confining pressure chamber was cleared.

2.3. Stress Equilibrium. Stress equilibrium prior to failure, as
an essential assumption to ensure valid test dates, was
significantly important to jointed specimens. A cone-shaped
striker, which was conducive to generate a slowly rising half
sine wave, was utilized to provide sufficient loading time for
stress equilibrium of jointed specimens. In terms of jointed
specimen, typical impulse waveform and dynamic stress
equilibrium were displayed by Figure 2. )e half sine wave
with an approximate duration of 400 μs was smooth, which
implied that the dispersion effect of stress wave could be
neglected. And the sum of incident stress and reflected stress
was closely inconsistent with transmitted stress, especially
for the section of stress equilibrium curves before reaching
peak value. Hence, jointed specimens could well satisfy the
requirement of stress equilibrium under the condition of
static–dynamic coupling loading in the present SHPB tests.
Based on one-dimensional stress wave propagation theory,
the axial stress σ(t), strain ε(t), and strain rate _ε(t)of jointed
specimens could be calculated through “three-wave analysis”
[32].

3. Dynamic Mechanical Behavior

3.1. Stress–Strain Relationship. Typical stress–strain curves
for jointed specimens were presented in Figure 3. Based on
the occurrence of filled joints [33], specimens with a joint
angle of 0°, 15°, 30°, and 45° were entitled as category I jointed
specimens, and specimens containing a joint angle of 60°,
75°, and 90° were called after category II jointed specimens.
And representative stress–strain curves of category I jointed
specimens and category II jointed specimens were shown in
Figure 3(a). In general, the stress–strain curves of jointed
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specimens could be sequentially divided into three stages
(i.e., elastic stage, plastic stage, and unloading stage)
according to the evolutionary characteristics of stress–strain
curve. Moreover, the notable differences of stress–strain
curves between the two categories of jointed specimens were
performed in plastic stage and unloading stage. )e plastic
stage of category I jointed specimens could be further
subdivided as the first plastic section AB and the second
plastic section BC. Similar as the plastic stage PQ of category
II jointed specimens, the first plastic section AB also per-
formed remarkably rising trend with a considerable slope,
whereas the second plastic section BC was keeping slowly
ascending tendency. It was indicated that the deformation
capacity of category I jointed specimens was vastly superior
to that of category II jointed specimens. Furthermore, the
stresses of the first unloading section QR for category II
jointed specimens would fall dramatically, which generally
showed the growth rate of “fast-fast” two sections charac-
teristics, while slight decline of stresses for category I jointed

specimens firstly occurred after reaching maximum stress
and then plunged linearly, with the growth rate of “fast-
slow-slow-fast” four sections characteristics. From
Figures 3(b)–3(d), the failure mode of category I jointed
specimens was obviously plastic failure feature. Conversely,
there had been dramatically growing tendency of the brittle
failure feature for category II jointed specimens as joint
angle increased from 60° to 90°. )e plastic feature of cat-
egory I jointed specimens and the brittle behavior of cate-
gory II jointed specimens were both notable under higher
strain rate.

Moreover, the rebound strain phenomenon was ob-
served in both category I jointed specimens and category II
jointed specimens. )e reasons behind the phenomenon
might be as follows. From Figure 4, the ultimate failure
modes of jointed specimens were the separation between
joint and sandstone matrix. )e crack coalescence and
propagation in jointed specimens were restrained under
three-dimensional stress state, which was conducive to the
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Figure 2: (a) Typical wave form of electrical signal and (b) dynamic stress equilibrium of jointed specimen.
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Figure 1: Physical pictures of jointed specimens and XRD diffraction pattern of sandstone. (a) Specimen with a joint angle of 30°. (b)
Specimen with a joint angle of 60°. (c) XRD diffraction pattern of sandstone.
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accumulation of elastic deformation energy in jointed
specimens. )e release of elastic deformation energy gath-
ered in sandstone matrix was the primary cause of the re-
bound strain phenomenon [34].

3.2.Effects of JointAngle andStrainRate onDynamic Strength.
)e relationship of dynamic compressive strength of
intact specimens and jointed specimens against joint
angle and strain rate was plotted in Figure 5. In general,
the dynamic compressive strengths of jointed specimen
were lower than those of intact specimens and were
proportional to strain rate. For a constant strain rate, the
maximum value of dynamic compressive strength has
occurred at joint angle of 90°, which was slightly smaller
than the dynamic compressive strength of intact

specimen, while the joint angle of 45° minimized the
dynamic compressive strength. When the strain rate was
at around 105s−1, the average dynamic strength of intact
sandstone specimen and jointed specimen in the
descending order was 151.05MPa, 132.18MPa,
107.24MPa, 81.02MPa, 80.39MPa, 71.16MPa,
62.72MPa, and 49.46MPa, with multiple relationships
from 1.14 times to 3.05 times. It was implied that joint
angle had a strong effect on dynamic strength of sand-
stone. Moreover, dynamic compressive strength of jointed
specimens was linearly decreased as the joint angle in-
creased from 0° to 45° and then significantly increased to
maximum value with the mounting joint angle from 60° to
90°, which was changed in V-shape. And the higher the
strain rate was, the more obvious the V-shaped change
was.
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3.3. Effects of Joint Angle and Strain Rate on Dynamic Peak
Strain. )e tendencies of dynamic peak strain of specimens
under three kinds of strain rates were shown in Figure 6.
Dynamic peak strain under an average strain rate of 85s−1 or
105s−1 was gradual decline as joint angle increased from 0° to
90°, which was obviously different to that under one-di-
mensional stress state [35]. However, the dynamic peak
strain performed slight fluctuation under the average strain
rate of 30s−1, which might be resulted from that the lower
incident energy generated marginal damage and deforma-
tion to jointed specimen under three-dimensional stress
states. Hence, the deformation characteristics of joint

specimens were not entirely revealed, which resulted in an
unapparent variation tendency of dynamic peak strain.
Moreover, the dynamic peak strain of intact specimens was
the minimum and was slightly lower than that of specimen
with a joint angle of 90°, while the maximum value of dy-
namic peak strain for jointed specimens has occurred at joint
angle of 0°. )ese phenomena could be explained as follows.
Weakly filled joint with a certain thickness was compressive
large deformation material compared with sandstone matrix
and brought about a great influence on dynamic peak strain,
especially for specimens with a smaller joint angle.)ere was
a large part of dynamic peak strain that came from the
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compression deformation of weakly filled joint. And the
compression deformation of weakly filled joints increased
with the decrease of joint angle. Obviously, the compression
deformation of joint reached the maximum value at joint
angle α � 0 °, whereas the minimum value appeared at joint
angle of 90°.

3.4. Effects of Joint Angle and Strain Rate on Deformation
Modulus. Elastic deformation modulus E1 and plastic de-
formation modulus E2 were defined to describe elastic and
plastic deformation behaviors of jointed specimens
according to previous research of sandstone materials, as
shown in Figure 7. Elastic deformation modulus E1 was
equal to the slope of the straight line between the point
corresponding to 50% peak stress and coordinate origin.
And plastic deformation modulus E2 was equal to the slope
of the straight line between the point corresponding to peak
stress and the point corresponding to 50% peak stress. )e
dependence of elastic deformation modulus E1 and plastic
deformation modulus E2 on joint angle was presented in
Figure 8. Conspicuous change of E1 for jointed specimens
possessing weakly filled joint at various angles was not
observed as the strain rate increased from 30s−1 to 105s−1,
but performed regularly prominent fluctuation with variable
joint angle. Notably, E2 with the strain rate of 30s−1 was
minor greater than that when the strain rate was at around
85s−1 or 105s−1. )e reasons behind this phenomenon were
as follows. )e ability of three-dimensional stress state to
restrain plastic deformation was more considerable, which
implied that plastic deformation of jointed specimens did
not reach maximum value under smaller strain rate, and the
growth rate of stress was greater than that of strain. Con-
sequently, it was accepted practically that E1 and E2 were
both independent of strain rate but were sensitive to joint
angle.

Subsequently, the variable tendency of E1 and E2 versus
joint angle was stated in detail under the strain rate of 85s−1,
as presented in Figure 8. )e maximum and minimum
values of E1, respectively, occurred at intact specimen and
specimen containing a joint angle of 45°, with a variable
range from 24.82GPa to 69.07GPa. )e average value of E1
for intact specimens was 1.74 times, 2.78 times, and 1.09
times as much as that of specimens containing a joint angle
of 0°, 45°, and 90°, separately. Moreover, V-shaped variable
trend of E1 was apparently demonstrated for jointed spec-
imens. It was indicated that E1 decreased linearly when joint
angle increased from 0° to 45° and then increased to max-
imum value dramatically with incremental joint angle from
45° to 90°. Similarly, the variable range of E2 was from
3.84GPa to 31.77GPa. )e average maximum value of E2
was occupied by intact specimen, which was 5.76 times, 8.27
times, and 1.17 times as much as that of specimens pos-
sessing a joint angle of 0°, 45°, and 90°, respectively. When
joint angle increased from 0° to 45°, the values of E2 for
jointed specimens were all far less than those of intact
specimens. And the value of E2 performed a slight reduction
when α≤ 45° and increased remarkably from 3.84GPa to
27.19GPa when α≥ 45°. It meant that weakly filled joint

could conspicuously decline the value of E2, whereas E2 was
marginally influenced by joint angle when α≤ 45°. Conse-
quently, E1 and E2 of jointed specimens were lower than
those of intact specimens and presented different sensitiv-
ities to joint angle. )e value of E1 was dependent on joint
angle, while the value of E2 was significantly affected by joint
angle only when α> 45° and was insensitive to joint angle
when α≤ 45°.

4. Energy Evolution Characteristic

Energy dissipation was the internal mechanism for dynamic
behavior of rock mass. Weakly filled joint had significant
effects on stress wave propagation and energy dissipation
behavior [36]. Analyses of energy transmission and trans-
formation path were instrumental in ensuring stability and
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Figure 7: Defining method of elastic deformation modulus and
plastic deformation modulus of jointed specimens.
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safety of underground engineering in design, construction,
and service stage, especially for underground cavities sur-
rounded by jointed rock masses. Conventionally, energy
reflection coefficient RW and energy transmission coefficient
TW were defined as the ratio of reflected energy WR and
transmitted energy WT to incident energy WI, respectively.
And absorbed energy density WD was described as the ratio
of absorbed energy W to the volume of jointed specimens.
Additionally, absorption energy release phenomenon of
jointed specimens was observed under three-dimensional
stress state in present study. Hence, released absorbed energy
ΔW and absorbed energy release rateWRR were introduced to
elaborate the storage and release behavior of absorbed energy,
which were defined as the difference between maximum value
and final value of absorbed energy and the ratio of absorbed
energy release amountΔW to absorbed energyW, respectively.
In addition, only the energy evolution time curves were an-
alyzed in detail under the strain rate of 30 s−1 and 105 s−1,
because similar energy evolution characteristics were observed
under the strain rate of 85 s−1 and 105 s−1.

4.1. Typical Energy–Time Curves. Energy–time curves pos-
sessing a joint angle of 15°, 45°, and 75° were selected as the
typical representatives under the strain rate of 30s−1 and
105s−1, as plotted in Figure 9. It could be seen that the
shapes of energy evolution–time curves for incident energy
were consistent with each other. However, beyond incident
energy, there were distinct differences in evolutionary
characteristics of energy–time curves for reflected energy,
transmitted energy, and absorbed energy. Absorbed energy
release phenomenon was more notable under lower strain
rate than that under higher strain rate. For specimen with a
joint angle of 15°, absorbed energy reached the maximum
value and then decreased, whereas the value of incident
energy and reflected energy tended to be a constant. It was
inferred that the released absorbed energy was mainly
converted into transmitted energy from energy evolu-
tion–time curves. Moreover, the release phenomenon of
absorbed energy was only observed under the strain rate of
30s−1 for specimen containing a joint angle of 45°, which
has implied that specimen containing a joint angle of 45°
still had certain bearing capacity after failure under three-
dimensional stress state. )e decline section of absorption
energy was corresponding to the rising section of reflection
energy, as well as absorbed energy would keep a constant
after reaching its peak value under higher strain rate, which
could be considered that released energy was predomi-
nantly transformed into reflected energy. Furthermore, the
released phenomena of absorbed energy were observed for
specimen containing a joint angle of 75° under three dif-
ferent strain rates coupled with three-dimensional stress
state. And similar conversion paths of released energy were
discerned, which was entitled section I with duration
around 40 μs from 280 μs to 320 μs and section II with
duration around 80 μs from 320 μs to 400 μs. )e released
absorbed energy was mainly altered into transmitted en-
ergy in section I and reflected energy in section II,
respectively.

Absorbed energy released phenomenon could be
explained as follows. Preloading axial compressive stress and
active confining stress propelled energy accumulation in
jointed specimens. Under lower incident energy, the elastic
and plastic energy gathered in jointed specimen was not
enough to make specimens loss capacity ability, which
brought about the release of elastic energy in absorbed
energy. And the relative proportion of released absorbed
energy in absorbed energy was on incline with higher in-
cident energy. It was implied that the incremental incident
energy accelerated the deterioration and damage of jointed
rock masses and leaded to the reduction of residual elastic
energy.

In terms of specimen with a joint angle of 15°, the in-
creased rate of transmitted energy under the strain rate of
30s−1 was slower than that under the strain rate of 105s−1.
)e growth rate of reflected energy was the slowest under the
strain rate of 30s−1, which was alien to the evolutionary
tendency of reflected energy under the strain rate of 105s−1.
And the increase rate of absorbed energy was always the
fastest prior to reaching the maximum value. Moreover, for
specimen with a joint angle of 45°, incident energy remained
constant after reaching the maximum value at around
280 μs.)e increase rate of reflected energy was always faster
than that of transmitted energy and absorbed energy, while
transmitted energy with a slowest growth rate has accounted
for a much small part in incident energy and would be in
plateaus period after reaching its maximum value, which
indicated that specimen with a joint angle of 45° was easy to
be damaged under dynamic loading. Furthermore, for
specimen possessing a joint angle of 75°, the increased rate of
transmitted energy was the fastest compared with reflected
energy and absorbed energy. Notably, reflected energy was
even larger than absorbed energy in later stage of ener-
gy–time curve under three-dimensional stress state, which
demonstrated that the available energy for rock breaking was
less than the energy returned to incident bar.

4.2. Absorbed Energy Release Rate and Absorbed Energy
Density. )e relationship between absorbed energy release
rateWRR and joint angle was presented in Figure 10. Similar
variable tendency of absorbed energy release rate was ob-
served, which slightly decreased to minimum value first and
then dramatically increased to maximum value. )ere was a
critical joint angle tominimize or maximize absorbed energy
release rate, which was approximate to the joint angle of 45°
and 90°, respectively. )e absorbed energy release rate under
the strain rate of 30s−1 was almost always larger than that
under the strain rate of 85s−1 or 105s−1, except for that of
specimen with a joint angle of 90°. While the difference of
absorbed energy release rate under the strain rate of 85s−1

and 105s−1 was insignificant for jointed specimens. )e
mechanism behind these phenomena could be summarized
as follows. )e lower incident energy resulted in slight
damage of jointed specimens under three-dimensional stress
rate, which was instrumental in the storage and release of
elastic energy, while jointed specimens were seriously
damaged by higher incident energy, especially for weakly
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filled joint, without excess elastic energy being released.
From Figure 11, there was an obvious linear relationship
between absorption energy density and joint angle [37]. And
the absorption energy density was decreased linearly with
the increase of joint angle under the strain rate of 85s−1 or
105s−1, whereas a minor variation was exposed with
mounting joint angle under the strain rate of 30s−1. )ese
phenomena could be explained as follows. )e degree of
compression failure of joint decreased with the increase of
joint angle, and crack propagation in jointed specimens was
confined by three-dimensional stress state, which leaded to a
gradual decrease in absorbed energy utilized for jointed rock
breaking. However, lower incident energy was not enough to
destroy jointed specimens under three-dimensional stress
state, the degree of crack initiation and propagation was
similar for specimens containing weakly filled joint at
various angles, with a modest variety in absorbed energy
density.

4.3. Energy Transmission Coefficient and Energy Reflection
Coefficient. Figures 12 and 13 characterized the changing
trajectory of energy reflection coefficient RW and energy
transmission coefficient TW against joint angle under three
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Figure 10: )e variable tendency of WRR with joint angle under
three different strain rates.
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different strain rates, respectively. Notably synchronous
ascending tendency of energy reflected coefficient was dis-
covered when joint angle increased from 0° to 45°, which was
opposite to that when joint angle increased from 45° to 90°.
)e value of energy reflection coefficient under the strain
rate of 105s−1 was marginally larger than that under the
strain rate of 85s−1, but conspicuously larger than that under
the strain rate of 30s−1. )e variable trend of energy
transmission coefficient was completely contrary to that of
energy reflection coefficient through comparative analysis of
Figures 12 and 13 [38]. )e reasons could be epitomized as
follows. Jointed specimens were consolidated, compacted,

and still in elastic state under three-dimensional stress state
coupled with the strain rate of 30s−1, which would contribute
to the propagation of transmission wave. Conversely, under
the conditions of higher strain rate, crack initiation and
propagation in jointed specimens would inevitably count
against the propagation of transmission wave. However, the
higher the strain rate was, the more abundant the crack
developed, leading to the increase of energy reflection
surface, which in turn resulted in an increase in the energy
reflection coefficient.

5. Conclusions

Dynamic impact tests were conducted by employing SHPB
apparatus to investigate the effects of weakly filled joint at
seven kinds of angles on dynamic behavior and energy
evolution characteristic of sandstone under three-dimen-
sional stress state. Summative conclusions were reached as
follows.

(1) Rebound strain phenomenon was observed from
stress–strain curves of jointed specimens. )e stress
generally showed the growth rate of “fast-slow-slow-
fast” four sections characteristics for specimens
containing a joint angle of 0°, 15°, 30°, and 45°, with
obvious plastic failure feature, whereas for specimens
possessing a joint angle of 60°, 75°, and 90°, the stress
displayed the growth rate of “fast-fast” two sections
characteristics, showing typical brittle failure
behavior.

(2) Dynamic compressive strength, elastic deformation
modulus, and plastic deformation modulus were all
changed in V-shape with the incremental joint angle
from 0° to 90°, whose maximum value and minimum
value occurred at 45° and 90°, respectively. However,
dynamic peak strain was gradually descending with
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the mounting joint angle. Both elastic deformation
modulus and plastic deformation modulus were
independent of strain rate, which was opposite to
dynamic compressive strength and dynamic peak
strain. )e value of elastic deformation modulus was
dependent on joint angle. While the value of plastic
deformation modulus was significantly affected by
joint angle only when α> 45° and was insensitive to
joint angle when α≤ 45°.

(3) )e value of energy reflection coefficient under the
strain rate of 105s−1 was marginally larger than that
under the strain rate of 85s−1 and conspicuously
larger than that under the strain rate of 30s−1, with
inverted V-shaped change, which was completely
contrary to the variable trend of energy transmission
coefficient and absorbed energy release rate. And the
released absorption energy was mainly converted
into transmitted energy and reflected energy from
energy evolution–time curves. Absorbed energy
density was linearly decreased with incremental joint
angle and was increased with the increase of strain
rate.
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Karst water is widespread throughout China and is heavily influenced by complex geological conditions, and floor inrush of karst
waters associated with coal seams is the second most common coal mine disaster in China. Due to the limitation of precision and
cost of geophysical exploration technology, the volume and pressure of karst water are challenging to measure, especially during
the mining process. )erefore, predicting karst pressure’s response to mining is critical for determining the mechanism of water
inrush. Here, closed karst water pressure (CKWP) response to mining was studied in an innovative physical simulation ex-
periment. In the simulation experiment, a capsule and a pipe were designed to reflect CKWP and the water level. In the ex-
periment, the vertical stress and karst water level were monitored throughout the process of an advancing coal panel. Monitoring
results show that the range of the abutment pressure was about 40 cm, and the peak coefficient value was about 2. When the
working face is far away from the water capsule, the stress and water column near the water capsule have no obvious change. With
the working face 10 cm from the water capsule, the stress and water column height increased significantly. When the working face
was right above the water capsule, the stress and water column rose sharply and reached the maximum value. When the working
face advanced beyond the water capsule, the stress and water column height declined.)rough establishing a structural mechanics
model, the karst water system underneath the working face is assumed to be a hydraulic press. Accordingly, the compressed area
was assumed to be a piston. )e karst water pressure increases sharply, while the piston is compressed, increasing water inrush
risk. )is discovery may help determine the water inrush mechanism from a novel point of view.

1. Introduction

China contains some of the most abundant limestone karsts
throughout the world [1, 2]. )ese karsts typically occur in
the Ordovician limestones, with the accumulated thickness
in some areas with tens of kilometers [3–5]. )e limestone
distribution is shown in Figure 1. Influenced by complex
hydrogeological conditions, mine water inrush accidents
frequently occur in the process of coal mining in China in
these heavily karst regions [6–8]. In recent years, water
inflow and inrush have also frequently occurred during the
construction of coal mine in the Southwestern, China.
According to incomplete statistics, there have been more
than 3,000 mine water inrush accidents, among which floor
water inrush accidents caused by Ordovician limestone
aquifers account for about 30% of these accidents. Many of

these floor inrush accidents often lead to flooding of the
entire mine and loss of life and property [9–11].

In 1964, during the “Hydrogeology Battle” organized by
theMinistry of Coal Industry of China in the Jiaozuomining
area, the water inrush coefficient method was put forward to
establish a method to predict water inrush during mining. It
is based on a comprehensive analysis of existing water inrush
accidents. )e water inrush coefficient (T) refers to the water
pressure that can be borne by an aquifer having a unit
thickness. It is expressed using the following equation
[12–14]:

T �
P

M
, (1)

where P is the water pressure of the aquifer and M is the
thickness of the aquiclude of the floor.

Hindawi
Advances in Civil Engineering
Volume 2020, Article ID 8848924, 7 pages
https://doi.org/10.1155/2020/8848924

mailto:bh199512@163.com
https://orcid.org/0000-0003-2809-3782
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8848924


Additionally, the water inrush from the coal seam floor is
the result of many factors, including water pressure, ore
pressure, the thickness of the aquiclude, the thickness of key
strata, and the distribution of faults and folds [15, 16].

According to theory and engineering [17–22], the karst
water pressure is the power source for these floor water
inrush disasters. Understanding the variations and mech-
anisms of karst water pressure is vital for controlling floor
water inrush disasters.

In the past, the water level would be estimated by the
difference in height between target points to the water level.
)is viewpoint provides essential support for the prevention
and control of mine water inrush disasters. However, in
underground mining, the working face is removable, so the
overlying strata structure continuously varies during min-
ing, as well as the strata structure itself and mining stress are
continuously readjusting to compensate for the removal of
the working face [23–25]. Overall, strata movement and
mining stress may have some influences on karst water
pressure underneath the floor. Because water is incom-
pressible from a macro perspective, it typically does not
respond to pressure from strata movement, especially for
closed karst systems. However, few studies have focused on
karst water pressure’s response to strata movement caused
by mining in the subsurface.

In the present study, closed karst water pressure
(CKWP) response to mining is presented and analyzed by a
physical similarity experiment. A conceptual structural
mechanical model was established to verify the karst water
pressure varying rule in the whole process of coal panel
advancing. Experimental results helped to determine the
mechanisms of floor water inrush and can provide specific
guidance for the prevention of mine water inrush accidents.

2. Materials and Methods

2.1. SimilarityPrincipleandSimilarityCoefficient. In order to
study closed karst pressure’s characteristics and its response
to mining, a similar material experiment was carried out. A

similar material experiment is an effective method to discuss
and understand ground pressure systems in scientific re-
search, especially in the coal mining field. It uses an ex-
perimental model to simulate the engineering site according
to a scaled-down version at corresponding proportions. )e
model is made from similar materials according to similarity
theory, which has similar mechanical characteristics as each
stratum, and stress and deformation are monitored during
the excavation process [25]. Here the geometric similarity
coefficient between the model and the prototype was 1/70.
According to the similarity principle, the similarity coeffi-
cients to be satisfied are as follows [26, 27].

2.1.1. Geometric Similarity Coefficient (αL). )e coefficient
of geometric similarity is as follows:

αL �
Xm

Xh

�
Zm

Zh

�
Ym

Yh

�
1
70

. (2)

2.1.2. Bulk Density Similarity Coefficient (ατ). According to
the rock bulk density of the prototype, the bulk density of the
experimental model is

ατ �
cm

ch

�
1
90

. (3)

2.1.3. Time Similarity Coefficient (αt). Because the acceler-
ation of gravity of the prototype and the experimental model
are equal, the time similarity coefficient is

αt �
��
αL

√
�
1
8
. (4)

2.1.4. Stress Similarity Coefficient (ασ). According to simi-
larity theory and αt �

��αL

√ , the stress similarity constant is
calculated by substituting the bulk density similarity coef-
ficient and geometric similarity coefficient into the following
formula:

ασ � αc · α1 �
1
90

×
1
8

�
1
720

. (5)

2.2.EngineeringBackgroundandSimilarMaterialExperiment
Model. Based on the geological conditions of the #5 coal
seam in a coal mine as the engineering background, the
immediate roof of the #5 coal face is primarily sandstone,
with an average thickness of 7m.)emain roof is principally
fine-grained sandstone, with an average thickness of 5.6m.
)e immediate floor is also sandstone, with an average
thickness of 12.6m. In this similar simulation test, similar
materials composed of sand, lime, gypsum, and water were
mixed with particular proportions according to the lithology
of each section of strata. According to the determined
similarity constant, the proportional parameters of each
layer in the similar simulation test are listed in Table 1.

Beijing
Limestone in China

Figure 1: Distribution map of limestone in China.
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)e similar materials experiments were conducted based
on the geological conditions of the mine in order to analyze
karst water pressures response to movement and stress
transfer in the overlying strata. )e general framework is
shown in Figure 2. )e similar materials simulation model
had a length, width, and height of 120 cm, 40 cm, and 70 cm,
respectively. )e working face advancing distance was
80 cm, and eachmining step was 10 cm. 20 cm boundary coal
pillars were set at both ends of the model to eliminate the
boundary effect. A water capsule filled with water was
embedded in the floor under the coal seam in advance to
simulate a closed karst water system, as shown in Figure 3. A
communicating tube, connected to the water capsule, was
installed to observe the water level and indicate karst water
pressure, as shown in Figure 4. Stress sensors were installed
under the coal seam every 10 cm to monitor the vertical
stress on the floor, as shown in Figure 5. )e final model is
shown in Figure 6. )roughout the experiment, a camera
was used to record the movement of the overlying strata, and
stress sensors recorded the vertical stress fluctuations in the
floor in real time. In order to observe the water level clearly,
water in the water capsule and the communicating tube was
colored by black pigment.

3. Experimental Results

3.1. Movement of the Roof Rock Stratum. )e whole process
of the overlying strata movement is shown in Figure 7. As
can be seen from Figure 7, when the working face advanced
to 35 cm, the immediate roof composed sandstone with a
thickness of 7m collapsed. When the working face advanced
to 54 cm, the immediate roof started to collapse periodically,
the main roof started to bend, and several strata started to
separate. Finally, the main roof further broke from low to
high. )e range of strata movement was approximately an
arch shape.)e final development height of the fracture zone
was 33.6 cm, about ten times the lowest height.

3.2. Varying Rule of Floor Stress and Karst Water Pressure.
During the advancement of the working face, the overlying
strata moved, as shown in Figure 8. Furthermore, the stress
surrounding the working face was redistributed. With the
advancement of the working face, the stress sensor installed
in the floor monitored vertical stress in real time, and the
water level in the communicating tube was observed in real
time. )e initial height of CKWP is shown in Figure 8. In
order to understand the karst water pressure response to
vertical stress, we focused on the vertical stress above the
water capsule on the floor, as shown in Figure 9. )e
horizontal axis indicates the distance from the working face
to the monitoring point, and the vertical axis indicates the
vertical stress on the floor and the water level height. )e
variations in the vertical stress and water level are described
according to the monitoring results. It can be seen from
Figure 9 that the range of influence of the abutment pressure
was about 40 cm (28m), and the stress peak coefficient value
was about 2. When the working face was at 40 cm, the
vertical stress started to increase. As the coal wall

approached the monitoring point above the water capsule,
the vertical stress gradually increased. When the coal wall
reached the monitoring point, the vertical stress peaked. As
the coal wall advanced over the monitoring point above the
water capsule, the vertical stress decreased to some extent.

Furthermore, the water level rose although with a time
lag compared to the increasing vertical stress. )e initial
water level height of 27 cm scarcely changes in the initial
stage of advancement. When the coal wall was 10 cm to the
water capsule, the water level began to increase. With the
advancement of the coal wall, the water level continued to
rise. When the coal wall advanced above the water capsule,
the peak water level is 44 cm. After the coal wall advanced
beyond the water capsule, the water level dropped to 26 cm.

It can be seen from Figure 9 that when the working face
is far from the water capsule, there are no obvious changes in
the stress near the water capsule and water column.With the
working face becoming closer to the water capsule, the stress
and water column height significantly increased. When the
working face further advanced near the water capsule, the
stress and water column rose sharply and reached their
maximum values. When the working face advanced beyond
the water capsule, the stress and water column height de-
clined. Overall, the advancement of the working face appears
to only affect the water level and stress locally.

4. Discussion

As shown in Figure 9, the CKWP would increase during the
advancement of working face. )is indicates that the karst
water pressure has some response to movements of the
overburden caused by mining. )e reason should be con-
sidered from a novel visual angle. Further discussion is
necessary to determine some interesting phenomena
neglected in previous studies.

)e area of the immediate roof overhang gradually in-
creased with the advancement of the working face and finally
collapsed when the overhanging length of roof was beyond
40 cm. At this point, the upper strata started to bend and
separate. )e strata move gradually from bottom to top with
the advancement of the working face. According to the
classical ground pressure theory, the overburden can be
divided into the collapsing zone, fracture zone, and bending
zone from bottom to top.

During the advancement of the working face, the vertical
stress at the monitoring point above the karst cave did not
change initially. When the working face advanced to 40 cm,
the weight of the overburden transferred to the coal wall in
front of the working face, and the vertical stress started to
increase. It continued to gradually increase with the ad-
vancement of the working face until the coal panel passed
beyond the monitoring point. Notably, the CKWP increased
throughout the process of the vertical stress increasing to
60 kPa.

In order to analyze this phenomenon, we established a
conceptual structural mechanics model, as shown in Fig-
ure 10.)e top part of the model demonstrates the structural
mechanical model of the stope, and the bottom section of the
model is the closed karst system. A high-stress zone
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gradually forms around the working face due to movement
of the overburden strata, and the floor under high-stress area
is compressed. Because the compressibility of water is
negligible, the pressure is transferred to the karst cavity wall
without a reduction in closed karst system. In this situation,
the closed karst system under the coal panel can be regarded
as a hydraulic system, as shown in Figure 11.)e floor strata

in the high-stress zone are compressed, similar to a piston by
the upper strata. If the pressure is higher than a certain level,
compression deformation occurs, and the pressure would
then transfer to the surrounding karst cavity wall by the
incompressible water.

When the working face advances beyond the closed karst
system, the upper strata in the monitoring area collapse and

Figure 4: Sketch map of communicating tube.

Figure 5: Sketch map of stress sensor in floor.

Figure 6: Real product of simulation model.

Table 1: Material ratio of each rock stratum.

Lithology Depth of
stratum (m)

Proportion (sand :
gypsum : lime)

)ickness
(cm)

Stratified
weight (kg)

Stratified
number

Sand
(kg)

Gypsum
(kg)

Lime
(kg)

Water
(kg)

Sandstone 6.3 7 : 0.3 : 0.7 3 38.59 3 33.77 1.45 3.38 3.22
Siltstone 4.9 7 : 0.2 : 0.8 4 29.56 2 25.87 2.96 0.74 2.46
Fine
sandstone 5.6 7 : 0.8 : 0.2 4 30.72 2 26.88 1.15 2.69 2.56

Sandstone 7 7 : 0.3 : 0.7 3 33.98 3 29.73 1.27 2.97 2.83
#5 coal
seam 2.1 6 : 0.3 : 0.7 3 37.44 1 32.09 1.6 3.74 3.12

Sandstone 12.6 7 : 0.3 : 0.7 3 34.42 6 30.99 1.33 3.1 2.87

#5 coal seam

Sandstone

Sandstone

Sandstone

Siltstone

Fine sandstone
Open-off

cut
Stopping

line
20cm70

cm

120cm

15
cm

20cm

Measuring
tube

Water level

Stress sensor Karst water

Figure 2: Overall structure of simulation model.

Figure 3: Location of water capsule installed in model.
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(a) (b)

(c) (d)

Figure 7: )e process of strata movement with working face advancing: (a) no coal mining; (b) immediate roof first collapse; (c) separation
of main roof; (d) fracture arch formation.

Figure 8: Initial height of CKWP.
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Figure 9: Varying curve of vertical stress and water level height.
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Figure 10: Structural mechanical model of the closed karst system
with stope.
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Figure 11: Mechanical model of hydraulic system.
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compress the floor strata. )e stress of the floor rock and the
water pressure of the karst system decreases. It is not difficult
to infer that advancing the working face as quickly as
possible, to put the karst system under the goaf without
extended periods of high stress is an effective method to
control floor water inrush disasters.

5. Conclusions

In this paper, the closed karst water pressure response to
mining was presented and analyzed by conducting a simi-
larity experiment. )e experimental study was designed to
determine variations in stress and water levels in a CKWP
caused by mining. A conceptual structural mechanical
model was created to describe the karst water pressure re-
sponse to mining. From the model and experimental study
above, several interesting conclusions can be drawn.

Karst water pressure appears to have some relationship
caused by mining with the overlying strata. Floor karst water
and its pressure should be considered with moving strata
caused by mining as a whole system. It is not static and
unchanging but might be influenced by the overburden
movement throughout the advancement process of the
working face.

According to experimental results, the pressure of the
floor water might increase sharply, when disturbed by
mining supporting pressure, especially when the karst water
system is closed. While the floor rock mass above the karst
water system is compressed, the floor rock mass would move
like a piston, which would then cause deformation of the
karst cavity. At this point, the CKWPwould rise, and the risk
of a floor water inrush disaster would increase.

Indeed, not all types of karst water systems have an
apparent response to mining stress caused by the overlying
strata movement, as sealing capacity of the key to keep the
mine from communicating with the karst. )e pressure
within the karst systemwould respond to the increased stress
directly above the aquifer, as the karst would have a better
sealing capacity. )e mining stress would also cause
microdeformation of the floor.

We found that this discovery might be helpful in de-
termining floor water inrush mechanisms. Furthermore, it
provides an innovative angle for methods to control water
inrush in mining.
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A grain-based rock model was developed and applied to study mechanical characteristics and failure micromechanics in thick-
walled cylinder and wellbore stability tests. ,e rock is represented as an assembly of tetrahedral blocks with bonded contacts.
Material heterogeneity is modeled by varying the tensile strength at the block contacts. ,is grain-based rock model differs from
previous disk/sphere particle-based rock models in its ability to represent a zero (or very low) initial porosity condition, as well as
highly interlocked irregular block shapes that provide resistance to movement even after contact breakage. As a result, this model
can reach higher uniaxial compressive strength to tensile strength ratios and larger friction coefficients than the disk/sphere
particle-based rock model. ,e model captured the rock fragmentation process near the wellbore due to buckling and spalling.
,in fragments of rock similar to onion skins were produced, as observed in laboratory breakout experiments. ,e results suggest
that this approach may be well suited to study the rock disaggregation process and other geomechanical problems in the
rock excavation.

1. Introduction

Massive underground caving operations are becoming ever
more prevalent. ,e development of cave infrastructure in
rock strata may lead to excavation instability problems. It is
increasingly important to better understand the redistri-
bution of induced stresses and the failure process near
underground excavations, and for support design, it is
necessary to better predict the related deformation char-
acteristics of brittle failing rock. Due to the natural fractures
[1], bedding planes [2], and geological evolution, the rock
mass contains lots of different scales of intrinsic defects
including microcracks, joints, and cracks [3]. ,ese joints or
cracks significantly affect the rock mass mechanical prop-
erties such as deformability, strength, and failure process in
different ways of providing the crack source for further
failure of the rock mass, also leading to the brittle failure of

the rock mass by the stress concentration at the crack tips
[4, 5]. Investigation of the rock failure process is of great
importance for rock stability in engineering exploitations
and excavations [6].

Breakout and tensile failure are the typical failure
mechanisms of wellbores’ stability. In the early time, Leeman
[7] reported stress-induced breakouts causing sidewall
spalling in South African gold mine openings. Image logs
have been used (Barton and Zoback, [8]) to observe and
investigate wellbore failures. Numerical modeling has been
used for several decades to predict and simulate wellbore
failures [9]. In the late 1980s and early 1990s, several linear
elastic and poroelastic models for borehole stability were
introduced by Bradley [10], Detournay and Cheng [11], Fuh
[12], and Yew and Lui [13]. In the 1990s, nonlinear elastic,
plastic, and elastoplastic models were developed by McLean
and Addis [14], McLellan andWang [15], andMcLellan [16].
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Several thermo- and chemoporoelastic models were also
developed by Li [17], Wang and Dusseault [18], and others.
Althoughmore complexmaterial behaviors were modeled in
the later models, all of the aforementioned models were two-
dimensional. Orozco [19] introduced a 3D model which
investigated wellbores’ stability through salt zones. ,ey
pointed out that complex geomechanical characteristics (i.e.,
tectonic evolution, fracture distribution, physical and
chemical properties of rocks, and the contact of different
rocks) such as those in the rock adjacent to creeping salt
bodies could induce wellbore instability. Wang and Samuel
[20] also investigated wellbores’ stability in salt formations.
Righetto [21] investigated wellbore (casing) collapse which
could be caused by triaxiality of the stresses, which is not just
a single mechanism. Zamiran [22] investigated inclined
wellbore stability in anisotropic shale in the Bakken for-
mation using FLAC3D and found that the deformation of
the wellbore increased with a decrease in drilling inclination
angle. Tang [23] and Liang [24] investigated the three-di-
mensional failure process of rock subjected to various stress
loadings using a finite element method at mesoscopic level.
Liu and Zhang [25] simulated the behavior of a cracked rock
by introducing a crack into a continuum model with the
superfine element division. In most of this literature, con-
tinuum codes were used to investigate the rock failures (i.e.,
stress concentrations). Although continuum approaches are
effective to determine the magnitudes and directions of in
situ stresses and strains, they have limited capabilities to
model postfailure mechanisms such as spalling and bulking.
Discontinuum schemes such as the rigid block spring
method (RBSM) [26, 27], the discontinuous deformation
analysis (DDA) model [28], the displacement discontinuity
method (DDM) [29, 30], and the distinct element method
(DEM) can simulate these rock failure scenarios, in addition
to shear fracturing and tensile failure.

Garza-Cruz [31] developed a grain-based rock model
with 3DEC for tunnel stability analysis. Different from
particle flow code, when assigning parameters, the model is
considered as a continuum and can be assigned macro-
parameters directly, while the joints of different blocks
follow the Mohr-Coulomb criterion in 3DEC [32]. In ad-
dition, generally, the model has higher computational effi-
ciency. ,is paper describes the application of a similar
grain-based rock model to study wellbore breakout and
thick-walled cylinder (TWC) tests used to predict frag-
mentation of rock masses.,emodel was first used to match
the properties of typical rocks by simulating the direct
tension test and uniaxial compression test. ,e calibrated
model was then applied to study wellbore breakout and the
thick-walled cylinder (TWC) test.

2. Numerical Schemes

2.1. Model Description. ,e numerical code used in this
study, 3DEC, is a three-dimensional distinct element code
which can be used to simulate the behaviors of discontin-
uous media such as fractured rock. As shown in Figure 1, the
3DEC modeling domain is discretized into blocks, repre-
senting a predefined discontinuity system. Each block can be

further discretized into one or more tetrahedral zones in
which an explicit finite difference scheme is used for the
stress-strain calculation. ,e discontinuities are modeled by
applying various joint models for linear and nonlinear force-
displacement relations for movements in both the normal
and the shear directions. A user-defined Mohr-Coulomb
plug-in by built-in programming language was used to
define the contact behavior with the benefit that joint
properties can be locally assigned to each joint contact by
plug-in joint model, without a constraint on the number of
materials that can be defined.

In this study, the domain was directly discretized into
tetrahedral blocks, with each block representing one zone or
one rock grain. ,e strength (e.g., tensile strength and co-
hesion) at block contacts was assigned randomly from a
strength distribution curve to introduce strength inhomo-
geneity in the model. ,is model has similar characteristics
to the linear parallel bond model [33] in PFC3D, except that
it exhibits a higher UCS to tensile strength ratio and friction
angle because of the use of irregular and highly interlocked
block shapes rather than spheres.

2.2. Input Parameters. ,e wellbore breakout and thick-
walled cylinder (TWC) tests are simulated by the proposed
model. TWC test is often used to investigate the failure
mechanism and form of wellbore, which is of great signif-
icance for underground engineering to ensure wellbore’
stability. ,e blocks and block contacts micromechanical
properties used are summarized in Table 1. Note that some
of the mesh-size dependent properties, e.g., contact stiffness,
differ because the wellbore model and the TWC model have
different model sizes and block (or grain) sizes.

2.3. Microtensile Strength. In order to introduce material
heterogeneity, a tensile strength value was randomly
assigned to each block contact based on the cumulative
distribution of microtensile strength in Figure 2, and the
cohesion at each contact was fixed at 2.5 times the tensile
strength. Finally, the tensile strength and cohesion were set
to zero at 10% of the contacts, chosen randomly.

2.4. UCS and Direct Tension Tests for Calibration. UCS and
direct tension tests were modeled to benchmark the rock
strength for wellbore stability simulations. ,e sample with
the size of 1m× 0.5m× 2m shown in Figure 3 was per-
formed by the uniaxial compression and tension test.

A constant velocity of opposite direction was applied at
the top and bottom of the sample to conduct compressing of
the sample at a constant strain rate until it failed. ,e stress-
strain response was measured at different locations in the
sample to ensure that the test was performed in a quasistatic
style. Figure 4 shows the stress-strain curve of the UCS
sample measured at the top, the bottom, and the middle of
the sample shown in Figure 3. ,e UCS of the sample is
about 14.2MPa (2060 psi). Similarly, a direct tensile test was
performed by pulling each sample apart at a constant ve-
locity until it failed. ,e tensile strength of this sample is
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1.2MPa, which is less than one-tenth of the UCS.,e sample
with heterogeneous microtensile and contact strengths ex-
hibits higher macro-UCS strength and much lower
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Figure 1: Schematic diagram of the proposed 3DEC model.

Table 1: Elastic block and contact mechanical properties used in
the model.

Block properties
Wellbore TWC

Young’s modulus 51GPa
Poisson’s ratio 0.25
Density 2650 kg/m3

Contact properties
Wellbore TWC

Normal stiffness 5e10 Pa/m 5e13 Pa/m
Shear stiffness 2.5e10 Pa/m 2.5e13 Pa/m
Peak friction angle 20° 30°
Residual friction angle 40°
Dilation angle 10°
Peak tensile strength Variable from distribution
Residual tensile strength 0
Peak cohesive strength 2.5 ∗ tensile strength
Residual cohesive strength 0
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macrotensile strength than the maximum of microtensile
strengths. When a sample consisting of a collection of
bonded irregular and highly interlocked blocks is com-
pressed, strong force chains form to make subcontacts ca-
pable of subjecting to a higher level of compression stress.
While the sample is tensile, the failure is controlled by the
weakest links of the system oriented in the most favorable
direction for stress concentration.

3. Thick-Walled Cylinder Test

,e TWC test has been widely used for sanding analysis
[34, 35]. A TWC test is performed by maintaining a constant
borehole pressure on the inner cylindrical wall while ap-
plying a stepwise-increasing radial loading stress on the
outer cylindrical wall. During the loading process, the ex-
ternal volumetric stain is measured by

εV �
2 R0 − R0′( 

R0′
, (1)

in which εV is the volumetric strain; R0′ is the initial radius of
the outer cylinder before loading; and R0 is the current
radius of the outer cylinder. Failure of the sample is indi-
cated by a sudden increase in volumetric strain, and the
loading stress at the failure point is identified as the TWC
strength.

3.1. Model Setup. ,e TWC specimen is a hollow cylinder
with an axially aligned borehole. Figures 5 and 6 show the
dimensions of the two TWC samples modeled in this study:
one with an intact rock sample and the other with a rock
sample containing an initial crack or flaw. ,e inner and
outer diameters of the sample are 12.7mm and 38.1mm, and
the height is 38.1mm [36], modeled by over 42000 tetra-
hedral blocks with an edge length of about 3mm.

,e initial crack (highlighted in blue in Figure 6) has a
dip of 45°, a constant tensile strength of 2MPa, and cohesion
of 5MPa at each block contact on the crack. In this study, the
inner borehole pressure was set to zero and the outer stress
was increased with 1MPa increment.

3.2. Results of the Intact Rock Sample. Figure 7 shows the
TWC test loading curve (volumetric strain versus radial
loading stress) and the failed rock percentage curve (ratio of
failed rock volume to the total sample volume) during the
loading process for the TWC test with an intact rock sample.
,e loading curve shows a gradually increasing slope until
reaching the failure point, indicating the increasing com-
pliance of the sample due to the loading. Note that there is no
initial strain hardening stage in the curve, possibly because
the sample in this study is very compact with nearly zero
porosity.

Four states, marked as A, B, C, and D on the loading
curve, are selected to present the rock fragmentation profiles.
Figures 8 and 9 plot the perspective and top views of the rock
fragments at these four states. ,e colored blocks represent
failed rock fragments, while the grey line segments in the
plots illustrate the outlines of the unfailed blocks.

At State A, the sample shows some scattered failed blocks
which may occur at local low-strength zones. As the con-
fining stress is increased, the sample fails progressively
around the borehole. At State B, the failure near the borehole
becomes more pronounced and the connected rock frag-
ments in the perspective view indicate the formation of

Figure 5: Dimensions of the TWC test sample for intact rock.

Figure 6: Dimensions of the TWC test sample containing an initial
crack (highlighted in blue).
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for the intact rock sample.
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Figure 8: Perspective view of the rock fragments at four different states for the TWC test with intact rock sample (the colored blocks
represent failed rock fragments, while the grey line segments in the plots illustrate the outlines of the unfailed blocks).
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Figure 9: Top view of the rock fragments at four different states for the TWC test with intact rock sample.
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failure bands. State C is identified as the failure point because
the volumetric strain increases dramatically and most of the
near-borehole area has experienced failure. ,e TWC
strength can be identified as 14.0MPa, which is slightly
smaller than the UCS (15.7MPa). State D represents the state
of the sample after catastrophic failure, when the sample is
crushed and most of the blocks have failed. ,e sudden
decrease in volumetric strain (instead of the expected in-
crease) between State C and State D is due to the mea-
surement methodology. ,e measurement of the radius of
the outer cylinder Ro in (1) is based on the average distance
of the outside block surface to the borehole centroid. ,e
sudden catastrophic failure of the sample causes some of the
outside blocks to be completely detached from the sample,
which is captured as an apparently increased radius even
though those blocks are no longer a part of the sample.

Figure 7 shows that the percentage of rock volume which
has failed increases gradually up to State C with a sharp
increase from State C to State D, confirming the sudden
catastrophic failure. At State D, almost 100% of the rock
sample has failed.

3.3. Results of the Rock Sample with an Initial Crack.
Figure 10 shows the TWC test loading curve and the failed rock
percentage curve during the loading process for the TWC test
on a rock sample containing an initial crack.,e data shown in
Figure 7 for the intact rock sample are also shown (dashed
lines) for reference. ,e shape of the loading curve for the
sample containing an initial crack is similar to that for the intact
sample, with a gradually increasing slope until the failure point
is reached. Although the crack and other joints have the same
stiffness, the slope of the loading curve for the sample with the
crack is steeper, because the lower strength of the crack causes
the sample to have a lower effective stiffness. In contrast to the

intact case, the measured volumetric strain increases dra-
matically as failure occurs (between points G and H) because
the sample bulges prior to catastrophic failure.

,e failed rock percentage in Figure 10 also shows a
similar trend before the failed point to that for intact rock.
However, the increase from State G to State H is not as sharp
as the increase from State C to State D in Figure 7, consistent
with the more progressive failure associated with the de-
velopment of a bulged failure shape shown in Figure 11.

Four states, marked as E, F, G, and H in the loading
curve, are selected to present the rock fragmentation profiles
for the rock sample containing an initial crack. Figures 11
and 12 show the perspective view and top view of the rock
fragments, respectively, at these four states. State E is similar
to State A for the intact rock, in which the sample shows
failure in a few isolated weak zones. State F is similar to State
B for the intact rock, in which the failure near the borehole
becomes more pronounced and some failure bands form.
State G is identified as the failure point because the volu-
metric strain starts to increase dramatically and most of the
near-borehole area has experienced failure. ,e TWC
strength is 9.0MPa, which is significantly smaller than the
TWC strength for the intact rock sample (14.0MPa) as
expected. In contrast to the sudden catastrophic failure of
the intact rock, the cracked sample shows a more progressive
failure. ,e diameter of the failed zone near the crack is
larger than in the rest of the sample due to the reduced load-
bearing capacity of the crack relative to intact rock as shown
in Figure 11.

4. Wellbore Stability Example and Validation

,e numerical scheme was also employed to study wellbore
failure around a horizontal well. Both breakout and tensile
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failure, also known as drilling-induced failure, can be
modeled directly.

4.1. Model Setup. Figure 13 shows the
1.2m × 0.18m × 1.2 m cuboid model used for the wellbore’
stability test. ,e horizontal wellbore is represented by a
predefined cylinder with a radius of 0.12m along the y-
axis. ,e sample consists of over 200000 tetrahedral
blocks with an edge size of approximately 5 cm.

,e initial maximum and minimum horizontal stresses
of 20MPa and 18MPa, respectively, were applied in the X
and Y directions, and the vertical stress of 40MPa was
applied in the Z direction.,ese stresses should be viewed as
effective stresses, representing conditions at a depth of
approximately 3000m, that is, SHmax� 50MPa;

SHmin� 48MPa; Sv� 70MPa; pore pressure�mud weight
pressure� 30MPa.

4.2. Results. Figure 14 shows σzz and σxx in the plane
perpendicular to the horizontal well (XZ plane), and
Figure 15 shows the rock fragments near the wellbore in
the same plane, with colored blocks indicating failed rock
fragments. ,e plots show a similar stress diagram and a
breakout angle of about 135 ± 5° which are consistent with
FLAC3D modeling using the same conditions and
properties. ,e fragmentation process near the wellbore
shows the progressive buckling and spalling of the well-
bore, and thin fragments of rock similar to onion skins are
produced, as observed in laboratory breakout experiments
[37].
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Figure 12: Top view of the rock fragments at four different states for the TWC test with rock sample containing an initial crack.
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Figure 13: Dimensions of the wellbore stability test sample.
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5. Conclusions

,is paper presents a grain-based model to study the rock
failure process. Compared with continuum models, the
grain-based model is able to reveal the evolution of the
fractures. For particle flow model, the model is easier to
calibrate the parameters and more computationally effi-
cient. Numerical simulations of wellbore breakout and
thick-walled cylinder (TWC) tests by the proposed model
were conducted to predict fragmentation of rock masses.

Based on findings from the study, the following general
conclusions are drawn:

(1) ,e proposed grain-based rock model can be used
for small-scale modeling of low-porosity rocks.
,e highly interlocked irregular block shapes
provide resistance to movement even after contact
breakage, enabling simulation of materials with
higher uniaxial compressive strength to tensile
strength ratios and larger friction coefficients than
disk or sphere particle-based rock models.

(2) ,e model has been calibrated using UCS and direct
tension tests of samples. ,e UCS of the sample is
about 14.2MPa, while the tensile strength is 1.2MPa,
which is less than one-tenth of the UCS. ,e inter-
locked irregular block shapes that provide resistance
to block rotation (moments) after contact breakage
contribute the high uniaxial compressive strength to
tensile strength ratio.

(3) Numerical simulations by the prosed model for
thick-walled cylinder and wellbore stability tests
show that the effects of both heterogeneous
strength properties and larger-scale features such
as fractures have been demonstrated. ,e results
of the TWC test with an initial crack indicate the
importance of including the effects of natural
fracture systems in wellbore stability calculations.
,e model captured the fragmentation process
near the wellbore due to buckling and spalling,
and thin fragments of rock similar to onion skins
were produced, as observed in laboratory break-
out experiments.

SV = 40MPa
SHmax = 20MPa
SHmin = 18MPa

135 ± 5°

Figure 15: XZ plane view of the wellbore, with colored blocks
representing failed rock fragments.
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Figure 14: σzz and σxx in the plane perpendicular to the horizontal well (XZ plane).
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(4) ,e effects of more heterogeneous material
properties and more extensive natural fracture
systems on wellbore stability in naturally frac-
tured media will be presented in future publica-
tions. ,e results suggest that this approach may
be well suited to study the rock disaggregation
process in other geomechanical problems in the
rock excavation.
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,e deformation rules and failure types of rock fatigue damage at different temperatures are quite different, and existing
constitutive theory cannot describe them quantitatively. A novel rock fatigue damagemodel considering the effects of temperature
was presented based on phenomenology. In this model, the residual strain method was used to define the fatigue damage, and the
Harris attenuation function was introduced to characterize the cyclic damage evolution. ,e proposed model has considered the
influence of the initial damage and temperature, and the model parameters can be easily calculated.,e accuracy of the model was
verified by comparing the calculated values of cyclic upper strain and fatigue life with previous test results. ,e physical sig-
nificance of the model parameters shows that parameter a is related to fatigue stress ratio and lithology, while parameter b is
related to temperature. ,e study has some reference values for the fatigue damage model of rock considering the influence
of temperature.

1. Introduction

Deep rock engineering is a hot topic in recent years, and
there is increasing interest in investigating the characteristics
and mechanisms of deep rock failure [1–4].,e surrounding
rocks of deep-buried compressed air energy storage (CAES)
and tunnel engineering are always in a state of high ground
temperature (as shown in Figure 1). ,is is due to the fact
that the ground temperature will increase with the buried
depth (the ground temperature gradient is generally
30∼50°C/km [5]), especially for nuclear waste disposal
projects, and the temperature of the rock could even reach
thousands of degrees. ,e mechanical properties of various
types of rocks such as granite [6], sandstone [7], marble [8],
and salt rock [9] have been studied under real-time tem-
perature. ,e results show that the strength and elastic
modulus of rocks decrease with the increase of temperature.
,e surrounding rocks of the tunnel engineering and CAES
are subjected to cycles’ loads resulting from the periodic
traffic load, earthquake [10, 11], and periodic injection and
recovery [12]. A lot of research has been done on the fatigue

properties of rock under normal temperature [13–18]. In
terms of the combination of temperature and cyclic load,
Yang and Hu [19] studied the creep and permeability of red
sandstone after high temperature and cyclic load.Wang et al.
[20] conducted repeated impacts on the granite after high-
temperature cooling and found that the rock dynamic
strength and deformability were significantly reduced. Xia
et al. [21] pointed out that the peak strain of basalt increases
with temperature and cyclic load, but the elastic modulus
shows an opposite trend. However, the cycle numbers are
limited and the cyclic load is applied after the applied
temperature in the aforementioned works, which is different
from the rock fatigue damage at real-time temperature.With
that in mind, Song et al. [22] and Zhao et al. [23] carried out
fatigue tests on salt rock and granite under real-time tem-
perature, respectively.,e test results show that temperature
causes fatigue damage and affects the deformability of rock.
However, the temperature effects are not considered in their
fatigue damage models. ,e fatigue damage model is crucial
to assess the safety of the deep rock engineering. It is difficult
to make an accurate decision and predict fatigue life based
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on observation data obtained during the construction and
operation of underground works without the fatigue damage
model.

Most of the fatigue damage models, as shown in Table 1,
mainly focus on rock fatigue damage at room temperature,
and the damage variables are mainly defined by the elastic
modulus, energy, and plastic strain. ,is may lead to some
discrepancy when using the model. For example, the initial
damage is not considered [24–26] or the initial damage D0
is independent of the damage model [27, 28], making it
inappropriate to be used to predict fatigue life. Moreover,
the model parameters are always obtained through data
fitting, which requires a large amount of calculation. For
example, the damage models used by Xie et al. [24] and Liu
et al. [26] require input parameters like unloading elastic
modulus and residual plastic deformation in each cyclic
stress-strain curve, or the energy consumed, while the
model developed by Xiao et al. [27] needs the position of x0.
To solve the above limits, a new fatigue damage model
considering the influence of temperature was established by
introducing Harris attenuation function. ,e initial
damage is dependent on the damage model; thus, the fa-
tigue life can be predicted at the beginning of the cycle. ,e
applicability of the model was verified by comparing with
previous experimental data. ,is paper is of great signifi-
cance to understand the fatigue damage law of rock under
real-time temperature.

2. Theoretical Analysis

2.1. Fatigue Damage Model. In solid mechanics, materials
containing various defects can be regarded as a continuous
medium containing “microdamage field,” which is
employed to describe the formation and development
process of microdamage. Damage variableD is defined as the
ratio of the damaged area (An) in the rock to the total area
(A) to quantify the damage and deterioration degree inside
the materials, which can be expressed as follows:

D �
An

A
. (1)

Figure 2 is the schematic diagram of the fatigue test, and
the numbers of 0, 1, and i represent the numbers of cycles in
the aforementioned damage model. As shown in Figure 3,
curve I represents the situation that when the maximum
stress is lower than the fatigue threshold, the irreversible
deformation will remain stable for a long time, while curves
II and III correspond to the cases where the plastic strain
keeps increasing until rock failure. ,e increase of plastic
strain indicates the initiation of cracks in the rock or, put in
another way, the increase of damage area; thus, a positive
correlation could be assumed between the plastic strain and
damage. ,erefore, it may be feasible to characterize fatigue
damage by the plastic strain.

When calculating the fatigue damage via variables, it is
necessary to take the effect of initial damage into account
[27, 28]. ,e residual strain method is expected to meet the
requirement, the expression of which is as follows:

Dn �
εln
εlc

, (2)

where Dn is fatigue damage after n cycles and εln and εlc are
the residual axial strain after n cycles and the ultimate axial
residual strain at fatigue failure, respectively.

,e fatigue damage law calculated by the residual strain
method corresponding to the three curves in Figure 3 can be
seen in Figure 4.

Different initial damage values and fatigue damage
evolution rules corresponding to the different types of fa-
tigue in Figure 3 can be seen in Figure 4. Previous re-
searchers [29, 30] often use the Weibull distribution and
normal distribution functions to establish rock damage
statistical models by taking the rock axial strain or yield
criterion as the microelement strength, thus combining
continuous damage theory with statistical strength theory.
However, the size effect of the Weibull distribution makes it
unsuitable in quasibrittle materials, while the normal dis-
tribution will have negative rock strength and parameters,
which is inconsistent with the actual situation. Phenome-
nology [27, 28] is a research method that describes phe-
nomena through “direct knowledge.” With the aim of
establishing a damage model to represent the three types of
fatigues, as well as incorporating the initial fatigue damage
into the fatigue damage model, the starting point of plastic
deformation (the endpoint of the linear elastic stage) is
assumed as the 0th cycle, thus allowing the initial damage of
the three types of cycles to be classified as 0. For the rock that
has fatigue failure, the fatigue damage of the rock increases
from 0 to 1, as shown in Figure 4. Furthermore, a transition
variable Sn is introduced as follows:

Sn � 1 − Dn. (3)

,us, a red attenuation curve can be observed in Fig-
ure 4. ,e attenuation function describing rock fatigue
damage should meet the following conditions to ensure that
the function parameters have a certain significance: (1) the
function should be a decay function; (2) the attenuation rate
should be a variable that can meet different types of fatigue
damage; and (3) the parameter of the function should be
greater than 0, which has a clear physical significance.

Common decay functions include linear decay, expo-
nential decay, and Gaussian decay, as shown in Figure 5(a).
However, some problems exist in these functions. For ex-
ample, the decay rate of the linear decay function is constant,
while the decay rate in exponential decay function increases
first and then slows down. Moreover, the calculation of
Gaussian decay function is relatively complicated, and the
parameter can be any real number, which is inconsistent
with the actual situation. ,ese attenuation functions are
unable to reflect the fatigue failure of different types of rocks.
,e Harris attenuation function, as shown in the following
equation, has only two parameters, which are greater than 0.
Different types of attenuation forms can be obtained as
shown in Figure 5(b) by changing the values of the two
parameters, which can meet different types of fatigue
damage:
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Table 1: Comparison of damage models.

Author Damage evolution equations Damage variable Initial damage
Xie et al. [24] D � 1 − (ε − ε′/ε)(E′/E) Elastic modulus method 0
Wang et al. [25] D � 1 − [1 − a0(((Δσ)((1− m)/n0))/fb0 )(N/Nf)c]n0/(1+n0) Residual strain method 0
Liu et al. [26] D � 1 − exp[− B(|Y − Y0|)

(1/k0)/Y∗] Energy dissipation method 0
Xiao et al. [27] D � D0 + α[(β/β − N) − 1](1/p) Residual strain method D0
Xiao et al. [28] D � D0 + a1 ln(N) + b1 · e((ln(N)− x0)/p) Residual strain method D0

D is the fatigue damage variable, D0 is the fatigue initial damage, n is the cyclic number, Nf is the fatigue life, E and E′ are the unloading stiffness and initial
elastic modulus in the fatigue loading and unloading process of elastoplastic damaged materials, and ε and ε′ are the total strain and the residual plastic strain
after unloading, respectively. n0 is the hardening index, a0, b0, c, andm are the material constants, respectively. f is the frequency; Δσ is the amplitude of stress.
B and k0 are the mechanical constants. Y∗ is an energy release per unit volume with the dimension 1 J/mm3 ; Y is the released damage strain energy during a
loading-unloading cycle. αis instability proportion factor, β is the instability factor, and p is instability velocity factor. a1 is the linear damage rate, b1 is the
instability proportion factor, and x0 represents the critical instability center.
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S(F) �
1

1 + aFb
, (4)

where a and b are parameters greater than 0 and F is the
independent variable of the model.

To build the relationship between damage value and
cyclic number, assume that F � (n/(Nf − n)); thus, the
fatigue damage value increases from 0 to 1, while n increases
from 0 to Nf. ,e fatigue damage model based on the Harris
attenuation function can be expressed as follows:

Dn �
εln
εlc

� 1 − S
n

Nf − n
  � 1 −

1

1 + a n/ Nf − n 
b

 

.

(5)

2.2. Fatigue Damage Model considering Temperature Effects.
Figure 6 shows the results of the salt rock fatigue test
conducted by Song et al. [22] at real-time temperature. ,e
test temperature was set at 13°C, 30°C, and 60°C, respec-
tively, and the upper and lower limits of fatigue stress are
90% and 20% of the peak stress for each temperature (only
the results of T � 30°C in literature [22] are given, due to the
limitation of space).

As shown in Figure 6, the stress-strain curve has un-
dergone numerous thinning-dense-thinning cycles, which
indicates that with the increase of cycle times, the growth of
internal damage of rock shows a fast-slow-fast development
law and the fatigue life of salt rock increases with increasing
temperature. ,e fatigue life at three temperatures (13°C,
30°C, and 60°C) is 9, 38, and 44 times, respectively. It can also
be seen that the upper strain limit of the fatigue curve is
controlled by the uniaxial compression curve.

,e results show that the damage development of rock
materials is linearly related to the cumulative plastic strain
rate [31]; that is,

D
•

� −
Y

s0
εl

•
, (6)

where Y is the released damage strain energy during a
loading-unloading cycle, εl

•
is the growth rate of residue

strain which is caused by the fatigue load, and s0 is the
material constant.

Considering the simplification of the above relation-
ship, the following assumptions are made:

(1) εl is independent of Y
(2) ,e change of temperature during cyclic loading is

ignored; then, the damage caused by temperature DT

is taken as the initial damage

,us,


Dn,T

DT

dD � 
εln

0
−

Y

s0
 dεl. (7)

,e solution of equation (7) is

Dn,T − DT � −
Y

s0
εln. (8)

When n�Nf, εlN � εlc; then, Dn,T � 1, and

−
Y

s0
�
1 − DT

εlc
. (9)

Substituting (9) into (8), a novel fatigue damage model
for rock incorporation the effects of temperature can be
written as follows:

Dn,T �
εln
εlc

1 − DT(  + DT, (10)

where Dn,T is the total fatigue damage which considers
temperature effects; DT is the damage caused by tempera-
ture, which can be obtained according to [32, 33]:

DT � 1 −
ET

E0
. (11)

Substituting (5) into (10) gives

Dn,T � 1 − DT(  1 − S
n

Nf − n
   + DT � Dn + DT − DnDT.

(12)

It can be seen from equation (12) that by considering the
temperature and fatigue load, rock damage will be influ-
enced by the fatigue load and temperature. ,e influence is
not a simple linear superposition and will be affected by Dn

and DT at the same time.

2.3. Parameter Acquisition of the Fatigue Damage Model.
,e value of a and b can be determined by data fitting which
is the same as the method mentioned above, or can be solved
by a two-point calculation method.,e specific method is as
follows:

When n � (Nf/2), equation (5) can be transformed into

D
Nf/2( 

�
ε(lN/2)

εlc

� 1 −
1

1 + a
. (13)

1

0 1(0) N
Cyclic number

I

IIIII

Sn Dn

Sn = 1–Dn

Dn

Figure 4: Fatigue damage law.
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,us,

a �
1

1 − D
Nf/2( 

− 1. (14)

And then substituting equations (14) into (5), the value
of b can be calculated as follows:

b � logBA, (15)

whereA � (1/a)(1/(1 − Dn) − 1), B � (n/(N − n)), D(Nf/2)

and Dn are the fatigue damage at the (Nf/2) and arbitrary
times, respectively.

3. Fatigue Model Verification and Analysis

3.1. Fatigue Model Verification. Figure 7 shows the devel-
opments of the upper strain of two rocks with the number of
cycles, while the test values [22, 23] are compared with the
values obtained by the fitting and the two-point calculation
methods. ,e parameter b is calculated using the first cycle

when using the calculation method, and the model pa-
rameters and correlation coefficients are shown in Table 2. It
can be found that the upper strain calculated by the damage
model in this paper is very consistent with the test value, and
the correlation coefficients are all above 0.96.

3.2. Effect of Temperature on Fatigue Damage. ,e influence
of temperature on fatigue damage can be calculated from the
following formula:

Dn(ΔT) � Dn T1(  − Dn T2( , (16)

Dn,T(ΔT) � Dn,T1 − Dn,T2, (17)

where Dn(ΔT) andDn,T(ΔT) indicate the inhibitory effect of
temperature on the nth fatigue damage and total damage
when the temperature increases from T1 to T2, respectively.
Positive value indicates inhibition, while negative value
means promotion.

As shown in Figure 8, fatigue damage Dn increases
nonlinearly with the increase of cyclic number, regardless of
the temperature level, and the cyclic damage curve becomes
stable with the increase of temperature. ,e shaded part in
Figure 8(a) represents the effect of temperature on the fa-
tigue damage. ,e results show that the temperature greatly
inhibits the development of fatigue damage compared with
temperature 13°C. But when the temperature increases from
30°C to 60°C, the temperature promotes the fatigue damage
first and then suppresses it. Figure 8(b) is the total damage
evolution rule of salt rock after considering temperature
damage DT, where n� 0 and n� 1 represent temperature
damage and initial fatigue damage, respectively. Tempera-
ture damage of salt rock at 60°C is much larger than that at
the other two temperatures, which is mainly because that the
salt rock is very sensitive to temperature and its mechanical
properties will deteriorate with the increase of temperature.
Similarly, it can be seen from Figure 8(b) that when the
temperature increases from 30°C to 60°C, the temperature
promotion effect gradually decreases from 0.089 to 0 as the
number of cycles increases, which indicates that the cyclic
load also has an inhibitory effect on temperature damage.
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3.3. Comparison of Fatigue Damage Models. As can be seen
in Figure 9, no matter at what temperature, the damage of
salt rock calculated by the method in [24] starts from 0 and
then increases to 1 with increasing cycles. However, the
damage calculated by the method in this paper is larger than
that in [24] at the beginning. ,e reason is that the method
proposed in this paper not only considers the influence of
temperature, but also takes into account the initial fatigue
damage. ,e damage model in this paper can better char-
acterize the evolution law of rock fatigue damage consid-
ering temperature load since the temperature damage and
initial fatigue damage exist in real case.

3.4. Fatigue Life Prediction. Fatigue life is unknown before
the rock failure; thus, the damage expression should be
normalized. Assuming that k � (n/Nf), equation (5) can be
transformed into

Dn �
εln
εlc

� 1 − S
n

Nf − n
  � 1 − S

k

1 − k
 , (18)

εlc � εc −
σmax

ET

, (19)

where εc and εlc are the total strain and residual strain
corresponding to the upper stress level, which can be ob-
tained from uniaxial compressive stress-strain curves
[22, 27], and σmax is the upper stress level.

,us, the prediction formula of fatigue life can be written
as

Nf � n ×
1 + m

m
 , (20)

where m � (Dn/a(1 − Dn))(1/b).
Based on the test result of [22], the case at T� 30°C is

taken as an example to verify the calculation process. ,e
upper stress is σmax � 44 × 0.9 � 39.6MPa, and the total
strain on the uniaxial compression full stress-strain curve is
εc � 0.0894; the elastic modulus is E30 � 915MPa, so the
residual strain is εlc � 0.04612. ,e residual strain at the
beginning of cycle is εl1 � 0.005435; thus, the fatigue damage
value is D1 � 0.1178. Substituting this fatigue damage value
into (20), the fatigue prediction life is 37.47, which is very
close to the test result 38. ,e fatigue prediction life at other
temperatures is shown in Figure 10, in which the numerical
value represents the error rate between the predicted value
and the actual value. According to the comparison results,
the predicted value is very close to the experimental value,
and the maximum error is no more than 5%, which indicates
that the fatigue life prediction formula can better predict the
fatigue life under real-time temperature.

4. Model Parameter Impact Analysis

Figure 11 shows the effect of model parameters a and b on
the development of fatigue damage. ,e test data are taken
from [22] and the temperature value is 60°C. It can be seen
from Figure 11(a), when b is kept constant, larger a will
produce larger early fatigue damage. Fatigue damage
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Figure 7: Upper strain of rock fatigue.

Table 2: Fatigue damage model parameter values.

T/°C a b R2

13 [22] 3.17 (3.19) 0.5 (0.55) 0.99 (0.99)
30 [22] 1.66 (1.67) 0.7 (0.71) 0.99 (0.99)
60 [22] 1.80 (1.86) 0.60 (0.68) 0.99 (0.99)
25 [23] 0.73 (0.87) 0.40 (0.63) 0.96 (0.98)
600 [23] 1.12 (1.12) 0.59 (0.63) 0.99 (0.99)
Note. ,e parameter values and correlation coefficients are obtained by the
fitting method provided in the study in brackets.
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growth rate increases with the increase of a, which is
consistent with III growth pattern as shown in Figure 3.
Similarly, it can be seen from Figure 11(b) that when the
parameter a is constant, the initial fatigue damage in-
creases with the decrease of the parameter b, and the
longer steady stage indicates that the plastic deformation
ability of rock is improved. Compared with Figure 8(b), it
can be found that the initial fatigue damage of salt rock
increases by considering the effect of temperature;
meanwhile, the viscoplastic deformation ability of salt
rock is also improved. ,is reveals that the influence law

of parameter b and temperature on total damage is
consistent.

5. Discussion

Two cases in [22, 23] with temperature of 13°C and 600°C are
selected to verify the proposedmodel.,e cyclic number is set as
9 and the fatigue damage D4, D5, and D4.5 (the average value of
two points) are input into (14) and (15) to produce the relative
error of the upper strain calculated by different parameters, as
shown in Figure 12. ,e model parameters are summarized in
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Table 3. It can be found that the model parameter a and b
increase with the increase of DNf/2, and the fitting value of the
parameter a is closer to the corresponding result of D4.5.
However, the fitting value of b is closer to the result ofD5 for the
salt rock, while beingD4.5 for the granite. Residual strain growth
rate (single plastic strain increment) in Figure 12 also indicates
that the process from the fourth to the fifth cycle is the inflection
point of the two kinds of rocks, while the difference is that the

inflection point for the rock salt indicates the minimum value
and the inflection point for the granite represents the maximum
value. ,is shows that the characteristics of rock residual strain
growth should also be considered when determining the pa-
rameters. However, from the perspective of the correlation
coefficient, the calculated values are highly consistent with the
experimental values when the average values of adjacent points
are taken to calculate the model parameters.
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Figure 12: Relative error of upper strain.
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6. Conclusions

Based on the theory of damage mechanics, the rock
damage development was regarded as a linear relationship
with the cumulative residual strain rate, and the influence
of real-time temperature on fatigue damage was consid-
ered. ,e Harris function was introduced to characterize
the growth law of rock plastic strain. A novel fatigue
damage model was proposed which can reflect the tem-
perature damage and initial fatigue damage and can
characterize the whole process of different types of fatigue
damage. Damage model parameters a and b can be de-
termined by the fitting method or the two-point method.
,e correlation degree between the calculated results and
the test value is high.

Fatigue life prediction equation was built based on the
fatigue damage model and uniaxial compression strain of
rock. No matter at which temperature, the calculated fatigue
life was very close to the test results, and the maximum error
was no more than 5%. ,e method proposed in this paper
can predict the fatigue life at the beginning of fatigue, which
can better guide engineering practice.

Damage model parameter analysis shows that the value
of parameter a affects the fatigue damage growth rate, which
is consistent with the effect of stress ratio fatigue damage.
,e model parameter b affects the length of steady stage,
which is consistent with the effect of temperature on fatigue
damage. ,erefore, a preliminary conclusion can be made
that the parameter a is related to the stress level, while the
parameter b indicates the effect of temperature on fatigue
damage.
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