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With the rapid development of global economy, underground projects such as underground transportation,
strategic storage, and mineral resource exploitation are
increasing in scale and speed. Meantime, because of engineering disturbance and complex geological conditions,
engineering geological disasters such as large deformation,
rock burst, water inrush, and surface subsidence occur
frequently in the process of underground engineering and
construction, causing casualties, equipment damage, project
delay, engineering failure, etc. Therefore, the disaster prevention and construction safety of underground engineering
has become the focus of worldwide experts in the ﬁeld of
civil engineering.
The mechanical properties and energy evolution of rocks
under complex loading paths and environmental conditions
are the basis for studying the deformation characteristics and
disaster-causing mechanism of surrounding rocks in underground engineering. The paper “Analysis of the Thermal
Characteristics of Surrounding Rock in Deep Underground
Space” authored by L. Chen, J. Li, F. Han, Y. Zhang, L. Liu,
and B. Zhang studied the eﬀects of heat transfer time, airﬂow
velocities, and air temperature and radial displacement on the
distribution characteristics of temperature. Through simulation experiments, the temperature ﬁeld of the surrounding
rock is obtained. Another paper “Energy Evolution and
Mechanical Features of Granite Subjected to Triaxial LoadingUnloading Cycles” authored by F. Pei, H. Ji, and T. Zhang
investigated the eﬀects of conﬁning pressure on energy
evolution and mechanical parameters though the cyclic
loading and unloading experiments for granite under six
diﬀerent conﬁning pressures. The result of the experiment

revealed the conﬁning pressure eﬀect on variation and allocation pattern of energy and mechanical characteristics.
Four characteristic energy parameters, namely, storage energy
rock, storage energy limit, energy storage ratio, and energy
dissipation ratio, were proposed to describe energy storage
and dissipation properties of rock. Elastic modulus and
dissipation ratio presented a downward “U” and “U”-shaped
trends, respectively, with loading and unloading cycles, while
Poisson’s ratio increased linearly at the same time. Elastic
energy was accumulated mainly before peak stress, while the
energy dissipation and release were dominant after the peak
strength. As the conﬁning pressure increased, eﬃciency of
energy accumulation and storage limit improved. An exponential function was proposed to express the relationship
between the energy storage limit and conﬁning pressure.
Dissipation energy increased nonlinearly with the strain, and
the volume dilatancy point deﬁned the turning point from a
relatively slow growth to an accelerated growth of dissipation
energy. The dilatancy point can be used as an important
indication for the rapid development of dissipation energy.
In terms of engineering application, disaster mitigation of
underground engineering mainly involves mining, tunnel,
underground storage, and other ﬁelds, which plays an important role in the development of energy, transportation,
environmental protection, and other undertakings in the
world. In the ﬁeld of mining engineering, mine pressure, gas,
and water are all important factors leading to underground
engineering disasters. The two articles “Eﬀect of Mining
Thickness on Overburden Movement and Underground
Pressure Characteristics for Extrathick Coal Seam by Sublevel
Caving with High Bottom Cutting Height” and “Research on

2
Deformation Mechanism of Retracement Channel during
Fully Mechanized Caving Mining in Superhigh Seam” mainly
focus on the safe and eﬃcient exploitation of resources under
the condition of extrathick coal seam.
With the increasing of coal mining depth, the gas
pressure and content of coal seam increase obviously. The
paper “Numerical Simulation of Parameters Optimization
for Goaf Gas Boreholes” authored by J. Liu, J. Gao, M. Yang,
D. Wang, and L. Wang talked about the inﬂuence of ground
extraction hole parameters on gas extraction eﬀect. The in
situ test and numerical simulation results show that it has the
best extraction eﬀect with 16 m vertical height and 45 m
horizontal distance; under this condition, the average pure
quantity and the average concentration of gas extraction are
9.78 m3/min and 43.95%, respectively.
In addition, faults are widely distributed in coal measure
strata and hidden geological structures such as faults are
often encountered in the process of coal mining. Overburden movement and mining stress distribution in nearfault mining face signiﬁcant variation. The risk of large
deformation of surrounding rock, roof caving, and waterinrush accidents increases sharply. There are two papers that
focus on mining theory and practice in fault areas. “Inﬂuence of Diﬀerent Advancing Directions on Mining Eﬀect
Caused by a Fault” authored by L. Jiang, P. Wang, P. Zheng,
H. Luan, and C. Zhang discussed the relationship between
the direction of propulsion, formation behavior, and rock
burst induction by means of similar material model test. The
results show that the overlying structure varies notably,
aﬀected by fault cutting and fault dip, and the fault-aﬀected
zone and the cause of induced rock burst diﬀer with diﬀerent
mining directions. However, regardless of mining directions, the overlying structure of the hanging wall is stable
and fault activation is not obvious, while that of the footwall
is relatively active and fault activation is violent; the risk of
rock burst on the footwall is larger than that of mining on the
hanging wall. The results can serve as a reference for predicting and preventing rock bursts under similar conditions
and can optimize the layout for the working face near the
fault. In view of the phenomena of coal and gas outburst
induced by fault activation under dynamic disturbance, a
mechanical model of faults and surrounding rock mechanics
was established based on the theory of fold catastrophe in the
paper “Study on Catastrophe Theory of Activation-Induced
Prominence of Faults under Dynamic Disturbance.”
Through theoretical analysis, it shows that the thinner the
fault medium is, the more energy the external input is required for system instability, and the external energy can
reﬂect the stability of the system. In addition, through the
equation of conservation of kinetic energy, it can be seen that
the stronger the mining disturbance, the greater the critical
value of the surrounding rock thickness. The result provides
a new theoretical basis for the prediction and prevention of
coal and gas outburst disasters.
In the ﬁeld of tunnel engineering, this issue mainly
involves three aspects: tunnel construction, ground subsidence, and ﬁre impact. The paper “A Structural Calculation
Model of Shield Tunnel Segment: Heterogeneous Equivalent
Beam Model” authored by M. Lei, D. Lin, C. Shi, J. Ma, and
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W. Yang proposed a heterogeneous equivalent beam model
(HEB model) of the shield tunnel segment structure based
on a systematical analysis on the stress state of the cross
section of segment joints. “Building Deformation Prediction
Based on Ground Surface Settlements of Metro-Station
Deep Excavation” authored by D. Li and C. Yan studies the
inﬂuence of tunnel excavation on ground settlement and
building deformation. Results show that the ground surface
settlement proﬁles in auxiliary planes are closely related to
the relative positions of the auxiliary planes and the metrostation excavation. A paper by Y. Zeng et al. studies the
distribution of temperature ﬁeld in super-long tunnel and
reveals the inﬂuence of heat source location and ventilation
conditions on temperature ﬁeld.
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Rock mass failure caused by jointed plane is the common disaster in geotechnical engineering. Research on shearing property of
jointed rock mass with prestressed anchor bolt and its mechanical property is an aspect for the stability analysis of rock slope and
tunnel. This paper studies the stress and deformation of bolt and jointed plane, as well as anchored body and rock mass during
shearing by indoor model testing and theoretical analysis. The shearing strength and mechanical property of anchored jointed
plane have been systematically studied, and the additional force caused by deformation of prestressed anchor bolt and jointed rock
mass during the shearing has been proposed and veriﬁed. The anchorage interaction between rock mass and bolt is revealed.

1. Preface
Rock mass is a composite medium which is sliced by various
discontinuous jointed planes formed during the long-term
geological tectonism, and its mechanical properties are
highly complicated. Especially jointed planes scattered
randomly within rock mass and the properties such as
roughness, waviness, weak strength, and joint opening are
strongly related to the shear strength of rock mass. Rock
mass failure caused by large jointed plane is the most
common disaster of practical geotechnical engineering.
Reinforcement provided by rock bolt is the promotion of the
natural self-supporting ability within the host rock mass.
Mechanical properties of rock bolt and bolt failures caused
by rock mass have been studied extensively in many ways,
including laboratory and ﬁeld tests [1–10], numerical simulations [11–17], and analytical method [18–23]. And, some
scholars study its mechanical properties by analyzing its
dynamic response recently [24–27].
The prestressed anchorage technique was ﬁrst used in
Algeria’s Shelfa Dam in 1934, and its ﬁrst application in

China was the right dam foundation of Meishan reservoir in
1946. Thereafter, this technology has been widely used in
geotechnical engineering. The scholars who ﬁrst carried out
physical model experiments on the mechanical properties of
prestressed bolted rock mass are Ge and Liu [2] in China.
They conducted indoor, in situ model tests and proposed a
theoretical model which demonstrated that the reinforcement of anchored body was similar to pinned support
and that prestressed anchor bolt could greatly improve the
mechanical properties of jointed rock mass.
Prestressed anchorage can enhance the strength and
stability of rock mass. In previous studies, little research has
been done on the relationship of stress and deformation of
prestressed anchored body and the coupling eﬀect of anchor
bolt and jointed plane. The deformation of anchored jointed
plane and anchor bolt during shearing and the distribution
of stress and strain within bolt are not fully understood yet.
This paper considers the jointed plane as indented
structure and compares the diﬀerent eﬀect between prestressed anchored body and non-prestressed one. The
shearing deformation of bolt and the plastic distribution is
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studied, as well as the bolt deformation and normal displacement of jointed plane. Meanwhile, indoor model
testing is conducted to analyze the shear property of the bolt
related with deformation during shearing. Finally, combined
with mechanical analysis of anchor body, the shear capacity
of jointed rock mass and the interaction is developed and
veriﬁed.

Patton’s shear strength equation of irregular indented
jointed plane under lower normal stress level, the critical
normal stress of jointed plane climbing under diﬀerent
normal stress is proposed:

2. Mechanical Properties of Jointed Plane

where σ m (MPa) is the critical normal stress under the
condition that no climbing failure occurs on the jointed
plane; φr is the rock internal friction angle; cr (MPa) is the
rock cohesion; φj is the jointed plane friction angle; cj (MPa)
is the jointed plane cohesion; and i is the climbing angle of
indented jointed plane. All these related variables are shown
in Figure 1.
Therefore, under diﬀerent normal stress level, indented
jointed plane shows diﬀerent shear failure strength during
the climbing period:

In actual projects, the jointed planes scattered within rock
mass are not always parallel, and most times, the two surfaces of jointed plane are full of irregular convex pieces with
great discontinuity and undulation, resulting in signiﬁcant
diﬀerences of mechanical properties according to their
shape.
The shear strength of irregular rigid jointed plane needs
to be studied ﬁrstly. The most representative one is the
double linear model proposed by Patton [28]. Based on

σm �

cr −cj /2 × cos i − sin i × tan φj  × cos i
tanφj + i − tan φr

cj
⎧
⎪
⎪
τ � σ · tan φr + i +
, σ < σm,
⎪
⎪
⎨
2 × cos i − sin i × tan φj  × cos i
⎪
⎪
⎪
⎪
⎩
σ ≥ σm.
τ � σ · tan φr + cr ,
In the backslide period, the shear strength of regular
indented jointed plane is
τ � σ · tan φr − i.
(3)
The shear testing curve of indented rock jointed plane is
shown in Figure 1, where the shear stress on jointed plane
shows a roughly linear correlation with its shear strain
during the climbing period, but after reaching the peak
value, with the increase of shear strain, shear stress decreases. In Figure 1(a), the three lines, respectively, represent
the theoretical relationship between shear stress and normal
stress of climbing period, rock cutting period, and backslide
period. The schematic diagrams of three diﬀerent rock
shearing periods are shown in Figure 1(b).
In reinforcement slope, the normal stress of jointed
plane in the potential sliding zone ranges from 0 to 4 MPa
which is relatively low, which means equation (2) has applicability in estimating the shear strength of irregular
jointed plane in lower stress level. By average projection
angle of instable limestone slope in bedding surface trace,
Patton pointed out that the rougher the surface of the layer,
the bigger the slope angle; at the same time, the average trace
angle approximately equals the sum of the average surface
projection angle and the basic friction angle of the ﬂat
jointed plane from the experiment.
After getting bolted, the jointed plane strength can be
greatly promoted and its mechanical properties will become
more sophisticated. Thus, indoor model testing combined with
theoretical analysis is necessary to study the bolted jointed
plane, in order to determine the contribution and inﬂuence of
the prestressed bolt for the shear strength of jointed plane.

,

(1)

(2)

3. Indoor Model Test
3.1. Scheme of Model Test. In order to analyze the correlation
between shear strength of bolted jointed plane and its shear
displacement, indoor model testing is designed to conduct
shearing test under diﬀerent normal stress conditions.
Mechanical parameters of the material used in model testing
are listed in Table 1.
Concrete specimen with indented structural plane is
manufactured in mold with the size of 300 × 300 × 150 mm
(length × width × height), and the initial dilatation angle of
structural plane is 33° manmade. After ﬁnishing sample
solidiﬁcation, two concrete specimens are placed upon each
other and a hole is punched in the center where bolt is placed
and cement grout infused; then, two ends of the bolt are
locked and the angle between anchorage and jointed plane is
90°. The schematic diagram of testing specimen is shown in
Figure 2. The bolt used in the experiment is Ø8 aluminum
alloy bar with the length of 200 mm. Figure 3 shows the
model test sample and the test equipment.
The specimen is set up on direct shear apparatus, and the
shear test is conducted with shear rate of 0.5 mm/min under
the normal stress of 0.2 MPa, 0.35 MPa, and 0.7 MPa, respectively. The experimental steps are based on the Chinese
Standard Speciﬁcations for rock tests in water conservancy
and hydroelectric engineering, SL264-2001.
According to the test, under the action of shear load, the
shear strength of the anchorage mainly comes from three
aspects: the shear characteristics of rock itself, the resistance
of axial force, and the pinned action of anchor bolt. In order
to study the inﬂuence degree of factors in the shear process,
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Figure 1: The shear stress and normal stress of indented rock structural plane in diﬀerent periods.
Table 1: Mechanical parameters used in model testing.
Mechanical parameters
Density
(kN/m3) Friction coeﬃcient Cohesion (MPa) Elastic modulus (GPa) Poisson ratio Yield strength (MPa) Yield strain
Rock mass 2600
1.2
2.0
26.7
0.19
—
—
Plane
—
0.55
0
—
—
—
—
Bolt
2700
—
—
70.0
0.33
450
0.02
Grout
2600
0.87
1.0
19.0
0.23
—
—

300

300

150

Bolt
Cement grout

3.2.1. Failure Mode of Jointed Rock Mass. Indoor model
testing demonstrates that the failure status of prestressed
bolted specimen of regular indented plane is highly related
to its normal stress level.
While under lower normal stress level, shear displacement with remarkable crack may occur in rock mass, and the
failure status displayed by the experiment is the signiﬁcant
extrusion and fracturing of rock mass by anchorage material.
While under higher normal stress level, the sample
failure is approximately in accordance with the one of
nonbolted joint rock masses under same normal stress.

33°

Concrete specimen

Figure 2: The schematic diagram of testing model (unit: mm).

the shear contrast tests of three anchoring are shown in
Figure 4, which are no anchor bolt, anchor bolt with one end
ﬁxed and another end free, and anchor bolt whose prestress
is 2.5 kN.
3.2. Model Test Result. The diﬀerent conditions’ inﬂuence on
shearing characteristics of regular indented jointed plane
and its shear strength are studied. The deformation feature
and axial force change of prestressed bolt with the development of shear displacement is also examined.

3.2.2. Shear Strength. Through direct shear testing of
prestressed bolted regular indented jointed plane, it can be
inferred that, when compared with the experiment result
of nonprestressed bolted joint rock mass, its shear
strength is greatly improved, and if higher prestress is
imposed in bolt, its shear strength could be further
improved.
Figure 5 shows the shear strength-shear displacement
curves of the structural plane under 3 groups of diﬀerent
normal stress conditions (0.7 MPa, 0.35 MPa, and 0.2 MPa).
Each group of tests included shear tests under three diﬀerent
anchorage conditions. It can be intuitively seen from Figure 5 that the anchorage condition has a considerable impact
on the shear strength of the structural plane.
In order to further analyze the shear behavior of anchored structural plane, the shear resistance under diﬀerent
anchorage conditions is analyzed and sorted out, which is
shown in Table 2.
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(a)

(b)

Figure 3: The model test sample and the test equipment.

Prestress

Anchoring bolting
+
one end ﬁxed and
another end free

Anchoring bolting
+
prestress (2.5kN)

(a)

No anchoring bolting

(b)

(c)

Figure 4: Schematic diagram of three anchorage modes.

It is obvious that the magnitude of prestress has a signiﬁcant inﬂuence on the initial shear stiﬀness. Compared
with the prestressed anchorage samples with normal stress of
0.2 MPa, when the normal stresses were 0.7 MPa and
0.35 MPa, the initial shear strength of the prestressed anchorage sample were increased by 150% and 52%, respectively. For one end-free samples, the increases of initial
shear strength were 178% and 44%, respectively, and the
initial shear strength of the no anchoring bolting samples
were increased by 214% and 53%, respectively.
As can be seen from Table 2, when the normal stresses of
0.7 MPa, 0.35 MPa, and 0.2 MPa, the initial shear strength of
the prestressed anchorage sample was increased by 10%,
37%, and 38%, respectively, and the initial shear strength of
the one end-free sample was increased by 8%, 15%, and 22%,
respectively, compared with that of the no anchoring bolting
samples.
From the above, the increase of shear resistance of the
initial stage in the shear test has an important relationship
with the normal stress and prestress.

4. Theoretical Analysis
Indoor physical model testing indicates that for rigid jointed
plane after prestressed bolt, dilatation eﬀect will occur
during shearing because of the undulation of jointed plane.

The anchorage cable will deform like “S” shape in common
rigid jointed plane. With the development of shear displacement, the anchorage cable within limited zone begins to
deform, and with this deformation, its shear eﬀect begins to
work. The characteristics of jointed plane during shearing
will be examined through theoretical and mechanical
analysis in diﬀerent phases. And, the failure mode will be
determined by material parameters derived from model
testing.
4.1. Mechanical Properties of Prestressed Bolt. The prestressed
bolt deforms gradually with the development of jointed
plane’s shear displacement, but the deformation zone of bolt
is somehow limited. This phenomenon is primarily related
to the material properties of the bolt and jointed plane. We
can call the major deformation zone of bolt as eﬀective
length since the deformation of prestressed bolt is concentrated within limited eﬀective length. But, under shear
load, the stress ﬂuctuation length of bolt is longer than the
eﬀective length deﬁned above. It can be seen from Figure 6
that the length with displacement or deformation is about
twice the eﬀective length, and this conclusion is supported
by other studies also.
In Figure 6, Pu is the bearing capacity of grouting body or
rock mass. It can be seen that bending moment at point D is

5

60

35

50

30
Shear stress (MPa)

Shear stress (MPa)

Advances in Civil Engineering

40
30
20
10
0

25
20
15
10
5

0

2

8
4
6
Shear displacement (mm)

10

12

Anchoring bolting + prestress (2.5kN)
No anchoring bolting
Anchoring bolting + one end ﬁxed and another end free

0

0

1

7
3
4
5
6
Shear displacement (mm)

2

8

9

10

Anchoring bolting + prestress (2.5 kN)
No anchoring bolting
Anchoring bolting + one end ﬁxed and another end free

(a)

(b)

Shear stress (MPa)

30
25
20
15
10
5
0

0

2

4

6
8
10
Shear displacement (mm)

12

14

Anchoring bolting + prestress (2.5kN)
No anchoring bolting
Anchoring bolting + one end ﬁxed and another end free
(c)

Figure 5: Shear stress-shear displacement curves with diﬀerent anchorage conditions. (a) Normal stress 0.7 MPa. (b) Normal stress
0.35 MPa. (c) Normal stress 0.2 MPa.

Table 2: Initial shear strength in shear test under diﬀerent anchorage conditions.
Normal stress
(MPa)
0.70
0.35
0.20

Shear strength of the jointed surface at the initial shear stage∗ (kN)
Anchoring bolting + prestress∗∗
Anchoring bolting + one end ﬁxed
(2.5 kN)
and another end free
42.80
41.98
25.95
21.71
17.12
15.11

No anchoring
bolting
39.00
18.95
12.42

∗

Shear strength at the initial shear stage is the shear strength corresponding to the turning point in the shear curve in Figure 5. ∗∗ The force of 2.5 kN is the prestress
applied when the anchor rope is locked. In other words, the force of 2.5 kN is the prestress of anchor cable before the normal stress is applied to the rock mass.

largest and accordingly internal tension is largest. If major
force length is deﬁned as twice the eﬀective length of bolt
deformation, when prestressed bolt is anchored perpendicular to jointed plane, with shear load caused by the
development of shear displacement, the major force length
of bolt can be formulated as follows:
�������������

2
σy
⎣1 −T0  ⎤⎦,
⎡
(4)
2Lp � 2.31Db
Pu
Ty

where Db is the diameter of bolt, σ y is the yield stress of bolt,
Pu is the bearing capacity of grouting body or rock mass, Ty is
the yield force of bolt, and T0 is the initial prestress in bolt.
When considering the angle between anchorage bolt and
jointed plane, the major force length can be expressed as
follows:
�������������

2
2.31Db σ y ⎡⎣
T
(5)
2Lp �
1 − 0  ⎤⎦,
sin α
Pu
Ty
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Figure 6: Diagram on deformation analysis of the bolt during the shearing process [29].

where α is the angle between anchorage bolt and jointed
plane.
The derivation of formulas (4) and (5) is shown in
Appendix.
With the development of shear displacement, the anchorage bolt gradually reaches its yield limit. According to
diﬀerent characteristics of jointed plane, rock fragment
strength and material characteristics of bolt, the yield failure
of bolt during shearing process of jointed plane are basically
divided into the following two kinds:
(i) If the stiﬀness of the lateral walls of jointed plane or
cement grout is relatively large, the prestressed bolt
in jointed plane will probably produce tensile shear
yield damage.
(ii) If the stiﬀness of the lateral walls of jointed plane or
cement grout is relatively small, the prestressed bolt
in the jointed plane will produce bending yield under
bending eﬀect, and two symmetric plastic hinges will
be formed on both sides of jointed plane. After that,
shear displacement will further develop and the
extrusion destruction of bolt stops to grow into its
deeper part.
According to the Von-Mises discipline of metallic materials’ plasticity, when shear yield occurs, the stress condition of bolt’s middle point is
√�������
σ 2 + 3τ 2 � σ y ,
(6)
where σ y is the yield strength stress of bolt material. When
the prestressed force in bolt, σ � (Na + Nr )/A, and Na is the
axial force in bolt during the shear process and Nr is the
prestressed axial force in bolt.
When bending yield of bolt ﬁnally occurs, under the
combination of moment and axial force upon bolt, the
maximum normal stress will be deﬁned as follows:

σA �

M 0 N0
+
� 1.7σ y .
W A

(7)

The diﬀerential equation is constructed upon the basis of
the mechanical analysis of anchorage body, and combined
with the analysis of yield mode of the anchorage body,
interactive solution could be derived.

4.2. Anchorage Interaction between Bolt and Rock.
Reinforcing jointed plane with the prestressed bolt is
mainly to impose constraints along its normal direction
and shear direction when the structural plane is under
external load.
The normal constraint primarily comes from the prestress of bolt, and normal constraint is imposed to structural
plane through anchor pier (anchor plate) and the friction
between bolt and hole wall. The shear constraint comes from
two major factors: one is the friction between layers and
fractures increased by normal constraints and the other is
shear stress provided by bolt material itself.
When jointed plane is under shear load, the anchorage’s
contribution for jointed plane’s shear resistance is reﬂected
in the following three aspects.
4.2.1. Prestress. If the installation angle of the bolt is not
completely perpendicular to jointed plane, the initial prestress of bolt has two components: one is the component
perpendicular to jointed plane and the other is the parallel
one.
Considering the bending deformation of bolt during
shearing, the angle of bolt needs to be modiﬁed; and within
the two components of initial stress, the expressions of
component perpendicular to jointed plane RTσ and the
parallel one RTτ are as follows:
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RTσ � T0 sin(c),
RTτ � T0 cos(c),

7

(8)

where c is the angle after bolt deformation.
4.2.2. Axial Force. Under shear load, the relative movement
between interface of jointed plane causes the axial deformation of bolt related to axial force N and the normal
displacement of jointed plane’s dilatation related to additional axial force which has two components perpendicular
and parallel to jointed plane and can be deduced by following method.
Under shear load, the bending and extension deformation of bolt is caused by the relative displacement of
interface of jointed plane and the dilatation accordingly; and
the additional axial force of bolt increases as well. The axial
strain of bolt happens primarily within the major stress
length, as shown in Figure 7.
The expression of additional axial force is as follows:
πD2 Eb 2L sin α + mδ tan i
RΔ �
− 1,

4
2L sin c
(9)
2L sin α + mδ tan i
c � arctan
,
2L cos α + mδ
where 2L is the eﬀective force length, α is the angle between
anchorage bolt and jointed plane, i is the dilatancy angle, Eb is
the elastic modulus of bolt; and m is the mobilization factor.
The eﬀective force length is the main part of the area of bolt
deformation, and the gradually damping area of the bolt
deformation is the 0.8 times of the area of bolt deformation.
Except for shear displacement, the axial force is mostly
related to major stress length, bolt’s elasticity modulus, the
dilatation angle, and the diameter of bolt. And, the major
stress length is related to the rock mass strength and the
magnitude of prestress force.
Additional axial force can be disposed into two components: one is the component RΔσ perpendicular to jointed
plane and the other is the parallel RΔτ, as shown in the
following equation:
RΔσ �

πD2 Eb 2L sin α + mδ tan i
− 1sin c,

4
2L sin c
(10)

RΔτ �

πD2 Eb 2L sin α + mδ tan i
− 1cos c.

4
2L sin c

Before the formation of plastic hinge, the stress of bolt is
largely concentrated within major stress length. After the
formation of plastic hinge, deformation and stress are primarily concentrated within the eﬀective length between two
plastic hinges. Because the anchorage body has already been
in plastic stage, the increase of axial force slows down with
the diminishment of bolt rigidity.
4.2.3. Shear Force. The anchorage body constrains the
jointed plane’s relative moment by its own shear force. The

axial force of the bolt after certain deformation also has two
components: one is parallel to jointed plane and the other
perpendicular to it. The parallel component is pinned
support resistance Rd , which can be deduced by the following method.
When plastic hinge forms, the pinned resistance of
anchorage body can be expressed as follows:
������������������

2
2
Db
T
(11)
Rd �
1.7πσ y Pu ⎡⎣1 − 0  ⎤⎦,
4
Ty
where Db is the diameter of bolt, σ y is the yield stress of bolt,
Pu is the bearing capacity of grouting body or rock mass, Ty
is the yield force of bolt, and T0 is the initial prestress in
bolt.
Before plastic hinge occurs, the pinned resistance is
deduced with the force balance formula:
Rd � Pu Db L,

(12)

where L is equal to the half of the force length of bolt.
According to balance equation and yield criterion, the
primary stress length of anchorage body can be identiﬁed;
then the pin resistance can be determined according to
diﬀerent phases.
The pin resistance is not only related to shear displacement but also closely decided by rock mass strength,
prestress level, and bolt diameter. According to bolt tilt after
displacement, the pin resistance can also be decomposed to
the component parallel to jointed plane and the perpendicular one, as follows:
Rdτ � Rd sin(c),
Rdσ � −Rd cos(c).

(13)

Equation (13) shows that when bolt tilt is acute, the
function of the perpendicular component of pin shear is
negative; and the smaller the angle, the more negative its
value.

5. Comparison between Theoretical Analysis
and Experiment
Combined with the basic situation of the samples in the
laboratory model test, the numerical model is established.
The size of the model is 30 cm ∗ 30 cm ∗ 30 cm, the size of the
upper model is 30 cm ∗ 30 cm ∗ 15 cm, and the size of the
lower model is 30 cm ∗ 30 cm ∗ 15 cm. In the model, the size
of initial dilatation angle is 5 mm in height, 15 mm in width,
and the climbing angle is 33°.
In the numerical simulation, normal stress is applied by
the direct shear test method, and the shear load is applied by
the displacement control method. The rate of load application is 0.5 mm/min. Table 3 is a list of numerical simulation parameters.
Combined with experiment results and theoretical formulas, this sector will analyze the contribution of various
mechanical eﬀects to the shear resistance of bolted rock mass
structural plane.
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Figure 7: The bending and deformation of bolt.
Table 3: Numerical simulation parameters.
Volume weight
(kN/m3)
Rock mass
Structural plane
Anchor cable
Grouting material

2600.0
—
2700.0
2600.0

Shear strength parameters
Cohesive force
Frictional coeﬃcient
(MPa)
1.2
2.0
0.6
—
—
—
0.9
1.0

The strength of rock samples is random. In order to
conduct more accurate comparative analysis, only the
samples with broken aluminum bar after shearing are selected. The test conditions are normal stress 0.2 MPa (that is,
prestress 2.7 kN), normal stress 0.35 MPa (that is, prestress
6.6 kN), and normal stress 0.7 MPa (that is, prestress 1.2 kN).
The shear mechanical eﬀects under three test conditions
at the end of the initial stage are shown in Table 4. The axial
force here is the sum of prestress and axial force caused by
additional deformation.
Table 4 demonstrates that the theoretical calculation of
pinned support is in good accordance with the testing
measurements. Although bolt is lubricated beforehand, the
friction between bolt and cement grout is inevitable; thus the
tested pinned resistance includes part of axial force and is
generally larger than actual value.
From experiment, for bolted smooth structural plane at
the initial stage, with the increase of normal stress, the
contribution of pinned resistance increases gradually and
the contribution of axial force diminishes accordingly.

(2)

(3)

(4)

6. Conclusion
Based on the veriﬁcation of theoretical analysis and physical
model testing, the mechanical characteristics of bolted
jointed rock mass during shearing can be summarized as
follows:
(1) Under diﬀerent normal stress levels, the failure
patterns of undulant jointed plane are diﬀerent. With
the increase of normal stress level, undulant climbing
eﬀect diminishes gradually and ﬁnally grows to rock
cutting damage. Besides, with the increase of normal

(5)

Deformation parameters
Elasticity modulus
Yield strength
Poisson’s ratio
(GPa)
(MPa)
0.2
—
—
—
—
69.0
0.3
450.0
19.0
0.2
—

stress, the normal displacement caused by jointed
plane climbing angle decreases accordingly. From
the monitoring points of normal displacement, it can
be inferred that, along shear direction, the diﬀerence
of normal displacement between the front and back
sides of jointed plane is signiﬁcant, which fully
demonstrates the sliding resistance and shear eﬀect
of the anchorage cable.
After anchored, the bolt deforms as “S” shape during
shearing process; and the prestressed bolt is divorced
from cement grout within certain range and loses
eﬀectiveness correspondingly.
The study on stress distribution pattern of bolted
rock mass during shearing demonstrates that, with
the increase of shear displacement, the axial force
of stretched bolt causes a compressive stress zone
on rock mass through anchor pier. This compressive stress heightens jointed plane’s normal
stress level and improves its shear strength during
shearing.
After the bolt in anchored, the jointed plane is
prestressed, and a spindle shape compressive stress
zone appears in rock mass; model experiment indicates that the prestressed bolt also contribute to the
timely supporting of rock mass when shear displacement of jointed plane develops.
It can be concluded that the prestress of bolt contributes restrictedly to the improvement of bolted
jointed plane’s shear strength, and the main eﬀect of
anchorage in jointed plane is improving its sliding
resistance and shear by bolt deformation during
shearing.
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Table 4: The shear strength with diﬀerent normal stress conditions.

Normal stress (MPa)
0.2
0.35
0.7

Method

Shear strength increased (kN)

Model test
Theoretical
Model test
Theoretical
Model test
Theoretical

4.70
5.60
7.00
7.73
3.80
4.67

In this paper, the research is mainly conﬁned to a single
bolt’s eﬀect during jointed plane’s shearing process. The
sliding resistance and shear of group anchors during
jointed plane’s shearing need to be identiﬁed in further
studies. And, the various patterns of bolt deformation and
stress distribution at diﬀerent places of bolt along its shear
and normal direction need to be considered in order to
provide enough technical support and important references for the reinforcement design of jointed rock mass in
projects.

Axial force
Force (kN) Proportion (%)
2.01
42.70
3.08
55.00
4.24
60.50
5.04
65.20
0.82
21.60
1.38
29.60

Pin resistance
Force (kN) Proportion (%)
2.69
57.30
2.52
45.00
2.76
39.50
2.69
34.80
2.98
78.40
3.29
70.30

Lp
NC

D

C

MB

A

NB

B
QC

Pu

QB

Figure 8: Deformation analysis of bolt.

����������������
�������������


2
2
1.7πσ y
σy
T
⎡⎣1 − 0  ⎤⎦ � 1.155Db
⎡⎣1 −T0  ⎤⎦,
2L � 2Db
16Pu
Ty
Pu
Ty

Appendix

(A.6)

Under a load of axial force and bending moment, the
plasticity yield of metal satisﬁes
2



T
M
� 1,
 +
Ty
My

(A.1)

where T is the axial stress of bolt, Ty is the tensile yield stress
of bolt, M is the bending moment, and My is the edge yield
bending moment of bolt, where My � 1.7σ y ((D3b π)/32).
Substitute My into formula (A.1), then
2



TD
MD
� 1,
 +
Ty
1.7σ y D3b π/32

(A.2)

where Db is the diameter of the bolt and σ y is the yield stress
of bolt.
In Figure 8, if the bending moment at point D is the
largest, then the shear force at point D is 0. According to the
balance of the force at the CD segment of the bolt, then
there is
QC − Pu Db Lp � 0,
1
MD � Pu Db L2 .
2

(A.3)

where Pu is the bearing capacity of grouting or rock mass and
T0 is the initial prestress.
Then, the major force length is
�������������

2
σy
⎡⎣1 −T0  ⎤⎦.
(A.7)
2Lp � 2.31Db
Pu
Ty
When considering the angle between anchorage bolt and
jointed plane, the major force length can be expressed as
�������������

2
2.31Db σ y ⎡⎣
T0 ⎤⎦
(A.8)
2Lp �
1 −  ,
sin α
Pu
Ty
where α is the angle between the anchorage bolt and jointed
plane.

Data Availability
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Combining formulas (A.3) and (A.4), we get
������������������

2
2
Db
TD ⎤⎦
⎣
⎡
1.7πσ y Pu 1 −  ,
QC �
4
Ty
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2
1.7πD2b σ y
⎣1 −TD  ⎤⎦
Pu L2 � ⎡
.
Ty
16

Then, the eﬀective length of the full-length bolt is
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A rockburst prediction model of the entropy weight grey relational backpropagation (BP) neural network is developed. The model
needs to select the evaluation factors according to the engineering practice and establish the sample library. The entropy weight
method is used to calculate the objective weight of the characteristic factors, and the similarity between the samples is calculated by
the combination of grey relational theory and the entropy method. The training sample of the BP neural network is selected by
threshold determination. Finally, we use the trained neural network to estimate the rockburst intensity grade of samples to be
tested. This model is applied to the rockburst prediction of Qamchiq tunnel project, and the prediction results are in good
agreement with the actual conditions of the subsequent construction, thus verifying the feasibility and eﬀectiveness of the model in
the rockburst prediction.

1. Introduction
The increase of cover depth leads to high ground stress and
rockburst [1–3]. Rockburst is sudden damage in tunnel
excavation because of the transient release of elastic strain
energy. Besides, there are many reasons causing rockburst,
and the mechanism of rockburst is complex [4–6]. At
present, scholars have explained rockburst from the view of
energy. However, they focus on partial factors. Due to the
limitations of data, some studies cannot get the important
information accurately, i.e., in situ stress, geological structure, and rock mechanics parameters [7–9]. The complete
rockburst analysis and prediction system are limited in
engineering ﬁeld [10–12]. In the study, the researchers use
the help of experimental tunnel to collect data and predict
potential rockburst for the constructing tunnel. In order to
analyze the large amount of data, the artiﬁcial intelligence is
employed.
At present, artiﬁcial intelligence is widely used to solve
nonlinear problems. Backpropagation (BP) neural network,
which can learn independently and has good adaptability
and antiinterference, has been used to predict the rockburst

[13, 14]. However, the defect of BP neural network is that the
sample has a great inﬂuence on its accuracy. It is easy to
cause the weight threshold calculation to fall into local
minimum [15, 16]. In order to improve the prediction accuracy, genetic algorithm (GA) [17] and particle swarm
optimization (PSO) [18] are applied in the BP neural network to optimize the weight threshold in rockburst
prediction.
In order to improve the quality of samples, a prediction
model of rockburst intensity is proposed in this study.
That is, on the basis of traditional BP neural network, the
entropy weight method and grey relational analysis (GRA)
are used to optimize the training samples, so as to
improve the network generalization accuracy. Further, in
the study, the researchers veriﬁed the accuracy of this
rockburst prediction model through practical engineering
application.
Rockburst is inﬂuenced by many factors, and the relationship between these factors and rockburst is complicated. It is diﬃcult to ﬁnd an accurate index to evaluate
rockburst. A large amount of ﬁeld data has proved that
there is a certain correlation among the rockbursts [19–21].

2

Advances in Civil Engineering

The rockburst with the same intensity would occur at
conditions with similar factors. So, we ﬁlter out some
similar series from the ﬁeld data. It is possible to predict
rockbursts at other similar conditions. In order to ﬁlter
these similar data, we can use the grey relational theory to
calculate the correlation of series. The traditional grey
relational theory assumes that when the contribution rate
of each factor is the same, the weights of each factor would
be equal in the calculation of correlation degree [22]. In
fact, the inﬂuence of diﬀerent factors on the analysis object
is quite diﬀerent. In order to reﬂect the inﬂuence degree of
diﬀerent evaluation factors, the entropy weight method is
used to determine the weight of each factor. Compared
with the traditional method, the entropy weight method
would make the result more objective and real. Furthermore, we use the BP neural network to predict rockburst
intensity in other similar conditions. As a tool of nonlinear
multivariate decision making, BP neural network can learn
the rules of training samples independently and avoid the
interference of human factors. To sum up, it is a feasible
way to use the entropy weight method combined with GRA
to ﬁlter out similar series and predict possible rockburst by
BP neural network.

2. Methodology
2.1. Similarity Calculation Method Based on GRA. The GRA
is a systematic analysis method which can describe the relation degree between individuals [23]. A grey system means
that a system in which part of the information is known and
part of the information is unknown. In this system, the
attributes of samples expressed are quantiﬁed as indexes. We
can judge the similarity degree of two samples based on the
change trend of these index values. The GRA method is
widely used and convenient.
Assume that the system consists of M known series and
1 unknown series and each series has n attribute indexes.
So, the unknown series can be expressed as sequence
r0 � {r0(k) ∣ k � 1, 2, . . ., n}, and the j-th known series can be
expressed as sequence rj � {rj(k) ∣ k � 1, 2, . . ., n}. The details
of using GRA to calculate similarity are presented as
follows:
Step 1: the dimensions of attribute indexes are not
uniﬁed; in order to eliminate the inﬂuence of dimension, the value of the index is standardized to get its
eigenvalue:
rjk �

′ − minj rjk
′
rkj

,
′  − minj rjk
′
maxj rjk

(1)

′ is the value of the k-th attribute of the j-th
where rjk
′ ) and minj (rjk
′ ) are the maximum
series and maxj (rjk
and minimum values of the k-th attribute in all series,
respectively.
Step 2: GRA is used to calculate the relation coeﬃcient
ξ jk of an attribute between the unknown series r0 and
known series rj:

ξ jk
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where ρ is the distinguishing coeﬃcient, ρ ∈ [0, 1], and
generally, ρ takes 0.5.
Step 3: the similarity degree sj between the unknown
series and the j-th known series is calculated:
n

sj �  wk ξ jk ,

(3)

k�1

where wk is the weight of each attribute index. It is
determined by the entropy weight method. The value of
sj reﬂects the relation degree between known series and
unknown series.
2.2. Weight Method Based on Information Entropy.
Shannon develops the concept of information entropy to
express the randomness [24]. The information entropy
describes the reliability, importance, and the weight of an
inﬂuential factor [25]. In order to avoid the interference of
human factors, we use entropy to weight attributes. The
entropy of the k-th attribute can be expressed as
m
rjk
rjk
⎪
⎧
⎪
−1
⎪
(m)

ln n
,
−ln
⎪
n
⎪
r
j�1 rjk
⎨
j�1 j�1 jk
Ek � ⎪
⎪
⎪
⎪
⎪
⎩ 0,

rjk ≠ 0,
(4)
rjk � 0,

where m is the amount of known series.
And then, the weight of each attribute can be expressed as
1 − Ek
wk �
.
(5)
n − nj�1 Ek

2.3. Forecasting Method Based on BP Neural Network. BP
neural network, which was proposed by Rumelhart and
McCelland in 1986, is a multilayer feedforward network
trained by error backpropagation algorithm. BP neural
network is good at ﬁnding out the complex relationship
between the factors [26]. BP neural network includes an
input layer, an output layer, and one or more hidden layers.
BP algorithm is composed of forwarding propagation and
backward propagation. If the output layer gets the expected
output and the error reaches the expected value, the learning
algorithm is ﬁnished. Otherwise, the backpropagation is
carried out, and it will continue to output after adjusting the
weight thresholds between the layers until the output error
meets the condition. The standard 3-layer BP neural network
model structure is shown in Figure 1.

3. Application in Rockburst Prediction
The researchers applied the proposed prediction model to
the Qamchiq tunnel project. The sample library was built
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j

C1 (C1 � σ θmax/σ C, i.e., the ratio of maximum tangential stress
of chamber σ θmax to rock uniaxial compressive strength σ C),
rock brittleness coeﬃcient C2(C2 � σ C/σ t, i.e., ratio of uniaxial
compressive strength σ C to uniaxial tensile strength of rock σ t),
the grade of groundwater condition C3 and rock integrity
coeﬃcient C4 (Kv value). The above indexes reﬂect the diﬀerent
attributes of the tunnel section, respectively. C1 reﬂects the
characteristics of the secondary stress ﬁeld in the chamber,
which is calculated by numerical simulation based on the initial
geostress data. C2 reﬂects the hardness and brittleness degree of
rocks. C3 reﬂects the hydrogeological characteristics of the
tunnel site, and C4 reﬂects the development of the structural
plane of the surrounding rock. C3, the grade of groundwater
condition, is evaluated according to the results of a site investigation in tunnel site, and its quantitative results are shown
in Table 1. The grade of groundwater condition is negatively
correlated with rockburst intensity. When the other conditions
are the same, the higher the grade of the groundwater condition, the lower the rockburst intensity.
The rockburst intensity of Qamchiq tunnel was described in four grades: no rockburst (0 grade), slight (1
grade), moderate (2 grade), and severe (3 grade) rockburst.
No rockburst means no loosening, breaking of rockburst, or
the phenomenon of silent emission. The other main characteristics of the 3 kinds of rockburst are detailed in document [34].
During the tunnel construction, 20 groups of rockburst
data were obtained from the tunnel which was constructed
earlier. The values of the indexes of the tunnel section are
shown in Table 2.

i

Input layer

k

Hidden layer

Output layer

Figure 1: Schematic diagram of BP neural network model.

from the rockburst intensity of the earlier excavated tunnel.
The similar sample sequence is ﬁltered out by using the GRA
method, and then, the BP neural network is used to infer the
rockburst intensity grade of the unexcavated tunnel section.
Finally, the results of the calculation will be compared with
the actual situation to verify the validity of the model.
3.1. Overview of Qamchiq Tunnel Project. Located in Batisco,
Namangan Province, the Federal Republic of Uzbekistan, the
Qamchiq tunnel crosses the Kurami Mountains and Kuyinid
and Sani Salak Sai River valley. Qamchiq tunnel is a superlong and super-deep buried tunnel with an elevation of
1364 m for entry, 1480 m for the exit; the length of the tunnel
is 19.268 km, and the maximum buried depth is about
1275 m. The geography and longitudinal proﬁle is presented
in Figure 2. The main lithology of the tunnel site is granite,
granodiorite, granite porphyry, syenite porphyry, etc. The
surrounding rock is integrated and strong. The groundwater
in this area mainly consists of bedrock ﬁssure water, structural
fault water, and pore water of quaternary loose rock. The
maximum runoﬀ modulus of groundwater is 864 m3/d·km2.
The rockburst is a very serious problem during the construction. And, the Qamchiq tunnel is the key project of Anwa
electriﬁed railway project. Therefore, it is very necessary to
study rockburst prediction in the tunnel site.
The occurrence conditions of rockburst are complex,
which are mainly divided into internal causes and external
causes. The hard and brittle rock mass under the condition
of high geostress accumulates more energy in the geological
tectonic movement, and its stress is close to the strength of
rock mass, which is the internal cause of rockburst. And, the
excavation of the tunnel will disturb the original equilibrium
state of surrounding rock, causing the stress redistribution of
surrounding rock and the strong stress diﬀerentiation of
surrounding rock. After the secondary stress concentration
reaches the strength of rock mass, the rock mass will collapse
and spall. This is the external cause of rockburst. In addition,
the development of rock mass structural planes and
groundwater will also aﬀect the properties of rock mass
energy storage.
Based on the literature investigation and on-the-spot
measurement of tunnel, the following indexes are selected
to describe a tunnel section [27–33]: the Russian criterion value

3.2. Calculation of the Weight of Index. The index values are
standardized according to formula (1), and then, the weights
of each feature attribute are calculated according to formulae
(4) and (5). The results are shown in Table 3.
3.3. Calculation of the Similarity Degree of Series. Taking the
unexcavated tunnel section MK41 + 425 as an example to
show the process of forecasting with this model in detail, the
index values of the section are as follows: C1 is 0.223, C2 is
8.2, C3 is 2, and C4 is 0.75. Then, GRA is used to calculate the
similarity between the unknown series and known series
1∼20. The similarity degree is calculated by using formulae
(2) and (3). The results are shown in Table 4.
As mentioned earlier, the prediction accuracy of BP
neural network depends largely on the selection of training
samples. If the sample size is too large, the calculation of BP
neural network will be trapped in a local minimum, resulting
in slow convergence and poor network quality. If the sample
size is too small, it cannot fully reﬂect the impact of indexes
on research objective. Therefore, we can consider using
fewer high-quality training samples for good model training
and ﬁnally achieve a higher network generalization accuracy.
In this project, the threshold of similarity degree is 0.73 to
select a series of BP neural network training samples, which
can ensure the fewer number and the high quality of selected
samples. The numbers of the selected series are 1, 4, 10, 14,
15, and 20.
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Figure 2: Geography and longitudinal proﬁle of the Qamchiq tunnel.
Table 1: Grade of groundwater condition.
Strongly water
rich
1

Index
C3

Water
rich
2

Weak water
rich
3

Water poor
4

h � 2n + 1,

Table 2: Index information in the sample library.
Series
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Tunnel
mileage
SK39 + 980
SK40 + 800
SK41 + 950
SK42 + 420
SK42 + 980
SK43 + 030
SK43 + 730
SK43 + 780
SK44 + 200
SK44 + 600
SK45 + 380
SK47 + 500
SK47 + 850
SK48 + 950
SK49 + 750
SK53 + 350
SK56 + 300
SK57 + 150
SK57 + 250
SK58 + 310

C1
0.058
0.161
0.166
0.216
0.241
0.225
0.521
0.401
0.439
0.405
0.378
0.58
0.608
0.414
0.446
0.372
0.198
0.147
0.079
0.044

C2 C3 C4
9.3
11.4
10.5
8.6
4.4
5.2
5.5
3.8
7.6
9.8
8.4
6.7
7.0
8.8
8.5
9.7
6.6
8.1
4.2
5.8

2
3
3
2
4
4
4
4
4
2
4
4
3
2
2
3
3
3
3
2

0.54
0.89
0.91
0.76
0.47
0.45
0.37
0.35
0.49
0.52
0.88
0.86
0.74
0.41
0.4
0.92
0.53
0.42
0.39
0.61

Rockburst intensity
grade
2
3
3
2
1
1
2
0
2
2
2
3
3
3
3
3
1
1
0
1

Table 3: Entropy weight calculation results.
Entropy
Weight

C1
0.9173
0.2024

C2
0.9315
0.1676

C3
0.8620
0.3376

function under the rational conditions, so the network
structure of single hidden layer is adopted in this model,
which is divided into three layers: a hidden layer, an input
layer, and an output layer. The number of hidden layer
nodes can be determined by the following empirical formula [36]:

C4
0.8805
0.2924

3.4. Simulation Prediction Using BP Neural Network Model.
According to Kosmogorov’s theory [35], three-layer
feedforward network can approximate any continuous

(6)

where n is the number of input layer nodes. When the
number of input layer node takes 4, the number of hidden
layers is 9 by formula (6). Using the neural network toolbox
function in MATLAB R2016a to train and simulate the
network, the BP neural network model is constructed as
shown in Figure 3.
In terms of parameter settings, the premnmx function is
used to normalize input data, Tansig activation function is
used in the process from the input layer to hidden layer,
Pureline activation function is used in the process from
hidden layer to the output layer, and traingdm function with
variable rate gradient descent is used for network training.
The initial learning rate is set to 0.01, the training step size is
set to 15000, and the global error threshold is set as 1 × 10−5.
For the output layer data, the rockburst grade is expressed by
means of unit vector: no rockburst is (1, 0, 0, 0), slight
rockburst is (0, 1, 0, 0), medium rockburst is (0, 0, 1, 0), and
strong rockburst is (0, 0, 0, 1). Series 1, series 4, series 10,
series 14, series 15, and series 20 selected by the GRA method
are used as training samples. The variation of global error in
the training process is shown in Figure 4. It can be seen from
the graph that the neural network achieves convergence after
8637 iterations. The index value of MK41 + 425 tunnel
section is input and predicted by the network trained. The
result is (0.000, 0.001, 0.999, −0.014). The output data of this
section is consistent with the results of 2-grade rockburst.
The prediction results determined that the MK41 + 425
tunnel section is grade 2 rockburst.
Referring to the above calculation process of MK41 + 425
tunnel section, we use entropy weight grey relational BP
neural network model and traditional BP neural network
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Table 4: Similarity degree calculation results.

Series Similarity degree
1
0.7636
2
0.6218
3
0.6288
4
0.9692

Series Similarity degree
5
0.5341
6
0.5496
7
0.4342
8
0.4359

Series Similarity degree Series Similarity degree Series Similarity degree
9
0.5248
13
0.6642
17
0.6377
10
0.7404
14
0.7363
18
0.6270
11
0.6032
15
0.7372
19
0.5136
12
0.5330
16
0.6045
20
0.7602

Hidden layer

Output layer

Input

W

W

Output

6

B

B

4

9

4

Figure 3: Schematic diagram of the model structure.

Best training performance is 9.9922e−06 at epoch 8637

Mean squared error (mse)

100

10–2

10–4

10–6

0

1000 2000 3000 4000 5000 6000 7000 8000
8637 epochs
Train
Best
Goal

Figure 4: Error curve of entropy weight grey relational BP network training.

model to predict the rockburst intensity grade of the tunnel,
respectively, and verify and compare the prediction accuracy
of the two methods through follow-up construction. Then,
the prediction accuracy of the two methods is compared
with the actual situation of subsequent construction. The
predicted results corresponding to typical sections of
rockburst in actual situations are shown in Table 5. The
variation of global error of traditional BP network in the
training process is also shown in Figure 5. It can be seen
from the graph that the traditional BP network achieves
convergence after 28341 iterations. The traditional BP neural
network model picks all the 20 groups of rockburst data in
the training process without selection. So, it achieves a
slower convergence than entropy weight grey relational BP
neural network model.
Table 5 shows that the accuracy rate of entropy weight
grey relational BP neural network model is 90% while the
traditional BP neural network model is only 70%. So, the
entropy weight grey relational BP neural network model is

more eﬀective than the traditional BP neural network model.
It conﬁrms that the ﬁltered high-quality samples can improve the generalization accuracy of BP neural network
[37, 38]. Moreover, the prediction results of this model are in
good agreement with the actual situation, which basically
meets the accuracy requirement of rockburst prediction. A
few of the predicted results deviate from the actual situation,
which may be due to the complexity and diversity of
rockburst genesis in the tunnel site [39, 40]. Besides the four
selected indexes, the occurrence of rockburst may also be
related to the construction situation, the special structure of
the tunnel section, and other reasons, which leads to the
deviation between the actual rockburst situation and the law
presented by the sample. It shows that the prediction of
rockburst should be combined with the monitoring of the
construction site. It is necessary to know the dynamic trend
of rockburst in time and then formulate corresponding
prevention measures [41–44], so as to minimize the loss
caused by rockburst.
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Table 5: Comparison between simulation prediction results and the actual situation.

Series
1
2
3
4
5
6
7
8
9
10

Mileage of tunnels
MK41 + 425
MK41 + 635
MK42 + 310
MK43 + 580
MK44 + 790
MK46 + 270
MK49 + 360
MK52 + 600
MK54 + 580
MK56 + 600

C1
0.223
0.171
0.230
0.548
0.391
0.446
0.537
0.388
0.206
0.188

C2
8.2
9.8
7.7
6.2
8.0
8.3
7.5
10.4
4.7
4.5

C3
2
3
2
4
4
4
2
3
3
4

C4
0.71
0.87
0.74
0.41
0.89
0.91
0.43
0.85
0.57
0.62

Best training performance is 9.9996e−06 at epoch 28341

Mean squared error (mse)

100

Traditional BP model
2
1
2
2
2
3
3
3
1
1

Optimized BP model
2
3
2
2
3
3
3
3
1
1

Actual situation
2
3
2
2
3
2
3
3
1
1

actual engineering veriﬁcation, the model can be
used as a prediction method for rockburst intensity
grade.
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4. Conclusions
In this study, entropy weight grey relational BP neural
network model is used to predict the rockburst intensity
grade of Qamchiq tunnel. The following conclusions are
drawn:
(1) The entropy weight grey relational BP neural network model is applied to rockburst prediction for the
ﬁrst time, which provides a new idea and method for
tunnel rockburst prediction.
(2) Compared with the traditional BP neural network
model, the accuracy of the prediction results of
entropy weight grey relational BP neural network
model is obviously improved, which conﬁrms that
the ﬁltered high-quality samples can eﬀectively
improve the generalization accuracy of BP neural
network. The whole prediction process is not disturbed by external subjective factors.
(3) The prediction results of the entropy weight grey
relational BP neural network model are in good
agreement with the actual situation. It met the requirements of rockburst prediction accuracy. After
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The dynamic compression properties of transversely isotropic rocks and their dependence on the conﬁning pressure and bedding
directivity are important in deep underground engineering activities. In this study, a slate is characterized using a split Hopkinson
pressure bar (SHPB) test. Five groups of samples with preferred bedding directions (dip angles of 0°, 30°, 45°, 60°, and 90°) are subjected
to coupled axial impact loading (low, medium, and high) under conﬁning pressure (0, 5, and 10 MPa). The failure mode, dynamic
strength, and Young’s modulus are investigated. The test results show that the tensile splitting eﬀect is signiﬁcant when there is no
conﬁning pressure. However, under a conﬁning pressure (5 and 10 MPa) condition, the cracks that develop along the loading direction
can be signiﬁcantly constrained and the samples are forced to fail along the bedding plane. With increasing conﬁning pressure, the
critical dynamic strength signiﬁcantly increases, and Young’s modulus increases when θ ≥ 45° while it decreases when θ ≤ 30° .

1. Introduction
Transversely isotropic rocks, which are widely distributed on
the surface of the earth, are a speciﬁc form of anisotropic rock.
Diﬀer from the isotropic rock has identical properties in all
directions, the properties of transversely isotropic rocks vary
as the bedding plane direction changes (i.e., the rock contains
one dominant direction of planar anisotropy) [1]. This description generally applies to the intact laminated, stratiﬁed,
bedded sedimentary class, and certain intact foliated metamorphic rocks (e.g., slates, shales, sandstone, and coal) [2, 3].
Over the past several decades, numerous tests, numerical
simulations, and analytical calculations on failure modes and
mechanical properties have been completed [4–7]. The
fracture behaviour under triaxial pressure has been found
to diﬀer from that under uniaxial pressure [8]. As the
conﬁning pressure is increased, the anisotropic rocks become more ductile [9]. However, most of the previous research has focused on the static state of stress. Many
engineering applications, such as blasting and drilling, expose rocks to dynamic loading, potentially inducing

underground engineering accidents such as collapse, roof
fall, rock burst, and gush events. Therefore, understanding
the properties of rocks under dynamic loading is important
for engineers to optimize design and construction.
Recently, the dynamic property of anisotropy has received major attention. Dai et al. [10] and Liu et al. [11]
studied the dynamic properties of Barre granite with respect
to the three principle directions. Qiu et al. used static and
dynamic uniaxial compression tests on coal rock to characterize the bedding directivity [12]. Li et al. studied the
dynamic tensile properties of phyllite with ﬁve dip angles (0°,
30°, 45°, 60°, and 90°) [13]. Koerber et al. described recent
advances in the SHPB, namely, by using an image-based
approach to investigate polymer-based composite materials
[14]. These studies focused primarily on uniaxial impact
compression tests. In general, the impact splitting eﬀect is
easily detectable in one-dimensional impact tests [15].
However, the test results may not fully characterize the
actual properties of the rocks, particularly at deep depths.
In natural conditions, the rock properties are aﬀected by
the state of in situ stress in the strata before blasting and
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boring. Multiple blasting engineering observations and
laboratory experiments have indicated that properties such
as transmission of the impact wave and the eﬀect of blasting
and rock fragmentation diﬀer between triaxial and uniaxial
pressure [16]. The conﬁning pressure is generally used in
dynamic tests to simulate the in situ stress. Christensen et al.
[16] was the ﬁrst to test rock with conﬁning pressure and
dynamic loading [17]. Then, the triaxial split Hopkinson
pressure bar (SHPB) test system for rocks was quickly
implemented worldwide [18]. However, despite its importance, relevant research on transversely isotropic rocks is still
relatively scarce.
In this study, we aim to investigate the eﬀect of conﬁning
pressure on the failure mode and dynamic compression
properties of transversely isotropic rocks. The bedding directivity is also of interest; therefore, ﬁve groups of samples
(θ � 0°, 30°, 45°, 60°, and 90°) were tested using an SHPB at
three load levels (low, medium, and high) and three conﬁning pressures (0 MPa, 5 MPa, and 10 MPa). Testing was
conducted with 0 MPa conﬁning pressure for the dynamic
uniaxial compression test. Then, the results were analysed to
determine how the conﬁning pressure aﬀects the physical
properties of the rock samples.

A0 are the cross-sectional areas of the bars and samples,
respectively. The indexing i, r, and t refer to incident, reﬂected, and transmitted, respectively.

2. Experimental Configuration

3. Geological and Mechanical Characteristics of
the Slate

2.1. Dynamic Testing Facilities. The SHPB is widely
employed for characterizing the dynamic response of rocks
[19–22]. This apparatus can achieve a strain rate of
101–104 s−1, which can match typical dynamic loads associated with rock fragmentation. As shown in Figure 1, a
dynamic test was conducted using a 50 mm SHPB system at
the Central South University (Hunan, China). A coneshaped striker was used to generate a half-sine incident
wave and provided a constant strain rate to the point of
sample failure [23, 24]. This method is suitable for testing
rock-like materials. The conﬁning pressure device shown in
Figure 2 consists of a steel frame with an associated oil
cylinder, a rubber sleeve, and oil inlet/outlet valves. The
conﬁning pressure is provided by the oil pressure in the
chamber (as pressurized by hand pumping). The conﬁning
pressure can reach 200 MPa if necessary.
Based on the one-dimensional stress wave theory [25]
and the assumption that stress equilibrium is achieved
during dynamic loading (i.e. εi + εr � εt ), the commonly
used formulas for calculating strain rate ε_ (t), strain ε(t), and
stress σ(t) are as follows:
2C
⎪
⎧
⎪
ε_ (t) � − εr ,
⎪
⎪
⎪
l0
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨
2C t
ε(t) � −
 ε dt,
(1)
⎪
⎪
l0 0 r
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
A
⎪
⎪
Eε ,
⎩ σ(t) �
A0 t
where C is the P-wave velocity of the bars, E is Young’s
modulus of the bars, and l0 is the length of the sample, A and

2.2. Dynamic Testing Scheme. The critical failure of the
samples at diﬀerent dip angles is measured using a method
that uses high-to-low loading steps to test the samples. The
assessment standard is based on rock rupture and debris
peeling. Then, the loading of critical failure is deﬁned as the
low loading level. Three diﬀerent loading level (low, medium, and high) are used to test samples of ﬁve groups.
During the test, the loading level is dependent on the
barometric value in the launcher. The barometric values at
various conﬁning pressures are shown in Table 1.
2.3. Sample Preparation. Five groups of diﬀerent bedding
dip angles (0°, 30°, 45°, 60°, and 90°) were included in this
study. The dynamic test samples were prepared at a slenderness ratio of 0.5 (50 mm diameter and 25 mm length), as
shown in Figure 3. To ensure that at least 3 results could be
obtained per loading level and conﬁning pressure, 150 rock
samples were prepared at ﬁve dip angles.

The studied slate was 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. The microscopic structure has been observed
by a scanning electron microscope (SEM). As shown in
Figure 4, two major layers exist within this slate, which are
the stiﬀer layer and softer layer, respectively. The stiﬀer
layer mainly contains the schistose structure and close
arrangement. The crack is undeveloped in this layer. On the
contrary, the softer layer is relatively fragmentized and the
crack is signiﬁcantly developed in this layer. The uniaxial
compressive strength (σ bc) and Young’s modulus (E) are
listed in Table 2.

4. Test Results and Discussion
4.1. Dynamic Equilibrium and Strain Rate. Figure 5 shows a
typical result: here, specimen 60-1 is subjected to 5 MPa
conﬁning pressure. To apply the cone-shaped striker as
intended, the constant strain rate loading is applied until
sample failure. Figure 6 shows that the sum of incident stress
and the reﬂected stress waves are almost equal to the
transmitted strain wave, which indicates that the force
balance on both ends of the sample is maintained during all
of the dynamic tests, including those on samples subjected to
conﬁning pressure.
4.2. Failure Modes. Firstly, the failure mode of the slate
samples at the low loading level is analysed. Figure 7 shows
failure patterns of the samples with diﬀerent bedding angles
at the low loading level and three diﬀerent conﬁning
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Steel frame
Ring seal
Oil cylinder
Rubber sleeve

Oil manometer
joint
Connect channel
Steel sleeve

Oil chamber

Fill block

Oil inlet/outlet

Base frame

Figure 2: Conﬁning pressure device.

Table 1: Barometric values at various conﬁning pressures and dip angles.
θ
0°
30°
45°
60°
90°

Low
0.7
0.4
0.3
0.3
0.3

0 MPa
Medium
0.9
0.5
0.4
0.4
0.4

High
1.1
0.6
0.5
0.5
0.5

Low
1.0
0.6
0.4
0.5
1.0

Barometric value (MPa)
5 MPa
Medium
High
1.3
1.6
0.8
0.9
0.5
0.6
0.7
0.9
1.2
1.3

pressures. Four typical failure modes with diﬀerent dip
angles under three diﬀerent conﬁning pressure can be
summarized as follows: (I) tensile splitting across the bedding, (II) shear sliding across the bedding, (III) slide failure
along the bedding, and (IV) tensile splitting along the
bedding.
Table 3 lists the critical failure modes of the slate samples
under diﬀerent conﬁning pressures. The failure modes of the
slate at diﬀerent conﬁning pressures are similar at θ � 0°, 45°,
60°, and 90°. However, at θ � 30°, the failure mode changes
from II to III with the increases of the conﬁning pressure.
The diﬀerence may result from the conﬁning pressure
constraining the development of fractures along the loading
direction. In addition, due to the small angle intersection of
bedding plane and conﬁning pressure direction, the

Low
1.4
0.9
0.5
0.5
1.0

10 MPa
Medium
1.5
1.0
0.7
0.7
1.2

High
1.6
1.1
0.9
0.9
1.4

conﬁning pressure may open the microfractures inherent
the bedding planes. Thus, cracks may be prior to develop
along the bedding planes.
Figure 8 presents the failure mode of θ � 45° at high
loading level under conﬁning pressure 0 MPa and 10 MPa.
When the conﬁning pressure is 0 MPa, the failure pattern of
the θ � 45° sample transitions from a single failure mode
(III) to a mixed mode (III + I) with the loading level
changes from low to high [25]. However, when the conﬁning pressure is 10 MPa, although many ﬁne cracks develop along the loading direction, the mainly failure mode
is still sliding along the bedding plane. It may because the
conﬁning pressure can eﬀectively weaken the impact
splitting eﬀect and constrain the cracks develop along the
loading direction.
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Figure 3: Five types of specimens with diﬀerent dip angles (a) θ � 0°; (b) θ � 30°; (c) θ � 45°; (d) θ � 60°; (e) θ � 90°.

Figure 4: Microscopic structure of the slate.

Table 2: Mechanical parameters of the slate.
Mechanical parameter
E (GPa)
σ bc (MPa)

0°

30°

48.08
167.29

48.17
79.29

4.3. Stress-Strain Behaviour. Figure 9 shows the typical
stress-strain curve of the ﬁve groups of samples (0°, 30°, 45°,
60°, and 90°) subjected to three diﬀerent conﬁning pressures
(0 MPa, 5 MPa, and 10 MPa). For samples in the entire
groups, the plastic stage signiﬁcantly increases relative to the
results of the one-dimensional impact test. The stress-strain
curves of the one-dimensional impact tests indicate brittle

θ
45°
49.87
73.31

60°
64.85
66.60

90°
77.07
147.25

failure. By contrast, under the conﬁning pressure condition,
particularly at a relatively high level (10 MPa), the stressstrain curves present typical characteristics of elastoplastic
behaviour. For example, when the value of θ is 30°, a plateau
appears at the peak of the curves, indicating the samples
transition from a brittle mode to a ductile mode as the
conﬁning pressure increases.
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Figure 6: Stress equilibrium in specimen 60-1 (In: incident wave, Re: reﬂected wave, and Tr: transmitted wave).

At θ � 90°, the plastic stage is not easily detected when the
conﬁning pressure is 0 MPa. This result indicates that the
cracks develop rapidly throughout the samples during dynamic loading. This phenomenon may result from the
following two factors: (1) the impact splitting eﬀect in onedimensional dynamic tests and (2) the weak planes being
parallel to the loading direction. Therefore, the failure
patterns at θ � 90° are split along the bedding plane. However, when the conﬁning pressure increases, the plastic stage
emerges again. It is clear that the conﬁning pressure can
constrain the development of cracks along the loading
direction.
4.4. Inﬂuence of the Conﬁning Pressure on the Dynamic
Strength and Young’s Modulus. Figure 10 shows the relationship between the dynamic strength (σ m ), Young’s
modulus (E), and strain rate at diﬀerent conﬁning pressures. The solid and dashed lines indicate σ m and E,
respectively.
As shown in Figure 10, the ﬁrst points of the stress lines
indicate the critical dynamic strength, and it is the stress least
likely to cause a dynamic failure of the rock sample. The
critical dynamic strength increases as the conﬁning pressure
increases. It may be because that the conﬁning pressure is

perpendicular to the loading direction and makes the
samples hard to split, particularly for θ � 0° and θ � 90°. For
30° ≤ θ ≤ 60°, the conﬁning pressure can also increase the
normal stress on the bedding plane. Thus, the friction on the
bedding planes becomes larger and makes it need a higher
stress to make the samples sliding failure along the bedding
plane.
The strain rate eﬀect is signiﬁcant at all dip angles when
the conﬁning pressure is 5 MPa and 10 MPa. However, it
diﬀers when θ � 60° and conﬁning pressure is 0 MPa [25]. It
may because the conﬁning pressure can reduce the inﬂuence
of impact splitting eﬀect and make the failure mode of the
specimen relatively simple under the medium or high
loading level.
Although the rock samples were screened by a P-wave
test to minimize the eﬀect of the diﬀerence in the dynamic
testing results, there is no clear tendency of Young’s
modulus can be detected when comparing diﬀerent loading
levels at one conﬁning pressure. Lu et al. indicated that E, as
one of the mechanical properties of the materials, is not
sensitive to the strain rate [27].
In addition, the general trend of E is to increase with
increasing conﬁning pressure when θ ≥ 45°. It may because
the conﬁning pressure force the microfracture in bedding
planes closes at these dip angles. For θ � 0° and θ � 30° the
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(a)

θ = 0°

(b)

θ = 30°

(c)

θ = 45°
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θ = 60°

(e)
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Figure 7: Recovered samples of the slate subjected to a low loading level.

direction of bedding planes and conﬁning pressure is quite
similar. The conﬁning pressure may force the microfracture
in bedding planes open. Thus, the general trend of E is to
decrease with increasing conﬁning pressure at these two
angles.

5. Conclusions
The compression dynamic characteristics of the transversely
isotropic rocks subjected to the conﬁning pressure have been
investigated using an improved SHPB test.
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Table 3: Critical failure modes of the slate samples under diﬀerent conﬁning pressure.
θ

Conﬁning pressure
5 MPa
I
III
III
III
IV

0 MPa
I
II
III
III
IV

0°
30°
45°
60°
90°

Conﬁning pressure
0 MPa

10 MPa
I
III
III
III
IV

10 MPa

Figure 8: Recovered samples subjected to a high loading level at θ � 45°.
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Figure 9: Continued.
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Figure 9: Stress-strain curves of samples subjected to various conﬁning pressures and dip angles.
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Figure 10: Strength and Young’s modulus versus conﬁning pressure.

Four main failure patterns are observed from the
dynamic tests. The conﬁning pressure can signiﬁcantly
constrain crack development and breakthrough. Thus, the
plastic stage of the stress-strain curves is extended when
the samples are subjected to conﬁning pressure, indicating
that the samples change from brittle to ductile. By

constraining the cracks developed along the loading plane,
conﬁning pressure forces the samples to fail along the
bedding plane.
Furthermore, conﬁning pressure can improve the integrity and dynamic strength of the rock samples by inducing normal stress on the bedding plane. At a giving dip
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angle and conﬁning pressure, Young’s modulus of the slate is
not sensitive to the strain rate. However, it increases with
increasing conﬁning pressure when the dip angle θ ≥ 45°
while it decreases when the dip angle 30° ≤ θ.
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A new soluble polymer foaming (PF) grouting material was developed by using hydrophilic amino resin as the base material and
adding other cross-linking, foam, foam stabilizing, toughening, and coupling agents. The PF material exhibited low viscosity,
excellent adhesion, and strong penetration. The grouting reinforcement eﬀect of the proposed PF material on broken coal masses
was investigated and compared with that of traditional superﬁne cement (SC) through simulation experiments. Results showed
that after grouting, fractures, joints, and other failure planes inside raw coal were ﬁlled and bonded, and the mechanical strength of
the grout-coal concretion improved relative to the residual strength of raw coal. The average uniaxial compressive strength of SC
specimens was 6.16 MPa, whereas that of PF specimens was 10.85 MPa. Moreover, the PF specimens presented an obvious
characteristic of plastic strengthening. Analyzing the reinforcement eﬀect of the grouting materials on the basis of single structural
plane theory revealed that at the critical state, the average σ 3 value of SC specimens was 1.43 MPa, whereas that of PF specimens
was 3.09 MPa. In addition, coordination between the lateral and axial deformations of the PF specimens during compression
promoted the formation of a bearing structure that can adapt to deformation. This structure is crucial for the safe operation of
coal mines.

1. Introduction
Fractures and joints develop in coal and rock masses under
the action of extended geological evolution and engineering
disturbance. The development of these fractures and joints
results in the destruction of the integrity and continuity of
coal and rock masses. When the initial stress state of the coal
mass is disturbed by extractive activities, original fractures,
joints, and other weak structural planes further develop,
form numerous secondary fractures, and may even promote
macrocracking. The drastic reductions in the bearing capacity of the fractured coal mass caused by these phenomena
promote the occurrence of gas outburst, mine water inrush,
and other geological disasters. Meanwhile, fractures in the
coal body also provide oxygenated environments for coal
oxidative heat storage, the main factor that leads to spontaneous coal combustion, which seriously aﬀects the safety

of underground mining activities [1–3]. Grouting reinforcement is an important method for improving the
physical and mechanical properties of coal masses. The
grouting material can be injected into the fracture network
to ﬁll and bond defects through the eﬀect of pump pressure.
Filling and bonding enhance the strength and stability of
broken coal masses by increasing the occlusion strength of
fracture surfaces and by bonding broken coal into a continuous mass [4–6].
Various grouting materials are currently used in coal
production. Cement-based materials are the most widely
used inorganic grouting materials. Nevertheless, ordinary
cement blocks grouting channels during grouting and
hinders the achievement of the ideal reinforcement eﬀect,
given its long solidiﬁcation time and low early strength, as
well as its high content of inorganic particles with average
particle sizes of 60∼100 μm [7, 8]. The application range of

2
ordinary cement can be extended by grinding cement into
superﬁne particles with sizes of 5∼20 μm; however, the largescale application of superﬁne cement (SC) is hampered by its
high reactivity, short storage period, and tendency to cake in
moist environments [9, 10]. The use of organic grouting
materials has expanded with their continuous development
and improvement. Polyurethane, a representative of organic
materials, is produced by reacting polyester polyol with
polyisocyanate. It is widely used because of its short curing
time and high foaming coeﬃcient; however, its high foaming
speed and viscosity prevent its full diﬀusion in strata [11–
13]. Although other organic materials, such as epoxy and
phenolic resins, have high mechanical strength and strong
thermal stability, they are insoluble in water and thus must
be diluted with speciﬁc diluents before use; this requirement
increases their cost [14–16]. Therefore, novel grouting
materials with low cost and superior performance should be
explored to promote safe coal production and to address the
problems of air leakage, water inrush, and coal spontaneous
combustion in coal mines.
To solve the shortcomings of currently available grouting
materials, a new polymer foaming (PF) grouting material with
low viscosity, excellent adhesion, and strong penetration was
developed in this study. This PF material was prepared using
hydrophilic amino resin as the base material and adding other
cross-linking, foam, foam stabilizing, toughening, and coupling agents. Grouting simulation experiments were conducted
using a traditional SC material and the proposed PF material.
The grouting reinforcement eﬀects of the two materials on
broken coal masses were compared, and the reinforcement
mechanism of the PF material was also analyzed from the
perspectives of micromorphology and micromechanics. The
results of this study are expected to provide a reference for the
popularization and application of PF materials.

2. Material Preparation and
Experimental Scheme
2.1. Material Preparation. Amino resin, a modiﬁed ureaphenol-formaldehyde resin, was used as the base material
for the PF material because it has good hydrophilicity and
strong cohesion that result from its high hydroxymethyl and
amide group contents. The resin molecule can undergo
polycondensation in the presence of a cross-linking agent and
transforms from a chain structure to a three-dimensional
network structure. The foaming agent was a type of carbonate,
which contains CO3 2− ions and can react with H+ ions in the
grout to produce CO2 as the expansion gas source for the
volume expansion of the material. Span-80 was used as a foam
stabilizer to reduce the surface tension of the grout system and
enhances the strength of bubbles if material expansion is
aﬀected by the merging or collapse of the bubbles. The
toughening agent, PEG-6000, was a hydrophilic ﬂexible
polymer material that improves the material’s toughness and
impact properties by embedding its long molecular chain into
the resin molecule during resin matrix curing. The coupling
agent selected KH-560, which possesses bifunctional groups;
among these groups, organic functional groups with strong
aﬃnity can react with the long molecular chains of the resin;
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hydrolytic groups can react with the hydroxyl groups of the
injected coal to form hydrogen bonds or initiate dehydration
to form ether bonds. Bond formation subsequently triggers
the coupling of heterogeneous materials and improves the
reinforcement eﬀect of the PF materials on the broken coal.
The optimum proportion of each component of the PF
material was determined on the basis of extensive experiments and ﬁeld tests:
m(resin) : m(cross-linking agent) : m(foaming agent)
: m(foam stabilizer) : m(toughening agent)
: m(coupling agent) � 1.0 : 0.02 : 0.01 : 0.01 : 0.03 : 0.01.
(1)
The synthesis procedure of the PF material was as follows:
ﬁrst, weighing a certain amount of amino resin in the agitator,
and then, an appropriate amount of distilled water was added
for stirring; secondly, foaming, foaming stabilizer, toughening, and coupling agent were added in proportion for mixing
to prepare the mixed solution; ﬁnally, mixing with the crosslinking agent to obtain the grout of the PF material.
In the experiments, SC produced by Henan Jutailong
Co., Ltd. was selected as the traditional grouting material for
comparison. The speciﬁc surface area and average diameter
of the SC material were 800 m2/kg and 5 μm, respectively.
The basic chemical compositions of the material are listed in
Table 1.
The main performance parameters of the traditional SC
material and the proposed PF material used in the experiments are shown in Table 2.
2.2. Experimental Procedures. Grouting simulation experiments were conducted using a grouting simulation device, as
shown in Figure 1(c). SC and PF materials were used as
grouting to reinforce broken coal masses, and the grouting
reinforcement eﬀect of the PF material was compared with
that of the SC material.
The grouting simulation device included an agitation vat,
a grouting pump, a grouting gage, a grouting pipe, and a test
chamber. First, pulverized coal with a particle size of 1–
5 mm was loaded into the test chamber and compacted in
layers to simulate an injected coal seam. Second, sealing
rings were inserted between the ﬂange plates at the two ends
of the test chamber and ﬁxed with screws. The grouting
material was mixed with suﬃcient water in an agitation vat
and then injected in the test chamber by a grouting pump.
Pressure was controlled at 0.5 MPa during grouting. After
completing the grouting operation, the test chamber was
stored for 7 days and then dismantled to remove the groutcoal concretion, which was processed into standard cylindrical specimens with diameters of 50 mm and lengths of
100 mm, as shown in Figure 1(e), for experimental analysis.
2.3. Experimental Methods. The uniaxial compressive tests
of raw coal and the diﬀerent grouting reinforced specimens
were by the RMT-150B electrohydraulic servo test machine,
the displacement control method was adopted in the
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Table 1: The chemical composition of the SC material.

Component
Mass percentage

CaO
54.94

SiO2
26.74

Al2O3
8.25

F2O3
3.04

MgO
2.19

SO3
2.09

Alkali content
0.59

Loss on ignition
1.37

Table 2: Main performance parameters of diﬀerent materials.
Material
SC
PF

Material-water ratio
1 : 1.0
1 : 1.0

Apparent viscosity (MPa·s)
337
81

Gel time (h)
8.97
0.67

(c)

Volumetric change
Shrinking rate of 23.7%
Expansion rate of 9.29%

(e)

(a)

(f)

(g)

(d)

(b)

Figure 1: Experimental procedures.

experiments, the specimens were loaded with the speed of
0.02 mm/s until damage, and the 5 mm displacement sensor
was used to measure the axial displacement, and the 1000 kN
stress sensor was used to measure the axial load. In the tests,
four specimens were set for each group, and the PF and SC
grouting reinforced specimens were taken from their respective grout-coal consolidation to ensure that the experimental condition for each group of grouting reinforced
specimens was consistent.
The JSM-6390/LV scanning electron microscope (SEM)
was used to observe the microstructure of raw coal and the
diﬀerent grouting reinforced specimens, which can magnify
images 5∼300000 times and the resolution of 3.0 nm at an
acceleration voltage of 0.5∼30 kV.

3. Analysis of Experimental Results
3.1. Analysis of the Grouting Reinforcement Eﬀect. The uniaxial compressive tests of the raw coal and the diﬀerent

grouting reinforced specimens were conducted in accordance with the standard of GB/T 23561–2010 Methods for
determining the physical and mechanical properties of coal
and rock [17], and the results are listed in Tables 3 and 4.
As shown in Table 3, the uniaxial compressive strength of
raw coal is relatively high and can reach an average value of
11.86 MPa. The residual strength of raw coal, however, is low
and has an average value of 0.62 MPa. After grouting, broken
coal particles and failure planes in the coal mass are continuously integrated through bonding by diﬀerent degrees.
Thus, bonding increases the strength of the concretion
relative to the residual strength of the raw coal. Table 4
indicates that after grouting with the traditional SC material,
the average uniaxial compressive strength and strength
recovery coeﬃcients of SC specimens are 6.16 MPa and 0.52,
respectively. By contrast, the average uniaxial compressive
strength and strength coeﬃcients of PF specimens are
10.85 MPa and 0.91, respectively. Mechanical test results
show that the reinforcement eﬀect of the PF material on

4
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Table 3: Uniaxial compressive test results of raw coal specimens.

Specimen
RC-1
RC-2
RC-3
RC-4

D (mm)

H (mm)

σ c (MPa)

σ ∗c (MPa)

σ c (MPa)

σ ∗c (MPa)

49.7
49.9
49.5
49.7

99.8
100.1
99.7
101.2

10.61
13.45
11.16
12.20

0.55
1.01
0.29
0.64

11.86

0.62

Note: σ c is the uniaxial compressive strength, σ c is the average uniaxial compressive strength, σ ∗c is the residual strength, and σ ∗c is the average residual
strength.

Table 4: Uniaxial compressive test results of diﬀerent grouting reinforced specimens.
Grouting material
SC

PF

Specimen

D (mm)

H (mm)

σ c (MPa)

SC-1
SC-2
SC-3
SC-4
PF-1
PF-2
PF-3
PF-4

49.8
49.4
49.7
49.5
49.6
49.5
49.3
49.7

100.1
99.7
99.9
100.2
100.1
100.2
99.8
100.1

7.26
5.99
6.31
5.09
12.01
10.99
9.80
10.58

σ ∗c (MPa)

Strength recovery coeﬃcient

6.16

0.52

10.85

0.91

Note: strength recovery coeﬃcient is the ratio of the concretion’s uniaxial compressive strength to the raw coal’s uniaxial compressive strength.

broken coal masses is superior to that of the traditional SC
material.
3.2. Analysis of Stress-Strain Curves and Failure
Characteristics. The stress-strain curves and failure characteristics of raw coal and specimens reinforced with diﬀerent
grouting materials are shown in Figure 2. According to the
achievements of reference [18, 19] that universal regularity of
stress-strain curves on coal and solid materials, the failure
process of each specimen can be divided into ﬁve diﬀerent
stages: (I) OA—initial compaction stage, (II) AB—linear
elastic stage, (III) BC—yield stage, (IV) CD—strain softening
stage, and (V) DE—residual strength stage. The initial
compaction stage involves the gradual closure of the original
pores and fractures in the specimens; during this stage, the
stress-strain curves appear concave. This stage is followed by
the linear elastic stage, wherein stress varies linearly with
strain, and a small amount of microfractures develop in the
specimens. As load increases, the specimens begin to yield and
exhibit plastic deformation and fracture formation. The stress
peaks at point C. Then, during the strain softening stage, the
fractures continually propagate and coalesce, and the bearing
capacity of specimens decreases correspondingly. These
phenomena result in macroscopic cracking that eventually
leads to specimen failure. In the ﬁnal residual strength stage,
new fractures are no longer produced, and friction between
the failure planes of the specimen is required to maintain a
relatively low stress level.
Comparing the results shown in Figure 2 reveal that the
ascending segment (I, II, and III) of the stress-strain curves
of the raw coal specimen RC-3 rises smoothly without
obvious ﬂuctuation. This behavior indicates that raw coal is
relatively dense with undeveloped original fractures. When
the stress on RC-3 peaks, the specimen is destroyed rapidly

and forms several splitting surfaces, and stress sharply decreases to the residual strength of 0.29 MPa. Thus, as shown
in Figure 2(a), raw coal is destroyed through typical brittle
failure.
However, the stress-strain curves of the SC-1 and PF-1
specimens exhibiting an “S” shape changed trend during
phases I, II, and III. This result indicates that the specimens
possess plastic-elastic-plastic deformation characteristics, and
stress then declines slowly in the postpeak stages (IV and V).
Test results show that when stress reaches the peak value, the
critical strains of SC-1 and PF-1 are 3.61 and 27.58, respectively. These data reveal that the plastic characteristics of
the PF grout-coal concretion is more pronounced than that of
the SC grout-coal concretion. Given the low cohesive force of
the SC material, the cement can easily separate from the coal
mass during loading and thus hinders the SC from transferring and releasing energy. This eﬀect results in the small
deformation of the SC specimen and shear failure along these
weak cement planes, and Figure 2(b) shows that the SC-1
specimen presents a shear failure surface. Furthermore, the
SC grouting material contains massive inorganic particles,
which are diﬃcult to inject into microfractures in the coal
mass. Therefore, stress easily concentrates on unﬁlled areas
under external force. And stress concentration also reduces
the bearing capacity of the grout-coal concretion and accelerates the destruction of the SC specimen.
PF material is a true solution grout that lacks any suspended particles that easily penetrates fractures, joints, and
other failure planes in broken coal mass. In addition, the
resin matrix contains many active groups with excellent
adhesion. These active groups increase the occlusal force
between fracture surfaces and improve the mechanical
stability of the injected coal mass. Therefore, the axial deformation of the PF specimen is large during compression,
and stress negligibly decreases after reaching peak strength
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Figure 2: Uniaxial compression test results of diﬀerent grouting reinforced specimens: (a) raw coal, (b) SC, and (c) PF.

but maintains a relatively high residual strength level with
good structural integrity. The failure curve of PF-1 in
Figure 2(c) shows that PF-1 has a plastic strengthening
characteristic.
Comparing the stress-strain curves and the failure types
of the pre- and postgrouted coal reveals that the raw coal
shows brittle failure and is easily destroyed with small deformation. Meanwhile, the grouted concretion, particularly
the PF concretion, presents diﬀerent degrees of plastic deformation characteristics. In practical engineering applications, this plastic strengthening characteristic improves coal
stability by participating in energy transfer and release and
enables the postgrouted coal to adapt to deformations.
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Figure 3: Strength theory analysis of single structural plane.

Considering that the structural plane of the concretion is
the failure plane of raw coal before grouting, that is, β � β,
′
the following relationship exists:
β1′ ≠ β1 ,
β2′ ≠ β2 .

4.1. Theoretical Analysis Based on Single Structural Plane
Theory. In the single structural plane theory, which was
proposed by Jaeger [20], a single structural plane AB is
assumed to exist in the coal rock mass. β is the angle between
the AB plane and the maximum principal stress direction.
The strength analysis of the single structural plane AB is
shown in Figure 3.
The decrease in the uniaxial compressive strength of the
coal specimen is caused by tensile failure inside the coal
mass. Thus, the failure plane of the coal specimen should
conform to the following conditions:
(2)

where β is the structural plane angle of raw coal, °; β1 and β2
are the failure plane angles of raw coal, °.
Although failure planes inside the broken coal mass can
be bonded after grouting, they remain as weak structural
planes in the concretion. Therefore, the failure of the concretion specimen under uniaxial compression can be
regarded as failure along these structural planes. Accordingly, the failure plane angle of the concretion should satisfy
the following equation:
2β2′ < 2β′ < 2β1′,

σ3
c0

4. Analysis of the Mechanism Underlying
Grouting Reinforcement

β < β1 or β > β2 ,

c0
τ=

(3)

where β is the structural plane angle of concretion,°; β1′ and
′
β2′ are the failure plane angles of concretion,°.

(4)

Failure planes in the broken coal mass can be ﬁlled and
bonded through grouting. Therefore, the movement of the
internal block inside the coal is restricted, and the stress state
of the postgrouted coal transforms biaxial stress into the
triaxial stress. Thus, σ 3 ≠ 0. Based on the sine theorem, the
failure plane angle should satisfy the following relation:
σ 1 − σ 3 /2 cw cot φw + σ 1 + σ 3 /2
,
�
sin φw
sin 2β1′ − φw 

(5)

where cw is the cohesive force of the structural plane inside
the raw coal, MPa; φw is the internal friction angle of the
structural plane inside the raw coal, °; σ 1 is the axial stress,
MPa; and σ 3 is the lateral stress, MPa.
By simplifying equation (5), the failure plane angle can
be obtained as follows:
β1′ �

φw 1
σ + σ 3 + 2cw cot φw sin φw
+ arcsin 1
.
2 2
σ1 − σ3

(6)

Assuming that β � β1′, the lateral stress (σ 3 ) of the groutcoal concretion at the critical state can be calculated as
follows:
σ3 �

sin 2β1′ − φw  − sin φw σ 1 − 2cw cot φw
.
sin 2β1′ − φw  + sin φw

(7)

The shear parameters of the coal structural plane can be
obtained by subjecting the raw coal specimens to the shear
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test. The failure plane angle of raw coal at pregrouting is
69.4°, and the cohesive forces and internal friction angle are
0.57 MPa and 26.16°, respectively. Therefore, the value of σ 3
at the critical state can be calculated on the basis of the
uniaxial compressive strength (σ 1 ) of the specimens, as
shown in Table 2. The calculated results of σ 3 are listed in
Table 5.
As shown in Table 5, at the critical state, the average σ 3
value of the SC specimens is 1.43 MPa, whereas that of the PF
specimen is 3.09 MPa, which is 2.16 times that of the SC
specimen. The results of theoretical analysis reveal that the
lateral restraint eﬀect of the PF material on broken coal is
greater than that of the SC material.
4.2. Analysis of the Grout-Coal Interface. After the mechanical experiments, the grout-coal interfaces on the
fracture surfaces of PF and SC samples were observed by
SEM to analyze the reinforcement eﬀect of diﬀerent grouting
materials on the broken coal mass. Figure 4(a) shows the
SEM results for the SC concretion. Although many hexagonal Ca(OH)2 crystals formed in the SC material, few
high-strength aciculate AFt crystals formed. In addition,
several cracks are present in the material. These cracks are
attributed to the drying shrinkage of the cement-based
material and result in the loose structure and low bonding strength on the grout-coal interface. Consequently, these
interfaces easily dislocate and separate under an external
load, and the movement of the coal block is diﬃcult to
restrain. Thus, the interfaces form weak structural planes in
the concretion. These weak structural planes, in turn, cause
the destruction of the concretion. Through the above
analysis, we can conclude that the SC material has an extremely limited grouting reinforcement eﬀect on broken coal
masses.
Figure 4(b) shows the SEM results for the PF concretion.
It shows that abundant colloidal particles are distributed in
the resin matrix and are interlaced into a dense network
structure. Given the special structure of the resin matrix, the
colloidal particles continuously compress, yield, and dislocate during loading to transfer stress and dissipate energy.
These behaviors may account for the plastic deformation
characteristic of the PF concretion. Moreover, the structural
characteristic of the grout-coal interface inside the PF
concretion is dense without any cracks because the numerous cohesive active groups contained by the resin matrix
tightly attach the PF material to the surface of the coal and
bond loose coal as a continuous whole. By comparison, it is
clear that the PF material exerts a superior reinforcement
eﬀect on the broken coal mass.
4.3. Analysis of Deformation Coordination. Comparing the
ε3–ε1 curves of pre- and postgrouted coal, as shown in
Figure 5, shows that the lateral strain of raw coal specimen
RC-3 is low during the initial compaction stage (I) and
elastic deformation stages (II), whereas its axial strain increases rapidly. Thus, the ε3/ε1 ratio of RC-3 is low. In the
yield stage (III), the lateral strain of RC-3 increases quickly.
This behavior increases the ε3/ε1 ratio of the specimen. The
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Table 5: The calculated results of σ 3 at the critical state.
→
Grouting material Specimen σ 1 (MPa) σ 3 (MPa) σ 3 (MPa)
SC

PF

SC-1
SC-2
SC-3
SC-4
PF-1
PF-2
PF-3
PF-4

7.26
5.99
6.31
5.09
12.01
10.99
9.80
10.58

1.82
1.37
1.48
1.05
3.49
3.16
2.71
2.99

1.43

3.09

raw coal undergoes uncoordinated deformation at this stage.
Uncoordinated deformation leads to the rapid formation of
macrofailure planes in the coal specimen, reduces coalbearing capacity, weakens lateral restraint between failure
planes, and accelerates the destruction of the coal specimen.
The internal block of raw coal can slip along these planes and
increase the lateral strain of the coal specimen with the
continuous development of failure planes inside the coal
mass during the postpeak stages (IV and V) until the coal
specimen is destroyed.
The concretion specimen reinforced with SC possesses a
certain plastic characteristic, as shown in Figure 5(b). The ε3/
ε1 ratio of the SC-1 specimen is vanishingly low in the phases
I and II. This behavior indicates that the SC specimen is in a
state of constant compression. When stress reaches the peak
value, the ε3/ε1 ratio of the specimen increases gradually, and
the specimen begins to yield. As the load continues to increase, the ε3/ε1 ratio of the SC specimen markedly increases.
Moreover, the SC specimen undergoes uncoordinated deformation, which accelerates the formation of cracks that
eventually lead to the complete destruction of the specimen.
However, after grouting with the PF material, the broken
coal mass exhibits remarkably improved stability and plastic
strength. Figure 5(c) shows that the lateral strain of the PF
specimen increases uniformly during loading. The ε3/ε1 ratio
of the PF specimen is low and increases almost linearly in the
ascending segments (I, II, and III). The specimen undergoes
uniform deformation over a wide deformation range. This
behavior is conducive for the maintenance of high stability
and strong plasticity and the formation of a bearing structure
that can adapt to the deformation of the surrounding rock.
The PF material can directly ﬁll the fracture network inside
the broken coal mass to enhance the strength of the fracture
surfaces, given its low viscosity and strong cohesiveness.
Meanwhile, it can strengthen friction and occlusion between
fracture surfaces through penetration. By restraining the
movement and changing the force-transferring mechanism
of failure planes, the lateral deformation of the coal block can
be limited. Accordingly, the PF concretion undergoes coordinated two-dimensional deformation and improves the
mechanical strength and stability of the concretion.
After the uniaxial compressive tests, the fracture surfaces
of PF and SC specimens were taken as samples for microscopic observation to analyze the deformation characteristics of diﬀerent specimens. Figure 6(a) displays the
micromorphology of the SC specimen. A fracture with an
aperture of approximately 5 mm inside the coal mass is not
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Figure 4: Grout-coal interface of diﬀerent specimens: (a) SC and (b) PF.
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Figure 5: ε3–ε1 curves of coal before and after grouting: (a) raw coal specimen, (b) SC specimen, and (c) PF specimen.
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Figure 6: Microstructure of diﬀerent grouting reinforced specimens: (a) SC and (b) PF.

ﬁlled by the SC material because the ﬁlling eﬀect is closely
related to the particle size of the grouting material. Considering that the SC material is granular, it cannot easily
penetrate the fracture channels, which is less than three
times its particle size [21]. Therefore, the SC material cannot
achieve the ideal grouting eﬀect on microfractures. In addition, the existence of cracks between the SC and coal can
be attributed to the high bleeding ratio of the cement material, which results in a certain degree of volume shrinkage

during cement solidiﬁcation and gives rise to the separation
between the SC material and coal surface.
However, the self-developed PF material is a solutiongrout material that can easily penetrate into the microfractures of coal mass under pump pressure. Figure 6(b)
shows the PF concretion without any obvious gaps. Fractures or cracks are fully ﬁlled by the PF material and form a
space network that encapsulates loose coal particles in the
stratum. These eﬀects mimic the generation of new
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composite materials with the PF material as the skeleton and
broken coal as the aggregate. Consequently, the broken coal
mass is rebonded as a continuous whole, and the destruction
of the broken coal mass is prevented. Thus, reinforcement
with the PF material improves the stability and bearing
capacity of the broken coal mass.

5. Discussion
Engineering practice and relevant experiments demonstrate
that the integral stability of the coal mass is closely related to
fracture development and spatial distribution. Moreover,
fracture evolution, extension, and connection are the root
causes of coal destruction. However, these fractures and
joints are the channels through which grouting materials can
be injected to provide reinforcement.
In contrast to the traditional SC material, the PF material
presents the characteristics of low viscosity, excellent adhesion, and strong penetration. These characteristics promote the ﬁlling and bonding of massive fractures inside the
coal mass to eﬀectively enhance the static and sliding friction
between fracture surfaces or failure planes. This eﬀect restricts the lateral movement of the coal block in the grouting
area and weakens stress concentration at the crack tip.
Therefore, the integrity, stability, and mechanical strength of
the broken coal mass can be greatly improved through
reinforcement with the PF material. Moreover, numerous
active groups, such as hydroxymethyl (–CH2OH), in the
resin matrix of the PF material can associate with the mineral
components of the broken coal mass to produce ionic or
covalent bonds that further improve the reinforcement eﬀect
of the PF material [22], as shown in Figure 7, the action
mechanism between PF material and coal mass. Hence, the
complex stress-strain relationship presented by PF reinforced specimens under uniaxial compression result from
the mutual coupling between the PF material and coal. PFcoal coupling, in turn, limits the development and expansion
of failure planes, improves the mechanical strength of the
inject coal mass, and transforms the failure mechanism of
the concretion.

6. Conclusion
(1) A new soluble PF material for grouting reinforcement of underground broken coal was developed, which used hydrophilic amino resin as a
binder, and added several other additives, such as
cross-linking, foaming, foam stabilizing, toughening,
and coupling agents.
(2) Simulation experiments were conducted. In the
simulations, the broken coal masses were reinforced
with the traditional SC material or the proposed PF
material. The results of mechanical tests indicate that
after grouting, the fractures, joints, and other failure
planes in raw coal bonded, and the strength of the
concretion was greatly improved. The average uniaxial compressive strength and strength recovery
coeﬃcients of the SC specimens were 6.16 MPa and

Coal mass

Figure 7: Action mechanism between PF material and coal mass.

0.52, respectively, whereas those of the PF specimens
were 10.85 MPa and 0.91, respectively.
(3) Failure planes inside the coal mass were ﬁlled and
bonded after grouting. The stress state of the coal
mass transformed from biaxial stress to triaxial
stress, which restrained the lateral movement of the
coal block. Analyzing the grouting reinforcement
eﬀect on the basis of the single structural plane
theory showed that at the critical state, the average
value of σ 3 of SC specimens was 1.43 MPa, whereas
that of the PF specimens was 3.09 MPa. These data
indicate that the grouting reinforcement eﬀect of the
PF material is superior to that of the traditional SC
material.
(4) The analysis of the ε3–ε1 curves of pre- and
postgrouted coal shows that the mechanical properties of the grout-coal concretion changed from
brittle failure to ductile failure, which can transfer
and release energy under an external load. In contrast to the SC concretion, the PF concretion shows
plastic strengthening characteristic, and its lateral
and axial deformations tend to coordinate and result
in the formation of a bearing structure that adapts to
deformation. This structure allows the reinforced
coal mass to remain stable.
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In order to research on the issue of high-pressure gas blasting fracture deeply, a high-pressure gas blasting cracking experimental
system was established; the eﬀects of gas pressure and gas volume on the morphology of crack growth were studied; the p-t curve
of pressure in the blasting process with time was obtained; and the mechanism of high-pressure gas blasting cracking was analyzed
in this paper. The conclusion has shown that the stage of eﬀect of high-pressure gas blasting on the test block includes three stages:
the gas jet impact stage, the crack initiation and development stage, and the perforation fracture stage. In the design of gas pressure
of 5 MPa, the experimental block only produces one longitudinal main crack. As the gas pressure increases to 7.5 MPa and 10 MPa,
besides forming one longitudinal main crack, a transverse main crack is formed with further expanded 4–6 secondary cracks. In
the same design of gas pressure regardless of volume size, each pressure variation stage has the same length, and the experimental
block of the cracking pressure is basically the same. With the higher design pressure, the cracking pressure and the fracture
pressure are higher. In the same design of gas pressure, with the larger gas volume, the fracture pressure required for the
experimental block is smaller.

1. Introduction
The permeability in high-gas coal seam is widely low, only
10−4∼10−3 mD, due to sedimentary environment and geological changes, which is unfavorable for gas drainage [1].
For single coal seam mining or the ﬁrst mining seam (protect
seam) in the coal seam group, the hydraulic permeability
improvement and the deep-hole precracking blasting were
mainly put into practice to increase permeability. The hydraulic permeability improvement method included
hydrofracture, hydraulic punching, hydraulic cutting, hydraulic drilling, and high-pressure pulsed water jet [2–6].
Abundant theories and experimental researches were carried
out to gain lots of achievement.
Recently, the high-pressure gas blasting fracture is developed as a nonexplosive blasting method. The two main

stages of stress wave and high-pressure gas action during
blasting are identiﬁed in the process of rock fracture caused
by explosive blasting, which are helpful to crack propagation
and rock breakage. The eﬀect of stress wave is to produce
initial crack, and high-pressure gas will lead to crack
propagation [7–9]. The blasting mechanism of explosive and
high-pressure gas is mainly diﬀerent from the peak pressure
and duration of stress wave [10]. Nevertheless, the mechanical response caused by the two blasting modes can be
divided into two stages: dynamic loading stage leading to the
comminution zone and crack cavity and quasi-static loading
stage leading to the increase and expansion of existing cracks
[11]. The high-pressure air was compressed by a compressor
or physical change (liquid-gas conversion). A high-pressure
blasting cartridge was installed into a coal seam, and the
high-pressure air released instantaneously and expanded to
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work on surrounding medium controlled by a manual or
electric operating mechanism [12–14]. This high-pressure
blasting fracture method was used to improve block crashing
rate and manage jam in section coal bin or coal bunker
[15, 16]. Considering high performance in safety and
fracture, this method was applied to improve permeability in
high gas burst in the coal seam, and the superior result was
achieved. In order to research on the issue of high-pressure
gas blasting fracture deeply, a high-pressure gas blasting
cracking experimental system was established; the eﬀects of
gas pressure and gas volume on the morphology of crack
growth were studied; the p-t curve of pressure in the blasting
process with time was obtained; and the mechanism of highpressure gas blasting cracking was analyzed in this paper.

2. Experimental Method and Project
2.1. Experimental System. Supported by State Key Laboratory of Coal Resources and Safe Mining, CUMT
(SKLCRSM16X03), the high-pressure gas blasting cracking
experimental system was established, as shown in Figure 1.
The system comprised 5 parts, including gas supply system,
storage system, control system, blasting system, and test
system. The gas supply system is used to supply highpressure air, constituted by nitrogen cylinders, air compressor, and gas booster pump; nitrogen was treated as raw
material for safety consideration. The storage system includes couple of high-pressure vessel, and the main
equipment in the control system is a pneumatic highpressure shut-oﬀ ball valve to control air path. The blasting system was made up by experimental block and protect
chamber, and the test system is used to examine the air
pressure changes by the process of blasting.
Most of the coal seams in China inﬂuenced by geological
tectonic movement are considered to have developed into
complex and soft structures. The internal structure of the coal
body is very complex and anisotropic, which will have an
indeterminate eﬀect on the blasting test results. So the repeatability of the experiment was conﬁrmed by using a ﬁxed
proportion of the similar simulation material instead of the
coal sample in situ. The experimental block was made up by
cement, sand, and plaster which were mixed according to a
certain ratio as the requirement of strength based on the
mechanical parameters (Table 1) of 12# coal seam in Dalong
Coal Mine located in the Tiefa coalﬁeld, as shown in Figure 2.
The size of the cubic block is 150 mm × 150 mm × 150 mm.
The procedure of preparation includes similar material
mixing, casting, melding, and maintenance. The whole process was carried out in the laboratory environment to reduce
the inﬂuence of temperature and humidity on physical and
mechanical performance.
The release tube (Figure 3), made by special steel, was
designed for the blasting experiment, and triplex rows
releasing holes were manufactured in its front end along
designed direction and angle, which lead to high-pressure
nitrogen release when control valves switched on. The
release tube was set into the center of the sample when
casting concrete block. For better eﬀect of contact between
tube and concrete, lath thread was welded on the outer
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surface of the release tube, and SHZ planting-bar anchorage glue was applied to stick the release tube and
concrete block.
2.2. Test Program. Three pressure levels and three vessels
were designed to conduct the blasting fracture experiment
and overlapped to form 9 group tests totally. The 1 L, 2 L,
and 3 L vessels were adopted and 5 MPa, 7.5 MPa, and
10 MPa high-pressure air was applied, which are shown in
Table 2.
The experimental sample was put into a protective
chamber, and the high-pressure air pipeline was connected
with the test system. The designed air was injected into a
constant volume high-pressure vessel. The launching control
system was started, and the blasting fracture experiment was
carried out after the gas circuit was checked.
The images of concrete blocks and its fractures were
captured after 9 group blasting tests. The crack propagation
patterns of sample, failure characteristics, and eﬀects of gas
pressure and gas volume on the morphology of crack growth
were studied according to comparison and analyses transversely and longitudinally.

3. Experimental Results and Analyses
3.1. The Inﬂuence of Pressure on Crack Growth. The complete
elastoplastic constitutive equation is shown as follows [17]:
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where E, G, and v are the usual elastic constants, σ denotes
the Jaumann stress rate, and the superposed dot represents
diﬀerentiation with respect to time, σ e is the eﬀective stress,
f is the void volume fraction (porosity), τ is the Mises stress,
S is the stress deviator, I is the second-order unit tensor, σ is
the stress tensor, σ h is the macroscopic hydrostatic stress, n is
the strain hardening index, and σ y is the yield stress.
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Figure 1: High-pressure nitrogen blasting and cracking experimental system of coal and rock mass. 1: nitrogen cylinders; 2: air compressor;
3: gas booster pump; 4, 6, 7, 8, 18, 19, and 20: control valve; 5: electrical contact pressure gauge; 9: 1 L high-pressure vessel; 10 and 11: 2 L
high-pressure vessel; 12–14: the vent valve; 15–17: mechanical pressure gauge; 21: the pneumatic high-pressure shut-oﬀ ball valve
(pneumatic valve); 22: release tube; 23: releasing hole; 24: pressure chamber; 25: gaskets; 26: specimen; 27: millisecond pressure transmitter;
28: dynamic and static strain gauge; 29: computer acquisition system.
Table 1: The physicomechanical parameters of the concrete
specimen.
Parameters
Young’s modulus, E
Poisson’s ratio, μ
Mass density, ρ
Uniaxial compressive strength
Uniaxial tensile strength

Value
0.8
0.23
1500
4.14
0.68

Unit
GPa
kg/m3
MPa
MPa

The quasi-static expansion of the elemental spherical cell
can be deduced from the study by Durban and Baruch
[18–21] on expansion of a thick-walled sphere.
The cavity expansion theory is the basic theory generally
adopted in the impact load of geotechnical materials. Its
characteristic region is shown in Figure 4 [17]. When the
pressure is enough to cause spherical cavity expansion, the
void in the concrete around the cavity will be gradually
compacted to produce a compaction zone. The compression
wave generated by the elastic spherical surface will spread
around at the elastic volume wave velocity, and the compression wave will form the elastic zone or the elastoplastic
zone [18]. While the compression wave propagates, the
circumferential tensile stress will be generated. Since the
tensile strength of concrete is far lower than its compressive
strength, cracks will be generated around the compaction
zone, forming the cracking zone.
Figure 5 shows the results on crack growth of the sample
in 1 L vessel with diﬀerent designed gas pressures. In the

Figure 2: Molding experimental blocks.

design of gas pressure of 5 MPa, there was a main longitudinal fracture throughout its surface and the sample
cracked along drilling hole. A longitudinal crack was
formed, and the sample was separated into half without any
secondary fracture surface. There was no transverse main
crack and secondary crack observed in the side view. When
the designed air pressure reached at 7.5 MPa, it is obvious to
observe two cross main cracks in the surface of the block
along longitudinally and transversely. Meantime, two secondary cracks were produced connected with the transverse
main crack in the left view surface, which separated concrete
into 4 pieces. When the designed pressure improved to
10 MPa, two main cracks were generated and extended to left
side and back side. In this case, secondary cracks were
developed, and pieces of the block were smashed.
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Figure 3: (a) Release tube. (b) Dimensional drawing of release tube.
Table 2: The experimental technical parameters every time.
No.
1
2
3
4
5
6
7
8
9

High-pressure vessel, V (L)
1
1
1
2
2
2
3
3
3

Air pressure, P (MPa)
5
7.5
10
5
7.5
10
5
7.5
10

t

Stationary
hydrostatic
ﬁeld
Elastic ﬁeld

Elastoplastic
ﬁeld

With the increment of designed air pressure, the block
started to form transverse main cracks, and these cracks made
turn and bifurcated with secondary cracks production in the
process of extension. The damage of the block turned from
throughout crack to destroy partly. The degree of fragmentation and the number of secondary cracks increase obviously
in this procedure. The crack fracture zone extends further,
and the fracture interface is curved and rough. When the gas
volume is 2 L and 3 L, the same experimental results and
variations occur during the pressurization process.
3.2. The Inﬂuence of Volume on Crack Growth. Figure 6
shows the results on crack growth of sample in 10 MPa
designed air pressure with diﬀerent designed gas vessels.
When the vessel was 1 L, a longitudinal crack was formed,
and the sample was separated into half with many secondary
fractures in the view of back side. The transverse crack was
also formed to bifurcate with secondary crack generation in
the front view and left side view. However, no crack was seen
in right side view, which means that the transverse crack
could arrive to right side to form through crack.

ξs
ξi
ξp
p

ξ=1

Figure 4: Scheme of the self-similar ﬁeld induced by expansion of a
spherical cavity in an unbounded medium, in the presence of an
elastoplastic shock wave at ξ � ξ p [17].

When the vessel was 2 L, the similar longitudinal crack
was formed. But a horizontal transverse crack was produced
in the left side view and a small crack was observed in the
right side view, which illustrated that the main transverse
crack make turn in the process of extension, and the irregular crack surface was created.
When the air vessel reached 3 L, the horizontal transverse crack was generated through whole block with obvious
throughout longitudinal main crack and secondary crack,
which form cross arrangement.
In the aforementioned conclusion, with the same air
pressure, the vessel has a large inﬂuence on the crack growth.
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Figure 5: The macroscopic crack morphology on the experimental blocks’ surface under the designed condition of 1 L gas volume:
(a) P � 5 MPa, (b)P � 7.5MPa, and (c) P � 10 MPa.

The transverse main crack changed from nonthrough crack
to through crack, and the steering angle turned smaller with
increasing of the vessel. It is illustrated that dilatation energy
of air increased with the air vessel increasing, and the
working time was extended to crack the concrete block.
When the air pressure is 5 MPa, there was only one
longitudinal crack generated without any transverse crack.
But the transverse crack was generated when the air pressure
is 7.5 MPa, which means that the minimax transverse crack
generation air pressure is between 5 MPa and 7.5 MPa.
3.3. Parameter Analyses on Crack Characteristics. The
characterization parameters of crack in each test group have
been studied statistically, mainly including number of main
cracks, number of secondary cracks, and degree of crushing,
as shown in Table 3.
The breakage of the block in the function of air pressure
usually happened in the drilling hole area, and the cracks
were centered of the drilling hole to extend throughout
block. The irregular crack surface shows obviously tendon
fracture character. In this test, the longitudinal main crack
was made in the surface of the block. With the increasing of
air pressure, the transverse main crack started to form and
lead the production of secondary crack. The longitudinal
main crack had priority due to nontriaxial experimental
condition. In the inﬂuence of density, the block was free

horizontally, and the crack would tend to develop along
transverse direction. In the same designed gas vessel, the
larger the gas pressure, the more the blocks of crushing. In
the same designed gas pressure, the number of main cracks
changed little with the increasing of the gas vessel, but the
number of transverse crack increased, or the secondary crack
decreased.
With the increasing length of the transverse main crack,
the secondary crack would be restrained resulting in that
active stress wave arrived at end ﬁrstly, and then, the reﬂection stress wave meets the propagation crack, and the
quasi-static stress ﬁeld around the borehole will be superimposed with the dynamic stress ﬁeld formed by the reﬂection wave. The superposition process increases the stress
intensity factor at the crack tip, thus promoting the propagation of the main crack and weakening the propagation of
cracks in other directions.
3.4. Characteristics of Cracking Gas Pressure Variation in the
Process of High-Pressure Air Blasting Fracture. Figures 7 and
8 show the pressure-time curve (p-t curve) in diﬀerent
designed air pressures and gas vessels. Table 4 summarises
time of each stage, initial crack pressure, and fracture
pressure in release tube.
There are three stages in the process of test observed
from Figures 6 and 7, which are gas rapid increasing stage,
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Figure 6: The macroscopic crack morphology on the experimental blocks’ surface under the designed condition of gas pressure of 10 MPa:
(a) V � 1 L, (b) V � 2 L, and (c) V � 3 L.
Table 3: Statistical table of characteristic parameters of damaged experimental blocks.
Experimental
number
1
2
3
4
5
6
7
8
9

Volume of high-pressure
vessel, V (L)

Gas pressure,
P (MPa)

1
1
1
2
2
2
3
3
3

5
7.5
10
5
7.5
10
5
7.5
10

slow increasing stage, and drop stage. Corresponding to the
high-pressure gas on the test block, there are also three
stages: jet impaction stage, initial fracture stage, and failure
stage.
As shown in Table 4, the rapid increasing stage has the
same duration, no matter how large the vessel is. These
samples with 5 MPa, 7.5 MPa, and 10 MPa designed air
pressure correspond 47 ms, 65 ms, and 78 ms at the rapid
increasing stage and 104–109 ms, 100–106 ms, and 250–
256 ms at the slow increasing stage. It is observed that the
rapid increasing stage and slow increasing stage would
experience longer with higher designed air pressure, which
illustrates that the working duration would increase with
higher air pressure.

Number of main cracks
Longitudinal stripe
Cross grain
1
0
1
1
1
1
1
0
1
0
1
1
1
0
1
1
1
1

Number of
secondary lines

Number of
fragments

0
4
6
0
4
4
0
2
4

2
4
5
2
3
5
2
4
4

These samples with 5 MPa, 7.5 MPa, and 10 MPa
designed air pressure correspond to 2.3–2.5 MPa, 3.5 MPa,
and 4.4-4.5 MPa initial fracture pressure, no matter how
large the vessel is. It is observed that the initial fracture
pressure would increase with higher designed pressure.
However, the similar initial fracture pressure happened with
diﬀerent vessels.
These samples with 5 MPa, 7.5 MPa, and 10 MPa
designed air pressure correspond to 3.5–3.8 MPa, 4.5–
5.1 MPa, and 6.6–7.4 MPa failure stress, no matter how large
the vessel is. It is observed that higher designed air pressure
leads higher failure stress which was aﬀected by the vessel
with same designed air pressure. The 10 MPa designed
air pressure was taken as an example; the 1 L, 2 L, and 3 L
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Figure 7: p-t curve of high-pressure nitrogen fracturing under diﬀerent design gas pressure conditions: (a)P � 5MPa, (b) P � 7.5MPa, and
(c)P � 10 MPa.

designed vessel has 7.4 MPa, 6.9 MPa, and 6.6 MPa failure
stress, which means that larger failure stress was required
with the larger designed vessel. It is illustrated that relatively
gas pressure could break throughout block with larger gas
ﬂow.
The shock wave pulverizes the medium around the hole
and attenuates into a stress wave during the formation of the
pulverized zone. The stress wave radially compresses and
shatters the medium outside the zone and reaches the dynamic cracking strength, thus causing the crack initiation
and propagation. After the action of the compression stress
wave, the reﬂection stress wave at the prefabricated crack
causes the explosion crack to continue to expand, which
plays an important role in the crack extension. The quasi-

static energy of expansion produced by high-pressure gas
blasting is the main energy of rock fragmentation. Stress
wave propagates well in hard rock with high-wave impedance, and its velocity is high. Rock failure mainly depends on
stress wave action. For soft rock with low-wave impedance,
the propagation performance of the stress wave is poor, and
the velocity of wave is low. The failure of the rock mainly
depends on the expansion pressure of high-pressure gas. For
rocks with medium-wave impedance, stress wave and detonation gas also play an important role.
3.5. Cracking Mechanism Analysis of High-Pressure Gas
Blasting. High-pressure air released from releasing hole and
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Figure 8: p-t curve of high-pressure nitrogen fracturing under diﬀerent design gas volume conditions: (a) V � 1 L, (b) V � 2 L, and
(c) V � 3 L.

Table 4: The length of each stage and the experimental block cracking pressure and breaking pressure.
Volume of
container
(L)
1

2
3

Vessel
pressure
(MPa)
5
7.5
10
5
7.5
10
5
7.5
10

Fast rising stage
of pressure (ms)
47
65
78
47
65
78
47
65
78

Cracking
pressure
(MPa)
2.5
3.5
4.5
2.5
3.5
4.5
2.3
3.5
4.4

Slowly rising stage
of pressure (ms)
104
100
250
107
104
251
109
106
256

Breaking
pressure
(MPa)
3.8
5.1
7.4
3.5
5.1
6.9
3.3
4.5
6.6

Pressure
drop
stage (ms)
83
303
374
82
301
371
80
300
370

Remarks

Gas pressure drops
below 1 MPa

Advances in Civil Engineering
supplied aerodynamic force and thrust which broke the
block. The function of high-pressure air for the block could
be divided into two processes: jet impaction function and
quasi-static expansion. There are three stages in the process
of test observed from the p-t curve, which are gas jet impaction stage, initial fracture stage, and failure stage.
In the gas jet impaction stage, air pressure increased
rapidly to initial fracture pressure. The high-pressure air
supplied jet impact energy with part dilatation energy, so the
obvious crack could not be observed in the block. However,
stress wave was evoked and broadcasted. When the air
pressure improved to initial fracture pressure, the crack
started to generate and reach the crack stage with air pressure
increase. In this stage, the air pressure kept increasing to peak
value to fracture. Before meeting the reﬂected wave, the initial
crack spread in the function of high-pressure gas quasi-static
state. When meeting the reﬂected wave, the superposition of
quasi-static stress ﬁeld and dynamic stress ﬁeld caused further
propagation until throughout fracture was formed to break
the block. In the failure stage, the air pressure drops from peak
values to 1 MPa within a few hundred milliseconds because
cracks extend from the inside of the specimen to the surface.

4. Conclusions
(1) In the low design of gas pressure, the experimental
block only produces one longitudinal main crack. As
the gas pressure increases air pressure and vessel,
besides forming one longitudinal main crack, a
transverse main crack is formed with further expanded 4–6 secondary cracks. In the same designed
gas vessel, the larger the gas pressure, the more the
blocks of crushing. In the same designed gas pressure, the number of main cracks changed little with
the increasing of the gas vessel, but the number of
transverse crack increased, or the secondary crack
decreased.
(2) The whole of the crack process has the same duration, no matter how large the vessel is. The rapid
increasing stage and slow increasing stage would
experience longer with higher designed air pressure.
The similar initial fracture pressure happened with
diﬀerent vessels. The initial fracture pressure would
increase with higher designed pressure. Higher
designed air pressure leads higher failure stress
which was aﬀected by the vessel with same designed
air pressure. Relatively, gas pressure could break
throughout block with larger gas ﬂow.
(3) There are three stages in the process of test, which are
gas rapid increasing stage, slow increasing stage, and
drop stage. Corresponding to the high-pressure gas on
the test block, there are also three stages: jet impaction
stage, initial fracture stage, and failure stage.
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A series of experimental tests were conducted to investigate the eﬀects of loading rate on the tensile strength of sandstone by using
four test methods, including a direct tensile method and three typical Brazilian disc methods (plate loading, circular arc loading,
and strip loading). The loading rates used in these tests varied from 10−2 MPa/s to 100 MPa/s. The results show that the rate eﬀects
are clear for these test methods, and the tensile strength of sandstone will increase linearly with the logarithm of the loading rate.
At the same loading rate, it is found that the tensile strengths of the sandstone specimens under plate loading and arc loading are
relatively similar and are much greater than the direct tensile strength, while the tensile strength under strip loading is less than the
direct strength. A comprehensive comparison suggested that the strip loading method can be adopted for the Brazilian disc test,
while the obtained strength should be modiﬁed with a coeﬃcient of 1.37 to obtain the direct tensile strength.

1. Introduction
As is well known, tensile failure is one of the most common
failure modes of rock materials, and the stability of rock
structures usually depends on their tensile strength [1]. In
experimental research of rock materials, the direct tensile
test is considered the most eﬀective method for determining
rock tensile strength [2–5]. However, due to the diﬃculty of
specimen processing and pure one-dimensional direct
tensile loading, the Brazilian disc test was introduced and
used widely to determine the indirect tensile strength of rock
or rock-like materials [3, 4, 6, 7], which has been accepted by
many researchers [8–13] or test standards [14–16] because of
its simplicity and ease of operation. In Brazilian disc tests,
three sets of loading methods, including the strip loading
method, the circular arc loading method, and the plate
loading method, were usually adopted to measure the indirect tensile strength of rock materials [17]. To identify the
tensile strength of rock under diﬀerent contact conditions,
numerical calculations and experimental investigations were

conducted [3, 4, 8, 18, 19]. The existing investigations
provided a comprehensive reference for testing the tensile
strength of rock in geotechnical engineering to a certain
extent [20–25]. Furthermore, the results of many tensile tests
showed that the tensile strength of rock exhibits a clear
loading rate eﬀect, i.e., the tensile strength increases with the
loading rate [20, 24]. However, from the investigations, only
one or two loading methods were qualitatively compared at a
given loading rate, and the conclusions were applicable only
in particular cases. Zhao et al [26] conducted Brazilian disc
tests with ﬁve loading rates, and the testing results showed
that the tensile strength of rock increases logarithmically
with the increase in loading rate. In addition, tensile tests
with diﬀerent loading rates were performed on granite by
Zhao and Li [27] who found that when the strain rate is in
the range of 10−1∼102 MPa/s, the tensile strength of the
granite will increase by approximately 10% when the strain
rate increases by one order of magnitude. In this paper, the
loading rate eﬀects under diﬀerent loading methods were
studied based on the previous research. In addition, the
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Brazilian disc test (under plate loading, circular arc loading,
and strip loading) and direct tensile test, at the loading rates
of 0.001 mm/s, 0.01 mm/s, 0.1 mm/s, and 1 mm/s, were
carried out on red sandstone using the MTS-Landmark
testing system and the universal testing machine WDW100E, respectively.

2. Testing Methods and Devices
2.1. Specimen Preparation. All specimens were collected
from the same piece of unweathered homogeneous red
sandstone block. The specimens prepared for the direct
tensile testing were cylinders with a height: diameter ratio of
2 : 1, and the height: diameter ratio of the Brazil disk
specimens was 1 : 2. The smoothness of the two end faces of
each specimen met the accuracy requirements of the ISRM,
and all the specimens had natural moisture content. The
average naturally dried density of the processed specimens is
2463.04 kg/m3 (the variation coeﬃcient is 0.008). In addition, the average value of the uniaxial compressive strength
of the specimens is 100 MPa, which indicates that this kind
of red sandstone is a typical hard rock.
2.2. Direct Tensile Method and Device. To carry out the
direct tensile test, the bond and centring device (see Figure 1) was used in this research [28, 29]. This device can
eﬀectively solve the eccentric problem of the rock specimens.
In the test, high-strength resin adhesive was used to bond the
pull head and rock specimen together, and the bonding
strength of the bonding interface between the specimen and
pull head is up to 15 MPa, which meets the testing requirements. It is worth noting that the adhesive layer should
be uniform with a thickness in the range of 0.8∼1 mm. The
pull head is connected to the ball hinge through a T-slider.
The direct tensile device in the WDW-100E universal
testing machine is shown in Figure 2. The direct tensile
strength σ dt (MPa) can be calculated by the following
formula:
4P
(1)
σ dt � d2 ,
πD
where Pd is the maximum load during loading (N) and D is
the diameter of the specimen (mm).
2.3. Indirect Tensile Method and Device. The indirect tensile
strength σ it of rock in the Brazilian disc test can be expressed
by
2Pb
(2)
σ it �
,
πDH
where Pb is the maximum load during loading (N), D is the
diameter of the specimen (mm), and H is the thickness of the
specimen (mm).
Figures 3 and 4 show the three loading devices commonly used in Brazilian disc tests for rock materials. All the
tests, under the three loading methods, were carried out on
the MTS test machine, as shown in Figure 5.

Figure 1: Bond centring device.

Bonding surface

Specimen

The pull head

Figure 2: Direct tension test device.

3. Test Results
3.1. Results of the Direct Tensile Test. To study the eﬀect of
diﬀerent loading rates on the tensile strength of sandstone,
the displacement control loading mode was adopted in the
test, and the direct tensile tests were carried out at the
loading rates of 0.001 mm/s, 0.01 mm/s, 0.1 mm/s, and
1 mm/s. In addition, the physical and mechanical parameters of the specimens are shown in Table 1.
Figure 6 shows the stress-strain curves of direct tensile
tests under four diﬀerent loading rates; combined with
Table 1, Figure 6 shows that with an increase in the loading
rate, the strain and stress of the specimen both increase and
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(a)

(b)

(c)

Figure 3: Three typical Brazilian disc test loading methods. (a) Plate loading. (b) Circular arc loading. (c) Strip loading.

(a)

(b)

(c)

Figure 4: Three typical loading devices of the Brazilian disc test installed in the MTS-Landmark testing system. (a) The plate loading device.
(b) The circular arc loading device. (c) The strip loading device.

increases from 0.01 mm/s to 1 mm/s, the tensile stress increases from 4.16 MPa to 4.66 MPa, an increase of 16.52%,
22.12%, and 30.53% for the higher tested strain rates. Additionally, the tensile strain is 8.62 × 10−3, 9.1 × 10−3, and
9.75 × 10−3, which are increases of 9.66%, 15.77%, and
24.04%, respectively. When the stress reaches the peak
strength of the specimen, the specimen suddenly loses its
stability and exhibits a typical brittle fracture.
Figure 7 describes the direct tensile failure mode of a
sandstone specimen, the fracture surface forms in the main
part of the specimen, and the bond between the pull head
and specimen does not peel oﬀ. Therefore, it is reasonable to
consider that the tensile strength of the specimen can be
accurately reﬂected by the test result.

Figure 5: The MTS-Landmark testing system.

exhibit a pronounced loading rate eﬀect. Speciﬁcally, when
the loading rate is 0.001 mm/s, the tensile stress is 3.57 MPa,
and the tensile strain is 7.86 × 10−3; when the loading rate

3.2. Result of the Indirect Tensile Test. Like the direct tensile
test, the displacement control loading method was employed
to conduct the Brazilian disc test. To analyse the inﬂuence of
the diﬀerent loading methods and loading rates on the
results of the indirect tensile tests of the rock specimens,
three groups of loading methods were adopted, including
strip loading, plate loading, and arc loading. Furthermore,
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Table 1: Test parameters for the direct tensile test specimens.

No
2–1
2–3
2–4
2–6

D (mm)
48.73
48.73
48.73
48.73

ρ (kg/m3)
2423.87
2436.25
2428.01
2435.99

H (mm)
100.43
101.02
100.48
99.93

v (mm/s)
0.001
0.01
0.1
1

5

Stress (MPa)

4

3

2

1

0
0.000

0.002
0.001 mm/s
0.01 mm/s

0.004

0.006
Strain

0.008

0.010

0.012

0.1 mm/s
1 mm/s

Figure 6: Stress-strain curves of the specimens under diﬀerent
loading rates.

Figure 7: Specimen failure mode in direct tensile test.

diﬀerent loading rates (0.001, 0.01, 0.1, and 1 mm/s) were
evaluated for each loading method. The physical and mechanical parameters of the specimens under these three
loading methods are listed in Table 2.
As seen from Figure 8, the load-displacement curves of
specimens under strip loading vary at high loading rates and
become smoother as the loading rate decreases. This result is
because the strip loading generated a kind of linear load, and
vibrations may occur during the loading process. Since the
sandstone is a hard brittle rock, the postpeak section of the
load-displacement curve suddenly decreases under strip
loading and is synchronously accompanied by a crisp sound.
From Table 2, it can be found that the Brazilian disc strength

ε (10−3)
7.86
8.62
9.10
9.75

σ (MPa)
3.57
4.16
4.36
4.66

σ_ Log(MPa/s)
−2.35
−1.32
−0.36
0.67

σ its under strip loading has a signiﬁcant rate eﬀect, i.e., the
tensile strength increased from 2.79 MPa to 3.61 MPa when
the loading rate increased from 0.008 MPa/s to 8.163 MPa/s;
there is a total tensile strength increase of 13.3%.
Figure 9 shows the fracture failure modes of specimens
No. 1-24 and No. 1-26 under strip loading. It can be observed
that the two specimens are destroyed by failure across the
diameter of their circular end faces; eventually, a thin, approximately linear, main crack is produced on the end face.
However, it is diﬃcult to observe the secondary crack near
the main crack in Figure 9. Since the specimen was subject to
a linear load during the Brazilian disc test under the strip
loading method, the strip (extender) was pressed into the
crushing zone after the peak strength of the specimen had
been reached, resulting in the formation of a small damage
zone at the loading end of the specimen, creating a very small
V-shaped groove. With the increase of the loading rate, the
failure mode of the specimen has not changed.
Figure 10 illustrates the load-displacement curves of
specimens under plate loading. The curves do not comprise a
plastic deformation segment (or the segment is negligible),
and an elastic deformation segment is presented before the
destruction of the specimen; thus, it follows the typical
failure mode of brittle rock. Based on the data in Table 2,
the indirect tensile strength σ itp under plate loading also has
a clear rate eﬀect. When the loading rate increases from
0.024 MPa/s to 17.487 MPa/s, the tensile strength increases
from 6.13 MPa to 7.34 MPa, with a total increase of 17.3%.
Figure 11 shows the failure modes of specimens No. 1-11
and No. 1-12 under plate loading. As seen from Figure 11,
the initial main crack, which is approximately straight in the
photo, developed along the central axis of the specimens.
Unlike for the earlier mentioned specimen failure under
strip loading, after the initial main crack was generated
under plate loading, the secondary cracks occurred near the
initial main crack at the loading end of the specimen and
gradually propagated to the initial main crack, causing a
larger main crack on the axis of the specimen. Additionally,
the obvious deep V-shaped grooves appeared at the loading
end of the specimen, unsimilar to that under strip loading.
With the increase of the loading rate, there are more and
more cracks in the specimen, and there is an increasing trend
in the area of destruction.
Figure 12 shows the load-displacement curves of the
specimens by employing the arc loading method. These
load-displacement curves can be classiﬁed into three sections: the initial compression section, the elastic loading
section, and the postpeak deformation section. Due to the
ﬁxed eﬀect of the arc, the specimen continued to exhibit the
ability to bear load and to deform after its peak strength was

Advances in Civil Engineering

5
Table 2: Parameters of the specimens from the indirect tensile tests.

Method

No
1-2
1-26
1-23
1-24
1-11
1-12
1-13
1-28
1-16
1-17
1-18
1-20

Strip loading

Plate loading

Arc loading

D (mm)
48.3
48.3
48.3
48.3
48.3
48.3
48.3
48.3
48.3
48.3
48.3
48.3

H (mm)
25.66
25.40
25.33
25.91
25.66
25.98
25.86
24.96
25.65
25.73
25.15
25.86

ρ (kg/m3)
2446.01
2449.55
2434.77
2485.59
2424.73
2457.89
2469.29
2470.87
2489.51
2460.56
2452.20
2469.29

v (mm/s)
0.001
0.01
0.1
1
0.001
0.01
0.1
1
0.001
0.01
0.1
1

σ_ (MPa/s)
0.008
0.087
0.841
8.163
0.024
0.243
2.099
17.487
0.014
0.157
1.606
13.778

σ (MPa)
2.79
2.85
3.12
3.61
6.13
6.41
6.78
7.34
6.27
6.55
7.15
7.27

15

8
7

12

6

9
F (kN)

F (kN)

5
4
3

6

2
3

1
0
0.0

0.1
0.001 mm/s
0.01 mm/s

0.2

S (mm)

0.3

0.4

0.5

0
0.0

0.1

0.2

0.3

0.4

0.5

S (mm)

0.1 mm/s
1 mm/s

Figure 8: Load-displacement curves of specimens under strip
loading.

0.001 mm/s
0.01 mm/s

0.1 mm/s
1 mm/s

Figure 10: Load-displacement curves of specimens under plate
loading.

V-shaped

Main crack

(a)

(b)

Figure 9: The typical failure mode of the specimens under strip
loading. (a) No. 1-26. (b) No. 1-24.

reached. The results in Table 2 are similar to the indirect
tensile strength based on the other two loading methods; the
tensile strength σ itc of specimen under arc loading has a clear
loading rate eﬀect, i.e., when the loading rate increases from
0.014 MPa/s to 13.778 MPa/s, the tensile strength increases
from 6.27 MPa to 7.27 MPa, a total increase of 15.95%.

(a)

(b)

Figure 11: The failure mode of specimens under plate loading. (a)
No. 1-11. (b) No. 1-12.

Figure 13 shows photographs of specimens No. 1-17 and
No. 1-18, which were subjected to arc loading. The main
crack is located at the centre of the specimen along the
diameter, which is similar to the damage observed under the
strip loading and plate loading. Because of the ﬁxed eﬀect of

6
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4. Discussions
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In our experiments, the tensile strength of sandstone under
arc loading is the largest, followed by that under plate loading,
and the strength under strip loading is the minimum. In
addition, the direct tensile strength is the intermediate
strength compared with the strengths under arc loading and
strip loading. This is because arc loading is similar to plate
loading; the local compression limits the expansion of the
zone of tension during the loading process and thus requires a
greater vertical force. During the strip loading, the tensile
crack propagation is accelerated, and the vertical force is
reduced due to the local expansion of the wedge-shaped area.
Many scholars have also given diﬀerent viewpoints on how to
characterize the tensile strength of rocks by using the indirect
tensile test method and direct tensile test method. A comparison of the rock strengths, which were measured under arc
loading, plate loading, and direct loading, has been conducted
by Zhang et al [18]; the results show that the measured
strengths under arc loading can be used as the upper limit of
the tensile strength, and the strengths measured under strip
loading can be used as the lower limit. The above analysis in
this paper shows that the experimental results are clearly
consistent with those of Zhang et al [18].
In order to ﬁnd a relatively accurate method to estimate
the uniaxial tensile strength using the indirect tensile test, the
tensile strengths under four loading methods (plate loading,
arc loading, strip loading, and direct tensile loading) were
compared and analysed (see Figure 14; the tensile test results
of another red sandstone are given in reference [20]). Figure 14
shows that although there is a considerable diﬀerence among
those three indirect tensile strengths, the tensile strengths
obtained from the three loading methods can be used to
estimate the direct tensile strength within certain accuracy.
As indicated in Figure 14, a comparative analysis of the
diﬀerent loading rate eﬀects on the sandstone strength under
the four loading methods was ﬁrst performed. Then, the
slope a, intercept B, and the ﬁtting coeﬃcient R2 of the ﬁtted
lines were simultaneously obtained, and the deviations of the
slopes of the ﬁtted lines under the four loading methods were
determined (shown in Table 3).
Compared with the other two indirect loading methods, it
can be clearly seen that the strengths measured form the strip
loading tests and direct tensile tests are similar. The slopes of
the ﬁtted lines under strip loading and direct tension are 0.275
and 0.345, respectively. The deviation of slope under strip
loading, which is 20.29%, is the smallest from the three indirect tensile methods when the three slopes are compared
with that under direct loading. In addition, the slope of the
ﬁtted line under plate loading is close to that under strip
loading, and the strengths from these two tests can be considered the upper and lower limits of the uniaxial tensile
strength. On the other hand, the strengths under plate loading
and arc loading are larger than those under strip loading,
causing a considerable error when only one of the strengths
measured from the three loading methods is used to estimate
the uniaxial tensile strength of rock.
From the above analysis, combined with the failure
modes of the indirect tensile specimens from the three kinds
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F (kN)

10
8
6
4
2
0
0.0

0.1

0.2

0.3

0.4

0.5

S (mm)
0.001 mm/s
0.01 mm/s

0.1 mm/s
1 mm/s

Figure 12: Load-displacement curves of specimens under arc
loading.

(a)

(b)

Figure 13: Failure of specimens No. 1-17 (a) and No. 1-18 (b)
under arc loading.

the arc loading, the specimen does not suddenly lose its
stability as the linear load reaches its peak strength but
continues to deform as a whole. When the main crack
propagates through the specimen, numerous secondary
cracks form around the main crack. These cracks, which are
the main deformation features during the postpeak stage of
the specimen, are gradually developed, and a new fracture
area is formed around the main crack. Similar to the results
from the plate loading method, with the increase of the
loading rate, more and more cracks appeared in the loading
contact area of the specimen, and the scope of destruction is
getting bigger and bigger.
Comparing Figures 9, 11, and 13, it can be seen that the
specimens in Figure 9 can still be well spliced after they break
in half, and the failure mode is not aﬀected by loading rate.
In Figures 11 and 13, there are some secondary cracks in the
specimen after the tests, and the secondary cracks become
more and more obvious with the increase of loading rate.
The above comprehensive comparison shows that the central
area of the sample can reach the ideal tensile stress under the
strip loading.
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Tensile strength (MPa)

8

6

4

2

0
–3

–2

–1
0
Loading rate (MPa/s) (Log)

Strip loading
Arc loading
Data of [20]

1

2

Plate loading
Direct tensile

Figure 14: Comparison of sandstone tensile strengths under diﬀerent loading methods.

Table 3: Comparison of the indirect tensile strength and direct tensile strength under diﬀerent loading methods.
Log(loading rate) (MPa/s)
−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0

σ dt (MPa)

σ itc (MPa)

σ itp (MPa)

σ its (MPa)

σ dt /σ itc

σ dt /σ itp

σ dt /σ its

3.7890
3.9615
4.1340
4.3065
4.4790
4.6515
4.8240

6.012
6.314
6.616
6.918
7.220
7.522
7.824

5.8930
6.1035
6.3140
6.5245
6.7350
6.9455
7.1560

2.7170
2.8545
2.9920
3.1295
3.2670
3.4045
3.5420

0.630
0.627
0.625
0.623
0.620
0.618
0.616

0.6430
0.6491
0.6547
0.6601
0.6650
0.6697
0.6741

1.390
1.387
1.380
1.376
1.370
1.366
1.360

of loadings, a comprehensive method can be obtained. The
result of the indirect tensile test under the strip loading mode
is ideal to reﬂect the tensile strength characteristics of a rock
material. Therefore, according to the ﬁtting formula of the
three indirect tensile and direct tensile methods, the relationship between the three indirect tensile strengths and
the direct tensile strength at 7 points in the range of the
logarithm of the loading rate is discussed. It can be seen from
Table 3 that the ratios of the direct tensile strength to the
tensile strength of the arc loading, the plate loading, and the
strip loading are σ dt /σ itc � 0.623, σ dt /σ itp � 0.659, and
σ dt /σ its � 1.375, respectively. However, considering the failure mode of the three indirect methods, the strip loading is
more in line with the key factor of the central cracking. At
the same time, the strength change rule under diﬀerent
loading rates is consistent with that under the direct tension
condition. Therefore, the tension under strip loading can be
used to characterize the direct tensile strength of a rock.

5. Conclusions
Based on the studies above, the following conclusions are
obtained.
Whether in a direct tensile test or in one of the three
diﬀerent indirect tensile tests, the loading rate eﬀects on the

sandstone tensile strength objectively exist, i.e., the tensile
strength of the sandstone increases with the loading rate.
Moreover, at diﬀerent loading rates, the rate of increase in
the direct tensile strength is similar to that of the strength
under the strip loading method. It is found that the tensile
strengths under plate and arc loading are very close because
the propagation of the cracks are restricted by the extrusion
action of the plate and arc at the ends. The sandstone
strength measured under strip loading is the lowest compared with those under other loadings because the propagation of the tensile cracks is accelerated by the local wedge
expansion, which is similar to the strength under direct
tension. However, a substantial diﬀerence still exists among
the sandstone strengths measured from the three indirect
tensile tests. Therefore, it is suggested that the speciﬁc test
method should be indicated in future tensile strength test
work. Because the failure mode of the strip loading is more
consistent with the requirement of centralized crack initiation, the change rule at diﬀerent loading rates is consistent
with the change rule under direct tension. This paper recommends the strip loading method as an indirect approach
to testing the tensile strength of rock.
In addition, the tests in this paper belong to the low
loading rate. In the follow-up study, by using SHPB (Split
Hopkinson Pressure Bar) test device [30], the dynamic
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tension test in high loading rate range can be carried out, and
the diﬀerences of results obtained by diﬀerent test methods
can be compared and analysed.
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Reliable operation of the feeding system plays a crucial role in ensuring the safe and eﬃcient production of the working face of
backﬁlling gob-side entry retaining (GER). In the process of vertical feeding of the roadside support body material, the problem of
blocking of the feeding shaft has occurred to the test mine, which seriously aﬀects the production safety in mines. In this paper,
based on the theoretical analysis, a ﬂuid-solid coupling numerical model was established. The change rules of the speed of sacked
gangue, pressure of air below it, and speed vector distribution with diﬀerent vent diameters were obtained. The blocking
mechanism of the feeding system was revealed. The results show that if the exhaust vent of the stock bin was shut, the speed of
gangue in the mine increased and then decreased and ﬁnally blocked in the feeding shaft. If the exhaust vent of the stock bin was
opened for pressure discharge, with the increase of diameter of the exhaust vent, the maximum speed and ending speed of sacked
gangue increased, pressure diﬀerential reduced, and speed vector was uniformly distributed. The energy criterion of blocking of
the feeding shaft was further obtained. Based on the engineering conditions of the test mine, when the feeding shaft is blocked, the
critical value of diameter of the exhaust vent is 30 mm. The research results provide basis for the design of key parameters of the
vertical feeding system, ensuring the safe and eﬃcient production of gob-backﬁlled GER working face.

1. Introduction
Gob-backﬁlled GER [1] is an innovative sustainable nonpillar mining technology which can adapt to a variety of
complex geological conditions. The stability of the roadside
support body determines the success rate of gob-side entry
retaining with gangue backﬁlling mining. In the development process of GER technology, engineers and scholars
have tried various roadside support body materials to
maintain the stability of roadway, such as pigsty timbering,
intensive support, gangue stacking, and masonry wall [2–4].
Engineering application results [5] show that, after compaction and piling up, sacked gangue can be used as the
roadside support body, and counterpulled bolts, anchor net,

and W steel belt are used as reinforcement (Figure 1), which
can isolate the mined-out area, support the roof, and meet
the design and use requirements of backﬁlling GER in the
fully mechanized mining. For working face backﬁlled with
gangue, the use of a large number of gangue bulky material
as the roadside support body material can share the backﬁlling and conveying system, reduce support costs (Figure 1), and promote the GER technology. At the same time,
it has the advantage of consuming gangue, reusing waste
material, and reducing environmental problems on the
ground [6–8]. Equipment for crushing, screening, grain size
mixing, adding of auxiliary materials, stirring, packaging,
and other processes of bulk solids occupy a large space, so
bagging on the ground, vertical feeding, and downhole
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Ground conveying system of solid material

Gangue hill

Vertical feeding system of solid material

Sacked gangue wall

Backfilling area

Coal seam

Figure 1: The transportation system of roadside support body material for backﬁlling GER.

compaction (Figure 2) are used for the transportation of
roadside support body materials, which can greatly improve
the eﬃciency of underground transportation and reduce the
excavation cost of the chamber [9, 10]. The test mine adopts
the vertical feeding shaft whose diameter is 0.48 m, and no
exhaust vent is set on the stock bin. In the process of
production, the problem of blocking has occurred to the
vertical feeding shaft, which hinders the production of coal
mine and causes dredging diﬃcult to solve. Therefore, reliable operation of the feeding shaft plays a crucial role in
ensuring the safe and eﬃcient production of working face of
backﬁlling GER.
In the process of feeding, solid materials have a complex
movement in the mine, which is restricted by many factors
(such as material humidity, composition, and diameter of
the feeding shaft). Some scholars believe that the feeding
process is a typical gas-solid two-phase ﬂow (dilute phase).
The vertical stress is an important factor aﬀecting its
movement state. Among them, main forces in the vertical
direction include gravity, buoyancy, additional mass force,
air resistance, pressure diﬀerential force, and Basset force
[11–13]. Song et al. [14] used CFD for simulation of
backﬁlling of an abandoned coal mine with ﬂyash and described the dispersion and backﬁlling phenomenon of coal
mortar and its movement in the mine clearance. Among
them, water and air in the passageway were treated as
multiphase ﬂow. In the research of solid particle erosion in
the oil and gas transportation pipeline, Liu et al. [15] used the
Lagrange method to track the sand motion in the liquid and

calculated the speed decay of sand after passing through the
liquid ﬁlm combined with the thickness of it. Launder et al.
[16] put forward a turbulence model suitable for calculating
economy, applicability, and physical implementation. In the
transportation equation, turbulent kinetic energy (k) and
turbulent dissipation rate (ε) were calculated simultaneously
to control most ﬂow behaviors. Smoothed particle hydrodynamics (SPH) and discrete element method (DEM) [17]
can be used to study the ﬂow pattern when material humidity is high. However, when these two methods are used,
special attributes of materials shall be deﬁned, which greatly
increases the calculation time and complexity.
The standard k-ε model is adopted in the research of
compressible turbulence under the condition of not requiring computational accuracy [18]. Yaknotand [19] introduced the renormalization group to the turbulence
research and proposed a new turbulence model. The research of Speziale et al. [20] shows that this model has more
advantages than the general turbulence model. Shirazi et al.
[21] believed that particles with a high speed had attenuation
when passing the shaft wall and proposed the concept of
“stagnation length” to calculate the impact speed of particles.
Ju et al. [22] considered collision between particles in the
process of movement of solid backﬁll material in the vertical
feeding shaft. However, most of the existing studies have
analyzed the movement process of solid particles in the shaft.
For sacked gangue, there are few studies on the continuous
feeding of the solid whose size is close to that of the feeding
shaft.
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Ground conveying system of solid material
Gangue hill
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Compacted sacked gangue

Vertical conveying system of solid material

Sacked gangue
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Figure 2: The vertical transportation system of roadside support body material.
D1

This paper established a ﬂuid-solid coupling model with
the method of theoretical analysis and numerical simulation,
studied the solid movement rules and the mechanism of
energy conversion of the system in the process of falling of
sacked gangue, and revealed the blocking mechanism of the
feeding system. The result provides a reliable basis for parameter design of the vertical feeding system. At the same
time, it is important in ensuring the normal operation of the
feeding system and the eﬃcient production of working face
of backﬁlling GER.

h1

Feeding shaft

FP

Sacked gangue

Stock bin
D2

h3

2.1. Engineering Background. The vertical feeding system is
composed of feeding shaft and stock bin at the bottom
(Figure 3). According to engineering conditions of the test
mine, the length of the feeding shaft (h1) is 319 m and the
diameter (D1) is 0.48 m. The length of the cylindrical section
of the stock bin (h2) is 25.2 m; the diameter (D2) is 6 m; the
length of the taper section (h3) is 5.2 m. In the original
scheme, the stock bin is designed to be enclosed. The
running condition is good in the feeding process of bulk

h2

mg

2. Mechanical Analysis of the Vertical
Feeding System

Figure 3: Model of the feeding shaft.

materials. However, the blocking problem has occurred in
the transportation process of sacked gangue, which seriously
aﬀects the safe and eﬃcient production of the mine.
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2.2. Mechanical Analysis of Sacked Gangue with the Stock Bin
Closed. Because in the original scheme, the stock bin has a
closed design, and in the whole process, air below sacked
gangue is always in the closed feeding shaft. According to
Boyle’s law [23], pressure (p) and volume (V) in the closed
space satisfy the following:
pV � C.

(1)

The relation between the frictional force and the air
resistance in the process of falling of sacked gangue is linear,
i.e.,
Ff � fλFp ,

where λ is the coeﬃcient of horizontal pressure, and the
selection of the friction coeﬃcient (f) is as shown in the
formula below [24]:

At the initial moment,
D 2
D 2
1 D 2
p0 π 1  h1 + π 2  h2 + π 2  h3  � C.
2
2
2
3

Δp + p0 π

1
ξ
2.51
�� � −2 log
+ �� ,
3.7D1 Re f
f

(2)

Assume that sacked gangue is still in the mine after they
fall for s0 and reach the balanced state, then
D1 2
D 2
1 D 2
 h1 − s0  + π 2  h2 + π 2  h3  � C,
2
2
2
3

5

where p0 is the atmospheric pressure of 1.01 × 10 Pa; A is
the sectional area of sacked gangue; m is the mass of sacked
gangue; g is the gravitational acceleration of 9.8 m/s2; and s0
is the ﬁnal falling distance of sacked gangue.
When considering formulae (2) and (3) simultaneously,
we can obtain
2

2

a � g−

a�

2

where ρ1 is the density of sacked gangue of 2,500 kg/m3 and l
is the length of sacked gangue of 1 m.
Substituting all the physical quantities in this formula,
we can obtain that s0 � 265.233m, where sacked gangue
blocks under the condition of no vent.
Because sacked gangue moves in the air along the shaft,
we can ignore additional mass force, Basset force, Maguns
force, Saﬀman force, lift force of particles, and the interaction force between particles. Therefore, the main factor
of movement of sacked gangue is composed of gravity (mg),
pressure diﬀerential (Fp ) and friction force (Ff ). According
to Newton’s second law,
dv
(7)
m � mg + Fp + Ff .
dt
According to Boyle’s law, when sacked gangue falls any
distance (s), we have
(8)

(14)

Substitute boundary conditions (when s � 0 and v � 0)
in the above formula and obtain
(1 + fλ)p0 V0
(15)
C1 �
ln V0 .
m
After substituting constant C1 into formula (14), we can
obtain
v2 � 2g +

(9)

(1 + fλ)p0 A
2(1 + fλ)p0 V0
V − As
ln 0
 ≥ 0.
s +
m
m
V0

(16)
So, we have
ds
�v�
dt

�������������������������������������������
(1 + fλ)p0 A
2(1 + fλ)p0 V0
V − As
2g +
ln 0
.
s +
m
m
V0

(17)
Complete Taylor series expansion for ln(V0 − As/V0 ) in
the above formula. We obtain
ln

At this time, pressure diﬀerential (Fp ) is
p0 A2 s
.
V0 − As

(13)

(1 + fλ)p0 V0
ln V0 − As.
+
m
(5)

Fp � ps − p0 A �

dv ds dv
dv
�
�v .
dt dt ds
ds

1 2
(1 + fλ)p0 A
v + C1 � g +
s
2
m

ρ1 lπ D1 /2 h1 + π D2 /2 h2 +(1/3)π D2 /2 h3 
,
s0 �
2
2
p0 π D1 /2 + mg πD1 /2

ps V0 − As � C.

(12)

After substituting formula (13) into formula (12), we can
obtain:

2

2

(1 + fλ)p0 A2 s
.
m V0 − As

The boundary conditions for the above formula are when
t � 0, s � 0 and v � 0. Because v � ds/dt, we have

mgπ D1 /2 h1 + π D2 /2 h2 +(1/3)π D2 /2 h3 
s0 �
,
A2 p0 A + mg
2

(11)

where ξ is the equivalent roughness of sacked gangue and Re
is the Reynolds number of ﬂuid.
When the falling distance of sacked gangue is s, the
acceleration (a) is

ΔpA � mg,

(3)

(10)

V0 − As
As (As)2 (As)3
(As)3
−
−(o)
.
�− −
V0
V0 2V20
3V30
3V30

(18)

Ignore the high-order items, take the ﬁrst two items, and
substitute into formula (17). We can obtain
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ds
���������������������������������������������������������� � dt.
2 g +(1 + fλ)p0 A/ms − 2(1 + fλ)p0 V0 /m− As/V0  + (As)2 /2V20 

250

(19)

200
Distance (m)

Solve formula (19) with the integration method. We can
obtain
����
mV0
sbp A2
���
arcsin 0 − 1 � t + C2 ,
(20)
mgV0
A bp0

150
100

where b � 1 + fλ. Substitute boundary conditions (when t �
0, s � 0) into formula (20), and obtain
����
mV0
C2 � ���
arcsin(−1).
(21)
A bp0
The relation between the falling distance (s) and the time
(t) is obtained as follows:
���������
⎨
⎬
⎧
⎫
mgV0
(1 + fλ)p0
⎣
⎡
s�
At + arcsin(−1)⎤⎦ + 1⎭ .
sin
⎩
2
(1 + fλ)p0 A
mgV0
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0
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Figure 5: Changing curve of falling speed of sacked gangue.
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8
6
Acceleration (m/s2)

The periodic function can be obtained from the function
expression of falling distance, speed, and acceleration.
According to the actual situation, after a period of time of
falling, speed becomes 0. At this time, sacked gangue is static
in the feeding shaft and the feeding shaft is blocked. Thus, we
can obtain the change of falling displacement (Figure 4),
speed (Figure 5), and acceleration (Figure 6) of sacked
gangue in the period from falling to blocking.
The acceleration of gangue in the process of falling has
been reducing (Figures 4–6). When t � 6.55 s, the speed
reaches the maximum value of 34.11 m/s. When t � 13.10 s,
sacked gangue reaches an equilibrium state when the displacement is 265.66 m. In the process of falling in the closed
mine of sacked gangue, the air in the mine is compressed
continuously. The larger the falling displacement is, the
greater the pressure is. Finally, the speed of sacked gangue
gets smaller and smaller, until they are static in the feeding
shaft.

2

Figure 4: Changing curve of falling displacement of sacked gangue.

(22)
As a result, the expression for speed and acceleration can
be obtained as follows:
���������
���������
mgV0
⎝ (1 + fλ)p0 At⎞
⎠,
v�A
sin⎛
(1 + fλ)p0
mgV0
(23)
���������
(1
+
fλ)p
0⎞
⎝At
⎠.
a � cos⎛
mgV0

0

4
2
0
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14
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2.3. Mechanical Analysis of Sacked Gangue with Vents on the
Stock Bin. For the feeding system with a closed stock bin,
sacked gangue has a certain permeability, but air compression still has a great inﬂuence on the movement of
sacked gangue. Therefore, vents are set up on the closed
stock bin for air exhausting, which can decrease the air’s

–10

Figure 6: Changing curve of falling acceleration of sacked gangue.

hindering eﬀect on the falling sacked gangue in the feeding
process. For the setting of the exhaust vent, the simpliﬁed
feeding system model is shown (Figure 7).

6

Advances in Civil Engineering
D1

v�

�����������������������������
AB pB A2B p2B g t2 g − 2h1  + 2h1 gF2p (1 + ζ) − A2B p2B gt
F2p (1 + ζ) − A2B p2B

(29)

h1

Feeding shaft

Sacked gangue
A

A
B
d
Air-bleed hole B

h2

.

At any nonstationary moment, m dv/dt � mg − Fp − Ff .
Combining with formula (12), we can obtain:
m(g −(dv/dt))
.
Fp �
(30)
1 + μλ
Assuming that sacked gangue cannot enter the stock bin,
when the shaft is blocked, there is the following equilibrium
equation:

D2

v � 0, ⎬
⎫
F � mg.⎭

Stock bin

(31)

h3

p

Figure 7: Model with an exhaust vent.

In the whole process, the air below sacked gangue is
continuously discharged from the exhaust vent. Taking the
Bernoulli equation of Section A-A and B-B,
zA +

pA v2
p
v2
+
� zB + B + B + h w ,
ρA g 2g
ρB g 2g

(24)

where zA and zB are heights of A and B, pA and pB are
pressures of A and B, ρA and ρB are densities of air of A and
B, vB is the airﬂow speed at the exhaust vent. Loss of air
discharged from the vent is hw � ζv2B /2g, where ζ is the loss
coeﬃcient.
Thus, we can obtain
����������������������������������
2ρB pA − 2ρA pB + ρA ρB v2 + 2gzA − 2gzB 
����������
vB �
. (25)
ρA ρB (1 + ζ)
On Section A-A, the external pressure imposing on air is
0 but it is imposed by the force of gangue (Fp ) which is
equivalent to the pressure (pA ) equal to (Fp /AA ). pB is the
atmospheric pressure. zA − zB is the length of feeding shaft
t
minus the falling distance of gangue, i.e., h1 − 0 vdt.
The continuity equation of Section A-A and Section B-B
is
ρA vAA � ρB vB AB .

(26)

For ideal gas, we have
pV � nRT,

(27)

where n is the number of gas molecules in volume (V), which
is the ratio of gas mass to molar mass (m/M); R is the
proportionality factor; and T is the temperature, in K.
Therefore, under the condition of constant temperature,
the relation between pressure and density of gas is
RT
(28)
p�
ρ.
M
From formulas (25), (26), and (28), we can obtain

Substitute formula (31) into (29) to solve and obtain the
movement time of sacked gangue (t0 ). Substitute t0 into
t
00 vdt, and obtain the falling distance of gangue (s0 ). If
s0 ≥ h1 , the assumption that the gangue bag cannot enter the
stock bin is invalid and there will be no blocking. After
substituting parameters, we can obtain the following: when
diameter of the vent (d) is equal to or less than 22.36 mm, the
feeding shaft will be blocked.

3. Materials and Methods
Sacked gangue is transported to the wellhead by belt and
delivered to the feeding shaft. The mass delivered to the
feeding shaft is ﬁxed within a certain period of time. In the
process of falling, under the inﬂuence of pressure, internal
wall friction, and other factors, blocking has occurred to
sacked gangue. In order to study the movement process and
law of energy change in the feeding shaft, the numerical
analysis software ANSYS is used to simulate the falling
movement of sacked gangue when the stock bin is closed and
when the stock bin has 10∼100 mm exhaust vents. Considering the most unfavorable conditions, the diameter of
the bag ﬁlled with gauges is equal to the diameter of the
feeding shaft. Sacked gangue is in full contact with the wall of
the shaft (the friction coeﬃcient is f ). The air temperature in
the shaft is constant. The initial condition is that they are
freely placed at the wellhead and fall down by gravity. The
model of the whole feeding system is shown in Figure 8. The
shaft is designed in a tetrahedral mesh, and the stock bin part
is designed in a free mesh.
In this model, sacked gangue is put into the wellhead. In
the process of falling, their gravity (mg) and the pressure of
air above and below sacked gangue in the pipe (qu and qd )
are imposed on sacked gangue. If sacked gangue cannot
enter the stock bin, assume that they fall down for a distance
of s at the falling speed of 0 after a period of time, in which
the pressure of air above sacked gangue is the atmospheric
pressure of p0 , and the pressure of air below sacked gangue
after compression is p0 + Δp.
3.1. Mass Exchange Equation. According to the law of
conservation of mass, the mass change rate of any
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zk
zk
z
zk
⎪
⎧
⎪
⎪
�
+ uj
αk v
 + 2vt Sij Sij − ε,
⎪
⎪
zxj zxj
zxj
⎪
⎪ zt
⎨
⎪
⎪
⎪
⎪
zε
zε
z
zε
ε
ε2
⎪
⎪
⎪ + uj
�
αε v
 − R + 2c1 vt Sij Sij − c2 ,
⎩
k
zt
zxj zxj
zxj
k
(36)
where constants αk � αε � 1.39, c1 � 1.42, and c2 � 1.68. R
represents the inﬂuence of the mean ﬂow strain rate on the
dissipation rate as follows:
R�

Figure 8: Mesh diagram of numerical model.

microelement Vi in the model is equal to the mass ﬂow going
through the surface Si of microelement Vi as follows:
d
 ρ dV � − ρi Vi · ndSi ,
(32)
dt Vi i i
Si
where n is the unit normal vector and ρi is the density of the
microelement.
In the rectangular coordinate system, it can be represented as
zρ z(ρu) z(ρv) z(ρw)
+
+
+
� 0,
(33)
zt
zx
zy
zz
where u, v, and w represent the speed component of the
microelement in the direction of x, y, and z.
In the two-dimensional case, we have
zρ z(ρu) z(ρv)
+
+
� 0.
(34)
zt
zx
zy

3.2. N-S Equation. In the whole feeding system, the interaction between sacked gangue and air must satisfy the law
of conservation of momentum. The derivative of the momentum of the microelement to time is equal to the resultant
force exerted on it. The components on the three coordinate
axes are, respectively,
zτ xy zτ xz
⎪ zρu
⎧
⎪
� Fx +
+
,
⎪
⎪
⎪ zt
zy
zz
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨ zρv
zτ xy zτ yz
(35)
⎪
⎪ zt � Fy + zx + zz ,
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
zτ yz
zρw
zτ
⎪
⎪
.
� Fz + xz +
⎩
zx
zy
zt
The RNG method is applied to the N-S equation, and the
turbulent kinetic energy (k) and the dissipation rate (ε) are
introduced as follows:

cμ η3 ε3 1 − η/η0 
,
k 1 + βη3 

(37)

where η is the ratio of turbulent time scale and average ﬂow
time scale, η0 is the typical value of uniform shear ﬂow of
4.38, and other constants include cμ � 0.0845 and β � 0.012.
3.3. Energy Exchange Equation. The mouth of the stock bin is
selected as the zero gravitational potential point, and the
equation of initial energy of the system is EG0 � mgh1 . At
any position in the falling of sacked gangue, we have
EG0 � EG (s) + EAir (s) + EK (s) + ET (s),
⎪
⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
D 2
P (s)
⎪
⎪
⎪
EAir (s) � Pd (s)π 1  h1 − sln d ,
⎪
⎪
2
P0
⎪
⎨
(38)
⎪
⎪
⎪
⎪
1
⎪
⎪
⎪
EK (s) � mv2s (s),
⎪
⎪
2
⎪
⎪
⎪
⎪
⎪
⎪
⎩
EG (s) � mg h1 − s,
where EG (s) is the gravitational potential energy when
sacked gangue is at the falling distance of s, EK (s) is the
kinetic energy when sacked gangue is at the falling distance
of s, EAir (s) is the elastic potential energy of air compressed
below sacked gangue when sacked gangue is at the falling
distance of s, and ET (s) is the dissipated energy when sacked
gangue is at the falling distance of s, including air loss and
internal friction of energy at the wellhead.

4. Simulation Results and Discussion
The movement of sacked gangue when the stock bin is closed
or has an exhaust vent with a certain size is simulated,
respectively. The corresponding distribution and change
rules of air speed, speed of sacked gangue, and air pressure
are obtained. The law of variation of speed of sacked gangue
and air pressure is ﬁtted to a formula and substituted into the
energy equation. The blocking mechanism of the feeding
shaft is revealed from the perspective of the change of kinetic
energy and air energy.
4.1. Simulation of the Feeding System with the Stock Bin Closed.
The distribution of the air ﬂow ﬁeld in the stock bin when
sacked gangue is at the maximum speed and ﬁnally static is
shown in Figure 9. We can see that when the speed of sacked
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Figure 9: Speed vectors in the stock bin at diﬀerent time periods. (a) Speed vector in the stock bin at the maximum speed. (b) Speed vector in
the stock bin when sacked gangue is static.

gangue is high, air in the stock bin is perturbed violently. At
the same time, air is compressed most violently and air in the
stock bin has random vortex motion, resulting in severe
mixing inside the air and strong momentum exchange. The
elastic potential energy and the pressure increases in air. The
pressure is large when sacked gangue is static, but there is
small disturbance of air in the stock bin. After air enters the
stock bin from the feeding shaft, it ﬂows in a main jet in the
state of hanging ring and eventually it returns and forms
eddy current because the lower part is sealed. When the
speed of sacked gangue in the feeding shaft is low, air in the
stock bin ﬂows all over the place at low speed (Figure 9(b)).
The change of the falling speed of sacked gangue at
diﬀerent time periods and diﬀerent positions during the
movement in the feeding shaft is shown in Figure 10, and the
change of pressure is shown in Figure 11.
From Figures 10 and 11, it can be seen that the speed of
sacked gangue in the feeding shaft in the process of falling
increases ﬁrstly and then decreases. At 5.347 s, the speed
reaches the maximum speed of 34.210 m/s. At 12.652 s, the
speed is 0. The ﬁnal falling distance of sacked gangue is
256.493 m, less than the previous theoretical analysis result
of 265.660 m, mainly because a negative pressure zone will
be produced in the process of falling of sacked gangue. The
pressure diﬀerential of gangue in bags increases in the
falling process, and when the speed is high, the eﬀect is
obvious (as shown in Figure 12). In the theoretical analysis,
it is considered that, in the equilibrium state, the negative
pressure zone has basically disappeared and overall, the
speed is less than the result obtained from theoretical
analysis, which proves the existence of the negative pressure zone. The pressure ﬁrst increases slowly, as the growth
rate gets larger. After the falling distance of 150 m, the
growth rate gets smaller and the ﬁnal pressure is 187.51 kPa.
In the acceleration phase of falling of sacked gangue, the
speed increases fast ﬁrst and then slowly, because the
pressure increases when air below sacked gangue is compressed and the negative pressure produced above them as
sacked gangue falls down causes the pressure diﬀerential of

sacked gangue to increase. Among them, the higher the
falling speed of sacked gangue is, the farther they are from
the mine, and the smaller pressure in the negative pressure
zone is. In the deceleration phase of falling of sacked
gangue, the speed ﬁrst decreases slowly and then, the
deceleration eﬀect is obvious. Seen from the changing curve
of pressure, the pressure is above 180 kPa and thrust imposed on sacked gangue is greater than 32.6 kN at the stable
stage.
The changing curve of speed and the changing curve of
pressure are ﬁtted to the expression of speed and pressure
according to the falling distance (s):
v(s) � 0.560 + 0.307s − 0.00146s2 ,
p(s) � 187.949 −

87.206
1+

e(s−(126.493/22.867))

(39)
.

(40)

Then, substitute Equations (39) and (40) into the energy
exchange Equation (38). We can obtain the changing curve
of kinetic energy and air energy as shown in Figure 13.
With the falling of sacked gangue, the kinetic energy
keeps increasing due to work applied by gravity on sacked
gangue (Figure 13). Meantime, energy is accumulated with
air compressed continuously. When air energy accumulates to a certain value, the kinetic energy of sacked gangue
begins to decrease, until it reduces to 0. When the change
rate of kinetic energy is minimum (when the speed is
maximum), air energy increases most quickly, which shows
that the compression of air by sacked gangue is the most
violent.
4.2. Simulation of the Feeding System with Vents on the Stock
Bin. In this stage, the feeding system with vents on the stock
bin is mainly simulated. The change rules of movement and
energy of sacked gangue with diﬀerent vent diameters are
revealed. Boundary conditions and initial conditions are the
same as the situation without any vent. When diameter of
the vent (d) on the stock bin is 10 mm, 20 mm, 30 mm,
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Figure 10: Falling speed of sacked gangue. (a) The falling speed of sacked gangue at diﬀerent time periods. (b) The falling speed of sacked
gangue at diﬀerent positions.
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Figure 13: Changing curve of kinetic energy and air energy.
16
14

Negative pressure
zone

MN
MX

Velocity (m/s)

12

62089

72102

82115

97129

107858

117845

127832

137818

147805

157792

Figure 12: Nephogram of pressure at the maximum falling speed.

10
8
6
4
2
0

40 mm, 50 mm, 60 mm, 70 mm, 80 mm, 90 mm, or 100 mm,
ﬁnal speed and maximum speed of falling of sacked gangue
are shown in Figures 14 and 15.

0

20

40
60
Diameter (mm)

80

100

Figure 14: Changing curve of the ﬁnal speed of sacked gangue with
diﬀerent vent diameters.

10

Advances in Civil Engineering
37

200

150

35
Energy (kJ)

Velocity (m/s)

36

34
33
32

100

50

31
30

0

20

40
60
Diameter (mm)

80

0

100

0

100

0mm
10mm
20mm
30mm

Figure 15: Changing curve of the maximum speed of sacked
gangue with diﬀerent vent diameters.

150
200
Distance (m)

250

40mm
50mm
60mm
70mm

300
80mm
90mm
100mm

Figure 16: Changing curve of kinetic energy with diﬀerent vent
diameters.

140
120
Energy (kJ)

When the vent diameter is less than or equal to 20 mm,
sacked gangue will block the mine, and when the vent
diameter is greater than 20 mm, the speed of sacked
gangue entering the stock bin increases logarithmically with
the vent size (Figure 14). The ﬁtting formula is
vd (d) � 9.534 ln(d) − 28.53. As the vent diameter increases,
the maximum speed linearly increases (Figure 15). The
ﬁtting formula is vmax (d) � 31.840 + 0.047d. The diﬀerence
between maximum speeds of sacked gangue with diﬀerent
vent diameters is very small, but the speed of sacked gangue
that eventually enters the stock bin is quite diﬀerent, which
indicates that sacked gangue is far away from the vent in the
acceleration stage in the mine, and the eﬀect of vent diameter
is small. In the deceleration stage especially in the later
period (at this time sacked gangue is near to the vent of the
stock bin), the larger the vent diameter is, the greater the
releasing eﬀect of air below sacked gangue is. The air cushion
eﬀect becomes weak, so the speed of sacked gangue when
entering the stock bin is relatively big.
The ﬁtting formula of the change of speed and pressure
of sacked gangue according to falling distance with diﬀerent
vent diameters is substituted into the energy equation, and
the changing curve of kinetic energy and air energy of sacked
gangue is obtained, as shown in Figures 16 and 17.
According to the curve of kinetic energy and air energy
with diﬀerent vent diameters, kinetic energy and air energy
of sacked gangue have parabolic variation. In the beginning
stage, kinetic energy increases fast and then decreases
gradually. When the vent diameter is greater than 20 mm,
the air energy eventually decreases to 0 and the kinetic
energy is not 0, which indicates that, at this time, sacked
gangue enters the stock bin at a certain speed. When the vent
diameter is less than or equal to 20 mm, the kinetic energy
eventually decreases to 0, which indicates that, at this time,
sacked gangue blocks the feeding shaft. Compared with the
situation without vent, air energy declines. On the one hand,
part of air ﬂow out of the vent. On the other hand, pressure
relief of the vent causes reduction of the pressure, and degree
of air compression reduces. When the compressed volume is
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Figure 17: Changing curve of air energy with diﬀerent vent
diameters.

less than the volume of air discharged by the vent, the
pressure of air below decreases and air energy starts to
decrease. As the vent diameter increases, slope and peak
increase in the rising stage of kinetic energy and slope and
peak decrease in the rising stage of air energy, which indicates that the larger the vent diameter is, the more obvious
the pressure relief eﬀect is and the smaller the air energy
accumulated is. So, the falling of sacked gangue is less
hindered by air cushion eﬀect which can be obtained from
the corresponding position of the peak of kinetic energy.
When vent diameter increases, the peak point moves to the
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5. Conclusions
Through the theoretical and numerical analysis of the
movement of sacked gangue in the feeding system, the main
conclusions are obtained as follows:
(1) The movement of sacked gangue in the feeding shaft
is constrained by the air upon and beneath it. The
relation among pressure diﬀerential, frictional resistance, and gravity determines the maximum
falling distance of sacked gangue. Among them,
pressure diﬀerential is proposed by the upper negative pressure air and the lower compressed air. The
higher the falling speed is, the farther sacked gangue
from the wellhead is and the smaller the pressure in
the negative pressure zone is. In the whole falling
process, the speed increases ﬁrst and then decreases.
(2) When the stock bin has no vent, in the falling
process, sacked gangue constantly squeezes air in the
closed space below it and the pressure continues to
increase. The higher the falling speed is, the bigger
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Figure 18: Changing curve of maximum kinetic energy and air
energy with diﬀerent vent diameters.
90
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Energy (kJ)

right, but the peak point of air energy moves to the left
with the increase of vent diameter. It shows that the larger
the vent diameter is, the larger the eﬀect range of pressure
relief is.
According to the change rule of kinetic energy and air
energy, with diﬀerent vent diameters, air energy corresponding to the largest kinetic energy and the diﬀerence
between them are taken, as shown in Figures 18 and 19.
The maximum kinetic energy increases linearly with the
diameter of the exhaust vent (Figure 18). The ﬁtting formula
is Ek max � 157.32 + 0.518d. At this time, air energy also
increases linearly. The value is related to the maximum
kinetic energy and vent diameter. The ﬁtting formula is
Eair � 67.92 + 0.575d. The slopes of two lines are similar.
Blocking occurs when the value is less than EThreshold
(84.5 kJ), which indicates that sacked gangue can successfully reach the stock bin with a certain kinetic energy, under
the condition of exhaust vents at diﬀerent diameters (Figure 19). Combined with changing curves of kinetic energy
and air energy at diﬀerent vent diameters, we can see that
when air energy declines to (Ek max − EThreshold ) and below,
the kinetic energy is still reducing. Although at this time, the
pressure is not high and the speed is lower than the maximum speed, sacked gangue is far from the wellhead. The
pressure in the upper negative pressure zone is low, and the
pressure diﬀerential of sacked gangue is greater than its
gravity, so they still make deceleration movement.
When sacked gangue falls down for 200 m, the maximum speed of air current in the stock bin decreases as the
diameter increases (Figure 20), because the smaller the vent
diameter is, the smaller the pressure relief eﬀect is and the
bigger the pressure diﬀerential inside and outside the vent of
the stock bin is, the bigger the outward thrust on unit volume
of air is. The pressure release is faster with the larger vent
diameter. At this time, the ﬂow speed of air is lower than that
of small vent diameter, but more air is discharged and air
energy dissipation is larger.
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Figure 19: Changing curve of diﬀerence between maximum kinetic
energy and air energy with diﬀerent vent diameters.

the acceleration is. When Fp > mg − Ff , speed begins
to decrease, and when Fp � mg + Ff , it reaches the
equilibrium. According to the on-site engineering
conditions of the test mining area, the ﬁnal falling
distance is calculated to be 256.5 m.
(3) When the stock bin has vents, with the increase of the
vent diameter, more air in the stock bin is discharged
and the distribution of ﬂow ﬁeld at the wellhead is
more uniform. The larger the pore size is, the smaller
the pressure diﬀerential is and the slower the kinetic
energy decrease is. According to the ﬁeld engineering
conditions, the relation between vent diameter d and
the maximum speed is vmax (d) � 31.840 + 0.0472d.
Therefore, the energy criterion of the blocking of the
feeding shaft with diﬀerent diameters and lengths
can be obtained. The maximum kinetic energy of
sacked gangue entering the stock bin is greater than
Eair + Ethreshold .
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Figure 20: Vector diagram of ﬂow ﬁeld rate with diﬀerent vent diameters. (a) Vent diameter of 10 mm. (b) Vent diameter of 30 mm. (c) Vent
diameter of 50 mm. (d) Vent diameter of 70 mm. (e) Vent diameter of 90 mm.

(4) The results of the study reveal the blocking mechanism of feeding shaft in the vertical transportation
process of large-sized materials and provide the basis
for the design of key parameters of the vertical
transformation system of roadside support body
material.
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To develop aﬀordable countermeasures against the roof falls, the accident records of Mchenga Mine were investigated as the ﬁrst
step. Based on the accident records, it was found that roof falls occurred most in April and May. Humidity measurements were
taken both in the underground mine and at surface, and humidity peak appeared in April. The accident occurrence and the
underground humidity had a positive correlation in which no roof falls could be expected under a humidity of less than a certain
value. Eﬀect of humidity on the indirect tensile strength of the rock samples collected from the mine was investigated, and it
showed that the indirect tensile strength decreased with humidity. The diﬀusion coeﬃcient was measured for the rock samples
collected from Mchenga Mine as well as from Kaziwiziwi Mine, and the migration of water vapor into rock mass in the roof was
calculated for Mchenga case. It was clariﬁed that the weakening of tensile strength was transmitted upward at several centimeters
per day from the immediate roof. This could explain the slight diﬀerence of the accident peak in April and May from the humidity
peak in April. Introducing fresh and dry outside air, if possible, will not only improve the working environment but also
contribute to a decrease in roof falls.

1. Introduction
Historically, mining has been imperative to human, social,
and economic development, and it is a fact that the mining
industry will continue to make investments to meet the
increasing needs of continuously growing modern societies.
To achieve this, the mining industry should be sustainable,
and safety is a key aspect that is addressed to increased
production. Moving from being an agro-based economy,
Malawi has in recent years ventured into mining as its alternative economic driver towards the future. There are
seven coalﬁelds spread across the country, with four coalﬁelds of bituminous coal in the Northern Region. Currently,
four underground coal mining operations are running with
additional two open-pit mines in these coalﬁelds. One of the
major challenges faced by these underground mines is the

occurrence of hanging roof falls. Potential roof falls in
underground coal mines are a threat to the lives of miners,
can damage equipment, disrupt ventilation mechanisms,
and block installed emergency escape routes.
Rock falls from roof and ribs are one of the major causes
of mine personnel injuries, equipment damage, and production losses [1]. The hazardous nature of roof falls can be
illustrated from the statistics of mine accidents recorded and
published around the world from mining countries. For
example, on November 1, 2012, death of two miners and the
injury of two others were reported at Kaziwiziwi Coal Mine
in Malawi. Van der Merwe et al. reported in 2001 [2] that
despite several years of rock engineering research and application on South African collieries, roof fall accidents
continue to claim lives. It was found that the causes of the
falls diﬀered for diﬀerent thickness ranges of roof falls. The
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thin falls, classiﬁed as “Skin falls,” accounted for approximately 70% of all fatalities. Ineﬀective joint support and
excessive bolt spacing predominantly caused them.
In the United States, mine accident statistics indicate that
during the ten-year period from 1996 to 2005, 7738 miners
were injured from roof falls in underground coal, metal,
nonmetal, and stone mines [3]. Coal mines showed the
highest rate, that is, 1.75 roof fall injuries per 200,000 h
underground work. The Mine Safety and Health Administration (MSHA) of the US reported [4] seven fatalities, 278
nonfatal-days-lost (NFDL) injuries, and 152 no-days-lost
(NDL) injuries on 2006 because of roof falls in US underground coal mines. The main consequences of these
accidents can be in the form of human disabilities, fatalities,
production downtimes, and deterioration in industrial relations which ultimately results in economic loss to the
industry.
In India, a causewise classiﬁcation of fatal accidents was
conducted during the period 1998 to 2010. The Directorate
General of Mines Safety (DGMS) reported in 2011 [5] that
32% of the total fatal accidents occurred due to roof falls in
Indian coal mines. In spite of all the precautions taken in this
regard, it was revealed that the trend of fatal accidents caused
by the failure of roof and sides would remain a huge problem
to contain.
In a broad sense, numerous studies have been done
previously to manage rock stresses and investigate roadway
failures and roof behavior in underground coal mines. For
example, Whittaker and Singh [6] investigated the stability
of a longwall gate roadway in relation to rib pillar size using
ﬁeld data collected in the United Kingdom; HeidariehZadeh and Smith [7] conducted a stability analysis of
mine tunnels/roadways based on roadway closure data at
speciﬁed distances from the tunnel excavation face; Van der
Merwe et al. [2] investigated the causes of roof falls in South
African collieries; and Seedsman [8] discussed the failure
mechanisms of roadways. All these studies have signiﬁcantly
increased the understanding of strata behavior near a
roadway, which is the foundation for stability prediction and
optimal support design.
Over the past decades, reduction in strength and stiﬀness
in rocks attributed to an increase in water content has been
extensively researched for a large variety of rock types. It
showed that the extent of the water-weakening eﬀect is
highly varied among diﬀerent rock types due to considerable
variations in geologic characteristics of texture and lithology.
Pellet et al. [9] discussed that the stability of rock masses is
largely aﬀected by the humidity conditions, which are, for
example, responsible for landslides that occur after heavy
rains. This is particularly true for stratiﬁed rock masses with
clay-inﬁlled discontinuities because most of the clay minerals are highly sensitive to water.
Water vapor is entering the structure from surrounding
air of certain relative humidity, and then it is transported by
diﬀusion through the pore system of the material and
adsorbed on the surface of the material [10]. Chugh and
Missavage [11] studied the eﬀect of moisture in strata
control in coal mines. They summarized that moisture gain
and moisture loss in coal bearing rock is related to seasonal
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changes in the absolute humidity of mine air. When the hot
and moist surface air, drawn into the mine for ventilation,
it is cooled by underground rocks and as a result, the air
within rock pores loses its moisture and rock mass gains
moisture. In winter, surface air temperature and humidity
are lower than underground rock mass, and air travelling
through the mine gains temperature and humidity. This
causes mine rocks to lose moisture and thus has the drying
eﬀect.
Based on roof bolt load studies done by Aughenbaugh
and Bruzewski [12], most of the roof bolt slipping occurred
during high humidity months. Their studies showed that
considerable amount of water was absorbed in the mine by
the mine air, and most of the absorbed water was deposited
on the rock, in the form of surface condensation, and a
portion of this is absorbed into the rock. During winter, the
natural water content of rock is considerably low, and this
increases the susceptibility of rocks to gain moisture during
summer. In the research done by Fujii et al. [13], the steelarch removal test was carried out on a roadway at Kushiro
Coal Mine, Japan, in May 2006. Initially, even after 15 steel
arches were removed, no large roof fall occurred. The
unsupported span reached 16 m without large roof falls,
except for rather small falls of loosened rocks that were as
large as tens of centimeters. A few months later, in August
and September, humid summer air ﬂowed into the site and
dripping water was seen on the rock surface. Thereafter,
several large rock falls, as large as 2 m occurred, and it was
estimated that the rock mass was weakened by the humid
air inﬂow, and as a result, the large-scale roof falls were
induced.
Above studies demonstrate the eﬀects of moisture on
strata control in coal mines and mine openings. Further,
they reveal the necessity to ﬁnd support systems to ensure
safe operations in underground coal mines. As the case
studies reveal, in the mines in Malawi, it is likely that the
roof rocks are weakened and then fall as a result of humid
air. Therefore, the authors sought to investigate the eﬀect
of humidity on the tensile strength of coal-bearing rocks
in underground coal mines in Malawi in the earlier
conference paper [14]. In this paper, underground humidity data and relationship between accidents and underground humidity are added. Further, it also describes
the evaluation of water vapor diﬀusion coeﬃcient in roof
rocks from Mchenga and Kaziwiziwi coal mines in the
Livingstonia Coalﬁeld and results of basic simulations on
the vapor migration into the roof rock. Countermeasures
against the roof falls in the underground mines will be
proposed.

2. Humidity Levels and Mine Accidents
2.1. Mining Sites. Two underground mines, Mchenga Coal
Mine (S10°42′55″, E34°9′14″) and Kaziwiziwi Coal Mine
(S10°42′29″, E34°9′50″), are located in the target area
hosting the Livingstonia Coalﬁeld. The Livingstonia Basin is
one of the 12 Karoo basins which are widely distributed in
northern Malawi (Figure 1). Stratigraphically, the area is
composed of Karoo system strata preserved in many N-S
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Figure 1: Distribution of Karoo basins in northern Malawi: North Nyika Basins and Livingstonia Basin (inset) based on an internal report at
the Geological Survey Department in Zomba, Malawi.

trending basins and down-faulted troughs that display
faulted relationship to the underlying basement complex
gneisses. The basal beds of the succession consist of conglomerates and sandstones referred to the Dwyka (Carboniferous) and lower Ecca series (Permian).
These are overlain by a sequence of carbonaceous shales
and coal seams commonly called coal measures of lower
Ecca series (Permian) [15]. The roof stratum mainly consists
of sandstone and shale of the upper Ecca group (Permian).
The mines use room and pillar mining method. The annual
production, pillar dimension, coal seam thickness, and
maximum working depth are ca. 120 kt, 10 m × 10 m, 0.7 m
to 3 m, and 150 m for Mchenga Coal Mine and ca. 80 kt,
12 m × 12 m, 1.7 m to 2.3 m, and 220 m for Kaziwiziwi Coal
Mine, respectively.

2.2. Weather Conditions in the Northern Region. Malawi has
two distinct seasons. From November to April is the warmwet season during which 95% of the annual precipitation
takes place (Figure 2). During January to March, the air over
Malawi is moist and unstable. The daily relative humidity
values range from 62% to 85% in Mzuzu at the Northern
Region [16]. This is triggered by moderate to heavy rainfall
ranging from 88 mm/d to 110 mm/d, conﬁned to very few
areas in the north and southern areas of Malawi. This often
leads to ﬂooding in some areas in the Northern Region. In
addition to that, recorded air temperatures hovered across
the region with a minimum range of 20°C to 25°C and a
maximum range of 30°C to 35°C.
A cool-dry winter is evident from May to August, with a
short hot-dry patch lasting from September to October.
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Figure 2: Relative humidity and temperature in the Northern Region, 2014-2015 season [16].

Temperatures vary from 25°C to 37°C while humidity ranges
from 70% to 50% from the wetter months to dryer months,
respectively. End of October marks the beginning of the
rainfall season in the country, with the main rains arriving
from mid-November at the southern region and progressively spreading northwards. During this period, the
main rain bearing systems that inﬂuence weather over
Malawi include the Intertropical Convergence Zone (ITCZ),
Congo air mass, Easterly Waves, and Tropical Cyclones [17].
2.3. Average Accidents Occurrence. Mchenga Coal Mine
recorded 383 accidents over a period of fourteen years
(1995 to 2009) with injuries ranging from minor to severe
and cases of fatal wounding leading to the death of miners.
Analysis of the roof fall accidents data showed a high
average number of roof fall accidents per month with a
peak of severe accidents in April and May as shown in
Figure 3.
Considering the scale of operations, this highly unsafe
operation condition could be attributed to faulting in the
rock strata coupled with the poor design of support systems,
poor performance of support elements, and lack of technical
know-how towards estimation of unknown nature of the
stress regime existing in the mine.
2.4. Humidity Measurement. Seven, coin-type data loggers
(Figure 4) were installed at varying levels in and close
to the working face with an average depth of 130 m from
the ground surface (Figure 5) in mine adits of Mchenga
Coal Mine. The instruments were ﬁxed in matt packs not
to be damaged or stolen. Hence, there was not enough
airﬂow. Therefore, the recorded humidity may be higher
than the surrounding atmosphere. In addition, one data
logger was installed at the mine oﬃce at the ground
surface.
Humidity measured outside (in the mine oﬃce)
showed a peak in early April (Figure 6). The humidity cycle

of rising and lowering humidity levels was noticed to begin
again in November clearly conﬁrming that humidity levels
are inﬂuenced by the seasonal changes of rainy-wet season
and hot-dry season. Certain underground data loggers (#6,
#7, and #8) failed to record the data continuously. This
would be due to high humidity and less air ﬂow in the matt
packs, where condensation likely took place and water
droplets accumulated on the instruments. The humidity
data by other underground loggers exhibited a linearly
increasing trend. This trend, which would also be due to
the high humidity and less air ﬂow, was removed so that
the humidity of the starting day became equivalent to the
data one year after the day. Corrected humidity readings
were high, having an average of 96.9% and showed a peak
at the end of April (Figure 6) while temperature readings
remained steady averaging 28°C.
A correlation between the monthly averaged roof fall
accidents from Mchenga Mine and the measured humidity
levels by the underground logger #2 was compared (Figure 7). The number of minor and severe accidents increases with average relative humidities. From these data,
it can be supposed that high humidity is an inﬂuencing
factor for roof fall accidents in the underground coal
mines. The 95% conﬁdence limits for both minor and
severe accidents suggest that reducing humidity levels
below 84% would prevent the accidents from happening.
The humidity level would be higher than the actual average
level as stated above. However, Figure 7 at least suggests
that aﬀordable methods that can reduce relative humidity
to a certain level would ensure the reduction of roof fall
accidents in the mines.

3. Rock Samples
Rock samples were collected from the mining sites to understand the characteristics of the roof rocks in the underground coal mines. Microscopic observations were
conducted on thin sections prepared from the intact rock
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Figure 3: Average roof fall accidents per month for Mchenga Coal Mine (1995 to 2009).

From the microscopic images of the thin sections
(Figure 9), Mchenga arkose sandstone showed a rich
content of carbonate minerals and biotite. Quartz and
K-feldspar particles are as large as 0.5 mm. The matrix
minerals included illite, cryptocrystalline siliceous minerals, and carbonate minerals. On the other hand, the
Mchenga ﬁne-grained sandstone showed an argillaceous
part lamination and a conspicuous black thick band.
Quartz and K-feldspar particles are as large as 0.1 mm. The
matrix minerals included illite, goethite, coaly substances,
and opaque minerals.

Figure 4: Coin-type data logger.

blocks to identify the main mineral composition in the
rocks.
3.1. Mchenga Rocks. Medium to coarse-grained arkose
sandstone (hereafter called “arkose sandstone”) and ultraﬁne to ﬁne-grained sandstone (hereafter called “ﬁnegrained sandstone”) from Mchenga Coal Mine were observed. Scanned images of the thin sections for arkose
sandstone showed no obvious open pore spaces
(Figure 8(a)). It exhibited a uniform color and texture. As
for the ﬁne-grained sandstone, there were patches of different colors which could indicate diﬀerent textures
(Figure 8(b)). The calculated eﬀective porosity for arkose
sandstone was 6.9%, while for ﬁne-grained sandstone it was
found to be 8%.

3.2. Kaziwiziwi Rocks. Conglomerate and carbonaceous
sandstone samples from Kaziwiziwi Coal Mine were also
observed. The scanned image of the thin section of the
conglomerate showed irregularities of minerals which indicates obvious open pore spaces (Figure 10(a)), while that of
Kaziwiziwi carbonaceous sandstone exhibited a uniform
color and texture (Figure 10(b)). The eﬀective porosity for
the conglomerate and the carbonaceous sandstone was
11.2% and 9.3%, respectively.
Microscopic observations and X-ray diﬀractions
(XRD) were conducted on the rocks to identify the main
minerals. Kaziwiziwi conglomerate consisted of granite
fragments, muscovite, and sphalerite. The granite fragments are as large as several millimeters and consist of
plagioclase, quartz, and orthoclase. The matrix was found
to consist of ﬁne particles of plagioclase, chlorite, and
sericite (Figures 11(a)–11(d)). As for Kaziwiziwi carbonaceous sandstone, it was found that the apparent sedimentary structure mainly consisted of coal, quartz,
and muscovite. The quartz particles are as large as 0.1 mm.
It also consists of trace amount of chlorite which
was probably altered from biotite (Figures 11(e)–11(h)).
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humidity levels by data logger #2. Broken lines are the upper limits
of the 95% conﬁdence of the regression lines.

3.3. Kimachi Sandstone. In addition to above two rock types,
Neogene-tuﬀaceous Kimachi sandstone from Japan was also
examined. Kimachi sandstone is a relatively well-sorted
medium-hard clastic rock with a typical grain size in the
range of 0.4–1.0 mm. It consists mostly of rock fragments of
andesite and crystal fragments of plagioclase, pyroxene,
hornblende, biotite, and quartz, as well as calcium carbonate,
iron oxides, and matrix zeolite [18]. The porosity of Kimachi
sandstone was found to be ranging from 19% to 22% as
discussed by Dassanayake et al. [19].

4. Effect of Humidity on Tensile Strength
4.1. Sample Preparation. Mchenga rocks (arkose sandstone
and ﬁne-grained sandstone) together with Kimachi sandstone were used for the experiments. Three sets of 25 cylindrical rock specimens (i.e., 75 specimens in total) having
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Figure 8: Scanned thin section images. The arrow length is 2 mm. (a) Mchenga arkose sandstone. (b) Mchenga ﬁne-grained sandstone.

30 mm in both length and diameter were cut from blocks of
three types of rocks. The specimen ends were polished to a
ﬂatness of 0.02 mm.
Some specimens were oven dried at 80°C. To attain low
humidity (2%), 400 ml of dry-up compact desiccant was used.
Moderate humidity (58%) was obtained using saturated
magnesium-nitrate-hexahydrate [Mg(NO3)2·6H2O] solution,
while high humidity (98%) was achieved by pure water
poured in the container. Finally, some specimens were vacuum saturated using pure water. Air-tight containers were
used to maintain the applied humidity levels. The specimens
were weighed and recorded daily using a balance with 1 mg
resolution. This experimental setup was maintained in an
isothermal condition of 22°C in the laboratory for a period of
30 days.
After preparation of the specimens, the Brazilian test,
using Instron 5500R loading frame, was carried out on
the specimens at a platen speed of 0.3 mm/min to calculate the indirect tensile strength using the following
expression:
2Fmax
(1)
T0 �
,
π·d·l
where T0 is the indirect tensile strength (Pa), Fmax (N) is the
maximum compressive load, d(m) is the diameter of
specimen, and l (m) is the length of specimen. The load was
applied parallel to the sedimentary plane.
4.2. Density Change. The change in density diﬀered with
condition of rock specimens. In all cases, the mass either
increased or decreased rather rapidly in the initial stage and
then almost converged with time. It was noted that arkose
sandstone had higher values of density as compared to other
sandstones (Figure 12). It was evident that the ﬁnal bulk
density of specimens increased with increase in relative
humidity except for the moderate humidity of the arkose
sandstone. The relationship is represented by the following
expression:
ρ � Ad + Bd H,

(2)

where ρ(kg/m3) is the ﬁnal bulk density, H(–) is relative
humidity, Ad(kg/m3) is density at zero humidity, and Bd

(kg/m3) is the increase in density for 100% humidity
(Table 1).
4.3. Indirect Tensile Strength. The oven-dried specimens
showed a high compressive load which resulted in higher
values of indirect tensile strength (Figure 13). In the same
manner, specimens treated in low humidity (2%) had higher
indirect tensile strength than those treated in moderate
humidity (58%), high humidity (96%), and vacuumsaturated specimens. The subcritical crack growth (SCG
[20]) is one of the main causes of the reduction of tensile
strength by humidity in particular for crystalline rocks.
However, the reduction of tensile strength may depend
mainly on the decrease in the suction of the meniscus water
between clay mineral particles [21] for sedimentary rocks.
The following equation is proposed to represent the
relationship between humidity, H(–) and indirect tensile
strength (MPa):
T0 � AT 1 − BT H,

(3)

where AT(MPa) is the indirect tensile strength at zero humidity and BT(–) is the sensitivity of indirect tensile strength
to humidity (Table 2). The already shown observation that
roof falls increase with humidity underground in Mchenga
mine (Figure 7) can be explained by the decrease of the
tensile strength of roof rocks with humidity.
The decrease in indirect tensile strength with increase in
humidity in Mchenga arkose sandstone and ﬁne-grained
sandstone indicates a higher sensitivity (BT) of the rocks with
humidity increase (Table 2) than that for Kimachi sandstone.
The greater sensitivity to humidity can be attributed to the
content of illite, which is more sensitive to humidity
(moisture), as the clay mineral in Mchenga rocks while
Kimachi sandstone contains zeolite which is less sensitive to
humidity.
Nepper-Christensen [22] suggested that many rock types
containing illite are sensitive to variations in the relative
humidity of the surrounding atmosphere since they shrink
or swell as they give oﬀ or absorb moisture, especially in
shales, which make part of the roof rocks in coal mines. Nara
et al. [20] reported that the inﬂuence of the relative humidity
on the crack velocity in rock was more signiﬁcant when the
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Figure 9: Microscopic images of Mchenga arkose sandstone (a, b, c, d) and Mchenga ﬁne-grained sandstone (e, f, g, h). Qz: quartz; Kf:
orthoclase; Pl: plagioclase; Bi: biotite; Mf: maﬁc minerals; C: coaly substances; Cb: carbonate minerals; (·): pseudomorphism; FP: fracture.
Widths of the images are 6.0 mm for (a), (b), (e), and (f ); 2.5 mm for (c) and (d); and 1.2 mm for (g) and (h).

rock included a larger amount of clay minerals such as
smectite and illite. The results are also in tandem with the
published data in other studies, which show a decrease in the

mechanical properties of rocks with an increase in relative
humidity, moisture content, and clay mineral content
[11, 20, 23].
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from blocks of the four rock types. The specimen ends were
polished to a ﬂatness of 0.02 mm.
Specimens were oven-dried at 80°C for a period of seven
days. The dry specimens were jacketed with heat shrinkable
tube to prevent vapor diﬀusion from the lateral sides of the
specimens. The jacketed specimens were dried in the oven at
80°C for another three days. After oven drying, dry mass of
the specimens was measured and recorded.
Following that, the specimens were treated in high
humidity (98%) achieved by pure water. Subsequently,
hourly measurements of the change in weight of
the samples were carried out to determine the rate of
water vapor movement through the specimen from a
controlled atmosphere. The air-tight containers were
used to maintain the applied humidity levels on the
specimens. This experimental setup was maintained in an
isothermal condition of 22°C in the laboratory for a
period of 30 days.

(a)

5.2. Evaluation of Diﬀusion Coeﬃcient. Vapor diﬀusion
is a complicated thermodynamic process in the porous
rock due to condensation, adsorption, chemical reactions, etc. However, it assumes here that the vapor diﬀusion can approximately be represented by Fick’s
law as
zθ
z2 θ
� Dv 2 ,
zt
zx

(4)

where θ(kg/m3) is the vapor density, Dv (m2/s) is the diffusion coeﬃcient, and x(m) is the distance along the longitudinal sample axis.
Assuming θ0 is applied at both ends of specimen at t � 0
and solving equation (4) under the assumption that θ � 0 at
t � 0, the following equation is obtained:
(b)

Figure 10: Scanned thin section images. The arrow length is
2.5 mm. (a) Kaziwiziwi conglomerate. (b) Kaziwiziwi carbonaceous
sandstone.

5. Water Vapor Diffusion in Rocks
To investigate the extent of the weakened zone of rocks
around the roadways with time, the rate of transport of water
vapor in rocks was considered and quantiﬁed. In this section,
we will present the experiments and result in the evaluation
of water vapor diﬀusion.
5.1. Experimental Setup. Previously described Mchenga
rocks, arkose sandstone and ﬁne-grained sandstone, were
used in the experiments together with carbonaceous sandstone and conglomerate from Kaziwiziwi Coal Mine. Four
sets of 10 cylindrical rock specimens (i.e., 40 specimens in
total), having 30 mm in both length and diameter were cut

θ(x, t) � θ0 −

4θ0 ∞ 1 −Dv ((2n−1/l)π)2 t
2n − 1
sin
e
πx.

π n�1 2n − 1
l
(5)

Let ∆m, A, and l be the change in mass (kg), sectional
area (m2), and specimen length (m), respectively:
l

Δm � A  θ(x, t) dx � lAθ0
0

4θ l ∞
1
−Dv ((2n−1/l)π)2 t
− A 20 
.
2e
π n�1 (2n − 1)

(6)

Diﬀerentiating the equation only for n � 1 with respect
to time,
2
dΔm
D
� 4lAθ0 2v e−Dv (π/l) t .
l
dt

(7)

Taking logarithm,
ln

dΔm
D
π 2
� ln 4lAθ0 2v − Dv   t.
l
dt
l

(8)
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Figure 11: Microscopic images of Kaziwiziwi conglomerate (a, b, c, d) and Kaziwiziwi carbonaceous sandstone (e, f, g, h). GR: granites; MX:
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Figure 12: Bulk density variation against humidity. (a) Mchenga arkose sandstone. (b) Mchenga ﬁne-grained sandstone. (c) Kimachi
sandstone.
Table 1: Coeﬃcients to represent density as a function of relative
humidity.
Mchenga arkose sandstone
Mchenga ﬁne-grained sandstone
Kimachi sandstone

Ad (kg/m3)
2465
2013
2011

Bd (kg/m3)
46
67
131

Letting α be the slope of ln d(Δm/dt) – t plot,
π 2
α � −Dv   ,
l
(9)
1 2
∴ Dv � −α  .
π

Mchenga rocks. Water vapor diﬀusion coeﬃcient was calculated using equation (9). The gradient α was calculated as
the gradient of the regression line from the ln d(Δm/dt) – t
graph (Figure 14) ignoring the initial ﬂat part. The ﬂat part
may have appeared due to the limitation of the volume of
airﬂow in the container.
Average diﬀusion coeﬃcient for Mchenga arkose
sandstone was 1.02 × 10−9 m2/s, while it was 1.20 × 10−9 m2/s
for ﬁne-grained sandstone. For Kaziwiziwi conglomerate
and carbonaceous sandstone, the average diﬀusion coeﬃcients were 1.12 × 10−9 m2/s and 0.60 × 10−9 m2/s, respectively. The experimentally determined water vapor
diﬀusion coeﬃcients increased with porosity for the rock
types in each mine (Figure 15).

The error due to ignoring n ≥ 2 is less than 5% for the
experimental condition.

6. One-Dimensional FEM Simulation

5.3. Results. The mass increased rather rapidly in the initial
stage and then almost converged. It was noted that arkose
sandstone specimens generally had higher values of mass
change as compared to other ﬁne-grained sandstones for the

To get a better insight into the behavior of the water vapor
diﬀusion around the roadways in the underground coal
mines, a numerical simulation of one-dimensional water
vapor diﬀusion into a rock mass with sandstone was
carried out using two-dimensional FE (ﬁnite element)
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Figure 13: Indirect tensile strength variation against humidity. (a) Mchenga arkose sandstone. (b) Mchenga ﬁne-grained sandstone.
(c) Kimachi sandstone.
Table 2: Coeﬃcients in equation (3) for three types of rocks.
Rock
Mchenga arkose sandstone
Mchenga ﬁne-grained sandstone
Kimachi sandstone

Constants
BT (–)
AT (MPa)
3.44
0.62
5.50
0.71
5.42
0.55

code. The FE code was originally built for heat analysis
[24]. However, replacing temperature and λ/(ρ · C), where
λ and C are heat conductivity and speciﬁc heat, respectively, by vapor density and Dv (equation (4)), vapor
diﬀusion can be calculated.
A simple two-dimensional ﬁnite element mesh of
0.1 m × 5 m (100 triangular elements, 102 nodes) was generated, as shown in Figure 16. The roof rock mass consisting
of Mchenga arkose sandstone was considered homogeneous
and isotropic. The longitudinal sides and top side of the
elements were assumed to be impermeable, leaving the
bottom side permeable.
By considering the variation of humidity conditions in
the mine and outside the mine, the observed humidity

data were smoothed and converted to density with the aid
of equation (2). From this density value, vapor density θ
was calculated from the expression θ � BdH. Change in
vapor density Δθ � θ – θ (t � 0) was calculated for underground conditions (Figure 17(a)) and outside condition (Figure 17(b)), respectively, and Δθ was applied at the
bottom boundary with water vapor diﬀusion coeﬃcient
Dv as 1.02 × 10−9 m2/s.

6.1. Response to a Step Function. Before showing the response to the measured humidity change, delayed migration
of water vapor into the roof rock was simulated
(Figure 18(a)) applying vapor density which increased instantaneously from 0 to 100% at t � 0 and remained constant
for the whole duration. At depth of 1 m, density change
increased rapidly followed by a steady increase. In the intermediate layer, represented by the depth of 3 m and 5 m,
there was a uniform increase with a lag, and ﬁnally, the
change appeared at the depth of 10 meters. The migration
and adsorption of this water vapor resulted in a delayed
weakening of the rocks with depth (Figure 18(b)).
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Figure 14: Mass change of specimens as a function of elapsed time. The thick black line gives the regression line to calculate average
diﬀusion coeﬃcient. (a) Mchenga arkose sandstone. (b) Mchenga ﬁne-grained sandstone. (c) Kaziwiziwi conglomerate. (d) Kaziwiziwi
carbonaceous sandstone.
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Figure 15: Dependence of water vapor diﬀusion coeﬃcients of
Malawi rocks on porosity.

6.2. Response to Annual Variation. The calculation was
carried out for two years, and the result for the second year,
which was considered not to be aﬀected by the initial water

vapor, was only shown in here. For underground conditions,
simulation results with a 30-day delay from the immediate
layer at 1 m depth indicated a drop of indirect tensile
strength by several percent (Figure 19(a)). When considering outside conditions, the results showed a drop of indirect tensile strength by several 10 percent at 1 m depth with
a delay of 20 days (Figure 19(b)). In other words, the peak of
the minimum tensile strength is transmitted upward with a
delay of several centimeters per day from the immediate
roof.
Due to insuﬃcient airﬂow in the matt packs in which
underground data loggers were installed, it was assumed that
the prevailing humidity values in the coal mine could be
between underground and outside values, and the decrease
in tensile strength would be between several percent and
several ten percent. The calculated decrease in tensile
strength is for the sedimentary planes in the rock specimens
and would be larger than the weak sedimentary planes which
cause roof falls. However, the ratios of the estimated decrease amount to the average strengths of weak sedimentary
planes would not be far from that for the sedimentary planes
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Figure 17: Density change for FEM simulation converted from smoothed humidity data. Time is from February 15. (a) Underground
conditions. (b) Outside conditions.

in the rock specimens. Therefore, it can be concluded that
tensile failure at weak sedimentary planes due to the seasonal
decrease in tensile strength by the vapor migration into the
rock mass would have been playing an important role for the
roof falls at Malawian coal mines.
The recorded severe accident peak is in April and May.
The peak is slightly delayed from the peak of the measured
humidity peak in April. Considering the thickness of the
typical roof falls in the mines is of skin falls with the
thickness of several centimeters to several 10 cm, this slight

diﬀerence between the peak humidity and peak accident
occurrence may be explained by possible delay for the
migration of vapor into the rocks, which weakens them.
Seepage of rainwater into roadways could be assumed as
one of the causes for roof fall mechanisms at shallow coal
mines. The delay of the peak occurrences of accident from
the rainy season can be explained by the assumption.
However, rock weakening seems to extend upward from the
roadway roof because most roof falls are of skin falls. This
would suggest that the migration of water vapor is more
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likely to be the main cause of roof falls than seepage of
rainwater, which is from the ground surface to the roadway
roof.

7. Countermeasure to Decrease Roof
Fall Accidents
Severe compressive stress concentrations, which are often
the main cause of rock failure in deep mining, cannot be the
main cause of the roof falls in the shallow Malawian mines.
Instead, the tensile failure by the gravity force at the weak
sedimentary planes which are even more weakened by water
vapor diﬀusion from rock surface would be the main cause
of the skin falls. The accidents can certainly be prevented if
the number of rock bolts and steel meshes were increased
considerably. However, the mining companies cannot aﬀord
expensive measures because the scale of the mining is very
small and not so proﬁtable.

The cause of the high humidity in the mines is due to the
natural ventilation adopted there. Introducing fresh and dry
outside air into the mine adits by installing a mechanized
ventilation system is proposed here as a less expensive
countermeasure than increasing rock bolts and steel meshes.
The outside dry air could increase the tensile strength of
weak sedimentary planes and prevent roof falls. Rockbolts
and steel meshes only prevent roof falls where they are
installed and will be left in place. On the other hand, the
mechanized ventilation system would work for the entire
mine areas for a longer time and not only prevent roof falls
but also signiﬁcantly improve the working environment.

8. Conclusions
Roof fall is one of the major problems in Malawian underground coal mines. To develop aﬀordable countermeasures
against the roof falls, the accident records of Mchenga Mine
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were investigated as the ﬁrst step. Based on the accident records, it was found that roof falls occurred mostly in April and
May. Humidity measurements were taken both in the underground mine and at surface, and the humidity peak
appeared in April. The accident occurrence and the underground humidity had a positive correlation in which no
roof falls could be expected under a humidity of less than a
certain value. Eﬀect of humidity on the indirect tensile
strength of the rock samples collected from the mine was
investigated, and it showed that the indirect tensile strength
decreased with humidity. The diﬀusion coeﬃcient was measured for the rock samples collected from the Mchenga Mine
as well as from Kaziwiziwi Mine, and the migration of water
vapor into the roof rock mass was calculated for the Mchenga
case. It was clariﬁed that the weakening of tensile strength was
transmitted upward at several centimeters per day from the
immediate roof, and this could explain the slight diﬀerence of
the accident peak in April and May from the humidity peak in
April. Introducing fresh and dry outside air, if possible, will
not only improve the working environment but also contribute to a decrease in roof falls. 2D FEM analysis may explain
the extent of weakened zones around a roadway in underground coal mines in future.
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When designing the mining of an ultrathick coal seam, the laws governing movement in the overlying strata during mining are a
fundamental issue based on which several problems are addressed, including determining the mining method and the roadway
arrangement, controlling the surrounding strata, and selecting the devices. The present paper considers possible problems related
to strata overlying a large mining space subjected to repeated disturbances during the mining of an ultrathick coal seam, including
repeatedly broken strata and the existence or inexistence of the structure. The BM coal seam in the No. 2 coal mine of the Dajing
mining area in the East Junggar coalﬁeld is studied. Physical simulations are performed on the movements of the overlying strata
during slicing mining of the ultrathick coal seam, revealing the new feature of “break-joint stability-instability-secondary
breakage” in the overlying strata. Mechanical models are constructed of the secondary breakage of the overlying strata blocks
under both static and impact loading, and mechanical criteria are proposed for such breakage. Based on the research ﬁndings,
methods for controlling the surrounding strata during slicing mining of an ultrathick coal seam are proposed, including increasing the mining rate and designing reasonable heights for the slicing mining.

1. Introduction
The mining areas of Western China have abundant coal
resources. In the autonomous region of Xinjiang in particular, the predicted coal stock is 1,820–2,190 billion tons,
which is 40.5% of the total predicted coal stock and ranks
ﬁrst in China. An important feature of the coal resources in
Xinjiang is the wide distribution of ultrathick coal seams
(UTCSs). For instance, all the coalﬁelds in the Ili, Tuha, and
Cubey regions with predicted coal stocks greater than 10
billion tons have UTCSs in which the thickness of a single
layer exceeds 20 m. Moreover, in the East Junggar coalﬁeld,
which is the largest integrated coalﬁeld in the world, a single
layer can be as thick as 80 m and the average thickness is
43 m. The average thickness in the No. 2 coal mine in the
Zhaotong coalﬁeld exceeds 50 m, with single layers up to
193 m thick. In the Gippsland Basin of Southeast Australia,

the total thickness of the coalﬁeld can be as much as 700 m,
with single layers around 230 m thick. Finally, the maximum
total thickness of the Kazakhstan River coalﬁeld in Canada is
510 m. The above information shows that UTCSs are widely
distributed around the world [1–3]. However, UTCSs with
single layers as thick as 40 m have only been mined in openpit mines both in China and elsewhere in the world. For
underground mines, the current technique of fully mechanized caving mining has a maximum mining height of
20 m. However, UTCSs with a thickness of 40 m inevitably
require the use of slicing mining (SM), thereby presenting
the problem of how to control the stability of the overlying
strata (OS) when mining a UTCS with a large mining space
and repeated mining disturbances [4, 5].
Both in China and internationally, there has been much
theoretical and practical research regarding the laws governing the movement of OS in mining [6–8]. In Germany,
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Holla and Bulzen used cantilever theory to explain the
periodic weighting that occurs in the stope [9], and Sirivardane proposed a compressive-arch theory aimed at the
support pressure in the strata surrounding the working face
[10]. In Belgium, Labasse used a model involving a beam
with preformed cracks to reveal the mechanism for the
formation of preformed cracks in a coal seam and its roof
[11]. Yao et al. and Wood investigated (i) the mining
conditions required for the formation of OS aﬀected by
mining and (ii) the mechanical conditions required for
cracks to form in the separation layer of the OS [12, 13]. Qian
and Li established a mechanical model of a voussoir-beam
structure and proposed a discriminant method for dealing
with destabilization in the articulated structure of OS blocks
[14]. Wu et al. studied the features of OS subsidence in
repetitious mining and derived an equation with which to
calculate the subsidence coeﬃcient inside the rock mass
under such conditions [15].
The above research was focused mainly on thick coal
seams, namely, those that are 3.5–20 m thick; research remains scarce regarding mining UTCSs, namely, those whose
thickness exceeds 20 m. Moreover, all current theories about
how OS move assume that they break only once [16–21].
Rotary instability and sliding instability are two modes of
instability during roof weighting of coal seams with normal
thicknesses [22–24]. However, compared to coal seams with
normal thickness, the strata structures of UTCSs vary
considerably during the mining process. As a UTCS is
mined, the goaf space increases considerably, resulting in a
larger space for movement of OS in the stope. In particular,
UTCSs under SM suﬀer frequent disturbances, a wide range
aﬀected by mining, and a large intensity of mining, thereby
causing more-complicated movements of the OS blocks and
obvious changes in the three-zone structure. The caving zone
becomes increasingly tall and can even reach the ground
surface, thereby causing a large-scale instability break in the
OS structures and posing a severe threat to safe production
in mines [25–28].
From the above discussion, the movement of the OS
during SM of a UTCS requires further research. But in the
history and current situation of UTCS mining worldwide,
there has been only the case of mining UTCS (40 m) through
open-pit mining. For underground coal mining, the maximum mining thickness is about 20 m, and the number of
slices does not exceed 3. The engineering practice and
theoretical research of underground UTCS mining are still at
the exploratory stage, and there is very little to draw from.
Besides, No. 2 coal mine in the Dajing mining area, the
studied area of this paper, is currently at the initial stage of
mining design. No mining plan or SM scheme has been
formulated yet. To achieve scientiﬁc mining of the BM coal
seam (40 m thick), key issues such as SM scheme, roadway
arrangement, surrounding rock control, and equipment
selection must be solved. And to attain these goals, it is
necessary to understand overlying strata movement and the
underlying mechanism in the mining process of UTCS
through basic tests. Therefore, this paper tries to provide
answers to the following two questions: ﬁrst, compared to a
normal coal seam, what are the new features of the
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movements in the OS in a UTCS subjected to repetitious
mining? Second, why do OS blocks break repeatedly in a
UTCS subjected to repetitious mining? To answer these
questions, taking the BM coal seam in the No. 2 coal mine of
the Dajing mining area in the East Junggar coalﬁeld as the
studied target area, we (i) explore features of the fractures in
the OS during mining, (ii) establish a mechanical model of
the OS structure during mining, and (iii) analyze the
mechanism whereby the OS move during mining. This lays a
foundation for controlling the stability of the rocks surrounding the working face in a UTCS.

2. Geological Conditions of Studied Area
The BM coal seam in the No. 2 coal mine of the Dajing
mining area in the East Junggar coalﬁeld, which is a typical
UTCS in the Xinjiang region, was selected for study herein.
This coal mine is a 10-million-ton mine developed and
constructed by the Xinjiang Fukang Energy Development
Co., Ltd. It is located 140 km north of Qitai County and is
around 13 km long from south to north, around 12 km long
from east to west, and occupies an area of 155.8 km2. The
mine has coal reserves of 10,469.7 Mt and a production
capacity of 15 Mt/y. The primarily mined BM coal seam has
an average thickness of 44 m, a tilt angle of 1–3°, and a local
tilt angle of 6°. The BM coal seam has a stable occurrence, a
simple structure including 0–5 layers of tonstein and developed fractures. The primary lithology of the OS with a
ﬂuvial swamp face deposit is light-gray and gray mudstone
as well as silty mudstone. The OS contain UTCSs and
sandstone layers. The immediate roof has an average
thickness of 6.6 m and a lithology of gritstone and ﬁne
sandstone. The main roof has an average thickness of 9.5 m
and a lithology of ﬁne sandstone. There is a layer of ﬁnegranule conglomerate, primarily quartziferous gravel, at the
bottom of the coal seam, which changes gradually into ﬁne
sandstone when moving toward the basin center along the
inclination. The coal seam and underlying Sangonghe formation strata present generally conformable contact and
contact scouring locally. No. 2 coal mining of Dajing mining
area is currently at the initial stage of mining design, and no
mining plan has been developed yet. Figure 1 and Table 1
show a composite histogram of the mine and the mechanical
performance parameters of the strata, respectively.

3. Physical Simulation Experiments of Mining
an Ultrathick Coal Seam
To understand the basic features of OS movement in the
mining process of UTCS and to determine the general rules
of breakage of OS, physical simulation experiments were
conducted on SM of the BM coal seam. As a widely used and
eﬀective means to study OS movement, the physical simulation experiment can realistically and intuitively reﬂect OS
movement, and it is especially ﬁt for the movement and
breakage morphology of a certain stratum or OS block. Its
superiority over other research methodologies has already
been established. Several physical simulation experiments
were carried out in this study, and the purpose of which was

Advances in Civil Engineering

Erathem

Cenozoic
erathem

System

Series

Group

Quaternary Holocene Alluvial-proluvial
sand grains
system
series
Dushanzi
Tertiary
Pliocene
group
system
series
Cretaceous Lower
Tugulu group
system
series

Uppermiddle
series

Mesozoic
erathem

3

Code

Thickness
(m)

Qal+pl
3-4

Lithology

Description

40

Weathered sandstone

Wide distribution and uneven
thickness

N2d

6.7

Sandstone

Gray, current bedding

K1tg

16

Upper
subgroup
J2-3sha

4.2

Gritstone

Local average thickness of 4.2m

10

Mudstone

Light gray, current bedding

7

Interbedded
mudstone-sandstone

Local average thickness of 7 m

9

Sandy mudstone

Light brown, current bedding

3

Siltstone

Light gray, stratiform

4

Medium sandstone

Light gray, massive joint

4

Sandy mudstone

Light brown, current bedding

9.5

Fine sandstone

Gray, current bedding

Main roof

3.6

Gritstone

Local average thickness of 3.6m

3

Fine sandstone

Gray, current bedding

Immediate
roof

44

Coal seam

Bright coal, dull coal

BM Coal seam

4.3

Siltstone

Light gray, stratiform

Immediate
floor

Shishugou group
J2-3sh
Lower
subgroup
J2-3shb

Jurassic
system

Middle
series

Lower
series

Xishanyao group

Columnar
1 : 200

J2X

J1S
Sangonghe group

Maker beds

Interbedded
Local average thickness of 16 m
mudstone-sandstone

Figure 1: Composite histogram of the no. 2 coal mine.
Table 1: Mechanical performance parameters of overlying strata (OS) in the BM coal seam.
No.

Lithology

#1
Weathered sandstone
#2
Sandstone layer
#3 Interbedded mudstone-sandstone
#4
Gritstone
#5
Mudstone
#6 Interbedded mudstone-sandstone
#7
Sandy mudstone
#8
Siltstone
#9
Medium sandstone
#10
Sandy mudstone
#11
Fine sandstone
#12
Gritstone
#13
Fine sandstone
#14
Coal

Thickness (m)
40
6.7
16
4.2
10
7
9
3
4
4
9.5
3.6
3
44

Compressive
Elasticity
Density
Cohesion (MPa)
modulus (GPa) (103 kg·m−3) strength (MPa)
5.0
10.0
16.5
39.7
10.8
17.6
38
16
19.2
38
19.2
42.1
35
13

to accurately and qualitatively describe the OS movement
features in the mining of UTCS and to lay the basis for the
subsequent SM planning of the coal mine.
3.1. Test Model and Scheme. The physical model has layout
dimensions of 1.3 m (length) × 0.3 m (width) × 1.2 m
(height). The primary similarity coeﬃcients of the model
were determined as follows using three similarity theories: a
geometry ratio of 1 : 135, a volume-to-weight ratio of 1 : 1.67,
a time ratio of 10, and a material-strength similarity ratio of

1.7
2.3
1.9
2.7
1.7
1.9
2.5
2.1
2.5
2.5
2.4
2.7
2.6
1.5

/
5
32.8
54.8
25.7
34.9
23
39
43.2
23
50
56.3
56.6
18.3

0.5
1.1
8.3
23.6
1.6
12.6
2.5
10.5
14.8
3.5
4.5
23.9
23.1
1.54

Internal
friction
angle (°)
/
28
38
36.5
38.5
39
32
35
40
32
40
36.5
37.5
30

1 : 225. Boundary coal pillars with a width of 15 cm were set
at both sides of the model. The coal seam was mined layer by
layer with a mining length of 100 cm, which equates to an
actual mining length of 135 m. The mining height of the coal
seam was 30 cm, which equates to an actual mining height of
40 m. Figure 2 shows the entire model.
The layer-by-layer mining mode was considered as
follows: the coal seam was mined in six layers: the ﬁrst four
of which were each mined by 5 m height, and the remaining
two were each mined by 10 m height. The open-oﬀ cut of the
coal seam was located at the right-hand side of the model.
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comparison that the SB of masses in the #11 ﬁne sandstone
was divided into two types. One was caused by squeezing the
OS under static exposure and hanging of the masses; this
type of breakage occurred mainly in the early stage of OS
movement during the SM of the UTCS. The other type was
related to collision impact during unstable falling of the
masses; the latter occurred mainly in the latter stage of OS
movement during the SM.

4. Mechanism for Secondary Breakage of
Overlying Strata Blocks in an Ultrathick
Coal Seam
Figure 2: Physical model simulating the mining of an ultrathick
coal seam (UTCS).

The working face was mined from the right to left with a
mining length of 4 cm, which equates to an actual mining
length of 5.4 m. After completing the mining of each layer
and ensuring that the OS were stable, mining began on the
next layer with the open-oﬀ cut right below that of the layer
above. Each layer was actually mined 25 times, and the
UTCS model was mined 150 times in total.
3.2. Test Results. Figure 3 shows the process of OS movements during the physical simulation experiments of a coal
seam being excavated. The OS movement patterns were
clearly the same in the initial SM of the UTCS as in the
mining of a coal seam with normal thickness. Obvious
phenomena of ﬁrst weighting and periodic weighting occurred in the #11 ﬁne sandstone (main roof ). As shown in
Figures 3(a) and 3(b), as the SM of the UTCS progressed, the
goaf space increased considerably. If the failed rock mass
below the key #11 ﬁne sandstone could support the latter
eﬀectively, then the key stratum remained structurally stable
during the periodic SM. As shown in Figure 3(c), if the failed
rock mass below the #11 ﬁne sandstone could not support
the goaf as the number of slices being mined increased,
structural instability would occur in the #11 ﬁne sandstone.
As shown in insets I and II in Figure 3(c), when the working
face on the third slice was driven forward from the open-oﬀ
cut to 36 m, some parts of the #11 ﬁne sandstone broke
again. Following structural instability, two fractures formed
in the OS, reaching the ground surface along the direction of
the caving angle of the strata on the two sides of the working
face. As the SM continued, because of repetitive mininginduced impact, the masses in the #12 and #13 strata near the
goaf were in a disordered state (Figure 3(d)). Moreover, as
the SM became thicker, the height of the disordered OS
increased. In the stoping of the last two slices, some masses
of the #11 ﬁne sandstone broke again because of the large
mining space and the repeated disturbances caused by the
SM, as shown in Figures 3(e) and 3(f ). Insets I and II of
Figure 3(f ) show the free-fall breaking of the masses as the
working face was driven forward to 44 m. Taken together, in
the SM of the entire UTCS, the #11 ﬁne sandstone as the
main roof underwent breakage-hinged stability-instabilitysecondary breakage (SB) successively. It was easy to ﬁnd by

Based on the results of the physical simulation experiments
in Section 3, to reveal in more detail the mechanism for SB in
the OS blocks of a UTCS, further research was performed on
the SB under the eﬀects of static loading and impact loading
from a mechanical perspective.
4.1. Secondary Breakage of Overlying Strata Blocks under Static
Loading. According to the research results, the SB of OS
blocks under static loading occur mainly in the following
situation: after the instability of the hinge structures in the
blocks, the blocks present as a cantilever structure (as shown
in Figure 4). As the mining of the coal seam proceeds, its
hanging length increases and the extent of the underlying
strata supporting the blocks reduces, causing a rapid increase in the tension stress suﬀered by the side walls of the
OS blocks. When the maximum tension stress exceeds the
limit load, tension breaks occur in the blocks.
Figure 4 shows that the stress and the structure in the
mechanical model of the stope is symmetrical, and therefore,
only the right-hand half of the model is analyzed. When the
OS blocks undergo the cantilever-type SB, both ends are
considered as free, and the stress in the OS blocks is considered as a uniformly distributed load q. Therefore, the
simpliﬁed mechanical model shown in Figure 5 is
established.
The model is a statically determinate structure. The
bending moment suﬀered by the blocks is as follows:
1
(1)
M �  gHx2 ,
2
where c (kN/m3) is the volume force of the OS and H (m) is
the height of the overlying load. The maximum bending
moment appears at the left-hand end of a hanging block,
where x � lx with a maximum value of
1
(2)
Mmax �  cHl2x ,
2
where lx (m) is the length of the hanging block. From the
cantilever-beam calculation, the maximum tension stress
σ max is
σ max �

6 ×(1/2)cHl2x 3cHl2x
�
,
h2
h2

(3)

where h (m) is the block thickness. When the maximum
tensile stress suﬀered by the block reaches the tensile
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Figure 3: Continued.
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Figure 3: Structural evolution of overburden when slicing mining (SM) a UTCS: (a) ﬁrst SM; (b) second SM; (c) third SM; (d) fourth SM; (e)
ﬁfth SM; (f ) sixth SM.

Fractured zones
Hung block
Supporting rock mass

Caving zones
Mining height 40m

Slicing mining coalface

Figure 4: Schematic of the cantilever structure of broken blocks.

simulation experiments, during the latter stage of SM, there
is little variation in the loads acting on the bedrock of broken
blocks given that the lengths of the broken blocks have
already reached their limit spans. Meanwhile, as the mining
space expands longitudinally, the SB of blocks in the OS
under impact loading occurs more often during the latter
stage of SM.
Figure 3(f ) shows that when breaking occurs because of
OS blocks falling freely, the adjacent ends of two blocks
cannot form a hinged structure; thus, the blocks lack the
horizontal constraints of the OS on their left- and right-hand
sides. When the working face advances behind the blocks,
there is no fulcrum to constrain their ends and thus they fall
freely. The process of free-fall block breaking is divided into
three main parts: the initial state, the free-fall process, and
the collision and breaking process.

q
x

o
lx

Loose rock mass

y

Coalseam
seam
Coal

Figure 5: Mechanical model of periodic weighting on key strata.

strength RT , SB occurs in the OS block, i.e., the discriminant
of the SB of a block in the OS under static loading is
3cHl2x
≥ RT .
h2

4.2.1. Initial State. When a block falls from height h1, the
falling time is so short that the load of the OS is deemed to
have always acted on the block, as shown in Figure 6. The
initial conditions are initial speed v0 � 0 and acceleration
a � g.
4.2.2. Free Fall. If the tilt angle of the block is relatively
small, each part of the lower surface of the block is deemed to
reach the underlying rock mass at the same time, at which
time the speed of the block has increased from zero to v1 , as
shown in Figure 7. This speed is obtained from the kinetic
energy as
����
(5)
v1 � 2gh1 .

(4)

4.2. Secondary Breakage of Overlying Strata Blocks under
Impact Loading. According to the results of the physical

4.2.3. Collision. After collision, the block continues to move
downward, compressing the loose rock mass and therefore
decelerating the block. Once the OS and the block are at rest,
the loose rock mass is fully compressed with maximum
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Load of overlying strata

l
ck
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Loose rock mass

h1

h2

Spring
Coal seam

Loose rock mass

Figure 8: Collision process of the block in the free-fall situation.

Coal seam

δmax �
Figure 6: Initial state of the block in free-fall situation.

and the maximum compression stress σ that the falling block
suﬀers is
���������������������
F
h
(10)
σ � � ρgh + (ρgh)2 + 2 1 Eρg(H + h).
h2
l

Falling block
Loose rock mass
Coal seam

The block is crushed if σ is equal to or greater than σ c,
where σ c is the compressive strength of the falling block.

5. Discussion

Figure 7: Free-fall process of the block.

compression δmax. Therefore, the loose rock mass can be
simpliﬁed as a spring, as shown in Figure 8. The elastic
coeﬃcient k of the spring is
El
k� ,
(6)
h2
where E (MPa) is the average modulus of elasticity of the
underlying loose rock mass, l (m) is the length of the falling
block, and h2 (m) is the thickness of the loose rock mass,
i.e., the distance from the key stratum to the coal seam.
From collision to maximum compression of the loose
layer, the work done by the block’s weight is mgδmax and that
done by the restoring force of the loose layer is −kδ2max /2. At
this time, the other blocks in the OS are at rest. It can be
obtained from the kinetic energy as follows:
lv21
kδ2
 � ρh lg δmax − max ,
2
2

(8)

The maximum restoring force F that the spring provides
for the falling block is therefore
�����������������������
h
F � kδmax � ρghl + (ρghl)2 + 2 1 Eρgl2 (H + h), (9)
h2

Velocity v1

0 − ρ(H + h)

����������������������
ρghh2
h
+  2  (ρghl)2 + 2kρgl(H + h)h1 .
E
El

(7)

where ρ (kg/m3) is the average density of the block, the
overlying load layer δmax (m) is the maximum compression
of the rock mass, and k is the elastic coeﬃcient of the spring.
Then, δmax is calculated as

The mechanism for the SB of blocks in an OS under repetitious mining of a UTCS is now basically clear. To obtain
relationships between various inﬂuential factors and the SB
of blocks, the following research was conducted to supplement the research achievements described in Section 4.
Given a tensile strength RT of the rock mass of 5 MPa and an
average value of c of 2.5 × 104 N/m3, distributions of the
stresses suﬀered by hanging blocks are plotted in Figure 9.
Taking a compressive strength σ c � 30 MPa for the rock
mass, an average density ρ � 2.5 × 103 kg/m3, and an elastic
modulus E � 500 MPa for the underlying rock mass, the
stress of the falling rock mass is plotted in Figure 10
according to equation (9).
From the factors inﬂuencing the SB of OS blocks under
static loading as shown in Figure 9, block breakage is closely
related to lithology, block length, block thickness, and the
load of the OS. The maximum tension stress suﬀered by a
block under static loading increases with the length of the
hanging block and the load height of the OS but decreases
with the block thickness. When the tension stress increases
to a certain critical value, the block undergoes SB. Taking a
rock mass with a tensile strength RT � 5 MPa as the example,
blocks below the critical line in Figure 10 are stable, whereas
those above it will break.
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Figure 9: Variation of maximum tensile stress on the hanging block with lx for diﬀerent values of H and h: (a) block thickness h � 15 m;
(b) load height H � 100 m.
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From the factors inﬂuencing the free-fall breaking of
blocks as shown in Figure 10, the maximum compressive
stress suﬀered by a block when falling and colliding increases
with the fall height of the block and the load in the OS,
decreases with the thickness of the underlying brokenexpanded rock mass, and is little aﬀected by the thickness
and length of the block. When the compressive stress increases to a certain critical value, the block undergoes SB.
Taking a rock mass with a compressive strength σ C � 30 MPa
as the example, blocks below the critical line are stable,
whereas those above it will break.
Actually, when mining a UTCS, most of the OS blocks
experience SB simultaneously under both static and impact
loading and even cyclic SB under either alternating static and
impact loading or repeated impact loading. However, the
key to controlling the stability of the OS lies in guaranteeing
that there will be no SB in the blocks therein. Building on the
present research results, accelerating the mining appropriately during the actual production process could reduce the
hanging length of the OS blocks to a certain extent, thereby
lessening the tendency for blocks to undergo SB and enhancing the stability of the surrounding rocks. A typical
coalﬁeld in Xinjiang was studied herein to conduct a preliminary exploration of the mechanical mechanism for SB in
the OS. Therefore, assessing the validity of the present research results will require a ﬁeld survey in the East Junggar
coalﬁeld in subsequent SM. When designing new mines
intended for SM, other than the gradual accumulation of
experience, measures such as (i) reducing the height of the
upper layer and increasing the height of the lower layer in
SM, (ii) recording roof dynamic loads, and (iii) gathering
data about the support load in the mining stope could oﬀer
enhanced control of the stability of the surrounding rocks
during SM of UTCSs.

6. Conclusion
The present aims are possible problems of the OS with a large
mining space subjected to repeated disturbances during the
mining of a UTCS, including repeatedly broken strata and
the existence or inexistence of the structure. Taking the BM
coal seam in the No. 2 coal mine of the Dajing mining area in
the East Junggar coalﬁeld as the studied target area, physical
simulations were performed to discern the laws governing
the movements of the OS when mining a UTCS. Features of
the dynamic changes in the OS of a UTCS under repeated
mining disturbances were presented, and two basic forms of
the SB of blocks were concluded along with their primary
features. To reveal the mechanical nature of SB and to investigate general laws for it, mechanical models were constructed of OS blocks undergoing SB subject to either static
or impact loading, and mechanical criteria were obtained for
the SB of those blocks. The research reported shows that,
under static loading, the SB of the OS blocks involves tensile
fracture of a cantilever structure once the blocks become
unstable. It is easier for SB to occur in OS blocks with longer
hanging length, shorter height, and higher load from the OS.
Under impact loading, SB of the OS blocks occurs mainly
because of kinetic energy released from the OS during the

9
collision process. The key factors that control whether SB
occurs in the OS blocks under impact loading are (i) the fall
height, (ii) the load of the OS, and (iii) the thickness of the
underlying broken-expanded rock mass.
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With the development of coal mining and the continuous expansion of mining intensity, large dip angle comprehensive
mechanized coal mining as an important development direction and goal has become a worldwide research topic in the coal
industry. The working face faces many production problems that need to be solved, such as the large-angle downhill mining, the
large-angle uphill mining, and other complicated geological conditions (such as skew, anticline, and fault). In view of the above
problems, with the speciﬁc conditions of Xinji No. 2 Mine, through the physical similarity simulation, the research on the roof
movement law of the fully mechanized mining face under the mining conditions of large dip angle (depression angle and elevation
angle are more than 40° and 20°, respectively) is studied. The distribution law of abutment pressure, movement law, and
distribution range of water-conducting fracture zone after mining are emphasized. Meanwhile, the paper analyzes and compares
the related mining pressure law of inclined longwall fully mechanized mining face under general conditions, forming a systematic,
comprehensive, and scientiﬁc understanding of the law of mining pressure under such conditions. This achievement is of great
signiﬁcance to the prevention and control of water, support design, safety production, environmental improvement, improvement
of enterprise eﬃciency, and advancement of coal science and technology.

1. Introduction
1.1. Purpose and Signiﬁcance of the Research. Mine pressure
refers to the force formed in the surrounding rock mass of
roadway and chamber, acting on its support due to the inﬂuence of mining activities. It is also called secondary stress or
engineering disturbance force in related disciplines. After
excavating roadways in rock mass, the stress redistribution
will inevitably occur in the surrounding rock of roadways. In
general, the increased tangential stress on both sides of the
roadway is called abutment pressure. After a coal seam is
mined, the original stress balance state around the goaf is
destroyed, resulting in the redistribution of stress, deformation, destruction, and movement of rock strata, and
mine pressure will further lead to the movement and subsidence of strata and gradually develop to the upper strata,
which will eventually lead to surface movement and subsidence. This process and phenomenon is called the movement of overlying strata. In some mines with long mining

time or complicated geological conditions, with the increase
of mining intensity and years, the reserves of working face
that meet the conditions of conventional fully mechanized
mining are gradually reduced or even depleted [1–5]. Among
the remaining reserves of blocks and coal pillars, there are
more complicated geological conditions with a large dip angle
coal seam. The current development level of coal seam mining
with a large dip angle (including strike angle) is much lower
than that of gently inclined coal seam, and there are a series of
unsolved basic technical problems. Therefore, it is very
necessary and urgent to study the mining method of a large
dip angle coal seam (including strike angle).
The overall situation of coal mining in China is to
transfer to the west. More than 50% of the coal mines in the
west are mining large dip angle coal seams, such as Sichuan,
Chongqing, Yunnan, Guizhou, Xinjiang, Gansu, and
Ningxia, in major coal-producing provinces (districts).
Large dip angle coal seams are the main coal seams in many
mining areas or mines in the west of China; the second trend
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is the transfer of coal mining to deep areas. With the depletion of coal resources in the central and eastern regions,
coal mining is gradually shifting to the deep and complicated
geological structure areas, the production conditions are
deteriorating, the coal seam dip is enlarged, and the large dip
angle coal seams, especially local large dip angle coal seam
reserves, account for a large part [6–11]. Therefore, the
research on the large dip angle fully mechanized mining
technology under complicated conditions is carried out;
the key technologies of roof mining management during
large dip angle mining, especially the large-angle uphill and
downhill mining, should be found, and the adaptability of
the general fully mechanized mining equipment during
large dip angle mining, especially the large-angle uphill and
downhill mining, also should be studied, forming a complete set of the large-angle mechanized mining technology
system. It is of great signiﬁcance to improve the overall
technical level of the large dip angle coal seam mining and
promote the overall progress of the coal industry to set up a
model of safe and eﬃcient production mine under complicated conditions.
At present, for the mining of large dip angle working
face, ﬁrstly, our understanding of the mining pressure law
roof control theory and support design ideas are still on the
basis of gently inclined coal seams; secondly, what kind of
mine pressure law is presented is a lack of systematic and
comprehensive understanding. With the increase of the dip
angle of the working face, what is the particularity of roof
collapse and caving law in coal seam mining? Under the
above circumstances, compared with gently inclined coal
seams, what are the diﬀerences between the immediate roof
and the main roof in the distance of periodic roof pressure,
the characteristics of periodic roof pressure, and the stress
distribution characteristics of the hydraulic support? How
can we eﬀectively support the roof in these circumstances?
How can we ensure the stability of the working face
equipment? These are major issues related to production
that need to be solved.
The E1108 working face of Xinji No. 2 Coal Mine has
complex geological conditions, such as fold structure, large
dip angle of the coal seam, and a maximum dip angle of
45°.The coal mining method is the pseudodownhill mining
method in the inner section, the pseudouphill mining
method in the outer section, the maximum downhill
mining angle is 42°, and the maximum uphill mining angle
is 25°, and more than ten faults are exposed in the working
face. The poor production conditions in the working face
will inevitably lead to the decline of advancing speed,
resulting in the imbalance of mine production capacity.
The geological conditions of the working face are extremely rare in the entire Huainan mining area, and the
mine technology and management personnel have no
experience in coal mining under such geological conditions. Therefore, in view of the above problems, under the
speciﬁc conditions of Xinji No.2 Coal Mine, the roof
movement law and roof weighting law of the fully
mechanized mining face under the conditions of high dip
angle (depression angle and elevation angle are more than
40° and 20°, respectively) are studied by physical similarity
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simulation so as to create conditions for high-eﬃciency
mining of the working face.
1.2. Current Research Situations. As early as 1970s, the
former Soviet Union conducted some research on the
mining of large dip angle coal seams and studied various
types of fully mechanized mining supports and coal mining
machines used in mining uphill and downhill at the largeangle working face, which laid the basic scientiﬁc and
technological foundation for coal seam mining. The proportion of comprehensive mechanized coal mining in
countries outside China has reached 80–90% in the early
twentieth century. Therefore, highly mechanized and automated mining methods and techniques are the development trend of coal mining. The research on mining
technology uphill and downhill at the large-angle working
face outside China is mainly focused on the mining
equipment [12–19].
According to the published literature and achievements,
the occurrence conditions of coal seam in countries outside
China are relatively simple, and the research on large-angle
fully mechanized mining technology is mainly focused on
mining equipment [20–22]. There are few systematic studies
on the mining theory and technology, and the level is not
high. Overall, however, China has achieved some results in
some mining areas through theoretical research and ﬁeld
practice. However, there are few systematic studies on mining
theory and technology, and the level is not high. How to
achieve eﬃcient and safe mining on fully mechanized coal
mining face under the conditions of pitching, tilting, and
large-angle longwall mining face has its particularity in
mining technology, and there is no successful precedent for
achieving high productivity and high eﬃciency in coal mine
enterprises at home and abroad. It can be said that the
comprehensive safety support technology of mining uphill
and downhill at the large-angle working face has not yet
achieved real success in China, and the main reason is that the
basic problems of fully mechanized mining technology in the
large dip angle coal seam have not been completely solved.
The successful research of this subject can eﬀectively
utilize the core technology of fully mechanized coal mining
to achieve high productivity and high eﬃciency in coal mine
enterprises under complex geological conditions of large dip
angle coal seams (including large-angle uphill and downhill
mining) and has a good prospect of popularization and
application.

2. Physical Simulation Experimental Program
2.1. Experimental Objective. The essence of the physical
similar material simulation method is to make the model of
the mine rock layer (within the scope of the study) with
similar materials according to the similarity principle and
then to “mine” the actual situation of coal seam simulation
in the model, and to observe the movement, deformation,
and destruction of rock strata caused by “mining” in the
model. According to the displacement and deformation of
the model, the deformation and failure of the rock strata in
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the ﬁeld are analyzed and deduced, and the stress distribution law of the surrounding rock is studied [23–27].
The main purpose of this experiment is as follows:
(1) Through the physical similarity simulation, the law
of roof movement and the law of roof pressure in the
large-angle fully mechanized working face under
uphill and downhill mining are revealed, the roof
movement law and the law of roof pressure in a
generally inclined longwall fully mechanized working face are compared and analyzed, and the particularity of the roof activities in the large-angle fully
mechanized working face is summarized
(2) Through the physical similarity simulation, the
overlying strata activity law during the large-angle
fully mechanized working face is revealed, and the
water-conducting fracture zone is found out, which
provides the basis for water prevention and control
in working face

2.2. Experimental Principles
2.2.1. Similarity Theory. The success of similar simulation
experiments often depends on the degree of satisfaction of
the similar conditions of the model and the prototype. The
similar simulation experiment is to use the material with
similar mechanical properties as the prototype, simulate the
rock mass and the vein according to a certain geometric
ratio, and carry out the excavation. Under the similar
boundary and initial conditions, it will cause the similar
ground pressure phenomenon in the corresponding period
of time. Through the measurement and analysis of its laws,
the basis and improvement ways are put forward for improving excavation technology, preventing accidents and
selecting mining methods. Similar conditions are observed
when planning simulation tests. According to the requirements of general physical phenomena similarity, the
following basic similar conditions should be met between
the model (″) and the prototype (′):
(1) Geometric similarity:
l1′
l″

l2′

�

l″2

1

� . . . � cl .

(1)

(2) Kinematic similarity:
t1′
t″

�

1

t2′
t″2

� . . . � ct �

√��
cl .

(2)

From which we can derive (m1′/m″1 ) � (m2′/m″2 ) �
. . . � cm � cr · c3l .
(5) External force similarity:
cF � cr · c3l .

(5)

On the basis of satisfying the above conditions, the laying
model and the location of ore veins in the model must also
satisfy the similarity of boundary conditions. The uniaxial
compressive strength indexes of similar simulated materials
and original rocks are listed in Table 1.
The geometric ratio of the model is cl � 1 : 200, and the
bulk density of the model material is cr � 1.5 t/m3.
(6) Time similarity:
αt �

t H √�
� α,
tm

(6)

where tH is the time spent on the prototype and tm is
the time spent on the model.
(7) Calculation of the advancement speed of the working
face on the model:
calculated by the time ratio formula
√�� √���
tH /tm � αL � 200 � 14.14, tm � tH /14.14, the
actual working hours on the prototype are actually 24
hours, while the actual working hours on the model
are calculated on the basis of the above formula.
24
(7)
tm �
� 1.69 hours � 102 minutes.
14.14
The working face is pushed 2.4 m per day, which takes
about 102 minutes to cut 3 footage. On the model, the
working face is stoped every 17 minutes and pushed 0.2 cm
with one footage. At this speed, the model is excavated until
the stopping line of the working face.
2.2.2. Overall Design of Physical Similarity Model (along the
Strike Proﬁle)
(1) A physical similarity model is established. The model
height includes part of the overlying strata of the
11–2# coal. The width of the model can be simultaneously satisﬁed so that the 11–2# coal working
face can be fully mined and not aﬀected by the
mining boundary.
(2) The excavation of the working face was carried out to
analyze the law of mine pressure in the direction of
mining of 11–2# coal seam.

(3) Stress similarity:
cp � cr · cl ,

(3)

where cr is the ratio of bulk density.
(4) Dynamic similarity:
F�m

dv
.
dt

(4)

2.3. Experimental Requirements. The site location of physical
similarity simulation experiment is E1108 working face of
Xinji No. 2 Mine. The speciﬁc design requirements of the
model experiment are as follows:
(1) The preparation of similar simulation materials is
made according to the strength of rock and rock
mass provided by Xinji No. 2 Mine.
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Table 1: Mechanical parameters of coal and rock mass by similar materials.

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

Compressive Cohesion Internal friction
Elastic modulus
Density
angle (°)
(GPa)
103 (kg m−3) strength (MPa) (MPa)
Mudstone
10.2
1.7
41.52
1.22
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Medium coarse-grained sandstone
19.2
2.4
58.52
4.5
40
Mudstone (containing variegated mudstone)
11.6
1.8
42.90
0.69
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Mudstone
10.2
1.7
41.52
1.22
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Mudstone (sandy mudstone)
11.6
1.8
42.90
0.69
39
Mudstone
10.2
1.7
41.52
1.22
39
Sandstone and mudstone
11.6
1.8
42.90
0.69
39
Mudstone
10.2
1.7
41.52
1.22
39
Sandy mudstone
11.6
1.8
42.90
0.69
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Mudstone
10.2
1.7
41.52
1.22
39
Sandy mudstone
11.6
1.8
42.90
0.69
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Mudstone
10.2
1.7
41.52
1.22
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Mudstone
10.2
1.7
41.52
1.22
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Mudstone
10.2
1.7
41.52
1.22
39
Siltstone
16
2.1
52.16
10.5
35
Sandy mudstone
11.6
1.8
41.52
0.69
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Sandy mudstone
11.6
1.8
41.52
0.69
39
Fine sandstone (including mudstone)
35
2.6
64.09
23.1
37.5
Mudstone
10.2
1.7
41.52
1.22
39
Sandy mud (including mudstone)
11.6
1.8
42.90
0.69
39
Mudstone
10.2
1.7
41.52
1.22
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Mudstone (with a small amount of ﬁne sandstone)
11.6
1.8
41.52
0.69
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Sandy mudstone
11.6
1.8
42.90
0.69
39
Siltstone
16
2.1
52.16
10.5
35
Mudstone
10.2
1.7
41.52
1.22
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Mudstone
10.2
1.7
41.52
1.22
39
Sandy mudstone
11.6
1.8
42.90
0.69
39
Mudstone
10.2
1.7
41.52
1.22
39
Piebald mudstone
10.8
1.7
42.05
1.02
39
Fine-grained quartz sandstone
35
2.6
64.09
23.1
37.5
Sandy mudstone
11.6
1.8
42.90
0.69
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Mudstone
10.2
1.7
41.52
1.22
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Sandy mudstone
11.6
1.8
42.90
0.69
39
Mudstone
10.2
1.7
41.52
1.22
39
Mudstone (containing ﬁne sandstone)
11.6
1.8
42.90
0.69
39
Sandy mudstone
11.6
1.8
42.90
0.69
39
13–1# coal seam
2.61
Mudstone
10.2
1.7
41.52
1.22
39
Sandy mudstone
11.6
1.8
42.90
0.69
39
Mudstone
10.2
1.7
41.52
1.22
39
Piebald mudstone
10.8
1.7
42.05
1.02
39
Sandy mudstone
11.6
1.8
42.90
0.69
39
Fine sandstone
35
2.6
64.09
23.1
37.5
Sandy mudstone
11.6
1.8
42.90
0.69
39
Medium sandstone
19.2
2.4
55.86
4.5
40
Mudstone
10.2
1.7
41.52
1.22
39
Lithology
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Table 1: Continued.

No.

Lithology

60
61
62
63
64
65
66
67
68
69
70

Fine sandstone
Sandy mudstone
Fine sandstone
Mudstone
Sandy mudstone
Mudstone
Fine sandstone
Mudstone
11–2# coal seam
Mudstone
Fine sandstone

Elastic modulus
Density
Compressive Cohesion Internal friction
(GPa)
103 (kg m−3) strength (MPa) (MPa)
angle (°)
35
2.6
51.47
23.1
37.5
11.6
1.8
42.17
0.69
39
35
2.6
72.51
23.1
37.5
10.2
1.7
44.52
1.22
39
11.6
1.8
43.62
0.69
39
10.2
1.7
45.98
1.22
39
35
2.6
43.71
23.1
37.5
10.2
1.7
34.06
1.22
39
2.61
10.2
1.7
23.67
1.22
39
35
2.6
64.09
23.1
37.5

(2) According to the occurrence of ore bodies and the
scope of the experiment area to be mined, the ratio of
the model is 1 : 200.
(3) The model is carried out on a plane strain model
frame, and the size of the model body is
2.5 × 0.2 × 1.16 m in length × width × height, and the
actual height of the simulated prototype is 232 m
(201.7 m in thickness above the roof of 11–2# coal
seam) and 500 m in length.
(4) During the mining process, the stress and displacement around the model are relatively stable
after the ﬁrst mining is completed at the interval of
each mining, and then, the second mining is carried
out.
(5) During the mining process, after each mining, an
eﬀective stress and displacement measurement will
be carried out after the surrounding stress and
displacement are relatively stable.
(6) The tool used in the model excavation is a shovel. The
shovel is composed of shovel cutter and long handle.
The length and width of shovel cutter is
10 cm × 2 cm. The shovel is suitable in size. It can
eﬀectively control the speed of model excavation and
ensure that the excavation process conforms to the
actual situation.
(7) The pressure box manufacturer is self-made by the
State Key Laboratory of Coal Resources and Safe
Mining of China University of Mining and Technology. It meets the accuracy and range requirements. Each pressure box has passed the check
process to ensure that the monitoring data are true
and reliable.
2.4. Experimental Equipment and the Modeling Process.
The plane stress model is adopted in the model. When the
model is mined, the coal rock mass is regarded as an inﬁnite
boundary condition. The boundary conditions of the model
are as follows: the stress boundary conditions are selected at
the top of the model, the displacements in left and right
directions are ﬁxed, the horizontal and vertical displacements of the lower boundary are ﬁxed, and the self-weight of
the overlying strata is imposed on the upper part of the

model according to the uniform load. The model height
includes part of the overlying strata of the 11–2# coal. The
width of the model can be simultaneously satisﬁed so that
the 11–2# coal working face can be fully mined and not
aﬀected by the mining boundary. Therefore, the boundary
conditions of the model meet the actual production requirements and have no eﬀect on the data analysis.
According to the drilling comprehensive column diagram and coal and rock mechanics parameters of Xinji No. 2
Coal Mine, the ratio of similar simulation materials is determined. According to the coal and rock conditions,
monitoring lines and distribution maps of measuring points
of similar simulation experiments, as shown in Figures 1 and
2, the model is laid according to the design requirements.
According to the experimental conditions and the climate characteristics of Xuzhou, the wet model was used in
this experiment. According to the similar material ratio
table, the materials are weighed, mixed well, and layered in
the model frame. Mica powder is added between the layers as
natural bedding. The model must be dried for a period of
time before being excavated, usually about 10 days. If there is
a rainy day, it should be dried for at least 15 days.
During the laying process, the pressure sensors are
arranged in two layers. The ﬁrst layer is arranged in the ﬂoor
of the coal seam, and the second layer is arranged in the ﬁfth
layer above the coal seam (as shown in Figure 1). After 10
days of drying, the displacement sensors are arranged
according to the designed position. In order to observe the
movement of the overlying strata in the mining process, four
displacement monitoring lines are arranged in the model.
The ﬁrst and second measuring lines are arranged in the
downhill mining section, the third measuring line is
arranged in the synclinal axis, the fourth measuring line is
arranged in the uphill mining section, and each monitoring
line is provided with 3-4 displacement sensors (the actual
arrangement of the displacement sensor is shown in Figure 2
and Table 2). After the 7th day, the test system began to be
debugged. The experimental data were collected and
recorded by the TS3890 static strain measuring and processing instrument, as shown in Figure 3.
When the vertical and horizontal stresses are added to
the design level, the vertical stress to be compensated for this
model is 0.03 MPa, and the data acquisition begins. The data
are automatically collected, collected every 9 s, and the
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Stopping mining line

Beginning mining line

–520m

–520 m

–540m

–540 m

–560m

–560 m

–580m

–580 m

–600m

–600 m

–620m

–620 m

Figure 1: Distribution of coal and rock strata in physical similarity simulation experiment.

Figure 2: Layout of the displacement sensor.
Table 2: Placement of the displacement sensor.
First measuring line
Second measuring line
Measuring point number
1
2
3
4
5
6
7
Rock layers
Seventh Thirteenth Seventeenth
Seventh Thirteenth Seventeenth Twenty-third
Distance from the left
93
105
109
181
181
189
193
boundary(m)
Distance from the lower boundary
103
129
156
73
103
121
169
(m)
Third measuring line
Fourth measuring line
Measuring point number
8
9
10
11
12
13
14
15
Rock layers
Seventh Thirteenth Seventeenth Twenty-third Seventh Thirteenth Seventeenth Twenty-third
Distance from the left boundary
263
263
255
193
379
379
375
375
(m)
Distance from the lower boundary
31
65
89
139
73
109
125
173
(m)

started according to the design requirements, and the data
are continuously collected during the excavation process
until the end of the experiment. Since the displacement
sensor is mounted on the surface of the model, and some of
them are mounted on the part to be excavated, these sensors
move during excavation but do not aﬀect the experimental
results and their analysis.
Figure 3: TS3890 static strain measuring and processing
instrument.

3. Experimental Results and Analysis

collected data are compared with the previously collected
data. Finally, when the collected data are stable, it is used as
the initial reading and stored in the disk. Excavation is then

3.1.1. Activity Lows of Rock Strata during Mining of the
Downhill Mining Section. A 2.5 cm (corresponding to 5 m of
the prototype; hereinafter referred to the prototype values)

3.1. Activity Lows of Rock Strata during Mining
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open-oﬀ cut was excavated at a distance of 25 cm from the
left boundary of the model. With the advancement of the
working face, the hanging area of the immediate roof
gradually increased. As the working face was advanced by
12.5 m, the bed separation of immediate roof strata started
and vertical microfractures occurred. When the working
face was cumulatively advanced by 20 m, the immediate roof
reached its limit span and started the initial caving, but the
hanging immediate roof did not cave completely. Complete
caving of the immediate roof was observed after the cumulative advancement of the working face reached 22 m
(Figure 4).
When the working face was advanced by ∼46.5 m ahead
of the open-oﬀ cut, the bed separation and bending subsidence of the main roof were intensiﬁed. A relatively distinct separation and bending subsidence zone was located in
the left-of-center of the hanging part of the main roof. As
observed in the experiment, the caving rocks of the immediate roof had formed eﬀective support for the main roof.
The initial weighting of the main roof was determined, with
an interval of 46.5 m.
When the working face was advanced by 70.9 m ahead
of the open-oﬀ cut, the fourth caving occurred in the
immediate roof strata, with an interval of 17.4 m (intervals
of the second and third caving were 16.7 and 14.8 m, respectively). Above the coal seam, the bed separation was
intensiﬁed in the 2nd layer, while slight separation occurred in the 3rd and 4th layer. The 2nd, 3rd, and 4th layers
showed a consistent tendency of separation and subsidence. These three layers represented the main roof in the
design (Figure 5).
When regular periodic caving occurred in the immediate
roof strata, there were also dramatic changes in the main
roof and overlying strata. When advanced by 93.4 m ahead
of the open-oﬀ cut, the working face entered an area in the
angle of depression of at least 30° from that within 17°. When
the working face was advanced by 132 m ahead of the openoﬀ cut, the bed separation in the 5th layer above the coal
seam was generally consistent with that observed in the main
roof (i.e., 2nd to 4th layers), while the 8th and 9th layers
showed slight separation. The 6th and 7th layers exhibited a
consistent trend of deformation, belonging to combined
deformation. The separation interval between the 7th and
8th layer was ∼200 mm; the separation interval between the
5th and 6th layer was ∼600 mm; and the separation interval
between the 4th and 5th layer was ∼700 mm. The 2nd to 4th
layer (i.e., main roof ) belonged to combined deformation.
Additionally, vertical fractures appeared at the leftmost side
of the 2nd and 3rd layers in the roof above the goaf (above
the open-oﬀ cut).
When the working face was advanced by 140 m, a large
area of breakage appeared at the left end of the 2nd and 3rd
layers, with periodic weighting of the main roof and a caving
length of 28 m. At this point, the separation interval between
the 4th and 5th layer reached 1900 mm (Figure 6).
Generally, the downhill mining section could be subdivided into two sections according to the angle of depression. The front section had a smaller angle of depression
(with an average of ∼17°) and a length of ∼86.8 m, while the
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rear section had a larger angle of depression (with an average
of ∼35°) and a length of ∼117 m. After the main roof caved
thoroughly in the front section, the most prominent bed
separation was observed in the upper part of the rear section
50 m from the coal wall; the separation interval between the
3rd and 4th layer had expanded to ∼600 mm, the separation
intervals between the 6th and 7th layer reached ∼400 mm,
and the separation of the 8th layer was aggravated. In the
front section, the bed separation between the 5th and 6th
layer was obviously closed. At this point, bed separation in
the front section had developed upwards to the 10th layer
above the coal seam.
When the cumulative advancement of the working face
reached 146 m, the main roof strata partially presented
rotary instability, with a large area of breakage. The length of
the breakage was ∼30 m, and the breaking strata were
consistent with the 2nd and 3rd layers. A three-hinged arch
balance was formed after breakage: the rear caving section
was supported by the goaf, while the front section was
hinged with rock strata above the coal wall. Additionally,
there was considerably increased strata separation above the
3rd layer. According to on-site measurements, the separation interval was ∼2100 mm between the 3rd and 4th layer,
while it was ∼1000 mm between the 5th and 6th layer. The
bed separation of the 10th and 11th layers had expanded
from the front section to ∼50 m away from the coal wall
(Figure 7).
When the dip angle of downhill mining was increased
for the working face, the caving rocks at the goaf side slipped
toward the coal wall side. These rocks played a partial role in
supporting the immediate roof. Moreover, during downhill
mining, the vertical fractures in the immediate roof tended
to be compressed and closed due to the self-weight of the
strata. All these factors delayed immediate roof caving while
extending the caving interval. When the working face was
advanced by 175.2 m ahead of the open-oﬀ cut, the immediate roof caved with an interval of 13.6 m. Meanwhile, in
the front section, the bed separation of the 8th to 13th layer
was closed, with gradual compression of strata below the 8th
layer. In the rear section, two or three obvious vertical
fractures occurred in the coal wall at the right side of the 2nd
and 3rd layers in the roof. Between the previous caving and
the current caving, the overlying strata (from the 2nd layer
through the 18th layer to the 22nd layer) showed a marked
overall subsidence in the rear section.
When the working face was cumulatively advanced by
189 m, the immediate roof caved with an interval of 14 m.
The migration trends of the main roof (2nd and 3rd layers)
and the immediate roof were relatively consistent. As the
immediate roof caved, the main roof lost its support and
showed obvious pseudoplastic bending deformation due to
the eﬀects of self-weight and overlying strata. There was
marked bending subsidence in strata overlying the main
roof until the 18th layer of rock (coal) strata. The overlying
layers of rock strata were damaged by various fractures and
appeared in a mutually extruded state, which formed a
beam-like balance and showed obvious pseudoplastic
bending subsidence due to the eﬀects of self-weight and
overlying strata.
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(a)

Caving of the immediate roof

(b)

Vertical microfractures

(c)

Figure 4: First caving of the immediate roof. (a) State before the roof collapses. (b) Caving of the immediate roof. (c) Vertical microfractures
development.

Intensiﬁed separation
Main roof

(a)

(b)

Figure 5: Activity of overlying strata. (a) Separate fractures. (b) The position of the main roof.

3.1.2. Activity Lows of Rock Strata during Mining of the
Synclinal Axis (Bottom of the Pan). When it was advanced to
the vicinity of the synclinal axis (bottom of the pan), the
working face showed a major change in the angle of depression. As the working face was cumulatively advanced by
208 m, immediate roof caved, with a cantilever length of
∼16 m before caving. Vertical fractures occurred in the 2nd
to 6th layer and gradually expanded to ∼300 mm with
mining. Diﬀerent layers showed a consistent trend of
movement compared with the front section. Fractures had
been fully developed inside the main roof and its overlying
strata, which were overall deformed with the immediate roof
deformation. Currently, the most obvious fracture development and bed separation appeared in an area between 20
and 70 m from the coal wall. Within this area, the bed
separation was extended to a highest level of the 14th layer.

When the working face was advanced by 250 m, there was
periodic weighting of the main roof with an interval of ∼23 m.
Partial strata of the main roof overall caved, and the caving
site was in a place where vertical fractures were fully developed. The overlying strata overall subsided after the main
roof caved. After caving, vertical fractures appeared at a
distance of ∼10 m from the coal wall in the 2nd to 8th layer,
leading to the formation of a new potential caving area between 10 and 22 m from the coal wall in the 4th to 6th layer.
Slight fractures also occurred in the 13th–15th layer and the
18th–21st layer at the corresponding locations. After the main
roof caved completely, vertical fractures generally being
connected in the vertical and horizontal directions were
formed in the 2nd to 20th layer of the overlying strata at the
bottom of the pan. This indicated that the overlying strata
suﬀered dramatic disturbance in the synclinal axis (Figure 8).
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(a)

State before the main roof
collapses

State after the main roof
collapse

Vertical fractures

(b)

(c)

Figure 6: Periodic pressure of the main roof. (a) State after the main roof collapses. (b) Fissures and separation development. (c) The scope
of the main roof collapses.

(a)

The breakage of the main roof
Expansion to the eleventh ﬂoor

(b)

(c)

Figure 7: Periodic pressure of the main roof. (a) The whole picture of the model after the breakage of the main roof. (b) The breakage of the
main roof. (c) Separation of the overlying strata.
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Near the synclinal axis (bottom of the pan), the immediate roof and the main roof exhibited distinctly diﬀerent
lows of breakage caving compared with the downhill mining
section. Speciﬁcally, the caving cycle of the main roof was
considerably shortened (one time of main roof weighting for
every one to two times of immediate roof caving), and the
intensity of main roof caving and weighting was markedly
increased; along with the main roof weighting, the overlying
strata also showed remarkable overall bending subsidence,
while the bed separation of overlying strata was weakened.
3.1.3. Activity Lows of Rock Strata during Mining of the
Upward Mining Section. When the working face was cumulatively advanced by 267 m, the upward mining stage
started. Vertical fractures perpendicular to the coal seam
were formed in the 2nd to 8th layer and connected the
vertical fractures at the bottom of the pan in the 8th layer.
When the working face was cumulatively advanced by
285 m, the strata overlying the working face were deformed,
forming three distinct vertical fractures that were completely
or partially connected. The ﬁrst fracture ranged from the 5th
to 21st layer, the second spanned from the 5th to 14th layer,
and the third was within the range of the 5th to 18th layer.
These generally developed, and connected vertical fractures
could clearly reﬂect the overall deformation of overlying
strata in diﬀerent areas.
When the working face was advanced by 306 m, the main
roof of the working face (with a caving interval of 21 m)
showed overall bending subsidence caving in an inverted
step shape shortly after the immediate roof caved. Owing to
the support of the 5th layer, there was little deformation in
the layers above the main roof, and the bed separation
between the 4th and 5th layer reached a height of 600 mm.
Slight vertical fractures occurred above the coal wall in the
main roof (2nd to 4th layers) of the overlying strata in the
goaf, while no obvious bed separation was observed above
the 4th layer (Figure 9).
When the working face was advanced into the upward
mining section, the destruction of main roof was not as
drastic as that in the axis. The previous breakage caving
appeared as overall bending subsidence. Meanwhile, the
overlying strata also rapidly subsided as a whole, resulting in
little development or fast closure of bed separation between
strata. The cantilever of the immediate roof in the mining
section was subjected to a component force toward the
synclinal axis, and the immediate roof (above the coal wall)
was prone to form vertical fractures with a relatively short
caving interval; it generally caved along with mining.
Meanwhile, the activities of overlying strata were markedly
aﬀected by mining, and vertical fractures were developed in
the strata. This was especially evident in the 18th to 27th
layer, but not obvious in the 2nd to 17th layer (Figure 10).
When the working face was advanced by 443 m ahead
of the open-oﬀ cut, the mining ended and the working face
had a moderate angle of elevation near the stop line. The
cantilever beam of the immediate roof was ∼7 m long at the
end of the mining. Meanwhile, the bed separation of the
overlying strata became relatively obvious again. The bed
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separation between the 2nd and 3rd layer reached a height of
1400 mm, while the bed separation between the 4th and 5th
layer was also 1400 mm. Slight separation also occurred
through the 5th to 18th layers (Figure 11).
Based on the above phenomena and analyzes, the activities of overlying strata had the following characteristics
during mining of the working face:
(1) The immediate roof in the downhill mining section
generated a component force toward the coal wall
along the bedding plane, which resulted in a trend of
closing fractures in the roof. Additionally, it was
supported by falling rocks in the goaf and thus was
unlikely to cave, with a relatively large caving interval
(m). However, in the downhill mining section, the
gangue in the goaf tended to enter the workspace,
which required proper implementation of protective
measures. In the synclinal axis area, the characteristics of immediate roof caving were similar to those
observed in the downhill mining section. In the
upward mining section, the roof was subjected to a
component force toward the synclinal axis. The roof
was aﬀected by a pulling force, and vertical fractures
were easily formed at the root of the cantilever beam
of the immediate roof (above the coal wall), which
had a relatively short caving interval (m) and generally caved along with mining. This indicated that it
was diﬃcult to control the roof in the upward mining
section.
(2) Across diﬀerent sections, the main roof and its
overlying strata showed varying characteristics of
breakage caving. During upward mining, the main
roof was unlikely to cave, with a relatively long
caving interval; each layer of the overlying strata
successively shifted from an undisturbed state into a
disturbed state. The activities of the strata were
mostly shown in the form of bed separation. As the
working face was advanced, the separation area was
gradually developed upwards. In the synclinal axis,
the caving cycle of the main roof was considerably
shortened (one time of the main roof weighting for
every one to two times of immediate roof caving),
while the intensity of the main roof caving and
weighting was markedly increased. Along with main
roof weighting, diﬀerent layers of the overlying strata
also showed obvious overall bending subsidence.
Meanwhile, the bed separation of overlying strata
was weakened. In the upward mining section, the
main roof had no obvious breakage caving and
generally presented bending subsidence caving as the
immediate roof caved; the subsidence and separation
of overlying strata were not as obvious as observed
during the other stages.
(3) The bed separation of overlying strata was most
distinct in the downhill mining section and the
synclinal axis area. It was observed that the distinct
area of bed separation was extended to a highest of
the 14th layer. Within this area, bed separation
gradually expanded forward as the working face was
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(a)

Overall collapse of the main roof

Vertical ﬁssures of overlying strata
Fissures

(b)

(c)

Figure 8: The main roof collapses in the synclinal axis and ﬁssure development of the overlying strata. (a) The whole picture of the model
after the breakage caving of the main roof. (b) Overall collapse of the main roof. (c) Vertical ﬁssures of the overlying strata.

(a)

Collapse of the main roof

(b)

Separation is not obvious

(c)

Figure 9: Periodic pressure of the main roof in the downhill mining section. (a) The whole picture of the model after the breakage caving of
the main roof. (b) Collapse of the main roof. (c) The state of the overlying strata.
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(a)

Separation closure
Vertical fissuresis not obvious

(b)

(c)

After

Before

(d)

(e)

Figure 10: Periodic pressure of the main roof in the downhill mining section. (a) The whole picture of the mode. (b) Separation closure. (c)
Vertical ﬁssures of the overlying strata. (d) Before the bending caving of the main roof. (e) After the bending caving of the main roof.

advanced. When the working face was advanced into
a certain range, the separation fractures formed
during the earlier mining stages were gradually
closed from top to bottom.
(4) Based on the observation after complete mining of
the working face, obvious vertical fractures were
developed in multiple areas. Multiple vertical fractures were formed in the 2nd to 17th layer above the
open-oﬀ cut, with a maximum height of ∼70 m from
the working face. Additionally, three obvious vertical
fractures connected completely or partially were
formed in the overlying strata in the synclinal axis,
and the vertical fractures in this area were mostly
developed from top to bottom based on ﬁeld observation. Due to the vertical fractures in these two
areas, the overlying strata had been overall damaged
from the open-oﬀ cut to the synclinal axis. Within
this range, the rock mass tended to slip toward the

axis along the coal seam strike, exerting an extrusion
eﬀect on the roof in the synclinal axis. The distribution of the vertical fractures is shown in Figure 12.

3.2. Inﬂuence of Overlying Strata Movement on Water Prevention and Control. The movement and destruction of
overlying strata have obvious zonality. From the goaf to the
surface, the failure scope of overlying strata is gradually
enlarged and the degree of failure is gradually weakened. The
movement and destruction of overlying strata from bottom
to top are caving zone, fracture zone, and bending subsidence zone, respectively.
The caving zone refers to the rock strata which lose
continuity and fall to the goaf with irregular or layered rock
blocks. There are many gaps and strong connectivity between the rock strata. The caving zone is the passage for
water and sediment to break into the underground well. It is
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(a)

Separation of the main
roof

(b)

(c)

Figure 11: Activity characteristics of the overlying strata at the end of mining. (a) The whole picture of the mode after mining. (b) Separation
of the main roof. (c) Separation of overlying strata.

Fracture zone
The scope of vertical fissures
Caving zone

Figure 12: The scope of caving zone, fracture zone, and vertical ﬁssures.

also the place where the gas escapes and accumulates. In this
simulation experiment, the immediate roof and the majority
of the main roof constitute the caving zone, as shown in
Figure 12.
The fracture zone is located above the caving zone and
has a water-conducting fracture that is connected with the
goaf. It can be divided into two types: one is vertical or
oblique new-born tension fracture, which is mainly caused
by downward bending and tension of rock layers. It can pass
through the rock layers partly or completely, but the rock
mass on both sides can basically maintain the continuity of
layers; the other is separated fracture along the layers. This
ﬁssure is mainly caused by the large diﬀerence in mechanical
properties of the rock layers and the downward movement
of the rock layer asynchronously. The total amount of
surface subsidence is less than the thickness of the coal seam.

In addition to the fragmental expansion factor of caving
rock, the separation of the fracture zone is also the main
reason. The fracture zone develops upwards as the mining
area expands. When the mining area expands to a certain
extent, the fracture zone height reaches the maximum. At
this time, the mining area continues to expand, the height of
the fracture zone basically no longer develops, and the rock
strata movement tends to be stable over time. The vertical
and separate fractures of the fracture zone gradually close
from the top to the bottom.
The vertical fracture is the water conduction channel
of the upper and lower strata, and the separated fracture is
the channel of water storage and water conduction in the
same rock layer. There may also be separation cracks above
the fracture zone, which can indirectly guide water and
accumulate water, but because the vertical fracture is not
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developed, it cannot communicate with the fracture zone. If
the fractured zone aﬀects the water body, the separated layer
fracture and the vertical fracture are connected, and the
water conductivity is obviously increased, and the water can
be introduced into the goaf under the shaft. Therefore, it is of
great signiﬁcance to ﬁnd out the scope of the waterconducting fracture zone for the prevention and control
of water in the working face.
In the process of model mining, the phenomenon of
layer separation is more serious, especially in the downhill
mining section and the synclinal axis area, and the obvious
layer separation can be seen by naked eyes and extended to
the 14th layer. The vertical ﬁssures are well developed in
many areas: several vertical ﬁssures are developed in the
second to seventeenth layers above the open-oﬀ cut, and the
highest point is about 80m away from the working face; three
distinct vertical ﬁssures are formed in all or part of the
overlying strata on the synclinal axis, the ﬁrst from the ﬁfth
layer to the twenty-seventh layer, the second from the ﬁfth
layer to the fourteenth layer, and the third from the ﬁfth
layer to the eighth layer; the highest point is about 160m; the
vertical fracture development is more obvious in the uphill
mining section, so the scope of the fracture zone can be
determined, as shown in Figure 12.
According to the hydrogeological data, the overburden
aquifer on the E1108 working face is mainly composed of the
Cenozoic loose aquifer, the nappe gneiss fracture aquifer,
and the nappe Cambrian limestone aquifer.
(1) The Cenozoic loose aquifer is rich in water. It is more
than 270 m away from the working face and is more
than 100 m above the peak of the fracture zone,
separated by gneiss in the middle. Therefore, this
layer of water has no direct inﬂuence on the mining
of the working face.
(2) The nappe gneiss ﬁssure aquifer has uneven water
richness and weak water richness. The lower part of
the nappe is contacted with the clip stratum by the
Fufeng thrust fault. Through the fault ﬁssure, the
fracture water of the gneiss has certain recharge to
the clip aquifer. The working surface is about 120–
277 m away from the gneiss stratum. Therefore,
gneiss ﬁssure water during mining may introduce
water into the working face through waterconducting ﬁssures. Therefore, a targeted water
control scheme should be speciﬁed.
(3) The nappe Cambrian limestone aquifer, which is
mainly dominated by limestone, has uneven water
richness, and the shallow part is subjected to
weathering, the rock mass is in a loose structure, and
the water richness is relatively strong; below and
deep fractures are not developed, and the water
richness is relatively small. The roof of E1108
working face is directly covered by the Cambrian
strata, and the water in this aquifer is likely to be
introduced into the working face through separation
ﬁssures or vertical guide water ﬁssures, which will
cause great safety hazards to the mining face.

3.3. Abutment Pressure Changes in Roof and Floor Strata with
Advancement of Working Face. To analyze the changes of
abutment pressure distribution in the roof at diﬀerent locations of the working face with the advancement of working
face, we selected pressure cells from the roof strata as the
subjects for the analysis of abutment pressure in the roof,
including pressure cells 13 and 15 in the downhill mining
section, pressure cell 17 in the synclinal axis, and pressure
cells 18 and 19 in the upward mining section. Additionally,
we selected pressure cells 3, 5, 7, 8, and 9 from the corresponding locations in the ﬂoor as the subjects to analyze the
abutment pressure in the ﬂoor. The curves of abutment
pressure changes at diﬀerent locations of the roof and
ﬂoor strata were drawn (Figures 13–17), and the changes of
abutment pressure throughout the mining process were
analyzed at each location in the roof and ﬂoor. Additionally,
the distribution lows of abutment pressure were summarized
during downhill and upward mining of the working face.
The abscissa indicates the distance between the measuring
point and the coal wall of working face, with the working
face advanced from left to right; the zero point is deﬁned as
the location when the working face was advanced to right
below (above) the pressure cell.
As shown in Figure 13, at pressure cell 13, the abutment
pressure of the roof went through a stress increase zone and
a stress decrease zone; subsequently, it entered a stress increase zone again after the working face was advanced by
∼170 m. During mining, the pressure peak occurred when
the working face was advanced by ∼10 m; thereafter, the
pressure rapidly decreased due to roof weighting and caving,
with a minimum value that was lower than the in situ rock
stress by ∼750. After the working face was advanced by
∼160 m, the decrease zone was aﬀected by compaction of
strata in the goaf and pressure transfer of strata in the front
section (a component force toward the coal wall along the
bedding plane of breaking strata in the front section); thus,
the abutment pressure entered an increase zone and reached
a maximum of ∼400. Pressure cell 13 was set in a transition
zone between the front and rear sections of the downhill
mining stage. As shown in the ﬁgure, this site and the coal
wall at the left of the open-oﬀ cut jointly played a role in
supporting the front section as a beam with hinged-hinged
ends. This structure was able to bear the component force of
rightward slip from the damaged overlying strata in the front
section, leading to a considerable increase in the pressure.
There was also a peak of abutment pressure during the
mining of working face, but the absolute value was small,
with a maximum of 20.
Pressure cell 15 was located in the middle part of the rear
section in the downhill mining stage, ∼150 m ahead of the
open-oﬀ cut. The abutment pressure at this site peaked after
the working face was advanced by ∼15 m. Subsequently,
breakage caving occurred in the overlying strata, and the
embedded site of the pressure cell in the roof was unloaded,
resulting in a rapid decrease in the abutment pressure. There
was generally no change in the abutment pressure of the
ﬂoor, indicating that the mining process caused little disturbance to the ﬂoor.
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Figure 13: The changing curve of the abutment pressure in the roof as the advancement of working face at the ﬂoor strata 17 m away from
the open cut (in the downhill mining section). (a) Roof (located at pressure cell 13). (b) Floor (located at pressure cell 3).
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Figure 14: The changing curve of the abutment pressure in the roof as the advancement of working face at the ﬂoor strata 150 m away from
the open cut (in the downhill mining section). (a) Roof (located at pressure cell 15). (b) Floor (located at pressure cell 5).
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Figure 15: The changing curve of the abutment pressure in the roof as the advancement of working face at the ﬂoor strata 240 m away from
the open cut (in the synclinal axis). (a) Roof (located at pressure cell 17). (b) Floor (located at pressure cell 7).

Pressure cell 17 was located at the bottom of the pan
(synclinal axis), ∼250 m ahead of the open-oﬀ cut. Similar to
the result for pressure cell 13, pressure cell 17 at this site also
went through three stages and there was an increase zone of
abutment pressure in the goaf after a decrease zone. Based on

the observation of overlying strata movement at this site
during simulation, there was relatively intense roof breakage
in the synclinal axis. The caving cycle of the main roof was
considerably shortened (one time of main roof weighting for
every one to two times of immediate roof caving), while the
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Figure 16: The changing curve of the abutment pressure in the roof as the advancement of working face at the ﬂoor strata 285 m away from
the open cut (in the uphill mining section). (a) Roof (located at pressure cell 18). (b) Floor (located at pressure cell 8).
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Figure 17: The changing curve of the abutment pressure in the roof as the advancement of working face at the ﬂoor strata 330 m away from
the open cut (in the uphill mining section). (a) Roof (located at pressure cell 19). (b) Floor (located at pressure cell 9).

weighting intensity during main roof caving also increased
markedly. Along with the breakage caving of the main roof,
even the overlying strata at the uppermost part of the model
showed signiﬁcant overall bending subsidence and vertical
fractures that were connected occurred between diﬀerent
layers. These phenomena indicated that the internal overlying strata had been severely damaged, while the strata at
both sides tended to be extruded toward the center. Consequently, the roof at this site was subjected to not only the
pressure of overlying strata but also the slip component of
damaged strata at both sides toward this site simultaneously,
which resulted in a considerable increase in the abutment
pressure. The abutment pressure in the ﬂoor did not change
markedly.
Both pressure cells 18 and 19 were located in the upward
mining section. The advance abutment pressure and the
abutment pressure peak in this section were markedly higher
than those in the other parts before mining. After mining of
the working face, a portion of the pressure from the overlying strata was transferred to the synclinal axis due to the
angle of elevation of the strata. Thus, the rear abutment
pressure in the goaf at the corresponding location was not as
large as that in the axis. In the upward mining section, the

abutment pressure in the ﬂoor changed more obviously
compared with the other locations. In particular, a marked
elevation of abutment pressure was observed during mining
by pressure cell 9, and the peak value was close to 60, which
was markedly higher than the results of the other sites.
Based on the above analysis, the distribution of abutment
pressure at diﬀerent positions of the working face has the
following characteristics:
(1) Advanced abutment pressure: the synclinal axis is
larger than the mining downhill and uphill mining
sections (about 50), and the uphill mining section (90
or more) is larger than the downhill mining section
(about 70); the inﬂuence range of the advance
abutment pressure: the maximum of the uphill
mining section is over 200 m, the synclinal axis is
about 90 m, and the maximum of the downhill
section is not over 60 m.
(2) The peak value of the abutment pressure appears
after the mining and appears 30 m away from the
measuring point of the working face in both the
synclinal axis and the uphill mining section. However, the peak value of the abutment pressure appears
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(1) In the same observation line, the displacements
observed from the measurement points from the
seventh layer to the twenty-third the rock layer above
the coal seam are basically the same, indicating that
there is an overall sinking phenomenon in the
overlying layers.
There are two possibilities for the problem of the displacement curve in which the displacement of the upper layer
is sometimes greater than that of the lower layer. One is the
systematic error of the experiment. Since the displacement
sensors are mounted on the surface of the model and part of
the sensors are mounted on the site to be excavated, these
sensors are moving in the excavation process. However, the
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Figure 18: The displacement curves of the overlying strata at the
ﬁrst measuring line.
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Figure 19: The displacement curves of the overlying strata at the
second measuring line.
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3.4. Analysis of Displacement Variation of Overlying Strata.
In order to analyze the displacement changes of the overlying strata in diﬀerent positions of the working face with the
advancing process of the working face, the displacement
variation curve of each measuring line is drawn to observe
the subsidence characteristics of strata at diﬀerent measuring points of each measuring line during the advancing
process of the working face, and the movement law of the
overlying strata in the mining face is summarized. The
abscissa indicates the distance between the measuring point
and the coal wall of the working face. The working face
advances from left to right, and the zero point is deﬁned as
the position when the working face advances directly below
the observation line.
From Figures 18–21, it can be seen that the displacement
of the overlying strata at diﬀerent positions of the working
face has the following characteristics as the working face
advances:

200

Displacement (mm)

less than 15 m away from the measuring point of the
working face in the downhill mining section. The
peak value of the abutment pressure in the uphill
mining section (more than 240) is larger than that in
other sections (all under 140 except No. 13).
(3) The increase of the abutment pressure of the goaf
occurs at the transition between the front and rear
sections of the downhill mining section and the
synclinal axis. The reason for the increase of the
abutment pressure at the transition between the front
and rear sections of the downhill mining section is
that it is located at the back arch foot of the pressure
arch in the front section (the front arch foot is the coal
wall of open-oﬀ cut), bearing the stress component
from the concentrated stress along the strike of the
rock stratum in the front section. In the syncline axis,
because the overlying strata on both sides slip and
squeeze toward the axis after being broken by mining,
the stress components along the strike of the strata on
both sides are concentrated here so that the abutment
pressure of the goaf increases.
(4) The variation of the abutment pressure on the ﬂoor is
mostly not obvious, and the peak value is generally
below 30, and the change is obvious at the pressure
cell No. 9.
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Figure 20: The displacement curves of the overlying strata at the
third measuring line.

actual maximum subsidence of the rock layer in the model is
only about 1 cm, it is inevitable that a 1 mm error is generated;
the second possibility is that the displacement of the upper
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Figure 21: The displacement curves of the overlying strata at the
fourth measuring line.

strata is indeed larger than that of the lower strata in some
parts of the strata, and a number of obvious vertical ﬁssures
from the top to the bottom are formed on the overlying strata
of the synclinal axis because of the larger dip angle and elevation angle of the strata. The entire overburden layer of the
cutoﬀ to the synclinal axis is damaged and slips along the coal
seam strike toward the shaft. In addition to the vertical
subsidence of the upper strata along with the lower strata, the
upper strata may also slip downward along the strike of the
strata. The superposition of the two displacements may cause
the above phenomena.
(2) In terms of the displacement amount, the second
measuring line located in the back section of the
downhill mining section is the largest (the maximum
cumulative displacement is more than 2000 mm), the
maximum cumulative displacement of the ﬁrst
measuring line located in the front section of the
downhill section is about 1600 mm, and the maximum cumulative displacement of the third measuring line located at the synclinal axis is about
1200 mm. Since the subsidence of the rock in the
downhill mining section is not stable at the end of the
experiment, the data of the fourth measuring line are
not comparable.
(3) The displacement and deformation process and
duration of the overlying strata are diﬀerent at
diﬀerent locations. The overlying strata at the front
of the downhill mining section (the ﬁrst measuring
line) basically subside at a uniform speed and tend to
be stable after the working face is advanced for about
350 m. This is because the overlying strata are less
aﬀected by mining disturbance at this time, and the
internal damage of the rock layer is small, so the
deformation is not severe; the rock strata in the back
section of the downhill mining section (the second
measuring line) enter the stage of severe deformation
after advancing about 30–50 m. After advancing
about 200 m, the deformation slows down and the
cumulative displacement tends to be stable. The
strata in the synclinal axis (the third measuring line)

enter the stage of severe deformation after advancing
about 30–80 m on the working face. After the
working surface is advanced over about 160 m, the
deformation is slowed down and the cumulative
displacement tends to be stable.
(4) When the working face has not been advanced to the
observation line, the inﬂuence of the preabutment
pressure on the activity of the overlying strata is also
diﬀerent in each section. The analysis of this phenomenon is of great signiﬁcance to the advance
support of the roadway. The inﬂuence of the advancing support pressure on the rock strata activity
in the latter part of the downhill mining section (the
second measuring line) is obvious. The rock layer has
a displacement of about 60 mm; the inﬂuence of the
other measuring lines on the preabutment pressure is
not obvious.

4. Conclusion
According to the geological conditions and lithologic parameters of the E1108 working face, a physical similarity
model was established. The distribution law of abutment
pressure, movement law, and distribution range of waterconducting fracture zone after mining are analyzed emphatically. The analysis results show the following:
(1) The immediate roof of the downhill mining section is
not easy to cave under the inﬂuence of the pressure
along the layer, and the collapse drawing pace is
longer; the uphill mining section is aﬀected by the
tensile force along the layer, and the collapse drawing
pace is shorter, basically falls with the mining. The
old roof presents diﬀerent collapsing characteristics
in the downhill mining section, the syncline axis, and
the uphill mining section.
(2) In the process of mining, the development of the
separation layer ﬁssures and vertical ﬁssures of
overlying strata shows a certain regularity. The
vertical ﬁssures are most obvious at the boundary of
goaf and the syncline axis, and the degree of the
ﬁssure development is the highest.
(3) In the preabutment pressure of the working face, the
area of the syncline axis is the largest, and the downhill
mining section is the smallest. Since the pressure cell is
arranged in the rock layer above the coal seam, the
peak value of the preabutment pressure observed is
hysteresis, which all appear after mining.
(4) Through the observation and analysis of the displacement of the overlying strata, it is found that the
overall subsidence phenomenon exists in the overlying strata, the cumulative displacement of the
overlying strata is the largest in the downhill mining
section at diﬀerent stages, and the displacement and
deformation processes and duration of the overlying
strata are diﬀerent at diﬀerent locations.
(5) Based on the analysis of three zones of overlying
strata, the scope of caving zone and fracture zone is
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determined, the scope of water-conducting ﬁssures
in overlying strata is further determined, and the
danger of water permeability in each stratum is
analyzed, which provides a basis for water prevention and control.

Data Availability
(1) The data used to support the ﬁndings of this study are
included within the article. And all data are obtained
through experiment and test by our research team in Xinji
No. 2 coal mine and laboratory. (2) All the data are true and
eﬀective. (3) The right to using data belongs to the authors
before the article being published, but after it was published,
the data can be referenced.
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Aiming at the problems of deﬂection and operation safety of permanent derrick of freeze sinking shafts, the mechanism analysis of
uneven settling of the derrick foundations in frost-thawed soil was conducted. In addition, research on ground stabilization and
derrick deviation rectiﬁcation technologies was also studied in this paper based on the engineering practice of derrick of auxiliary
shaft in the Dingji Coal Mine. Firstly, since the soil texture and artiﬁcial freeze temperature ﬁeld are uneven, the bearing capacity
and compression modulus of soil mass decrease after freeze thawing, resulting in uneven settlement of the foundation soil of the
derrick footing and causing the deﬂection of the derrick. The ﬁnite element numerical analysis indicates that, in the event of
uneven settling, the greatest tensile stress in the derrick structure of Dingji auxiliary shaft increased by 39.83% and the largest
pressure stress increased by 33.33%. Secondly, this study used sleeve valve pipe single-ﬂuid static pressure grouting technology to
reinforce the foundation of the derrick footing. The reinforced depth of grouting is 32 m, and every derrick foundation has
adopted three circles of grouting holes for grouting reinforcement. Meanwhile, the hydraulic synchronous jacking system was
used to rectify the deviation of the derrick, restoring the centre line of derrick ascension to the original design state. Finally, the
practice of grouting, foundation consolidation, and derrick deviation rectiﬁcation projects of the Dingji auxiliary shaft suggest
that, after grouting reinforcement, the rate of foundation settlement is gradually decreased and tends to be stable. This has resulted
in uniform settlement, and through four basic jacking, the deﬂection of the derrick has been corrected to its initial design state.

1. Introduction
The permanent headframe is an important structure of mine
infrastructure, and it is mainly used to improve mine
production. To shorten the shaft construction period, permanent headframes are used in shafts that are constructed
by the freezing technique [1]. However, as the new shaft
advances into deep soil layers, the freezing wall thickness
in the large-diameter freezing shaft needs to be increased
to withstand the strong water-soil pressures. For example, at
500 m depth, the freezing wall is generally about 10 m in
thickness. Therefore, the foundation of the permanent

headframe could be very close to the freezing wall or indeed
within the frozen soil [2]. After shafts freeze sinking completes, a subsidence funnel surround could be encountered
around shaft as freezing wall thawing and diﬀerential settlement of the shaft foundation could happen consequentially. These phenomena may cause deﬂection of shaft
headframe and risk lifting of vertical shafts.
Some studies have reported on diﬀerential settlement of
permanent headframe foundation and reinforcement
technology in shaft constructed by surface freezing technique. For example, Liu et al. [3] analysed the settlement of
the permanent headframe in the auxiliary shaft of Liangbaosi
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Mine in Shandong Province and reported on the scale of
frost heaving deformation during the formation of the wall.
Xiao et al. [4] studied the processing technique of the
headframe foundation diﬀerential settlement of freezing
vertical shaft and reported on the reinforcement of a
headframe in the Tunliu Coal Mine, which achieved the
expected eﬀect. Wu [5] discussed the eﬀects of the frost
heaving of soils in a shaft constructed by the freezing
technique, and the frost heaving force was measured and
analysed.
Although these studies achieved some results, no systematic study on the diﬀerential settlement mechanism of
permanent headframe foundations, reinforcement technology, and headframe deviation rectiﬁcation technology in
shafts constructed by the surface freezing technique has been
carried out. Particularly, the subject lacks research on the
declination mechanism of permanent headframes in ultrathick soil to depths of 500 m and corresponding control
technologies. Therefore, a systematic study on the declination mechanism of permanent headframes in ultrathick soil
freezing shaft and corresponding control technologies was
conducted on the permanent headframe deviation control in
the auxiliary shaft of Dingji Coal Mine.

2. Engineering Background
2.1. Brief Introduction to the Project. Dingji Coal Mine is a
newly constructed coal mine. The main shaft, auxiliary shaft,
and ventilation shaft were designed in the surface plant. The
auxiliary shaft was designed with a net diameter of 8.0 m and
a soil layer depth of 525.25 m. The surface layer and bedrock
zone were constructed by using the freezing technique at a
depth of 565.0 m. This auxiliary shaft had one of the largest
net diameters and soil insertion depths in China at that time.
According to the shaft construction theory based on freezing
technique, the auxiliary shaft in Dingji Coal Mine adopted
three-circle hole freezing program. The designed thickness
and average temperature of the freezing wall were 11.4 m
and −16.5°C, respectively. The diameter of the external circle
for freezing holes was 31.0 m, and the freezing depth was
530 m [6].
To accelerate shaft construction, the auxiliary shaft used
a permanent headframe. This headframe was a space frame
with two inclined struts and four columns and was 52.5 m
high. The inclined structure consisted of a steel frame of
Q345B box columns. The attachment rod elements were
Q235-fashioned iron or steel plate which was welded into an
H-shape cross section. The front span of the headframe was
28.3 m, and the side span was 19.6 m.
The headframe used an independent reinforced concrete
foundation. The strength grade of concrete was designed to
C30. The total height of the two principal inclined leg bases
(JC1 and JC4) was 7.0 m, including 1.0 m above ground and
6.0 m underground. The size of the foundation base was
9.5 m × 8.5 m. The total height of two auxiliary inclined leg
bases (JC3 and JC4) was 5.0 m, including 1.0 m above
ground and 4.0 m underground. The size of the foundation
base was 6 m × 5 m. The four foundations are numbered as
shown in Figure 1. The bases of all four foundations rested
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Figure 1: Numbering of auxiliary shaft headframe foundation
(reproduced from Yao et al. (2018), under the Creative Commons
Attribution License/public domain) [6].

on the hardcore bed. The bearing capacity eigenvalue of the
hardcore bed was 270 kPa, and the bearing capacity eigenvalue of the silty clay below the hardcore was 200 kPa.
2.2. Foundation Settlement and Headframe Deﬂection.
The auxiliary shaft of Dingji Coal Mine began construction
on 19 February 2004 and was excavated on 28 June 2004.
Construction of the external wall was completed on 24
January 2005, the construction of the internal wall started on
4 February 2005, and the jacketed wall was completed on 27
March 2005, when the cooling supply was stopped. Dingji
Coal Mine was completed and entered operation on 1
October 2007. However, diﬀerential settling of the headframe foundation was soon measured [7].
The maximum settling depth reached 120.5 mm on 21
September 2011. Meanwhile, diﬀerential settlement and
cracks developed at the headframe foundation. The maximum width of the crack reached 3 mm, and it continued to
expand. On 30 March 2011, the headframe was measured to
be deﬂected to the south by 60 mm in the east-west direction
and deﬂected to the east by 63 mm in the south-north direction. The hoisting sheave at the upper position of the
headframe was skewed to the east by 100 mm. The diﬀerential settling of the headframe foundation and the declination of the hoisting sheave exacerbated the impact on the
cage and wellhead guide, and the linear wearing at the
hoisting sheave became serious, threatening the lifting safety
of the auxiliary shaft. The mechanisms behind the headframe
foundation settling process is analysed below.

3. Settlement Mechanism Analysis of
Headframe Foundation
According to freezing wall design and measurement analysis
of the freezing temperature ﬁeld in the auxiliary shaft in
Dingji Coal Mine, the thickness of freezing wall increased to
about 12.0 mm during the late construction period. A thick
frost cylinder with an inner diameter of 12.4 m and an outer
diameter of 36.4 m formed around the shaft. Calculation
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results show that four foundations of the permanent
headframe were partially in the thick frost cylinder, leaving
the headframe foundations vulnerable to thaw collapse of
the frost soils.
During soil freezing, soil volume increases as the water
component was frozen, while soil volume decreases again
after thawing, and the soil structure becomes looser than that
before freezing. Soil mass suﬀers compressive deformation
under loads, including dead loads. The free water in the soil
mass is discharged through pores, thereby increasing stratum settlement [8–10]. Diﬀerential settlement of strata occurs due to the nonuniformity of soil textures and degree of
ice content in the strata. To analyse these settlement features,
the mechanical properties of freezing and thawing soils were
investigated.
After core sampling from the engineering site, shearing
strengths of frozen and thawed soil samples were tested
(Table 1). For clayey soils, since the volume expansion
caused by water freezing in soils destroys the original soil
structure, the cohesive force decreases. Additionally, ice
crystals may squeeze soil particles, resulting in a slight
growth of the internal frictional angle. For sand layers, which
have low cohesive force, the freezing-thawing process does
not change the soil properties. As a result, the internal
friction angle and cohesive force before freezing and after
thawing remain the same. According to the Code for Design
of Building Foundation [11], the bearing capacity of foundation soils, under small changes of internal friction angle, is
mainly determined by the cohesive force. Test results show
that the cohesive force of clayey soil declined sharply after
freezing and thawing. As a result, the bearing capacity of the
foundations decreased.
In addition, the compression modulus before freezing
and after thawing of the three sample types with diﬀerent
water contents was obtained by using a multifunction frozen
soil compression tester. Test results are shown in Table 2.
It can be seen from Table 2 that soil particle size inﬂuences freezing and thawing performances signiﬁcantly.
Compression modulus of clayey soil after thawing dropped
dramatically compared to that before freezing while the
compressibility increased, resulting in stratum settlement.
This may further impact the safety of the upper structure.
However, the compression modulus of sandy soil with large
particle sizes decreased slightly, indicating that sandy soil
can resist freezing and thawing to some extent. In addition,
the water content of the soil mass can aﬀect freezing and
thawing properties signiﬁcantly. With increasing water
content, the compression modulus after thawing decreases
gradually, indicating that the eﬀect of freezing and thawing
on foundations increases on those soils with higher water
content.
As shown by these tests, the bearing capacity and
compression modulus of soils decreased after thawing
compared to those before freezing. Diﬀerential settling of the
headframe foundation occurred because of the nonuniformity of the soil texture, which further caused deﬂection of the headframe and aﬀected the lifting safety. Field
measurements showed this in the headframe of the auxiliary
shaft of Dingji Coal Mine. Frozen soils began to warm and
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Table 1: Internal friction angle and cohesive force before freezing
and after thawing.
Soil type
Clayey soil
Sandy clay
Sandy soil

Freezing and thawing
Before freezing
After thawing
Before freezing
After thawing
Before freezing
After thawing

Internal friction Cohesive
angle (°)
force (kPa)
10
50
15
15
18
20
20
10
30
0
30
0

Table 2: Soil compression modulus contrast before freezing and
after thawing.
Soil type

Clayey soil

Sandy clay

Sandy soil

Water
content (%)
20
24
28
20
24
28
20
22
24

Soil compression
modulus before
freezing (MPa)
5.07
4.73
4.47
7.61
6.33
5.41
13.05
11.35
10.53

Soil compression
modulus after
thawing (MPa)
4.10
3.94
3.77
6.88
6.07
5.04
12.15
11.50
10.22

thaw after construction of the frost section in the auxiliary
shaft resulting in thaw collapse and diﬀerential settling of the
headframe foundation.
The measured settlement curve from 3 June 2007 to 21
September 2011 is shown in Figure 2. The average settlement
rate was 1∼2 mm/month, without any sign of attenuation.
The accumulative settlement volumes of the four foundations were 120.5 mm, 88.8 mm, 93.5 mm, and 113.2 mm,
showing evident diﬀerences. Measurement results illustrated
that subsidences of four bases are large and nonuniform. The
main reasons of nonuniform subsidence of bases are as
follows: ﬁrstly, the nonuniform distribution of soil property
and water content led to thaw collapse of strata. In addition,
JC1 and JC4 bases are closer to the centre of the frozen wall;
therefore, the impacts of nonuniform subsidence on JC1 and
JC4 bases are greater. While JC2 and JC3 bases are farther
from the centre of the frozen wall, the subsidence value is
smaller than that of JC1 and JC4. Consequently, the nonuniform subsidence of headframe bases was encountered.
Such diﬀerential settlement adversely aﬀected the stress
bearing of the headframe; these stresses on the headframe
are analysed below.

4. Stress Analysis on the Headframe Structure
and Foundation
The headframe foundation bears uniform stresses before
diﬀerential settlement. Actual stresses on the foundation
were far smaller than the designed bearing capacity.
However, the four inclined legs had uneven forces after
diﬀerential settlement of the auxiliary shaft headframe

4
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Figure 2: Settlement curve of auxiliary shaft headframe foundation
(reproduced from Yao et al., under the Creative Commons Attribution License/public domain) [6].

foundation under the eﬀect of eccentric loads. Stresses on the
foundation along the inclined direction increased, which
may further intensify diﬀerential settlement of the
foundations.
The headframe is a large hyperstatic structure. Stresses
on the headframe were analysed by ANSYS, and the results
are reported in the following text. A calculation model was
constructed according to the actual construction map. The
numbering of the inclined legs of the headframe was the
same as that of the foundations. Four hundred 3D BEAM188
beam elements were meshed, and the connections between
the headframe’s inclined legs and the foundations were
simpliﬁed into hinge joints, while other nodes used a rigid
connection. During the calculations, rope breakage and
wind load were neglected, and only normal lifting and dead
loads were considered. The dead loads of the headframe and
the hoisting sheave were 7066 kN, and the single-can lifting
weight was 883 kN. Dead loads of the counterweight and
steel wire rope were 703 kN, and the double-can lifting
weight was 1022 kN. The maximum static stress on the
headframe foundation was 9668 kN. In this study, stresses on
headframe structure were analysed according to ﬁeld
measurement data of the headframe foundation settlement.
The bending moment of the headframe along the Y direction
and axial force of inclined legs were calculated (Figures 3 and
4).
Figures 3 and 4 illustrate that the diﬀerential settlement
due to freezing and thawing caused great changes to the
stresses experienced by the headframe structure. In the Y
direction, the bending moment borne by the headframe
became asymmetric from the original relatively symmetric
stress state. The axial forces of the four inclined legs changed
dramatically; speciﬁcally, the axial forces of X1 and X3
dropped sharply, while the axial forces of X2 and X4 rose
sharply. The headframe is a hyperstatic rigid structure, and
the original four foundations were at the same level and their
stresses tended to be uniform. After the diﬀerential settling,

the inclined legs with relatively high settlement volumes
stretched, which was beneﬁcial in releasing the axial compressive force. Opposed to this, the inclined legs with relatively small amounts of settlement were compressed, and
the axial compressive force increased accordingly. For example, between X1 and X4, the axial force of X1 decreased
due to the large settlement volume, and for X2 and X3, the
axial force of X3 decreased because of the large settlement
volume. This implies that there is a large degree of strata
compressibility below X1 and X3 and was shown by the fact
that the foundations of two legs required key reinforcement
in late construction.
At the same time, the relevant principle stress in the
headframe structure was calculated. It was found from the
analysis of the stress strength that the stress concentration at
the intersection of the transverse beam and inclined leg was
intensiﬁed. The maximum tension stress of the headframe
structure was originally designed to be 23.6 MPa, while it
increased by 39.83% to 33 MPa after diﬀerential settlement.
The maximum compressive stress in the structure was
designed to be 39 MPa, and it increased by 33.33% to 52 MPa
after diﬀerential settlement. Although the headframe had
not displayed any safety problems to that point, the internal
stresses had increased signiﬁcantly due to the diﬀerential
settlement of the foundations, leading to material fatigue and
compromising the lifting safety of the headframe structure.
Thus, it was proposed that the foundation be reinforced
urgently and the deviation of the headframe rectiﬁed.

5. Foundation Reinforcement Design for
Freezing-Thawing Soils in
Headframe Foundations
5.1. Range of Grouting Reinforcement. In freezing construction of shafts with an ultrathick surface soil layer, the
thawing of the freezing wall is a long process and is determined by the thickness and low temperature. Thus, thaw
collapse is an even longer process. It can be seen from the
measurement curves in Figure 5 that the headframe foundation in the auxiliary shaft of Dingji Coal Mine continued
to subside at a rate of 1∼2 mm six years after freezing
stopped, which aﬀected the lifting safety in the shaft. To
eliminate this potential safety hazard, soils within a certain
range of the headframe foundation require reinforcement to
increase the compression modulus.
Based on the comparison of options, it was determined
to adopt a single-slurry hydrostatic pressure grouting
technique using a sleeve valve tube. This technique achieves
hierarchical and segmented grouting by using a mobile
grouting steel pipe with two plugs, realising the goal of
segmented control and uniform diﬀusion of slurry in the
strata. Moreover, repeating the grouting processes could
reinforce the main compression layers of foundation, thus
terminating the diﬀerential settling of the headframe
foundation [12].
The distributions of the main soil layers in the headframe
foundation and relevant parameters are shown in Tables 3
and 4.
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Figure 3: Derrick bending moment before and after freezing and thawing (MY). (a) Before freezing-thawing. (b) After freezing-thawing.
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Figure 4: The oblique leg axis of the derrick before and after the freezing and thawing. (a) Before freezing-thawing. (b) After freezingthawing.

According to the regulations in the Code for Design of
Building Foundation, the grouting reinforcement for the
headframe foundation in the auxiliary shaft of Dingji Coal
Mine needs to be at least twice the horizontal width of the
foundation and the depth can be determined by the isostress.
A ﬁnite element analysis of the reinforcement range is
discussed below.
Strata were simulated using ANSYS ﬁnite element
software [13]. The distributions of additional stresses of the

foundation were calculated to aid in determining the
foundation reinforcement depth. Strata and foundation
concrete were simulated by the Solid45 element. Model size
was determined to be 60 m × 60 m × 40 m (L × W × H). Stress
distributions on principal and auxiliary inclined legs are
shown in Figures 5 and 6.
It can be seen from Figure 5 that the additional stress at a
depth of 20 m below the surface of X1 and X4 decreases it
from 43.7 kPa at the foundation base to 7.254 kPa. It is

6

Advances in Civil Engineering

Table 3: Distribution of main soil layers.
Number of
soil layers
1
2
3
4
5
6
7

Name of
Thickness of
soil layer
layer (m)
Cultivated soil and
8.28
sandy clay
Sandy clay
8.9
Silt
2.30
Sandy clay
8.1
Silt
3.20
Clayey soil
6.20
Silty ﬁne sand
3.20

Accumulative
thickness (m)
8.28
17.18
19.48
27.58
30.78
36.98
40.18

Table 4: Physical parameters of main soil layers.
Number of
soil layers
1
2
3
4
5
6
7

Water
content
(%)
24.3
34.6
30.0
26.8
29.0
23.0
24.6

Unit
weight
(kN·m−3)
20.2
19.3
19.6
20.1
19.6
20.5
20.3

Porosity
(%)
0.664
0.866
0.785
0.684
0.775
0.608
0.656

Liquid Plastic
limit
limit
(%)
(%)
39.4
21.9
42.0
22.9
—
—
36
20.4
—
—
38.4
23.3
—
—

reduced to almost zero at a depth of 30 m. In Figure 6, the
additional stress at a depth of 15 m below the surface of X2
and X3 decreases it to 6.38 kPa and to almost zero at a depth
of 30 m. According to these calculation results, the grouting
reinforcement depth was determined to be 32 m based on
the prevailing engineering geological conditions and that
another 6.2 m thick clay layer beneath was used as the
grouting pad to prevent slurry diﬀusion to deeper strata.
It was decided to use three circles of grouting holes at the
four headframe foundations based on the grouting reinforcement width and the additional stress distribution
pattern in the foundation. The grouting hole distribution in
foundations of JC1 and JC4 was the internal circle: dip angle
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Figure 5: Additional stress distribution pattern in foundation of
X1 and X4.
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Figure 6: Additional stress distribution pattern in foundation of
X2 and X3.

and depth of holes were set to 8° and 33 m, respectively; the
middle circle: dip angle and depth of holes were 16° and
29 m, respectively; and the external circle: dip angle and
depth of holes were 26° and 19 m, respectively. The grouting
hole distribution in JC2 and JC4 was the external circle: dip
angle and depth of holes were 8° and 33 m, respectively; the
middle circle: dip angle and depth of holes were 14° and
21 m, respectively; and the internal circle: dip angle and
depth of holes were 26° and 11 m, respectively. The distribution patterns are shown in Figures 7 and 8.
5.2. Design of Grouting Parameters. The main freezingthawing foundation grouting reinforcement parameters
were collected through the grouting design and preparation
test:
(1) Grouting materials and mixing ratio: P.O 42.5 ordinary Portland cement was used. The content of ﬂy
ash was 30% of cement weight, water cement
ratio � 0.5 : 1∼0.8 : 1, and the content of sodium silicate (modulus � 3.1∼3.4 and Baume degree � 3∼45)
was 3% of cement weight. The sealing slurry was
prepared at the ratio of cement : ﬂy ash : clay :
water � 1 : 0.6 : 0.4 : 1.3.
(2) Grouting pressure: grouting pressure was set to
0.5 MPa, open loop pressure was 1 MPa, and the ﬁnal
pressure was 0.5 MPa.
(3) Diﬀusion radius: 0.5 m.
(4) Arrangement of grouting holes: the hole interval in
the ﬁrst circle was 1 m, and hole intervals in the
second and third circles were both 1.5 m. The surface
interval between the two circles was 0.5 m, and the
underground interval was set according to the design
angles. Surrounding JC1 and JC4, the ﬁrst, second,
and third circles had 54 holes, 34 holes, and 31 holes,
respectively. Surrounding JC2 and JC3, the ﬁrst,
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Figure 7: Proﬁle of grouting pipe arrangement in JC1 and JC4.
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Before grouting, 12 control wires (the control point of
each wire was set, so they were visible and free of grouting
inﬂuence) were installed according to the design and one
monitoring point was set at each of the four angles of each
foundation. Additionally, another six monitoring points
were arranged on the ground at the external shaft margin.
Initial positions of these points were at the corresponding
control wire, and coordinate monitoring was possible even
with poor visibility. During the grouting, 22 monitoring
points were measured by the high precision level, in order to
gain the settlement data of the four foundations accurately.
Additionally, the displacement data of the four foundations
were acquired accurately by measuring position information
of 22 monitoring points on corresponding control wires
using the precise transit survey instrument.
The grouting process was monitored continuously to
assert the inﬂuence of the grouting on foundation, shaft,
headframe, and surrounding buildings. Grouting parameters and construction technology were adjusted in a timely
manner according to the measurement data (Figure 9).

Figure 8: Proﬁle of grouting pipe arrangement in JC2 and JC3.

second, and third circles had 41 holes, 25 holes, and
23 holes, respectively.
(5) Grouting Amount: in the ﬁrst grouting, 40 L for each
segment in the soil layer above the foundation base
was used, 290 L for each segment in silt layer below
the foundation base was used, and 66 L for each
segment in the remaining soil layers was used. In the
secondary grouting, 26 L for each segment in soil
layer above the foundation base was used, 99 L for
each segment in silt layer below the foundation base
was used, and 40 L for each segment in the remaining
soil layers was used.
5.3. Grouting Monitoring Scheme. During the grouting
process, monitoring points were arranged to ensure normal
safety lifting of the shaft for construction monitoring and
gaining construction data.

After completion of the grouting reinforcement to the
headframe foundation, the deviation of the headframe was
rectiﬁed by the hydraulic synchronous jacking system
[14, 15]. This system was controlled precisely by computer,
and the thrust of the jack was adjusted automatically.
Foundations were kept stressed uniformly throughout the
jacking process, and the stroke of the hydraulic jack was
controlled by the displacement command, which ensured
synchronisation of the strokes of the diﬀerent hydraulic
jacks eﬀectively [16].
In the four foundations of the headframe, JC2 could
remain at the existing elevation due to its minimum settlement. At the same time, the bases of the other three
inclined legs were lifted slowly until the headframe was
raised and the centre line returned to the original design
state. Real-time monitoring of the deviation rectiﬁcation was
conducted throughout the jacking process. The main
technological process was as follows:
(1) Installation of jacks: a groove was carved in each of
the internal and external concretes at the upper part
of each headframe foundation, and the three 2000 kN
hydraulic jacks were installed. Twenty-four hydraulic jacks were installed for the whole headframe.
The top of jacks supported the steel base of the inclined legs directly, and the base of the groove was
paved with a piece of 50 mm thick steel plate after
levelling with high-grade mortar. Stiﬀened plates
were welded onto the steel plate of the inclined legs
above the stress of the hydraulic jack to prevent
stress-induced deformation of the steel plate.
(2) The installation of the vertical positioning support: M80
screws and steel plates were used as the vertical positioning supports. During the jacking of the headframe,
the bolts were tightened slowly and the steel plates were
ﬁlled in below the steel plate of the inclined legs.
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Figure 9: Plan view of grouting hole and monitoring point arrangement.

(3) Jacking Operation: jacking process started oﬃcially
after the prejacking was normal.
(4) Connection with New Foundation: the spaces between the steel plates of the inclined legs and
foundations were ﬁlled with slurry after deviation
rectiﬁcation, the jacks were removed after the design
strength was achieved, and the inclined legs were
returned to their original design.
Additionally, headframe settlement, deﬂection, and
stresses on the inclined legs were monitored during the
construction process to ensure precision of deviation rectiﬁcation and safety of the headframe stress.

7. Engineering Practices
Grouting reinforcement of the headframe foundation in
auxiliary shaft of Dingji Coal Mine took 70 days from 9 April
2012 to 18 June 2012. A total of 365 grouting holes were
constructed for a distance of 9797.48 m. Additionally,

9672.65 m of sleeve valve pipe was inserted, and 2427.5 t of
cement was used.
During the grouting reinforcement, the vertical displacement of headframe foundation occurred in two stages:
ﬁrst, the foundation settlement occurred in grouting hole
construction, which was caused by drilling disturbance and
crustal stress release. Settlements of 1# and 2# foundations
were about 10 mm, and settlements of 3# and 4# foundations
were about 20 mm. Second, the foundations began to rise due
to increasing grouting pressure. 1#, 2#, and 3# foundations
were raised by about 30 mm, and the 4# foundation was raised
by about 60 mm. According to the monitoring results, different foundations generated diﬀerent displacements during
the grouting process, showing signiﬁcant nonuniformity of
the foundations. All foundations were raised to some extent
after repeated grout ﬁlling during the latter period. Additionally, it was discovered after grouting reinforcement that
both the clay layer and the silty layer were ﬁlled with cement
slurry with perfect cementation, indicating that the foundation soil was reinforced eﬀectively (Figure 10).
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(a)

(b)

Figure 10: Drilling and sampling after grouting reinforcement. (a) Clay layer. (b) Sand layer.

8. Conclusions
This study carried out mechanical property tests of freezingthawing soils, diﬀerential settlement mechanism analysis of
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The jacking and deviation rectiﬁcation of the headframe
structure began after the grouting reinforced foundation
reached the designed strength. According to designed jacking
amount of the diﬀerent inclined legs, the jacking process was
performed at the rate of 1.0 mm/min. According to the
monitoring results, the jacking amount of the diﬀerent inclined
legs was revised in real time and the jacking process was adjusted. The whole jacking and deviation rectiﬁcation took 8 h.
The four foundations were raised by 53.5 mm, 31.0 mm,
19.4 mm and 33.3 mm, respectively. In this way, the headframe
deviation was rectiﬁed to the preset position. Meanwhile, the
monitoring results demonstrated that the stress state of headframe structure gradually returned to the initial design state.
The headframe foundation settlement after grouting
reinforcement was monitored for a long time. Results are
shown in Figure 11.
It can be seen from Figure 11 that the headframe foundation still settled after the grouting reinforcement, but the
settlement rate of all four foundations decreased sharply and
was relatively consistent. This reﬂects that grouting reinforcement of the foundation was eﬀective to some extent.
The additional stress decreased to almost zero when it was
transmitted from the base of the foundation to the bottom of
the reinforced soil layer (32 m depth), indicating that the
reinforcement depth was suﬃcient. The settlement of the
headframe foundation after reinforcement was mainly because
the nonreinforced soil layers below the reinforced strata had
not completed the cementation process and become stabilised
due to the freezing and thawing eﬀects. Additionally, dead
loads of the upper soil mass generated certain additional
pressure to the soil layers below the reinforced strata, and the
soil mass below the reinforced strata was compressed slowly
and settlement declined gradually. Therefore, the foundation
settlement rate remained high during a certain period after the
grouting reinforcement, but it declined gradually and became
stable, as shown by uniform settlement. This shows that the
headframe foundation reinforcement and deviation rectiﬁcation had achieved the expected eﬀect.
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Figure 11: Headframe foundation settlement curve after
reinforcement.

headframe foundations, foundation reinforcement, and
headframe rectiﬁcation scheme design and engineering
practices. The following conclusions can be drawn:
(1) This experimental study showed that the bearing
capacity and compression modulus of soil mass
decline after thawing compared to those before
freezing. Due to the nonuniformity of soil textures
and artiﬁcial freezing temperature ﬁeld, there is a
diﬀerential settlement of the headframe foundation,
which further causes headframe deviation. Since the
freezing wall in ultrathick freezing construction of
shaft is thick, and temperature is low, thawing is a
long process and thaw collapse takes even longer.
According to the ﬁeld investigations of the auxiliary
shaft in Dingji Coal Mine, the headframe foundation
still subsided at a rate of 1∼2 mm six years after
construction, which led to serious impacts on the
lifting safety in the shaft.
(2) According to ﬁnite element analysis of the stresses on
the headframe structure of auxiliary shaft in Dingji
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Coal Mine, the maximum tension stress in the
headframe structure after diﬀerential settlement
increased by 39.83% and the maximum pressure
stress increased by 33.33% when the loads increased
normally. This intensiﬁed structural damage and
material fatigue strength, thus inﬂuencing lifting
safety in the shaft. Therefore, it was proposed that
there was an urgent need for foundation reinforcement and headframe deviation rectiﬁcation.
(3) The single-slurry hydrostatic pressure grouting
technique using sleeve valve tubes was used to reinforce the foundation. According to ﬁnite element
numerical calculation results and engineering geological conditions, the grouting reinforcement depth
was determined to be 32 m and each headframe
foundation had three circles of grouting holes. The
grouting reinforcement scheme was proposed.
(4) Headframe deviation was rectiﬁed by the hydraulic
synchronisation jacking system after the grouting
reinforcement of headframe foundation reached the
design strength, thus making the centre line of the
headframe return to its original design state.
Meanwhile, headframe settlement, deviation, and
stress of the inclined legs were monitored
throughout the construction process, aiming to
ensure precision of deviation rectiﬁcation and stress
safety of headframe.
(5) The engineering practice of grouting reinforcement
for headframe foundation in auxiliary shaft in Dingji
Coal Mine and headframe deviation rectiﬁcation
revealed that the foundation settlement rate
remained high for a certain period after the grouting
reinforcement, but it declined gradually and became
stable, manifested by uniform settlement. The
headframe deviation has been returned to the
original design state by lifting of the four foundations. This reﬂects that headframe foundation reinforcement and deviation rectiﬁcation had achieved
the expected eﬀect.
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Rock burst is a common mine disaster often accompanied with casualties and property damage. In order to eﬀectively predict and
prevent the rock burst occurrence, an eﬀective and accurate method for predicting rock burst is necessary. This paper ﬁrst
establishes the relationship between the drilling cuttings and the releasable elastic deformation energy. However, the traditional
drilling cutting method has the defect that the drilling depth cannot reach the stress concentration area and the drilling cuttings
cannot accurately reﬂect the internal stress variation in the deep part of coal body. So, an improved drill cutting method is
presented to make up for these defects. Finally, the combined monitoring method based on the improved drilling cutting method
and the microseismic monitoring method is established. It not only overcomes the limitations of a single prediction method but
also eﬀectively utilizes the advantages of improved drilling cutting method and the microseismic monitoring method. And this
combined monitoring method is applied to the No. 3302 coalface of Xingcun Coal Mine. The obtained results indicate that the
combined monitoring method can improve the prediction capabilities of the rock burst and provide novel insights for preventing
the rock burst occurrence.

1. Introduction
With the mining technology development, the mining depth
continues to deepen, and the uncertainty and complexity of
geological conditions are becoming more serious, resulting
in the frequent occurrence of mine disasters [1–4]. Among
them, rock burst is a violent rock failure process and often
causes casualties and property damage [5–8]. So, an eﬀective
monitoring method for predicting rock burst is very
necessary.
In order to study the mechanism of rock burst, lots of
experiments, numerical simulations, theoretical analysis,
and monitoring techniques related to rock burst have been
carried out in recent years [9–11]. Hosseini [12] studied the
potential characteristic of rock burst by using passive seismic
velocity tomography and image subtraction technique and
proved that this method can eﬀectively identify the rock

burst prone areas during the mining operation. Sharan [13]
predicted the potential occurrence of rock burst based on the
ﬁnite element model. The eﬀectiveness and eﬃciency of the
proposed numerical technique are demonstrated by comparing ﬁnite element results with analytical solutions for in
situ stress. Xu et al. [14] proposed the rock burst energy
release rate based on the energy theory in order to predict the
rock burst. They judged whether the rock burst occurred
according to the positive or negative of the rock burst energy
release rate and also judged the severity of rock burst
according to the magnitude of the rock burst energy release
rate. Cai et al. [15], based on the relationship between energy
and magnitude of the natural earthquake, predicted the rock
burst by a practical example in a gold mine in China. They
concluded that the rock burst occurrence must meet corresponding conditions, which are internal geological conditions and external mining conditions. Su et al. [16]
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predicted rock burst by acoustic emission characteristics
during true triaxial compression of rock. Liu and Wang [17]
studied the characteristics of EMR signals induced from
fractures of rock samples to predict rock burst. Tang and Xia
[18] proposed a seismological method for prediction of areal
rock bursts in deep mine based on the seismic source
mechanism and unstable failure theory.
Meanwhile, lots of research studies have predicted rock
burst based on the drilling cuttings in the ﬁeld. Qu et al. [19]
established the relationship between drilling cuttings,
bearing pressure, and coal stress through ﬁeld measure
experiments and numerical simulation methods to predict
rock burst. In addition, Gu et al. [20] studied the island
coalface based on the drilling eﬀect principle and obtained
the critical rock burst index to judge whether rock burst
occurred.
However, the method as mentioned above for predicting
rock burst is a single prediction method. The theory,
technology, and approach of diﬀerent methods of a single
predicting rock burst are diﬀerent; a single method of
predicting rock burst has certain one-sidedness and limitation, and it is diﬃcult to accurately predict whether rock
burst will occur [21]. Therefore, considering the limitations
of a single predicting method, this paper proposes a combined early warning method for predicting rock burst occurrence using the microseismic monitoring method and the
improved drilling cutting method.

2. The Relationship between the Drilling
Cuttings and Energy

1+μ
,
E

(2)

where μ is the coal body Poisson’s ratio, E is the elastic
modulus of the coal body, and σ is the vertical stress.
So, the total drilling cuttings can be expressed as
1+μ
(3)
.
G � G1 + G2 � πr2 ρ + 2πr2 ρσ
E
According to the generalized Hooke’s law, the elastic
strain energy per unit rock under the uniaxial compression
test can be expressed as
U�

σ2
,
2E

(4)

where U is the releasable elastic strain energy of the unit rock
body.
According to formulas (3) and (4), the relationship
between the drilling cuttings and the elastic strain energy is
obtained as follows
2

U�

G − πr2 ρ · E
.
2π2 r4 ρ2 (1 + μ)2

(5)

It can be seen from equation (5) that when the drilling
diameter and drilling location are determined, the density,
Poisson’s ratio, and elastic modulus of the coal body are
constant, so we can deﬁne
E
A� 2 4 2
.
(6)
2π r ρ (1 + μ)2
Then equation (5) can be expressed as

According to previous research studies, the drilling cuttings’
variation curve is very close to the bearing pressure
distribution curve of coalface [22, 23]. One of the necessary
conditions for the occurrence of rock burst is that the
bearing pressure reaches or exceeds the ultimate strength of
the coal body [24]. Therefore, it is necessary to study the
relationship between stress and drilling cuttings during the
mining process.
The drilling cutting method is used to measure the
surrounding rock pressure, which is mainly determined by
the drilling cuttings discharged from the unit drilling depth
during the drilling process. Extensive research studies have
shown that the drilling cuttings are mainly composed of two
parts: static drilling cuttings and dynamic drilling cuttings
[25, 26]. The static drilling cuttings mainly refer to the
weight of the coal body in the borehole G1, which is related
to the drilling diameter. The dynamic drilling cuttings
mainly refer to the additional drilling cuttings generated by
the elastic deformation of the borehole G2, which is related
to the stress state and mechanical properties of the surrounding rock.
The static drilling cutting G1 is expressed as
G1 � πr2 ρ,

G2 � 2πr2 ρσ

(1)

where r is the drilling radius (mm) and ρ is the density of
coal body (kg/m3).
The dynamic drilling cutting G2 is expressed as

2

U � A · G − G1  � A · G22 .

(7)

The elastic strain energy increases with the dynamic
drilling cuttings, and there is a quadratic function relationship between drilling cuttings and elastic strain energy.
The larger the drilling cuttings, the greater the elastic strain
energy can be released.

3. Combined Early Warning Method
The gestation process before the rock burst occurrence is
often accompanied by various precursor dynamic information. Therefore, the identiﬁcation of dynamic information can provide a basis for predicting the rock burst.
Considering the limitations of applying single monitoring
method, this paper establishes a combined early warning
method based on microseismic monitoring method and
improves drilling cutting method to monitor the dynamic
information.
3.1. Microseismic Monitoring Method. The microseismic
monitoring, as a type of regional monitoring method, is
widely used to predict the rock burst [27]. Microseismic
monitoring method is mainly used to record the microseismic time, microseismic energy, and location of the
microearthquakes. According to these data, combined
with rock mechanics and ﬁeld geological conditions, the
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whole process of rock deformation and rock fracture is
monitored in real time and three dimensions, which can be
used as a basis for evaluating the stability of rock body.
Extensive research studies and investigations have conducted that there is a correlation between microseismic
energy and microseismic frequency and rock burst
[28, 29]. The ﬂow chart for microseismic monitoring is
shown in Figure 1.
The operation process of the microseismic monitoring
system is as follows:
(1) Firstly, the microseismic sensor installed in the mine
can receive the energy vibration signal generated by
the rock body rupture, and the vibration signal can
be converted into an electrical signal and transmitted
to the underground microseismic collecting substation through the communication cable.
(2) Secondly, the underground microseismic collecting
substation can transmit the electrical signal to the
ground data acquisition server through the communication cable to monitor the rock body rupture,
reproduce the microseismic waveform in real time,
and automatically process and store the monitoring
data.
(3) Thirdly, the ground data processor can collect the
microseismic monitoring data from the ground data
acquisition server for accurate positioning and energy calculation and analyze the hazard level of the
mine monitoring area.
3.2. Improved Drilling Cutting Method. The drilling cutting
method, as an eﬀective way of predicting rock burst, is
drilling holes in the coal seam to obtain the drilling cuttings
to reﬂect the quantitative relationship between the drilling
cuttings and the stress [30, 31]. Following this, critical
drilling cuttings of rock burst is ensured, and the danger
degree of the rock burst is evaluated. The warning index of
drilling cuttings for judging rock burst is shown in Table 1. If
the actual drilling cuttings exceed the critical index, there
will be the risk of rock burst in the monitored area [32–34].
The expression of drilling cuttings index K is
G
K � 2,
(8)
G1
where G1 is the normal drilling cutting per meter, which
refers to the drilling cuttings at the unaﬀected area by
mining; G2 is the actual drilling cutting per meter, which
refers to the drilling cuttings at the aﬀected area by mining;
K refers to the drilling cutting index corresponding to Q; and
Q refers to the ratio of the drilling depth to the mining
thickness of the coal seam.
According to the above analysis, the critical drilling
cutting G3 can be expressed as
G3 � Kcri · G1 ,

(9)

where G3 is the critical drilling cutting of rock burst and Kcri
is the critical drilling cutting index, which refers to the
maximum drilling cutting index.

Because of the mining inﬂuence, the stress accumulation
area in front of coalface is migrated to the deep part of coal
body, and the drilling depth cannot reach the stress concentration area; the traditional drilling cutting method
cannot accurately predict rock burst. Therefore, based on the
drilling cuttings, it is proposed to make use of the variation
trend of the drilling cuttings to supplement defect of the drill
cutting method to predict the rock burst.
The variation of drilling cuttings is the diﬀerence
between the drilling cuttings at xm and the drilling cuttings
at xm−1 within the unit length, which can be expressed as
follows:
V � G xm  − G xm−1 ,

(10)

where G(xm−1 ) is the drilling cutting at xm − 1, G(xm ) is the
drilling cutting at xm , and V is the actual variation of the
drilling cuttings.
The warning index for the variation of drilling cuttings is
as follows:
V0 � G3 xm  − G3 xm−1 ,

(11)

where G3 (xm−1 ) is the critical drilling cutting at
xm − 1, G3 (xm ) is the critical drilling cutting at xm , and V0
is the critical variation of the drilling cuttings.
Compared with the actual variation of drilling cuttings
and the critical variation of drilling cuttings, when the actual
variation of drilling cuttings exceeds the critical variation of
drilling cuttings, it indicates that the stress increase rate is
faster than normal stress increase rate, and the variation of
the elastic deformation energy is greater.
When the drilling cuttings reach the early warning index,
but the variation of drilling cuttings does not reach the early
warning index, it is considered that there is a rock burst
danger. When the variation of drilling cuttings reaches the
early warning index, but the drilling cuttings do not reach
the early warning index, it is considered that there is a rock
burst danger. When the drilling cuttings and the variation of
drilling cuttings both reach the early warning index, the
pressure relief measures will be carried out.
3.3. The Combined Early Warning Method. According to the
characteristics of the above two monitoring methods, a new
combined early warning method for rock burst is proposed.
The ﬂow chart is shown in Figure 2.
The ﬁrst step: determining the position of microseismic
sensors and boreholes. According to the geological
conditions and construction methods of the coalface,
the position of the sensors and boreholes should be
reasonable and reliable. And it can eﬀectively reﬂect the
variation of microseismic energy and drilling cuttings
during the mining process.
The second step: analyzing the data. The related data of
microseismic energy and drilling cuttings during the
coalface advance process are obtained and analyzed,
and the corresponding variation curves are drawn
based on the obtained data. Combined with the on-site
situation, the abnormal area of the curve is analyzed.
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Figure 1: The ﬂow chart for microseismic monitoring.

Table 1: Warning index of drilling cuttings for judging rock burst.
Drilling depth/mining thickness of coal
seam (Q)
Drilling cuttings index (K)

1.5 1.5∼3.0 3.0
≥1.5 2.0∼3.0 ≥4.0

The third step: conﬁrming the rock burst warning
value. Based on the analysis of the obtained data and the
actual situations, the early warning values of microseismic energy, the drilling cuttings, and variation of
drilling cuttings can be obtained, respectively.
The fourth step: establishing the combined early
warning method. According to the monitoring results
of microseismic monitoring and improved drilling
cutting method, it is judged whether there is a rock
burst danger.
The ﬁfth step: applying the combined early warning
method. According to the above analysis, the combined
early warning method is applied in the coal mining, and
its practicability and eﬃciency will be discussed in
detail.
It is worth noting that the combined early warning
method is composed of two predicting methods: the microseismic monitoring method and improved drilling cuttings method. The combined early warning method can
show its respective advantages and overcome the corresponding disadvantages and then improve the accuracy of
rock burst prediction. At the same time, the rock burst
strength can be further predicted according to the corresponding data, microseismic energy, microseismic frequency, drilling cuttings, and variation of drilling cuttings.
Compared with the previous research studies, the above two
aspects are the main innovation of the combined early
warning method.

4. Application of Combined Early
Warning Method
4.1. Geology and In Situ Conditions. Xingcun Coal Mine is
located in Jining City, Shandong Province, China. No. 3302
coalface in Xingcun Coal Mine is buried at depth of

1190–1280 m, the coal seam dip angle is 1–13 degrees, the
average coal seam thickness is 3.5 m, and Platts’ coeﬃcient f
is 4–6. The roof is 5–20 m thick hard sandstone, and Platts’
coeﬃcient f is 6–11. In addition, the lithology of the coal
seam and roof of No. 3302 coalface is hard; the fractures
overlying hard rock can easily induce dynamic disasters such
as rock burst.
4.2. Improved Drilling Cutting Method
4.2.1. Borehole Arrangement. The borehole position is set at
the transport grooves and track grooves of No. 3302 coalface.
The layout of the boreholes should avoid the fault lines and
other geological structures. The drilling diameter is 42 mm,
the drilling depth is 12 m, and the interval between the two
boreholes is 5 m; the boreholes are arranged in the single
row. The distance between the borehole and the ﬂoor is 1 m,
and the drilling direction is perpendicular to roadway coal
wall. Drilling and measurement of the drilling cuttings are
performed at morning shift every day. Figures 3 and 4 show
the borehole arrangement position and the arrangement
method, respectively.
4.2.2. Monitoring Results. According to the above description of the improved drilling cutting method, the
variation curve of the drilling cuttings at the unaﬀected area
with the drilling depth is shown in Figure 5. It can be seen
that the drilling cuttings at unaﬀected area by mining increase slowly along with drilling depth, and the function
relation between the average drilling cuttings at unaﬀected
area by mining and drilling depth is approximate to one
function. However, there is a ﬂuctuation of drilling cuttings
at the drilling depth of 9–11 m; it indicates that there is a high
stress concentration in this range. And it can be seen that the
early warning index of drilling cuttings shows an increasing
trend with drilling depth. The drilling cuttings at the unaﬀected area are lower than the early warning index of the
drilling cuttings; this indicates that the stress at the unaﬀected area by mining does not exceed the critical stress,
and there is no possibility of rock burst.
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Figure 4: Borehole arrangement method.

The variation trend of drilling cuttings at the aﬀected
area by mining has been obtained by statistical analysis of
drilling cuttings from 5 boreholes in front of the coalface, as
shown in Figure 6. There is no ﬂuctuation in the variation
curve of the drilling cuttings at the aﬀected area by mining
and drilling depth; it indicates that the stress peak in front of
the coalface is migrated to the deep part of the coal body due
to the mining inﬂuence.

However, there are some limitations if only relying on
the drilling cuttings to judge the rock burst, which cannot
eﬀectively reﬂect the trend of the stress increasing rate.
Therefore, the concept of variation of drilling cuttings
method is introduced to compensate for such defects.
In order to study the relationship between the drilling
cuttings and the variation of drilling cuttings with the
coalface advanced time, the relationship surface ﬁgures are
drawn separately (Figures 7 and 8).
Figure 7 shows the relationship between the coalface
advanced time, the drilling depth, and the drilling cuttings.
The drilling cuttings have lots of ﬂuctuations in the No.
3302 coalface mining process, especially in the deep part of
the borehole. The drilling cuttings have a large peak on the
24th, 56th, and 87th days; their corresponding weights are
45.96 kg, 79.98 kg, and 65.66 kg, respectively. The time
interval between the large peaks of drilling cuttings is about
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Figure 5: Drilling cutting at unaﬀected area by mining and drilling cutting warning index.
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Figure 7: Relationship between the drilling cuttings and coalface advanced time.

30 days. According to formula (9), the drilling cuttings on
56th and 87th days are greater than the warning value of the
drilling cuttings, which means there is a risk of rock burst.

At the same time, there are some small peaks of the drilling
cuttings between the two large peaks, and the time interval
between two adjacent small peaks is about 10 days.

Variation of drilling
cuttings
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Figure 8: Relationship between the variation of drilling cuttings and coalface advanced time.

Figure 8 shows the relationship between the coalface
advanced time, the drilling depth, and the variation of the
drilling cuttings. The variation of drilling cuttings also has
the ﬂuctuation during the mining process. The peak value of
the variation of drilling cuttings is mainly in the deep part of
the borehole. According to formulas (10) and (11), the
variation of drilling cuttings in the deep part of borehole of
the 24th, 53rd, 56th, and 87th days is greater than the
warning value of the variation of drilling cuttings. It indicates that the stress increase rate exceeds the normal stress
increase rate. The time interval between the large peaks of
variation of drilling cuttings is about 30 days, and there are
some small peaks between the two adjacent large peaks; the
time interval between the small peaks is about 10 days.
Based on the above analysis of drilling cuttings and their
variation during the mining process, the time interval of the
large peaks is about 30 days, and the time interval of the
small peaks is 10 days. It infers that there are large stress
concentration and large stress increase rate every 30 days,
and there are small stress concentration and small stress
increase rate every 10 days.
4.3. Microseismic Monitoring
4.3.1. Arrangement of Microseismic Monitoring System.
There is 1 microseismic collector and 4 microseismic sensors
in the No. 3302 coalface of Xicun Coal Mine. The microseismic collector is installed on the coal roadway. The 1# and
2# microseismic sensors are installed at a distance of 100 m
and 300 m, respectively, from the opening of the transport
grooves. The 3# and 4# microseismic sensors are installed at
a distance of 100 m and 350 m, respectively, from the track
grooves. The arrangement of microseismic collector and
microseismic sensor is shown in Figure 9.
4.3.2. The Results of Microseismic Monitoring. Although the
microseismic event is diﬀerent from the rock burst, the
activity law of the microseismic events has a signiﬁcant
correlation with the probability of rock burst occurrence.
The microseismic monitoring method is used to monitor the
microseismic events in the coalface mining process in real
time, and the microseismic frequency and microseismic

energy are calculated every day. Figure 10 shows the results
of microseismic monitoring of the No. 3302 coalface. It can
be seen that the time interval between the large peaks of the
microseismic energy is about 30 days, and the total microseismic energy peak is 70915 J, 94612 J, and 79721 J,
respectively.
From the curve of the total microseismic energy and the
microseismic frequency, it can be seen that the rock experiences a period of time to accumulate energy before the rock
burst occurs, which is called the silent period. The length of
silent period is related to the rock burst occurrence. So the
rock burst can be judged by the length of the silent period
[35]. It can be seen from Figure 10 that the microseismic
energy during the silent period is small, but the number of
microseismic occurrences is high. This is mainly because the
rock will ﬁrst generate lots of small fractures before a large
fracture occurs. When lots of small cracks are interpenetrating each other, the conditions for generating the
large fractures are formed, and rock burst may occur. After
the rock burst, the microseismic energy and the microseismic frequency are signiﬁcantly reduced; this is mainly
because the large amount of elastic deformation is released
through rock burst, and there is not enough energy to
generate new massive fractures.
According to the geological conditions of the No. 3302
coalface, the cause of rock burst is mainly due to the stress
concentration inﬂuenced by the coalface square, in which
the coalface advancement distance is equal to the coalface
length. The microseismic energy generated on the 56th day is
most intense, which is mainly caused by the large coalface
square produced by the No. 3302 coalface and the adjacent
No. 3301 coalface. Meanwhile, there are lots of cracks in the
surrounding rock of the roadway, and workers at the site
heard the sound of rock breaking in the surrounding rock, so
there is a greater rock burst risk.
4.4. The Results of Combined Early Warning Method.
According to equation(5), the relationship between the
releasable elastic deformation energy, the microseismic
energy, and the No. 3302 coalface advanced time is analyzed,
as shown in Figure 11. The variation trend of the releasable
elastic deformation energy in the drilling depth range is
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Figure 11: Relationship between the releasable elastic deformation energy and microseismic energy.

similar to the microseismic energy. However, the elastic
deformation energy within the drilling depth is lower than
the microseismic energy. It indicates that the microseismic
monitoring method can reﬂect the releasable elastic deformation energy outside the drilling depth range. At the
same time, the microseismic monitoring method can
monitor the location of rock burst and the energy released

outward; the improved drill cutting method can eﬀectively
reﬂect the variation rate of the stress and elastic deformation
energy.
The results of the improved drilling cutting method show
that the small peaks of the drilling cuttings and their variation will appear every 10 days, and the big peaks of drilling
cuttings and their variation will appear every 30 days. The
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microseismic monitoring results show that the big peak of
microseismic energy will appear every 30 days. That means
the stress, the stress increase rate, and the released elastic
deformation energy will increase every 30 days, and there is a
danger of rock burst. Among them, the drilling cuttings and
their variation and microseismic energy on the 56th day are
the largest, exceeding the warning index, so the corresponding pressure relief measures should be taken. This is
mainly because of the large square of the No. 3302 coalface,
that is, the No. 3302 coalface advancement distance is equal
to the sum of the length of the No. 3302 coalface and the No.
3301 coalface.
Therefore, according to the combined early warning
method, there will be danger of rock burst every 10 days, and
certain pressure relief measures should be taken every 30
days during the No. 3302 coalface mining process.

5. Discussion
The single method of predicting rock burst has certain
limitations. It is diﬃcult to accurately determine whether the
rock burst will occur. Therefore, this paper proposes two
monitoring methods to predict rock burst: microseismic
monitoring and improved drilling cutting method, which
can complement each other. Meanwhile, the improved
drilling cutting method can make up for the defect that the
drilling depth could not reach the stress accumulation because the stress accumulation area is migrated to the deep
part of the coal body due to the mining inﬂuence. The
combined early warning method based on the microseismic
monitoring and improved drilling cutting method can not
only predict the location and energy of rock burst but also
predict the variation rate of stress and elastic deformation
energy.
However, there are some limitations because these
conclusions are obtained by monitoring No. 3302 coalface of
Xingcun Coal Mine, and the monitoring conclusions of
other coal mines are not yet known. So, it is also necessary to
apply and analyze this method to other coal mines in the
future.

6. Conclusion
(1) The function relationship between the drilling cuttings and the releasable elastic deformation energy is
established. When the geological conditions and the
borehole diameter are constant, the function of the
drilling cuttings and the releasable elastic deformation energy can be expressed as U � A · G22 . So
there is a quadratic function relationship between the
drilling cuttings generated by borehole elastic deformation and the releasable elastic deformation
energy.
(2) Based on the traditional drilling cutting method, the
variation of drilling cuttings is introduced, which can
make up for the defect that the drilling depth failed to
reach the stress accumulation due to the mining
inﬂuence. And the variation of the drilling cuttings
can eﬀectively reﬂect the variation trend of the stress
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increasing rate. When the drilling cuttings do not
exceed the warning value, but the variation of
drilling cuttings is beyond the warning value, there is
still a risk of rock burst.
(3) Based on the microseismic monitoring method and
the improved drilling cutting method, the combined
early warning method for predicting rock burst is
established, which can avoid the limitations of the
single monitoring method. It can make better use of
the advantages of microseismic monitoring method
and improved drilling cutting method and also can
predict the risk of rock burst.
(4) The prediction results of the combined early warning
method based on the No. 3302 coalface of Xingcun
Coal Mine are consistent with the actual results,
which verify the reliability and eﬀectiveness of this
method and provide a new way for predicting the
rock burst occurrence.
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The dynamic subsidence characteristics due to super-large working face (SLWF) are the basis for further understanding of land
ecology damage in fragile-ecological mining areas. In order to acquire the evolution characteristics of dynamic subsidence
parameters and surface cracks, a series of ﬁeld monitoring and comparisons with previous studies were conducted. The results
indicate that (1) the subsidence trough is characterized with self-healing characteristics, including rapid formation of subsidence
trough, the convergence of deformation, a steep trough edge, the smaller range of surface cracks; (2) the dynamic curves of
dynamic subsidence parameters conformed to the exponential function curve with an inﬂection point when the SLWF advanced
ca. critical dimension, which is the commonality of the dynamic subsidence characteristics; and (3) the optimized monitoring
strategy for land ecology damage is recommended, and more attention should be paid to the quantitative prediction of root
damage due to coal mining. The research results would beneﬁt mining damage control and civil engineering protection in fragileecological mining areas.

1. Introduction
Underground coal mining is one of the key drivers of land
ecology damage worldwide in many countries, which poses a
serious threat to the sustainable development of resources
and energy [1–3]. China’s coal production is among the
highest productions in the world [4, 5]. As China’s energy
strategy moves westward, the Shendong Coalﬁeld has become the major coal-producing area in China [6–8]. The
favorable occurrences of coal resources are suitable for largescale modern development [8–10]. Herein, the SLWF
technology characterized with large panel dimension, large
advancing speed, more safety, and high eﬃcient (Figure 1)
has been widely adopted in the Shendong Coalﬁeld [6–11].

However, the ecological environment in the Shendong
Coalﬁeld is certainly fragile, and the highly intensive coal
mining poses a great threat to the land ecology safety, which
may cause further deterioration [6–8, 10]. Therefore,
grasping the evolution characteristics and inﬂuencing factors of land ecology damage over mining process is essential
to manage and mitigate the negative impacts of coal mining
[1, 12]. Recently, land ecology damage due to underground
coal mining, especially for the Shendong Coalﬁeld, a representative fragile-ecological mining area, has gradually
become an active research topic [7, 12–17]. Nevertheless,
previous studies indicate that land ecology damage due to
SLWF diﬀers from that induced by traditional mining
technologies, or in eastern China, and what really matters is
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Furthermore, some relevant scientiﬁc issues in the dynamic mining subsidence process were discussed, aiming
to provide theoretical references for mining damage
control and ecological restoration in the fragile-ecological
mining areas.
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Figure 1: SLWF and TWF [10].

that land ecology damage commonly occurs in the dynamic
mining subsidence process [14, 18, 19]. Furthermore, the
magnitude of land ecology damage due to underground coal
mining depends not only on the static subsidence parameters, but also on the evolution characteristics of dynamic
subsidence parameters. Hence, adequate study on dynamic
subsidence characteristics due to SLWF is the basis and
precondition for further study on land ecology damage in
fragile-ecological mining area [12, 14, 18].
However, the dynamic subsidence process is a relative
complex spatiotemporal process inﬂuenced by various
geological and mining factors. And the magnitude and
form of surface movement and land damages varies in
diﬀerent coal ﬁelds [9, 20–22]. For instance, Salmi et al. [22]
classiﬁed the subsidence process into two phases according
to subsidence magnitudes. Additionally, dynamic subsidence is a well-known phenomenon and attracted the
attentions of several researchers, performing large studies
on dynamic subsidence characteristics due to coal mining,
based on ﬁeld monitoring in diﬀerent coal ﬁelds of China
[23–27], most of which are located in eastern China. Although some researchers conducted a series of studies on
the surface movement and deformation [28–34], as well as
mining-induced ground cracks in fragile-ecological mining
area [35–37], for example, Yu et al. [35] studied the formation mechanism of the falling crack and proposed its
control method, there are still areas lacking clarity and
investigation. Particularly, there are some special subsidence characteristics, such as larger tangent values of
angles of major inﬂuence, steep edges of subsidence
troughs, etc, resulting from SLWF, and thick and unconsolidated aeolian sand with larger ﬂuidity (lower mechanical strength). And the mechanical properties of
aeolian sand are signiﬁcantly diﬀerent from those of the
bedrock stratum. Moreover, the evolution characteristics of
some dynamic subsidence parameters have not been well
reported. And there is still a lack of analysis of evolutionary
characteristics of surface cracks, which are essential for
land ecology damage studies due to SLWF. Hence, based on
the ﬁeld data from the surface movement monitoring
stations established above the SLWF, the evolution
characteristics of dynamic subsidence parameters and
surface cracks during the dynamic mining process have
been acquired, and the impacts of mining and geological
factors on the evolutionary characteristics were analyzed.

2. Study Area
2.1. Physiographic Condition. The Shendong Coalﬁeld
(Figure 2), a typical fragile-ecological area mainly characterized by aeolian landform, is located in the transitional
zones from the Mu us desert to the Loess Plateau
[11, 15, 34], and the geographical position is from
38°52′–39°41′ north latitude, 109°51′–110°46′ east longitude, and covers an area of about 3800 km2 with an altitude
from 1000 to 1500 m above sea level, most of which covered
by sand dune with a thickness varying between 20 and
50 m. Further, the geographical position of Daliuta colliery
is from 39°13′–39°22′ north latitude, 110°12′–110°24′ east
longitude. The topsoil comprises a high level of sandy soils
characterized with a rough soil mechanical composition,
poor capacity of water and nutrient preservation, and
worsening wind erosion, which contributes to serious
desertiﬁcation. In addition, there is low vegetation coverage
with sparse vegetation, and the main vegetations are
herbage and artiﬁcial vegetation and other typical psammophilous vegetations [11, 15]. The coal ﬁeld is characterized by a typical dry arid and semiarid plateau
continental climate with less rain. The water resources are
very precious, with average annual precipitation and
evaporation of 413.5 mm and 2111.2 mm, respectively, and
the meteorological elements are greatly inﬂuenced by the
geographical environment [10].
2.2. Mining and Geological Conditions. This paper takes the
52305 SLWF of the Daliuta colliery as the study object,
which is located in the third panel of the Daliuta colliery
and excavation of the 5−2 coal seam commenced in September 2013 and completed in July, 2014. The adjacent old
goaf of 52304 SLWF lied to the south of 52305 SLWF, and
the virgin zone lied to the north. The thickness of the 5−2
coal seam ranges from 7.07 m to 7.7 m, and the dip angle
varies between 1° and 3°, which is stable and belongs to ﬂat
seams. The 52305 SLWF is 280.5 m wide and 2881.3 m long,
with an average mining height of 6.7 m. The overburden
mainly comprises quaternary loose soils and bedrock, of
which the average thicknesses are around 30 m and 138 m,
respectively. And the average mining depth is ca. 230 m.
The overlying surface exhibits a ﬂat terrain covered by thick
aeolian sand. The immediate roof and main roof of the
extracted seam are siltstone and packsand, respectively. The
main roof primarily comprises quartz, and the overlying
rock is characterized with argillaceous cementation and
current bedding. Additionally, the fully mechanized coal
mining method and the fully caving method to manage the
roof were employed in the SLWF. The practical excavation
ratio was 93% when the mining was completed [37].
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Figure 2: Location of the Shendong Coalﬁeld.

3. Methods

4. Results and Analysis

In China, the most important method of studying dynamic
mining subsidence characteristics is ﬁeld monitoring, and
the widely accepted mechanism are the section linear
monitoring stations [21, 27, 34]. In July 2013, two surveying
lines (i.e., line Z and Q) along the longitudinal and
transverse direction were laid out above the SLWF. Line Z
was located with 51 stations at 20 m intervals. While line Q
was located with 35 stations at 25 m intervals (Figure 3). In
addition, several stations at the end of lines Z and Q, regardless of those above the SLWF, were stable base stations
that were located well outside the mining inﬂuence.
According to the position of the working face and subsidence magnitude [21], four precise levelling was carried
out using a Sokkia B20 optical level with a standard deviation of ± 5 mm for 1 km of double levelling, while the
horizontal displacement was conducted via the Sokkia
Set250X electronic total station.
It is notable that HUACE X93(1 + 1) GPS-RTK was
employed to monitor the dynamic propagation and distribution ranges of surface cracks, particularly the development characteristics of surface cracks occurring above
the SLWF. Additionally, the margin cracks which emerged
around the edges of the subsidence trough were also
measured [37].

4.1. Dynamic Surface Subsidence Characteristics. In Figures 4
and 5, each dynamic subsidence curve corresponds to the
corresponding advance distance. Figure 4 shows the dynamic subsidence curves at diﬀerent advance distances in
the longitudinal direction. The initial subsidence trough
shape appeared when the SLWF advanced 0.57 times the
depth of mining (hereinafter referred to as “H”), and the
subsidence trough margin on the side of the open-oﬀ cut
presents a relatively steep shape, while there is a gentle slope
on the side of the coal pillar. During the mining process after
advanced 1.28 H, the trough margin on the side of the openoﬀ cut was characterized by a steep shape with severe
subsidence. And ﬁeld monitoring indicated that there was
severe discontinuous subsidence with many steps, where the
largest drop of the steps is approximately 40 cm. However,
the gentle trough margin above the coal pillars continuously
developed as the SLWF advanced. Overall, the dynamic
subsidence curve was asymmetrically characterized with a
steep trough margin above the open-oﬀ cut, with a gentle
one above the coal pillars. Moreover, the ﬂat bottom of the
subsidence trough already occurred when the SLWF advanced 1.63 H, indicating that the SLWF technique can
accelerate the development process of subsidence troughs. It
is notable that asymmetry also occurred in the dynamic
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Figure 4: Dynamic subsidence curves of longitudinal line.

subsidence curve in the transverse direction (Figure 5). More
precisely, the curve shapes on the side of adjacent old golf are
more gradual than that on the side of the tailgate. Although
the coal seam is approximately ﬂat, the practice of 52305
SLWF resulted in the reactivation of “potential subsidence”
of the adjacent old golf [9, 20, 21], which subsequently led to
larger subsidence values and ranges above the goaf edge on

the side of the tailgate (Figure 5), and the trough margin was
characterized by a smaller slope and gentle shape.
4.2. Mining Subsidence Starting Distance. The advanced
distance from the open-oﬀ cut to the position of the working
face when the surface subsidence reaches 10 mm is
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considered as the mining subsidence starting distance (the
distance is generally distributed over the interval 1/4–1/2 H
in China) [9, 21]. The starting distance reﬂected the initial
advance distance inﬂuenced by underground mining, and it
is mainly associated with H (i.e., the depth of mining),
physicomechanical properties of overburden, and the
presence of key stratum in the overburden.
The longer time interval between the second monitoring
(advance 1/10 H) and third monitoring (advance 1/3 H)
resulted in an insuﬃcient monitoring density, which contributed to the actual starting distance not being measured in
a timely manner. Hence, based on the ﬁeld data, the average
subsidence velocity of the Z24 station during the two
monitoring times reached 2.3 mm/d (exceeding 1.67 mm/d),
and the Z24 station was the point with maximum subsidence
between the two monitoring times. Therefore, the Z24
station could most probably reach 10 mm of subsidence
when the SLWF advanced 0.32 H; thus, the starting stance
was smaller than 0.32 H. Furthermore, the relevant references indicate that the duration of dynamic subsidence is
relatively short [29, 32]. Comprehensive analysis incorporating the advance speed and dynamic subsidence
curves (longitudinal direction) via interpolation technique
were conducted, and it could be logical inferred that the
starting distance approached around 1/4 H, which was
smaller than precious studies. And there are various factors
such as the relative slow advance speed (4.1 m/d during the
initial mining stage), larger average mining height of 6.7 m,
the hard to medium rock, and the thick aeolian sand
contributed to aforementioned phenomena.
4.3. Dynamic Characteristics and Analysis of Advance Inﬂuence Distance. It is widely accepted that the surface point
where the subsidence initiated is always located at a ﬁxed
distance ahead of the instantaneous working face position.

The ﬁxed distance is deﬁned as the advance inﬂuence distance (hereinafter referred to as“l”). The angle between the
vertical line at the working face line and the line connecting
the movement initiation point on the surface and the
working face line is the angle of advance inﬂuence (hereinafter referred to as “w”) [9]. The l and w are crucial parameters to determine the inﬂuence ranges of dynamic
subsidence. However, the l, so called “a ﬁxed distance,” is
actually a mean value in ideal conditions in relevant references [9, 20, 21], a constant l may not reﬂect the real
dynamic mining process. Moreover, the ﬁeld monitoring
indicates that the l varies until the working face advanced a
certain distance during the dynamic mining process (Figure 6), which diﬀers from the precious studies [9, 20, 21].
Figure 6 shows that the l changes with the breaking of the
rock strata during the mining process, especially when the
signiﬁcant ranges of variation occurred in the subcritical
mining stage. However, there are still changes in l, but with
small ranges of variation after the SLWF advanced 1.2 H.
Overall, the dynamic curves of l accords with the exponential
function characterized with one inﬂexion point and then
approaches a constant. In addition, the average of ﬁve selected monitoring values of l is obtained when the SLWF
advanced around 1.4 H; then the w is attained based on the
following equation [21]:
l
(1)
w � arccot ,
H
where w is the angle of advance inﬂuence, l is the advance
inﬂuence distance, and H is the mining depth.
The calculated w is 69.7°, which is relatively large
compared to the relevant references [28, 29], and there
appears to be such factors as the advance speed, mining
height, mechanical properties of the overburden rock, and
critical mining, contributing to the determination of w.
Some detailed analyses are performed, as follows:

Advance inﬂuence distace (m)
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contributing to a smaller l and a larger w inversely.
Additionally, the weak plane due to the original soil
ﬁssures also resulted in the weak soil stratum and
impeded the further propagation of movement and
deformation horizontally, thus contributing to a
smaller l.
(3) The variation of the advance speed can lead to the
corresponding variation of rock breaking distance.
Therefore, dynamic changes in surface subsidence
emerge, which can account for variations in the l
after the SLWF advanced 1.2 H.

150

100

Starting distance
0.25 H
50

0

1.2H 1.4H
100

200
300
Advance distance (m)

400

Advance inﬂuence distance (m)
y = 215.764e–0.0128x + 81.441
R2 = 0.886

Figure 6: Dynamic curves of advance inﬂuence distance.

(1) The l increased progressively until the SLWF advanced around 1.2 H (Figure 6), where the SLWF
transitioned from the subcritical state to the critical
state. For instance, the l increased sharply to a peak
after the SLWF advanced 0.25 H and then decreased,
conforming to the exponential function (Figure 6),
and it can be inferred that the failure and movement
of the overburden stratum has a signiﬁcant impact on
the inﬂuence ranges of l, particularly the failure of key
stratum can evidently lead to the variation of l, which
is consistent with the literatures [25, 26, 38, 39]. And
this can account for the average l, which should be
obtained prior to the calculation of w
[21, 23, 24, 29, 32, 33].
(2) The failure and subsidence of key stratum can result
in the instantaneous surface subsidence. The presence of thin and hard bedrock makes the overburden
rock vulnerable to failure. The rock movement and
deformation can rapidly propagate to the surface
layer of thick and loose aeolian sand. In addition, the
aeolian sand is characterized by large ﬂuidity and
weak mechanical properties and structure, which is
suitable for the rapid propagation of rock movement
and deformation to the surface in the vertical direction [29]. Thus, the surface subsidence can reach
10 mm in a shorter time. Moreover, the highly intensive mining, characterized by large average advance speed (exceeding 12 m/d) and large mining
height (6.7 m) after the SLWF advanced 1.2 H,
resulted in the evolution characteristics of rock ﬁssures being mainly of high angle and even vertical to
the rock stratum and led to the reduction of advance
inﬂuence range of overburden ahead of the coal
pillars [40]. Therefore, the dynamic subsidence
characteristics can reﬂect the failure and subsidence
characteristics of overburden to some extent,

4.4. Dynamic Characteristics and Analysis of Maximum
Subsidence Rate
4.4.1. Maximum Surface Subsidence Rate. The subsidence
rate, particularly, the maximum surface subsidence rate, may
be the most visible parameter reﬂecting the magnitude of
land damage and the movement intensity of the overburden
stratum above the goaf, during the dynamic subsidence
process [21, 27]. It is accepted that severe land ecology
damage usually emerges where the maximum surface subsidence rate occurs. Based on ﬁeld monitoring, the dynamic
variations of the maximum surface subsidence rate in the
longitudinal direction at diﬀerent advance distances of the
SLWF are shown in Figure 7.
The dynamic curve of maximum subsidence rate indicates that the maximum subsidence rate increased sharply
with the SLWF continual advancing during the subcritical
mining stage (before 1.2 H) (Figure 7), then the inﬂection
point also occurred when the SLWF advanced 1.2 H, which
may indicate that the SLWF undergoes the critical mining
stage. Although there were still variations in the maximum
surface subsidence rate with the SLWF advancing, the
magnitude of variations is small. There are various factors
acting on the maximum surface subsidence rate, such as the
maximum subsidence, mining depth, mining height, mechanical properties of overburden, advance speed, and the
magnitude of mining. The following empirical equation is
for estimating the maximum surface subsidence rate
[21, 24, 32]:
Vmax �

KWmax C
,
H

(2)

where K is the factor of subsidence rate, C is the average
advance speed, H is the average mining depth, and Wmax is
the maximum surface subsidence. In the present work, based
on the ﬁeld data, C � 12 m/d, H � 230 m, Wmax � 3722 mm,
and Vmax � 617 mm/d; thus, the K is 3.18, which is larger
among the precious studies [30–33, 41].
It is notable that the variations of maximum surface
subsidence rate can be attributed to the periodic failure of
the key stratum which may sustain the overburden above the
goaf [11], and the nonuniform advance rate in the critical
mining stage may be responsible for the various amplitude of
variations of the maximum subsidence rate [39, 42]. The
notable inﬂection point occurred when the SLWF experienced from the subcritical mining to the critical mining,
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Figure 7: Dynamic curve of maximum subsidence rate.

Figure 8: Dynamic curves of lag distance of maximum subsidence
rate.

indicating that the critical mining may have posed a signiﬁcant impact on the dynamic subsidence, particularly the
maximum surface subsidence rate [25, 26, 38]. In addition,
the larger plasticity of overburden comprising argillaceous
cemented clastic rock series with a thickness of 0.57 H,
shallow cover, and large advance speed are the major factors
resulting in the larger K [32].

the SLWF advanced around 1.4 H, and the L is ca. 94 m.
Furthermore, the acute angle between the working face and
the line connecting the point with the maximum subsidence
rate is deﬁned as the angle of the lag distance of maximum
subsidence rate (hereinafter referred to as “Φ”), then the
acute angle, 67.8°, can be attained based on the following
empirical equation [9, 20, 21]:
L
(3)
Φ � arccot ,
H

4.4.2. Lag Distance and Lag Angle of Maximum Subsidence
Rate. It is well known that when the goaf reached the critical
or supercritical dimension, the subsidence rate for each
point on the major cross section in the longitudinal direction
reached a maximum value under the prevailing conditions.
The point where the maximum subsidence rate occurred
lagged the corresponding position of the working face at a
ﬁxed distance (hereinafter referred to as “L”) and remains so
[9, 20, 21]. And the ﬁxed distance is deﬁned as the lag
distance of the maximum subsidence rate. However, there
are few studies on the L in the subcritical mining stage. In the
present work, the relations between the L and the corresponding advance position of the working face are shown in
Figure 8. It is notable that the L diﬀered for each corresponding advance position. In addition, it increased sharply
with the commencement of mining and reached an evident
inﬂection point when the SLWF advanced around 1.2 H,
then approached the steady state, and the dynamic curve of L
also conformed to the exponential function.
Figure 8 shows that the overall variation trend of the lag
distance is consistent with that of the maximum subsidence
rate, which also indicated that the failure of key stratum and
nonuniform advance rate may result in the previous phenomenon. And the critical mining can similarly have a
considerable eﬀect on the variation of L. When the SLWF
reached the critical mining or steady state characterized with
the periodic fracture of the key stratum, the average of
several selected monitoring values of L was performed when

where Φ is the angle of lag distance of maximum subsidence
rate, L is the lag distance of the maximum subsidence rate,
and H is the average mining depth.
A comparison between Φ in this work and those in the
previous studies [28–30, 32, 33] indicates that the attained Φ
is larger, which can be attributed to the prevailing conditions, such as the shallow cover, thin bedrock, large mining
dimension, and rapid average advance speed (exceeding
12 m/d).Additionally, the poor mechanical structure of the
thick aeolian sand, resulting in the rapid propagation of rock
movement and deformation to the surface, is another reason
responsible for the larger Φ. The evolution characteristics of
Φ can be used to determine the most severe zones of dynamic subsidence, as well as the occurrence time and position of the maximum subsidence rate [9, 20, 21], which
may be of beneﬁt to the scientiﬁc monitoring of land ecology
damage and the mining damage control.
4.4.3. Dynamic Subsidence Rate Curves of Surface Point with
Maximum Subsidence Rate. It is widely accepted in China
that the duration of surface subsidence could be divided into
three stages according to the subsidence rate: the initial
movement stage (which lasts from when a station commences subsidence to when the subsidence rate is larger than
1.67 mm/d), the active movement stage (during which the
subsidence rate is larger than 1.67 mm/d), and the
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attenuation stage (which lasts from when the subsidence rate
is less than 1.67 mm/d to when the accumulated subsidence
values do not exceed 30 mm in the successive six months)
[21, 27]. Figure 4 shows that the maximum subsidence
occurred at Z45 station. Unfortunately, being limited by
insuﬃcient monitoring density, it may not objectively reﬂect
the actual duration of the dynamic subsidence process based
on the ﬁeld data of Z45 station, because it can homogenize
the dynamic surface movement and deformation without
characteristic points. Thus, the dynamic subsidence rate
curve of Z33 station (Figure 9), where the maximum subsidence rate exceeding the other monitoring stations occurred, was taken as the research object to analyze the
duration of dynamic subsidence; similar circumstances
could be seen in literature [32].
Figure 9 shows that the Z33 station began to experience
the initial movement stage when the position of working face
was 0.79 H away to the Z33 station. Since the monitoring
stations are sensitive to the mining disturbance due to the
prevailing conditions, particularly the thick aeolian sand
characterized with poor mechanical structure and strength,
the subsidence rate of Z33 station increased rapidly to
1.67 mm/d when the position of the working face was 0.2 H
away to the Z33 station and subsequently experienced the
active movement stage. When the SLWF continually advanced and passed the Z33 station for a distance of 0.22 H,
the acceleration of the subsidence rate reached 12.9 mm/
day2 and increased sharply to 184.8 mm/day2 when the
SLWF passed the Z33 station for a distance of 0.38 H, where
the maximum subsidence rate of 617 mm/d occurred. Then,
the subsidence rate decreased sharply, and the magnitude of
subsidence rate were 0.36Vmax , 0.07Vmax , and 0.02Vmax
when the working face passed the Z33 station for distances of
0.58 H, 0.78 H, and 1 H, respectively. The reduction magnitude of the subsidence rate was totally 98%. This indicated
that severe surface movement and deformation occurred in
the dynamic subsidence process, resulting in serious land
ecology damage in various forms, such as severe stepped
cracks [12, 36, 43–45], large variation of soil physical
properties [12, 15, 17, 19], and damage to vegetation root due
to ground strain [12, 46, 47]. Afterwards, there was an inﬂection point, ca. 1.2 H away to the position of the working
face, which occurred in the dynamic curves of the maximum
subsidence rate and the curves exhibited gently. The subsidence rate of Z33 station reached 1.67 mm/d when the
working face passed it for a distance of ca. 6.42 H, indicating
that the active movement stage terminated and the Z33
station commenced to experience the attenuation stage for a
period of ca. 160 days. Thus, the ground approached stability,
and the subsidence rate approximated zero.
As shown in Figure 9, active movement stage comprised
of ca. 113 days, and the corresponding accumulated subsidence accounted for 98% of the total subsidence, whereas
the duration of the severe stage comprised of merely 20 days
(during which the average subsidence rate exceeds 10 mm/
d), and the corresponding accumulated subsidence unexpectedly accounted for 95% of the total subsidence.
Furthermore, such disasters as water-sand inrush, as well as
the damage to vegetation roots due to ground strain, are
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vulnerable to happen. Thus, the severe stage is the key
monitoring period of mining damage, deserving of more
emphasis. However, the aforementioned phenomenon is
mainly attributed to such factors as the highly intensive
mining, rapid advance speed, poor mechanical structure,
and high mechanical ﬂuidity of the thick aeolian sand.
Furthermore, the overburden rock and thick aeolian sand
subsided instantaneously after the failure of key stratum.
And the subsidence rate of each rock layer is faster and the
relative suspending time is short, resulting in rapid propagation of rock movement to the surface characterized with
severely concentrated and intense surface movement and
deformation, larger surface maximum subsidence rate, and a
shorter severe stage.
Additionally, the rapid advance speed was beneﬁcial to
the hinge joint of breaking hard rock blocks [44], forming a
temporarily stable mechanical equilibrium structure [42].
And this may inhibit further severe migration of the
breaking overburden and mitigate the subsidence of the
overburden, contributing to a shorter severe stage, while
there existed some space of separated key stratum, resulting
in a longer attenuation stage due to the long-term miningdisturbed eﬀect.
4.5. Dynamic Movement Trajectories of Surface Points. As is
well known, the magnitude of the mining-disturbed eﬀect
on surface points varies with diﬀerent relative positions
between the surface points and the corresponding working
face. Therefore, surface points above the goaf experienced a
complex spatiotemporal process from the initial movement
to severe subsidence, and ﬁnally to becoming steady [9, 21].
Since the SLWF dimension reached the supercritical size,
the dynamic movement trajectories of the surface points at
the major cross section conformed to the movement trajectories of the surface points due to supercritical mining
[48] in the present work. Based on the distribution characteristic of the principal stress in rock and soil mass
disturbed by mining [49], the sketch diagram of the dynamic movement trajectories of the surface points and the
corresponding stress distribution in the rock and thick
unconsolidated layer disturbed by mining was given, in a
contrasting spatial view (Figure 10).
For instance, there are ﬁve surface points at the major
cross section (Figure 10): points A and E were above the
coal pillars, and points B, C, and D were above the goaf;
particularly, point C was above the goaf center [48]. Points
A and E were aﬀected by mining, and their trajectories were
basically towards the goaf center when the SLWF advanced
from the point A′ to E′. Moreover, the trajectories of points
B, C, and D were described as follows: as the face
approached and went past a point, the cantilever strata
below the point deﬂected progressively over the longitudinal rib, which was the source of horizontal movement
and tensile stress. The movement was initially towards the
reverse direction of the mining direction and ﬁnally towards the mining direction, while subsidence occurred
throughout the whole dynamic process. The changing
pattern of movement at a point can be explained in terms of
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Figure 9: Dynamic subsidence rate curves of surface point with maximum subsidence rate.

the increase in cantilever bending and goafward rotation,
and the movement of the strata at the point the working
face approaches and gets under the point. Once the face
goes past the point, the movements reverse in direction
[50].
Figure 10 shows that there existed considerable diﬀerences in the dynamic trajectories of surface points. This can
be attributed to various magnitudes of mining stress due to
diﬀerent positions of the surface points located above the
goaf. Furthermore, compared to the traditional longwall
mining, the ratio of the nondiﬀerential subsidence area due
to SLWF was larger [12]; therefore, there existed more points
similar to point C above the goaf, which was aﬀected by
tensile stress after compressive stress. Therefore, the deformation could be recovered rapidly and approached the
prior-mining state.
4.6. Dynamic Evolution and Distribution Characteristics of
Surface Cracks. Many relevant references indicate that the
surface cracks are the major form of land ecology damage
due to mining [12, 14, 15, 17–19, 36, 46]. However, few
attempts have been made concerning the dynamic distribution characteristics of surface cracks. Here, the HUACE
X93(1 + 1) GPS-RTK was adopted to monitor the dynamic
propagation and distribution ranges of surface cracks above
the goaf (Figure 11). Furthermore, the margin cracks which
appeared around the edges of the subsidence trough, as well
as the attributive characters of surface cracks, were also
measured [19, 37].
The ﬁled data indicates that the distribution ranges of
surface cracks due to SLWF continually expanded above the
goaf. In brief, the overall distribution characteristics of

surface cracks experienced three stages, including an elliptical shape, circular shape, and enlarged elliptical shape
[19, 37]:
(1) “Elliptical shape” stage. Figure 11(a) shows that the
surface cracks were disturbed in an elliptical shape
and were symmetrical about the longitudinal line at
the major cross section of the SLWF. Additionally, the
length of the major axis and minor axis were 0.52 H
and 0.29 H, respectively. The distributed range of
surface cracks was 0.35 H–0.43 H away to the open-oﬀ
cut. There existed evident discontinuous subsidence
characterized with stepped cracks, the measured drop
of the stepped crack is ca. 40 cm, while the width
exceeds 15 cm. Thereafter, Figures 11(b)–11(d) show
that the distribution ranges of surface cracks continuously expanded to the outside of the initial position, with the SLWF continuously advancing.
Subsequently, the overall distribution characteristics
of surface cracks transferred from the “elliptical
shape” stage to the “circular shape” stage.
(2) “Circular shape” stage. Figure 11(c) shows that the
surface cracks were distributed in a “circular shape”
with a radius of around H when the working face
advanced 1.12 H. Then, the distribution ranges of the
surface cracks continuously expanded outward in a
series of approximately concentric circles with the
continuous advancing. Later, the marginal cracks
propagated to the edges of the trough above the goaf
when the SLWF advanced 1.37 H, while the maximum concentric circle radius is approximately 0.5 D1
(i.e., the transverse length of the SLWF). Currently, it
is worth noting that the crack angles on the side of
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Figure 10: Dynamic trajectories of the surface points and the corresponding principal stress distribution in overburden disturbed by
mining.

open-oﬀ cut, downhill, and uphill were 89.3°, 88.9°,
and 88.5°, respectively, with an average of 88.9°,
among which the surface cracks on the side of the
open-oﬀ cut and uphill did not extend to the outside
of the goaf, which indicated that the crack angles
approached approximately the vertical angle, and the
distribution ranges were restricted inside the edges of
the goaf, resulting in relatively small ranges of land
ecology damage [12, 23, 24], and moreover, the
marginal cracks on the side of downhill expanded
outside of the goaf, and the attributive characters
including the drop of the stepped crack and the
width are larger, which could be attributed to the
uncrushed coal pillars between the adjacent working
faces [22, 34] and stress concentration and discontinuous subsidence emerges in the overburden rock
and soils due to the presence of coal pillars [22].
(3) “Enlarged-elliptical shape” stage. The margin cracks
on the sides of the open-oﬀ cut, uphill, and downhill all
expanded outside the edges of the goaf, but adjacent to
the edges, and the corresponding crack angles are
89.4°, 87.7°, and 89.6°, respectively, with an average of
88.9°. Furthermore, compared with the previous stage,
the changes of the crack angles was small, which indicated that little expanded ranges of land ecology
damage occurred in the mining process [51]. The
developmental characteristic of the surface cracks
conformed to the “O shape” [52], and the evolutionary
characteristics of surface cracks basically reﬂected the
distribution characteristics of the overburden ﬁssures
in the mining process, providing the actual evidence
for the theory of the “O shape” circle distribution of
mining-induced fractures in the overlaying strata.

5. Discussion
Currently, the SLWF technology has been widely adopted in
the Shendong Coalﬁeld [10–12], and relevant reviews concerning with dynamic subsidence characteristics due to SLWF
are summarized in Tables 1 and 2 [28–34, 41]. And there exist
some particularities in the dynamic subsidence characteristics
due to SLWF. Furthermore, it may be beneﬁcial for the
optimization of the prevailing monitoring strategy of land
ecology damage, and worth further discussion. Additionally,
the No. 1203 working face is the ﬁrst fully mechanized coal
mining working face in the Daliuta colliery [43], which can be
referential for the present work. Thus, the relevant parameters
of the No. 1203 working face together with the mining and
geological data extracted from references [28–34, 41] are
employed in this study. It is notable that the parameters such
as D1, D3, h, Dip angle of coal seam, C, H, and h1 indicate the
mining and geological conditions. While other parameters
such as p, j, Vmax, tanβ, S0, displacement angle, and crack
angle indicate the movement and deformation magnitude.
Particularly, the displacement angle and crack angle generally
indicate the land damage ranges above the goaf.

5.1. Dynamic Formation Characteristics of Mining
Subsidence Trough
(1) Tables 1 and 2 exhibit that more than 95% of the total
subsidence occurred intensively during the active
movement stage, of which the duration did not
exceed 45% of the total subsidence duration, characterized with a relative large maximum surface
subsidence rate [32]. And the subsidence trough can
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Figure 11: Dynamic extension and distribution of surface crack due to SLWF, (a) advanced 0.52 H; (b) advanced 0.85 H; (c) advanced
1.12 H; (d) advanced 1.37 H; (e) advanced 2.18 H [19, 37].

Table 1: Mining and geological conditions of some SLWF [28–34, 41].
Working face
Daliuta colliery 1203
Daliuta colliery 52304
Daliuta colliery 52305
Buliuta colliery 12406
Halagou colliery 22407
Shangwan colliery 51101
Buliuta colliery 31401
Hanjiawan colliery 2304

D1 (m)
150.0
301.0
280.5
300.5
284.3
240.0
265.3
268.0

D3 (m)
938.0
4547.6
2881.3
3592.0
3224.1
4000.0
4629.0
1800.0

h (m)
4.0
6.5
6.7
4.5
5.2
5.2
4.2
4.5

rapidly form with a larger range of the ﬂat bottom.
For instance, the point 0.26 H away to the open-oﬀ
cut above the 52305 SLWF reached its maximum
subsidence rate when the SLWF advanced ca. 1.63 H.

Dip angle of coal seam (°)
0.3
1∼3
1∼3
1∼3
1∼3
1∼3
1∼3
2∼4

C (m/d)
2.4
9.0
12.0
12.0
15.0
10.0
13.5
>10.0

H (m)
61.0
225.0
230.0
200.0
130.0
146.0
255.0
135.0

h1 (m)
26.5
30.0
30.0
16.9
15.7
15.6
/
/

Moreover, the subsidence trough shape has basically
formed, which could be owing to the following aspects. (i) Overlying rock stress changes do not fully
propagate to distant regions due to the rapid advance
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Table 2: Related surface subsidence parameters of some SLWF [28–34, 41].

Working face
Daliuta colliery 1203
Daliuta colliery 52304
Daliuta colliery 52305
Buliuta colliery 12406
Halagou colliery 22407
Shangwan colliery 51101
Buliuta colliery 31401
Hanjiawan colliery 2304

p (%)
65.0
41.2
40.0
—
41.1
21.1
—
44.2

j (%)
97.0
98.0
98.0
96.0
95.0
95.0
—
98.0

Vmax (mm/d)
131.8
430.0
617.0
268.0
700.5
393.0
540.0
185.3

tanβ
2.6
2.9
2.7
2.5
1.6
3.1
3.4
2.0

S0 (m)
20.4
37.5
39.5
40.0
28.6
—
29.0
13.5

Displacement angle (°)
69.7
82.0
83.3
82.5
65.3
—
—
62.5

Crack angle (°)
75.3
—
88.1
88.5
79.0
—
—
86∼87°

Note. D1 is the transverse length of SLWF, D3 is the longitudinal length of SLWF, h is the average mining height, C is the advance speed, H is the average
mining depth, h1 is the average thickness of aeolian sand, Vmax is the maximum subsidence rate, j represents the ratio of accumulated subsidence in the active
movement stage accounting for the total subsidence, p represents the ratio of the duration of the active movement stage accounting for the total movement
time, tanβ represents the tangent of major inﬂuence angle, S0 is the oﬀset distance of the inﬂection point, displacement angle is the acute angle between the line
connecting the critical deformation value point and the goaf edge and the horizontal line on the side of coal pillar, and crack angle is the acute angle between
the line connecting the outmost ground crack outside the subsidence trough and the goaf edge and the horizontal line on the side of coal pillar.

speed, and it failure to reach a new mechanical
equilibrium state. The redistribution process of stress
and displacement was insuﬃcient, and the collapse
of the overlying strata occurred due to the sudden
instability of stress. This resulted in the rapid ﬁlling
of the caving block into the goaf and the reduction of
the overburden failure zone [53]. Thus, the corresponding diﬀerences between the maximum and
minimum value of the rock stress could decrease,
which is conducive to the postmining stability of
mining-disturbed overlying rock. (ii) The overlying
rock and the thick aeolian sand are characterized by
the physicomechanical properties which can rapidly
propagate movement and deformation, and then
reach a steady state [29], since the goaf ﬁlled with
caving block can rapidly approach a mechanical
equilibrium state. Afterwards, the surface points
would cease movement. (iii) The shear collapse of
overlying rock resulted in rapid compaction of
separated strata and the closure of mining-induced
fractures [42], which contributed to the overburden
reaching a mechanical equilibrium state after failure.
(2) The “enlarged-elliptical shape” [52] of the dynamic
distribution characteristics of surface cracks during
the mining process has been reported in relevant
references [14, 19, 29, 33, 36]. The mining-induced
marginal cracks usually appeared in “ribbon” and
“O” shapes inside the edges of the SLWF. The distribution range of marginal cracks is small. Furthermore, Table 2 shows that the dynamic crack
angles on the side of uphill and downhill approximated the vertical angle. The corresponding surface
movement and deformation occurred intensively at
the edges of the SLWF, and the severe discontinuous
subsidence developed characterized with the steep
edges of the subsidence trough and the stepped
cracks, which were also reported in literatures
[23, 24], concerning the mining area in eastern
China. Overall, the stepped crack and the convergence of surface movement and deformation are the
common features. However, with a more severe
magnitude due to SLWF, the aforementioned

phenomena might be attributed to such aspects as
follows. (i) The overburden relative damage coeﬃcient reduced [53] and the development and
expansion of the rock ﬁssures were inhibited owing
to rapid advance and highly intensive mining [54].
Thus, the enrichment zone of the overlying rock
ﬁssures is mainly concentrated around the coal wall.
Additionally, the main roof shear collapse along the
roof control line was aﬀected by the high support
force [35, 53], resulting in the emergence of surface
cracks perpendicular to the mining direction under
the load of the overlying unconsolidated layers.
Therefore, the rock ﬁssures are mainly those approximately perpendicular to the rock stratum. (ii)
The shear collapse of the overburden released the
strain energy [30], and there existed a certain
amount of weak vertical planes well developed in the
thick aeolian sand due to its poor mechanical
structure. The weak vertical planes can form weak
plane of structure, which could expand rapidly and
connect to each other due to mining. Then, the weak
planes resulting from the original soil ﬁssures contributed to the weak soil stratum, surface cracks
appeared when the accumulated mining-induced
stress exceeded the mechanical strength of the
weak soil stratum at the weak plane. And the stressstrain released at the surface cracks, which may not
only inhibit the further propagation of stress-strain,
but may also impede the movement and deformation
outside of the goaf. Finally, the movement and deformation occurred intensively at the edges above
the goaf, leading to a larger crack angle and displacement angle, which was characterized by the
convergence of movement and deformation, steep
edges of the subsidence trough, and well-developed
stepped cracks; (iii) Table 2 shows that there existed
larger tangents of major inﬂuence angle and oﬀset
distance of the inﬂection point, which also contributed to the convergence of movement and deformation and steep edges of the subsidence trough,
trending internally to the goaf with a smaller distributed range of surface cracks. Overall, compared
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with the traditional working face, the overburden
deformation could be restored rapidly, as well as the
formation of the subsidence trough due to the SLWF,
resulting in the decrease of the disturbance number
and area due to mining. Thus, the ranges and
magnitude of land ecology damage substantially
reduced [14], and it can be concluded logically that
the land ecology damage has the evident characteristics of “self-healing” due to SLWF.
5.2. Commonalities Analysis of Dynamic Parameters Evolution Characteristics during Mining. Figures 6–8 show that
generalities exist in the evolution characteristics of the dynamic parameters, such as the advance inﬂuence distance,
the angle of advance inﬂuence, maximum subsidence rate,
and the lag distance of maximum subsidence rate, while
there is an evident inﬂection point occurring at various
exponential curves. Previous studies indicated that surface
points on the major cross section would experience a critical
or supercritical mining stage after the initial subcritical
mining stage due to SLWF. The initial fracture of the roof,
particularly the main roof occurred after the commencement of mining with the initial weighting, resulted in severe
ground pressure and surface subsidence, thereby intensifying the complexity and changes of the surface subsidence. When the SLWF reached the supercritical
dimension, the periodic failure of the main roof, particularly
the key stratum, as well as the periodic weighting, resulted in
the certain regularity of the dynamic surface subsidence.
Afterwards, the aforementioned dynamic subsidence parameters approached a steady state, though the ﬂuctuation of
the parameters occurred, which has also been reported under
the condition of thin alluvium [25] and thick unconsolidated
layers [26]. Overall, the aforementioned phenomenon, considered as the generality, has been observed in diﬀerent coal
ﬁelds with various conditions. Therefore, this dynamic subsidence pattern appears to be owing to the forces associated
with the mechanical changes and movement of the overburden failure, rather than attributed to any unique geological
characteristics of the overburden in and around the study
area. However, due to severe initial pressure and discontinuous subsidence, more emphasis should be placed on such
aspects as follows: (i) In the process prior to the initial
weighting and following it, the pressure of the mine surrounding rock changes rapidly, while the coal and rock dynamic disasters, such as the rib spalling, falling, and failure of
pressure supports, are prone to occur, as well as water-sand
inrush [28, 38, 43–45, 53, 55]. Therefore, it is evident that this
stage is the key period of mine disaster monitoring, and more
attention should be paid to the roof support and monitoring
of the surrounding rock pressure, etc. (ii) Generally, the
mining disturbance reached the surface, and such nonlinear
mechanical hazards as sinkholes, collapse funnels, and
stepped cracks, are also prone to occur above the open-oﬀ cut
[34, 53], or around it. As such, more attention should be paid
to the surface activities above the goaf preventing any risk,
and the monitoring density should be intensiﬁed: in other
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words, the monitoring cycle should be shortened in the server
stage, the surface movement monitoring are advised to be
conducted once a day, in case of the leakage of characteristic
points of dynamic subsidence and the critical development
characteristics of surface cracks.

5.3. Optimized Strategy of Land Ecology Damages Monitoring.
The evolution characteristics of dynamic subsidence parameters show that for a particular zone of land ecology
damage above the goaf, the severe stage commenced from
the initiation of the active movement stage to the closure of
the dynamic cracks, during which the changes of subsidence
rates occurred rapidly, including the maximum subsidence
rate. Moreover, many relevant references show that the land
ecology damage pattern appears to be the surface cracks
[35–37, 53], in particular, the stepped cracks and subsidence,
and the derived consequences, such as the changes of soil
physicochemical properties and vegetation root damage due
to stress-strain [12, 18, 46, 47], rather than the subsidence
trough with seasonal or perennial waterlogging in eastern
China [3, 4]. However, some samplings and observations at
some spatiotemporal nodes are usually performed in the
previous methods, the monitoring duration and sample area
may not be scientiﬁc and accurate, and there appears to be
some fuzziness and blindness. Consequently, the ﬁeld results
might fail to truly reﬂect the impact of underground coal
mining on the land ecology. Therefore, from the perspective
of targeted monitoring, the severe zone of land ecology
damage located at the open-oﬀ cut to the inﬂection point
of the curves of the dynamic subsidence parameters (Figure 12), and such key monitoring elements as soil physicochemical characteristics, vegetation root damage due to
stress-strain, and the initial development pattern of surface
cracks, occurred in this region. Thus, the sample points
should be laid out reasonably and, more emphasis should be
placed on the ﬁeld monitoring in this region. As to the
regions from the aforementioned inﬂection point to the
position of the working face, large-scale and long-term ﬁeld
monitoring in previous studies appears to be timeconsuming and laborious. A “ribbon” of dynamic cracks
can be considered as the dynamic monitoring strip.
Thereafter, the strip width may be determined according to
the lag distance of maximum subsidence, incorporating the
monitoring of dynamic subsidence, and in situ and dynamic
monitoring of key monitoring elements can be performed
logically. And the results may eﬀectively reveal the impacts
of SLWF on the land ecology, while reducing unnecessary
manpower and time.
In addition, the stress intensity and spatial distribution
of the soil deformation can be predicted based on ﬁeld
monitoring and mining subsidence theory [46, 47]. Afterwards, quantitative prediction of root damage of psammophilous vegetation due to SLWF can be attained,
incorporating the mechanical strength characteristics of
such psammophilous vegetation as Salix psammopbylla,
Artemisia ordosica. Based on this, further optimization of
SLWF would be carried out [8], which would play a
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Figure 12: Optimized strategy of land ecology damages monitoring.

signiﬁcant role in the development of mining technology
characterized with active mitigation of ecology damage.

6. Conclusion
Adequate study on dynamic subsidence characteristics is the
theoretical basis for mining damage control and land
ecology monitoring. In this paper, the dynamic subsidence
characteristics have been studied systematically, and the
main conclusions in this paper are as follows.
(1) The observed surface maximum subsidence rate is
617 mm/d, and the subsidence trough can rapidly
form. The subsidence trough due to SLWF is characterized with such aspects as a larger uniformdiﬀerential subsidence area, steep edges, high convergence of the surface movement, and deformation.
(2) The dynamic curves of such parameters as the advance inﬂuence distance, the angle of advance inﬂuence, maximum subsidence rate, and the lag
distance of the maximum subsidence rate, conform
to the exponential curves characterized with an
evident inﬂection point, and critical mining may
have a signiﬁcant impact on this. More attention
should be paid to the disasters monitoring and the
roof support during the disaster-prone period.
(3) The previous monitoring methods of land ecology
damage may be optimized based on the evolution
characteristics of the dynamic subsidence

parameters, the key monitoring area, and the in situ
and dynamic monitoring strip should be laid out.
The simple strategy proposed in this study may be an
eﬀective method for targeted monitoring land
ecology damage and qualitatively predicting the root
damage of vegetation.
(4) The proper assessment of the severe magnitude and
spatial distribution for dynamic surface subsidence
would be acquired based on the dynamic subsidence
characteristics, contributing to scientiﬁc division of
land damage ranges, and the assessment of the
magnitude of the damage due to mining for the
fragile-ecological mining areas in northwestern
China.
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With the development of society, the economy, and national security, the exploitation of deep underground space has become an
inevitable trend in human society. However, high-temperature-related problems occur in deep underground spaces. The high
temperature of deep underground space is essentially inﬂuenced by the thermal characteristics of the surrounding rock.
According to the mathematical model of heat transfer of the surrounding rock in deep underground space, similar criteria
numbers are established. Experiments were carried out to investigate the thermal characteristics of the surrounding rock. The
distribution characteristics of temperature were determined by the Fourier number (Fo) and Biot number (Bi), and the eﬀects of
heat transfer time, airﬂow velocities, and air temperature and radial displacement on the distribution characteristics of temperature were studied. The results indicate that the surrounding rock temperature decreases with long heat transfer times, high
airﬂow velocities, and low air temperatures.

1. Introduction
As an important part of urban space resources, underground
space is an important way to promote urban sustainable
development ability [1, 2]. These uses of underground space
include the installation of transportation infrastructure,
public utilities, disposal of waste, energy utilization facility,
storage of substances, and exploitation of minerals [3–9].
Resources in shallow underground spaces have gradually
become exhausted. Therefore, exploiting deep underground
space is becoming increasingly important [10].
The challenges associated with deep underground spaces
include high temperatures, which are harmful to human
health, and decreased production eﬃciency [11, 12]. In deep
underground space, the major source of high temperatures is
geothermal energy. Geothermal energy continuously
transfers from surrounding rocks to deep underground
spaces. It is essential to understand the thermal characteristics of surrounding rock in deep underground spaces.
Many researchers have examined the thermal characteristics
of surrounding rock by theoretical, experimental, and

numerical modelling approaches. The unsteady heat transfer
equation of the rocks surrounding deep roadways with
constant air volume was solved using a variable separation
approach. The solution was an inﬁnite series including Bessel
functions [13]. Numerical simulation was utilized to study
the eﬀect of heat generated after burying radioactive waste
on the stability of underground space and the surrounding
rock strata for 16 years at a constant heat ﬂux [14]. The
random temperature ﬁelds of a tunnel in a cold region were
obtained by numerical simulation and analysed with stochastic boundary conditions and random rock properties
[15]. The steady heat transfer of surrounding rocks in
roadway ventilation was numerically analysed. The heat ﬂux
was approximately uniformly distributed in a ring shape.
The heat ﬂux of the rock near the roadway wall was greater
than that in the far side roadway wall [16].
The heat characteristics of the surrounding rock in
subway tunnels were analysed by experimental testing for 17
years. The heat characteristics of the surrounding rock varied
with depth, and heat storage and release are noted [17]. Heat
transfer characteristics in a single rock fracture were
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investigated. The experimental results indicated that the
roughness of rock improves overall heat transfer, whereas
lithology has little inﬂuence on heat transfer [18].
Although extensive research on the heat characteristics
of surrounding rock in deep underground spaces has been
conducted using theoretical, numerical, and ﬁeld test
methods, there are only a few experimental studies, most of
which are focused on steady heat transfer rather than unsteady heat transfer.
This study aims at experimentally investigating the
unsteady thermal characteristics of surrounding rock in
deep underground space. The thermal properties of surrounding rocks and boundary conditions of diﬀerent deep
underground spaces have signiﬁcant diﬀerences. Similarity
experiments were carried out to investigate the thermal
characteristics of surrounding rock, and the eﬀects of the
main parameters on the temperature distribution characteristics are discussed.

2. Heat Transfer Model and Similar Criteria of
Surrounding Rock in Deep
Underground Space
2.1. Basic Assumptions. To model the heat transfer of surrounding rock in deep underground space, the following
simpliﬁed assumptions are made:
(1) The inner boundary of the surrounding rock is a
hollow cylinder with an inﬁnite outer diameter
(2) The surrounding rock mass is homogeneous and
isotropic
(3) The seepage eﬀect of water in the surrounding rock is
negligible
(4) The initial temperature of the surrounding rock is
equivalent to its original rock temperature

2.3. Similarity Analysis. Dimensionless equation (1) is obtained where θ0 � T0 − Tf is selected as the temperature
measuring scale, the radial radius r0 is selected as the length
measuring scale, r02/α0 is selected as the time measuring
scale, the average thermal conductivity coeﬃcient λ0 is selected as the thermal conductivity coeﬃcient measuring
scale, the average thermal diﬀusivity α0 is selected as thermal
diﬀusivity measuring scale, and the average convective heat
transfer coeﬃcient h0 is selected as the convective heat
transfer coeﬃcient of surrounding rock and the airﬂow
measuring scale.
Dimensionless equation (4) can be expressed as follows:
θ0
r20 /a0

z θ/θ0 
a 1 1/r θ0 z θ/θ0  θ0 z2 θ/θ0 ⎤⎦
.
� a0 ⎡⎣
+
2
z a0 τ/r0 
a0 r0 1/r0 r0 z r/r0  r20 z r/r0 2
(4)

The dimensionless temperature, dimensionless radius,
and dimensionless thermal diﬀusion coeﬃcient are given as
follows:
Θ�

θ
,
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R�

r
,
r0

A�

a
.
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(5)

Ignoring the change of thermal properties of surrounding rocks with temperature, A is equal to 1; then
Equation (4) can be converted into
a0
zΘ
a0 θ0 1 zΘ z2 Θ
�
+

.
θ0 z a0 τ/r20 
r20 R zR zR2

(6)

The initial conditions can be converted as follows:
2.2. Mathematical Model. Based on the above assumptions,
which conform to one-dimensional unsteady thermal
conduction, the mathematical description of cylindrical
coordinate form regardless of the variation in the axial
temperature of the surrounding rock is adopted.
The mathematical equations governing the heat transfer
of surrounding rock in deep underground space are shown
as follows:
zT
z2 T 1 zT
� a 2 +
.
zτ
zr
r zr

(1)

Initial condition:
T(r, τ)|τ�0 � T0 .
Boundary condition:
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τ > 0.

(3)

a0 τ
� 0,
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Θ � 1.
The boundary conditions can be converted to
θ zΘ
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⎧
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The dimensionless equations governing the heat transfer
of surrounding rock in deep underground space are shown
as follows:
zΘ
1 zΘ z2 Θ
�
.
+
z Fo  R zR zR2
The dimensionless initial condition is as follows:

(9)
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Fo � 0,
Θ � 1.
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(10)

The dimensionless boundary condition is as follows:
zΘ
⎪
⎧
⎪
� Bi Θ,
R � 1,
⎪
⎪
zR
⎪
⎨
Fo > 0.
(11)
⎪
⎪
⎪
⎪
⎪
⎩ R ⟶ ∞, zΘ � 0,
zR
From the derivation of the above dimensionless Equation (9), the dimensionless initial condition (12), and the
dimensionless boundary conditions (11), it can be seen that
the dimensionless temperature Θ of surrounding rock is a
function of Fo, Bi, and R, that is,
Θ � f Fo , Bi , R.

(12)

Therefore, the conclusion is obtained as follows: the
Fourier number Fo and Biot number Bi are the similar
criteria numbers of surrounding rock in deep underground
space.

3. Experimental Method
3.1. Prototype and Model. Surrounding rock in a deep underground tunnel was taken as the prototype. The depth of
the deep underground tunnel centre is 965 m. Taking the
rock surrounding a tunnel as a three-dimensional model, it
was simpliﬁed as cuboids. The tunnel space is located in the
middle of the surrounding rock, and the equivalent diameter
of the tunnel is 5 m. The surrounding rock of the prototype is
25 m long, 25 m wide, and 62.5 m high. A 1 : 25 scale model
was built to carry out small-scale model experiments to
investigate the thermal characteristics of surrounding rock
in deep underground space.
3.2. Experimental Device. Figure 1 shows the schematic
diagram of the experimental set up. The experimental set up
consists of a surrounding rock model, a space model, air
conditioning equipment, a thermal boundary system, and a
data acquisition system. The surrounding rock model is
enclosed by stainless steel and covered with an insulating
layer to ensure a constant boundary temperature. The airconditioning equipment, which consisted of cooling coil, an
electric heater, a steam humidiﬁer, and a process fan, is able
to supply air under various conditions to the space model.
Figure 2 is a photograph of the air conditioning equipment.
The thermal boundary system is composed of a heating belt
and a temperature controller that are uniformly attached to
the outer wall of the surrounding rock to guarantee the ﬁxed
thermal boundary temperature requirements were satisﬁed.
The data acquisition system collects and controls the air
temperature, air humidity, air speed, and internal temperature of the surrounding rock. There are arranged temperature measuring points in the surrounding rock. The
layout of the measuring points in the surrounding rock
model is shown in Figure 3. Each temperature in radius

displacement r is taken from the average of the vertical and
horizontal direction temperature. The photograph of the
experimental set up is shown in Figure 4.
The measurement parameters used for the experimental
set up and the type and accuracy of the sensor are shown in
Table 1. The sensor position is shown in Figures 1 and 3.
3.3. Experimental Design. The experimental model should be
guaranteed to be equal to Fourier number Fo, Biot number Bi
and the single value condition of the prototype. The single
value condition is the initial rock temperature, the constant
temperature boundary of the inﬁnite surrounding rock, and
the convection heat transfer boundary of the space. The
initial rock temperature and boundary temperature of the
model are the same as those of the prototype, the inlet air
temperature, and inlet air humidity. The humidity in deep
underground space is generally high; accordingly, the relative humidity of the inlet air of space in this experiment is
constant at 80%. Air enters the space model from the airconditioning equipment through a section of horizontal
pipe, and the length of the horizontal pipe is 40 times the
diameter of the space, so it can be considered that the air in
the underground space model is in the fully developed area
of ﬂow [19].
3.4. Thermal Properties of Surrounding Rocks. The thermal
properties of the surrounding rock in deep underground
space are less aﬀected by pressure variations and temperature variations, so the thermal properties of the surrounding rock can be considered constant. A similar
surrounding rock material with a mixture of cement, expanded perlite, quartz sand, aluminium powder, and water
was formed. The thermal properties of the surrounding
rocks measured by the apparatus in the experiment are
shown in Table 2.
As shown in Table 2, the thermal properties of the
surrounding rock in the experimental model are smaller
than the properties of the artiﬁcial rock. This is because r in
the experimental model is small compared to r in the
prototype, so with Fo being equal, smaller thermal conductivity is used in the experimental model.
3.5. Convective Heat Transfer Coeﬃcient. In this experiment,
the convective heat transfer coeﬃcient was calculated. The
following method was used to calculate the convective heat
transfer coeﬃcient.
The heat gain of air in space is as follows:
Q1 � G i2 − i1 .

(13)

The convective heat transfer between the wall surface of
the space and the air is as follows:
Q2 � hTw − Tp A1 .

(14)

Ignoring the heat loss from airﬂow, Q1 should be equal to
Q2. The convective heat transfer coeﬃcient h of the wall
surface of the space and the air can be obtained as follows:
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Air conditioning equipment
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Heating belt
Space model
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F Flow rate sensor

5 cm

Figure 1: Schematic diagram of the experimental set up.
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Electric heater

5cm

(15)

4. Results and Discussion
4.1. Fourier Number Fo∗. The experimental conditions were
as follows: original rock temperature, 50°C; inlet air temperature, 12°C; inlet air relative humidity, 80%; and inlet
airﬂow velocity, 3.5 m/s. The dimensionless temperature
distribution of the surrounding rock was tested by varying
Fo′ from 0 to 0.4.
Figure 5 shows that the higher the Fo∗ is, the lower the Θ
is. When Fo∗ is greater than 0.3, the dimensionless temperature of the surrounding rock remained substantially
constant. As shown in Figure 5, three stages can be distinguished in terms of change in the dimensionless temperature: initial stage (Fo∗ � 0–0.15), transition stage
(Fo∗ � 0.15–0.3), and stabilization stage (Fo∗ > 0.3). The inﬂuence of Fo∗ on Θ mainly occurs in the initial stage, while
Fo∗ has an inﬂuence in the stabilization stage. This indicates
that when Fo∗ is greater than 0.3, the dimensionless

Insulating layer

5
5
5
5
5
5

Surrounding rock model

5cm

G i2 − i1 
h�
.
ATw − Tp 

0.2 cm
5 5 5 5 5 5 5cm

5 cm 5 5 5 5 5 5

Figure 2: Photograph of the air-conditioning equipment.

Temperature measuring point

Figure 3: Layout of measuring points in the surrounding rock
model.

temperature distribution of the surrounding rock depends
on R and Bi independently of Fo∗. Therefore, when Fo∗ is
greater than 0.3, the unsteady heat transfer model of
surrounding rock in deep underground space could be
simpliﬁed to a steady heat transfer model for simpliﬁcation
of the calculations.
4.2. Biot Number Bi. The experimental conditions were as
follows: original rock temperature, 30°C; inlet air
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As shown in Figure 6, comparing the dimensionless temperatures under two diﬀerent Bi, the results show that Θ decreases with increasing Bi, but the inﬂuence of Bi decreases with
increasing dimensionless displacement R. A major reason for
the decrease in Θ is that higher Bi leads to a thinner boundary
layer. Since convective heat transfer between the internal surface
of surrounding rock and air was strengthened, the closer the
measuring point to the internal surface is, the lower the Θ is.
It can be seen in Figure 6 that there is little eﬀect on Θ as Fo
increases, and when Fo is greater than 0.355, Bi has no substantial eﬀect on Θ. Furthermore, as a result, when Fo is greater
than 0.355, the unsteady heat transfer model of surrounding
rock in deep underground space is signiﬁcantly not inﬂuenced
by convection heat transfer boundary conditions.

Computer

Temperature controller
Surrounding rock model

Space model

Figure 4: Photograph of the experimental set up.
Table 1: Measured parameters.
Measured parameter
Type
Measurement range Accuracy
±0.5°C
Temperature
PT 100
−40°C∼150°C
Relative humidity
Capacitive
0%∼100% RH
±2%
Airﬂow velocity
Hot wire
0 m/s∼15 m/s
±0.2 m/s
Table 2: Thermal properties of surrounding rocks.
Density (kg/m3)
772

Speciﬁc heat capacity
(kJ/(kg·k))
0.804

Thermal conductivity
W/(m·K)
0.139

1.00
0.95
0.90
Θ

0.85
0.80
0.75
0.70

0

100

200
F∗o (×10–3)

300

400

Figure 5: Eﬀect of Fo∗ on Θ.

temperature, 15°C; inlet air relative humidity, 80%; and inlet
airﬂow velocity, 3.5 m/s (Bi � 9.87) and 6.0 m/s (Bi � 15.2).
The dimensionless temperature distribution of the surrounding rock was tested by varying Fo.

4.3. Radial Displacement R. The experimental conditions
were as follows: original rock temperature, 50°C; inlet air
temperature, 12°C; inlet air relative humidity, 80%; and inlet
airﬂow velocity, 3.5 m/s. The dimensionless temperature
distribution of the surrounding rock was tested by varying R.
Figure 7 shows that when Fo is equal to 0, the heat transfer
starts, and the temperature of the surrounding rock maintains
the original rock temperature in all radial displacements. The
results veriﬁed the accuracy of the experiment.
Figure 7 shows the trends of Θ against R. When R
changes from 1.5 to 4.5, Θ increases. The greater the Fo is, the
higher the temperature diﬀerence between measured points
or the temperature gradient is. Θ remains almost constant
and equal to 1 when R is equal to 4.5. A major reason for the
increase in Θ is that the original temperature ﬁeld of the
surrounding rock is disturbed by air from near R to far R.
The wall surface near the underground space (R � 1.5) is
aﬀected by the ventilation of the deep underground space,
and the temperature is slightly lower, while the bottom of the
surrounding rock (R � 4.5) is aﬀected by the original rock
temperature, and the temperature is higher.
As shown in Figure 7, the temperature gradient decreases with increasing R; that is, the heat ﬂux density decreases with increasing R according to Fourier’s law. This is
because the geothermal heat in the deep part of the surrounding rock continuously transfers to deep underground
space while the airﬂow passes. The airﬂow has not yet been
able to disturb the temperature ﬁeld there, or the heat carried
by the airﬂow is less than the heat transmitted to it; that is,
the temperature range of the surrounding rock that can be
spread into the underground space is from near R to far R.
As shown in Figure 7, the curve of an Fo value of 0.403
and the curve of an Fo value of 0.470 nearly overlap. The
results show that when Fo is more than 0.403, the dimensionless temperature distribution tends to be stable, as
does the heat ﬂux density distribution.
4.4. Inlet Air Temperature Tf. The experimental conditions
were as follows: original rock temperature, 40°C; inlet air
relative humidity, 80%; and inlet airﬂow velocity, 5 m/s. The
dimensionless temperature distribution of the surrounding
rock was tested by varying the inlet air temperature from
16°C to 25°C.
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Figure 6: Eﬀect of Bi on Θ. (a) Fo � 0.067. (b) Fo � 0.201. (c) Fo � 0.268. (d) Fo � 0.355.
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Figure 8: Eﬀect of tf on Θ. (a) Fo � 0.067. (b) Fo � 0.201. (c) Fo � 0.268. (d) Fo � 0.355.

Figure 8 shows the trends of Θ against Tf. When Tf
changes from 16°C to 25°C, Θ increases. A major reason for
the increase in Θ is that higher Tf leads to a smaller temperature diﬀerence between the internal surface of surrounding rock and air, which decreases heat convection.
As shown in Figure 8, Tf aﬀected the closer measuring
points more than the further measuring points. When R was
equal to 4.5, Θ was nearly equivalent to 1.0 with any value of
Fo. This also indicates that the inﬂuence of air temperature
on the heat transfer range is negligible.

5. Conclusions
(a) The heat transfer between surrounding rock and
deep underground space is a complicated, nonstationary process. A 1-dimensional nonstationary
heat transfer model was established to model the
heat transfer of surrounding rock and deep

underground space. The temperature distribution of
the surrounding rock was a function of the radial
displacement (R), Biot number (Bi), and Fourier
number (Fo) by dimensional analysis.
(b) Experiments were carried out to investigate the
thermal characteristics of the surrounding rock. In
this experiment, Fourier number (Fo) and Biot
number (Bi) were adopted as the criteria of similarity,
and the model was made at a 1/25 geometric scale.
Through simulation experiments, the temperature
ﬁeld of the surrounding rock is obtained, and the
eﬀects of Fo, Bi, R, and Tf on Θ are analysed.
(c) The experimental results indicate that three stages
can be distinguished in terms of change in dimensionless temperature: initial stage (Fo′ � 0–0.15),
transition stage (Fo′ � 0.15–0.3), and stabilization
stage (Fo′ > 0.3). To facilitate engineering applications, the nonstationary heat transfer of surrounding
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rock in deep underground space could be simpliﬁed
as stationary heat transfer in the stabilization stage.
When R is less than or equal to 4.0, the higher the Fo
and Bi are, the lower the dimensionless temperature
with the same R is, while the higher the Tf is, the
higher the dimensionless temperature with the same
R is. When R is equal to 4.5, Θ is nearly equivalent to
1.0 with any value of Fo, Bi, and Tf. Thus, when Fo is
less than or equal to 0.47, and R is greater than
or equal to 4.5, and the temperature ﬁeld of the
surrounding rock is less aﬀected by the underground
space.

Nomenclature
A:
A1:
Bi:
Fo:
Fo∗:
G:
h:
h0:

Dimensionless thermal diﬀusivity (α/α0)
Internal surface area of surrounding rock (m2)
Biot number (hr0/λ)
Fourier number with the feature size of r0 (ατ/r02)
Fourier number with the feature size of r (ατ/r2)
Air mass ﬂow rate (kg/s)
Convective heat transfer coeﬃcient (W/(m2·K))
Average convective heat transfer coeﬃcient (W/
(m2·K))
i:
Enthalpy (kJ/kg)
Q: Heat gain (kW)
R: Dimensionless radial displacement (r/r0)
r:
Radius displacement (m)
r0: Space radius (m)
T: Temperature (°C)
Tf: Air temperature (°C)
T0: Initial temperature (°C)
Tw: Wall temperature (°C)
Tp: Average temperature of the air ((T2 − T1)/2) (°C)

Greek Symbols
Θ:
α:
α0:
θ0:
λ:
λ0:
τ:

Dimensionless temperature ((T − Tf )/(T0 − Tf ))
Thermal diﬀusivity (m2/s)
Average thermal diﬀusivity (m2/s)
Temperature measuring scale (T0 − Tf ) (°C)
Thermal conductivity (W/(m·K))
Average thermal conductivity (W/(m·K))
Time (s).

Subscript
1: Inlet air
2: Outlet air.
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To study the correlation among advancing direction, strata behaviors, and rock burst induction, two physical models
utilizing similar materials are established. Subsequently, the inﬂuence of advancing direction on the mining eﬀect, caused
by a fault, is studied. Moreover, the rock bursts aﬀected by faults with diﬀerent mining directions are compared and
analyzed. The results show that the overlying structure varies notably, aﬀected by fault cutting and fault dip, and the faultaﬀected zone and the cause of induced rock burst diﬀer with diﬀerent mining directions. However, regardless of mining
directions, the overlying structure of the hanging wall is stable and fault activation is not obvious, while that of the footwall
is relatively active and fault activation is violent; the risk of rock burst on the footwall is larger than that of mining on the
hanging wall. Finally, an engineering case regarding two rock bursts in panel 6303 is used to verify some physical simulation
results to a certain extent. Study results can serve as a reference for face layout and prevention of rock bursts under
similar conditions.

1. Introduction
Because of the complicated geological conditions and
stress environment of deep coal mines, the intensity and
counts of rock bursts have increased notably. Recently, the
number of Chinese coal mines with rock burst induction
has increased dramatically, exceeding 180 and mainly
distributed in Northeast and East China [1]. Herein, many
of them occur near the fault, seriously threatening production safety of underground coal mines [2–4]. For
instance, several rock burst accidents, which can lead to
the devices being pulled down, support being pushed over,
and serious damage to roadways, occurring near the fault
in the Jining No. 3 coal mine, Baodian coal mine,
Muchengjian coal mine, and Gucheng coal mine, have
been causing serious casualties [5, 6]. Figure 1 depicts
several on-site images after a rock burst accident induced

by a fault in the Baodian coal mine. Hence, studying the
correlation between mining operations and fault occurrence is necessary and important.
Considerable studies regarding strata behaviors or fault
activation-slipping with a fault occurrence have been conducted. For instance, Ji et al. [7] studied the evolution of
mining stress with a working face advancing towards a fault
by numerical simulation. Jiang et al. [8, 9] studied the laws of
fault activation and the induced characteristics of rock burst.
Sainoki and Mitri [10] studied the fault-slipping mechanism
by dynamic numerical analysis and found that fault dip angle
and mining depth aﬀected the fault-slipping notably. Wang
et al. [4], Jiang et al. [11], and Jiang et al. [12] studied the
strata behaviors with conditions of thick hard strata and fault
and revealed the rock burst-inducing mechanism. Zhang
et al. [13] explained the inducing mechanism of the rock
burst caused by fault based on the stick-slip theory. Wang
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(a)

(b)

Figure 1: Field images of sites captured after accidents. (a) Devices being pulled down. (b) Support being pushed over.

et al. [14], Peng et al. [15], and Liu et al. [16] studied the
failure process of overlying strata aﬀected by a fault utilizing
physical simulation and deduced that the fault is activated
easily with a footwall face advancing towards fault. Zhang
et al. [17, 18] developed a new similar solid-ﬂuid coupling
material and conducted a feasibility analysis of the simulated
materials, in order to study the expansion-activation of
concealed fault. Jiang et al. [6] used the ﬁeld observations of
microseismic energy and counts to study the relationship
between fault activation and rock burst.
The aforementioned studies have either only studied the
strata behavior regularity with a working face advancing
towards a fault but did not continue to analyze the relationship between mining activities, fault activationslipping, and the rock burst risk and its dangerous area in
detail or only studied the fault behaviors and their eﬀect on
the rock burst but did not consider the inﬂuence of mining
direction on the risk of rock burst and its regional division.
In fact, as to diﬀerent faults and mining directions, the
overlying strata present diﬀerent failure-movement characteristics during the mining process, and fault activationinstability and its inducing way to rock burst are diﬀerent,
resulting in the degree of dynamic pressure, the delineation
of dangerous areas, and their subsequent controls being also
diﬀerent. Hence, it is necessary to carry out an in-depth
study on mining eﬀect in diﬀerent mining directions under
the inﬂuence of faults and to analyze and explain the relationship between mining eﬀect, fault activation-instability,
and rock burst induction. This can optimize the panel layout
aﬀected by the burst danger near faults and provide a basis
and guidance for the follow-up work on prevention and
control of dangerous areas of rock burst near the fault affected-zone.
By considering the advantages of the physical simulation test [14, 19], two physical models utilizing similar
materials (i.e., river sand, calcium carbonate, and gypsum)
are established in this paper; then, progressive mining
operations with diﬀerent advancing directions are simulated. Moreover, the inﬂuence of advancing directions on
mining eﬀect caused by a fault is studied, and the rock
burst risks with diﬀerent mining directions are compared
and analyzed. Study results can serve as a reference for
face layout and prevention of rock bursts under similar
conditions.

2. Physical Simulation Test
In this paper, a physical simulation test, which is scaled a
prototype in the laboratory and should obey the similarity
theory, is conducted [20]. The rock properties of the physical
model are based on the comprehensive geological histogram
and its physical-mechanical parameters for No. 104 district
in the Yangliu coal mine. Finally, two models, marked as
Model 1 and Model 2, are established. Herein, Model 1
simulates a face in the footwall passing through a fault, while
Model 2 simulates a face in the hanging wall passing through
a fault. In addition, the two models have the same parameters: a fault dip angle of 50°, fault fall height of 4 m, and
coal seam mining thickness of 8 m.
Table 1 lists the similarity ratios between the prototype
and physical model, by referring to the calculation method
in the previous studies [14, 21–23]. The speciﬁc calculation
method has the following parameters: Cl � lm/lp � 1/200, Cρ
� ρm/ρr � 1/1.5, Cσ (CE) � ClCρ � 1/300, and Ct � C1/2
� 14.
l
The test bed with the dimension of 3000 mm (length) ×
400 mm (width) × 1800 mm (height) is chosen. A total iron
quantity of 500 kg positioned on top of the physical models is
determined to present the failed simulated strata. Moreover,
considering the performance characteristics and economic
practicality of similar materials, river sand, gypsum, and
calcium carbonate are chosen, and uniaxial compression
tests are conducted to determine the materials ratio, as listed
in Table 2.
The stress-displacement monitoring system is presented
as follows: an Electronic Total Station and reﬂectors are used
to depict the displacement characteristic, and the DH3815N
stress-strain testing system and sensors (totally using 35 of
Model 1 and 38 of Model 2) are installed to present the stress
characteristic. The layout of displacement and stress monitoring points is being realized by considering reference [14].
Finally, the overview of two physical models and their
monitoring devices is shown in Figure 2. It should be noted
that the fault plane is simulated by mica powder, with a
thickness of 10 mm [14].

3. Result Analysis of Physical Simulation Test
3.1. Structure Evolution of Overlying Strata with Diﬀerent
Mining Directions. Typical mining states of two models are
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Table 1: Similarity ratios of the physical model.

Geometric Cl
200

Time Ct
14

Density Cρ
1.5

Elastic modulus CE
300

Strength Cσ
300

Table 2: Lithology and physical-mechanical parameters of roof-ﬂoor strata [14].
Density
Compressive strength
Elastic modulus
Materials ratio
−3
−3
Prototype (kg·m ) Model (kg·m ) Prototype (MPa) Model (kPa) Prototype (GPa) Model (MPa)
Siltstone
2400
1600
27.60
92.00
4.56
15.20
755
Pack sand
2400
1600
31.50
105.00
5.04
16.80
782
Gritstone
2400
1600
36.00
120.00
4.86
16.20
773
Coal
2400
1600
16.00
53.30
2.34
7.80
864
Mudstone
2250
1500
17.20
57.40
2.94
9.80
864
Sandy mudstone
2250
1500
21.10
70.30
2.94
9.80
864
Silty mudstone
2250
1500
17.20
57.40
2.94
9.80
864
Lithology

Study object: model 2

Study object: model 1
Hanging wall
normal fault

Iron block

Footwall

Footwall

Hanging wall
normal fault

Displacement
measuring point
Coal seam

Coal seam

Advancing direction

Advancing direction

(a)

(b)
Stress
monitoring
devices

Controller and graphoscope

Stress sensor

(c)

Displacement
monitoring Reﬂector: 20mm × 20 mm
devices
(d)

Total station

Figure 2: Overview of Model 1 (a) and Model 2 (b). Stress monitoring device (c). Displacement monitoring device (d).

selected to study the structure evolution of overlying strata
aﬀected by fault, as shown in Figures 3 and 4.
In Model 1, the mining disturbance has a small eﬀect on
the fault with LF ≥ 40 m, and the overlying strata structure
evolves conventionally, as shown in Figure 3(a). When
40 m > LF ≥ 0 m (as shown in Figures 3(b) and 3(c)), the fault
begins to aﬀect by mining disturbance and gradually enhances, and the fault is notably activating and slipping; the
footwall strata move fully, and the displacement is large.
When the face passes through the fault, as in Figures 3(d)
and 3(e), the overall movement of the hanging wall is relatively small due to stable invert-wedge-shaped strata
structure formation aﬀected by fault dip.
As shown in Figure 4, the overlying structure of Model 2
with LH � 60 m is similar to the one of Model 1, which
indicates that the eﬀect of fault dip on strata behaviors is not
obvious. When 60 m > LH ≥ 0 m, the hanging wall strata are
stable and move slightly because of the invert-wedge-shaped
structure, and fault activation is not obvious. When the face
passes through the fault with LH < 0 m, the footwall strata

display a wedge shape and present several times of rotation
and cutting collapse, resulting in notable fault slipping.
3.2. Movement of Overlying Strata with Diﬀerent Mining
Directions. The displacement monitoring lines are selected
to study the roof displacement variations quantitatively, with
diﬀerent directions as shown in Figure 5. Herein, the
monitoring line of Model 1 above the footwall coal seam is
38 m, while that of Model 2 is 32 m.
In Figure 5(a), when LF � 40 m and 30 m, the footwall
strata movement is less aﬀected by the fault. Subsequently,
the footwall strata move suddenly, and the displacement
rises notably due to fault cutting and fault activation, with LF
� 10 m. After that, the displacement varies suddenly again
because of the hanging wall strata rotation and cutting
collapse with LF � −30 m, and then it has no mutation.
In Figure 5(b), the hanging wall strata move slightly, and
the displacement has no sudden change, because of the stable
invert-wedge-shaped structure of hanging wall strata with LH
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(b)

(c)
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Strata movement
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Rotation and
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Support structure

Invert-wedge-shaped
overlying structure
(d)

(e)

Figure 3: Structure evolution of overlying strata with mining from the footwall (Model 1). (a) LF � 40 m. (b) LF � 20 m. (c) LF � 0 m. (d) LF �
−30 m. (e) LF � −110 m.

Articulated
structure

Invert-wedge-shaped
overlying structure
Normal fault

(a)

(b)

(c)

Strata rotation
and slipping

Structure instability

Fault activation and
slipping enhance
Wedge-shaped
overlying structure

(d)

(e)

Figure 4: Structure evolution of overlying strata with mining from the hanging wall (Model 2). (a) LH � 60 m. (b) LH � 0 m. (c) LH � −20 m.
(d) LH � −40 m. (e) LH � −100 m.

≥ −30 m. When LH � −40 m, the footwall strata start rotating
and cutting down, resulting in fault slipping, and the displacement rises violently. Subsequently, the mining eﬀect on
fault is reduced, and the displacement variation is normal.
Hence, because of fault cutting and fault dip, the
movement characteristics of overlying strata with diﬀerent
mining directions are diﬀerent, and the positions of the
displacement mutational point are diﬀerent, which indicates
that the risk area caused by strata sudden movement is
diﬀerent; however, this always occurs during the mining
process in the footwall.

3.3. Fault-Slipping Characteristics with Diﬀerent Mining
Directions. The relative displacement of two fault walls can
be obtained by recording two points at both sides of fault;
then, the fault-slipping characteristics with diﬀerent mining
directions are analyzed as shown in Figure 6.
In Figure 6(a), because of the small mining eﬀect on fault
with LF ≥ 40 m, the relative displacement of two fault walls is
small. When 40 m > LF ≥ 0 m, the mining eﬀect on the fault
aggravates gradually, and the displacement of the footwall
point rapidly rises to 5.2 m, while that of the hanging wall
point is small with 1.8 m, resulting in the relative
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Figure 5: Displacement of overlying strata with diﬀerent mining directions. (a) Footwall mining. (b) Hanging wall mining.

displacement rising sharply to the peak value of 3.4 m. After
that, the footwall strata have been moved fully with LH < 0 m,
while the hanging wall point rises violently due to the strata
rotation and cutting collapse; therefore, the relative displacement drops notably, and then the mining eﬀect on fault
is weakened, and the displacement variation tends to be
stable.
In Figure 6(b), prior to passing of the fault with LH ≥ 0 m,
the relative displacement is 0 m and there is no fault slipping
because the fault activation is not prominently caused by the
invert-wedge-shaped structure of the hanging wall strata.
After the passing of the fault with LH < 0 m, the displacement
of the two points rises sharply due to the footwall strata
rotation and cutting collapse, resulting in a large relative
displacement, and the fault slipping is obvious, and the peak
value reaches 3.2 m with LH � −60 m. When LH � −90 m, the
strata on two fault walls move slowly and the relative displacement is small.
Hence, based on the aforementioned analysis, the notable fault-aﬀected zone diﬀers with diﬀerent advancing
directions: the footwall face passing through the fault is true
for 40 m > LF ≥ −70 m, while the hanging wall face passing
through the fault exists for −10 m > LH ≥ −90 m.
3.4. Abutment Stress of Coal Body with Diﬀerent Mining
Directions. In this section, ﬁve sensors at ﬂoor strata (S5, S7,
S9, S11, and S14) in Model 1 and four sensors (S4, S6, S9, and
S11) in Model 2 are chosen to study the abutment stress of
the coal body. In Model 1, S5 is at the footwall and far from
the fault 30 m, S7 is near the fault and far from the fault 10 m
at the footwall, and S9, S11, and S14 are at the hanging wall
and far from the fault 20 m, 48 m, and 106 m, respectively. In
Model 2, S4 is at the hanging wall and far from the fault 48 m,
S6 and S9 are near the fault at both sides within 20 m, and
S11 is at the footwall and far from the fault 47 m. Figure 7
depicts the variation curves of abutment stress for the coal
body with diﬀerent mining directions.

As shown in Figure 7(a), in Model 1, the abutment stress
peak value of S5 is only 0.08 MPa, with the face far away from
the fault and slightly aﬀected by the fault. With the face passing
closing to the fault, the stress at S7 rises notably to a peak value
of 0.18 MPa, caused by fault activation and slipping. Then, the
stress of S9 and S11 increases due to the hanging wall strata
rotation and slipping, with just passing through the fault; the
stress of S14 continues to rise to a peak value of 0.23 MPa
because of the stable strata structure of the hanging wall.
As shown in Figure 7(b), in Model 2, when the working
face approaches the fault, the stress rises sharply due to the
stable invert-wedge-shaped structure and fault block eﬀect,
and the peak value of S6 reaches 0.14 MPa which is 2 times
the peak value of S4 (0.07 MPa). When the working face
passes through the fault, the abutment stress of S11 increases
gradually due to the footwall strata rotation and cutting
collapse, which exerts load on the footwall coal seam.

3.5. Fault Plane Stress with Diﬀerent Mining Directions.
When the working face approaches the fault, the fault is
aﬀected by the mining activities, resulting in in situ stress on
the fault plane variation. Hence, according to the stress
monitoring scheme [14], the normal stress variations of the
fault plane with diﬀerent mining directions are studied, in
order to analyze the relationship among the mining disturbance, fault plane stress, and the rock burst induction, as
shown in Figure 8.
Measurements from two sensors, S23 (vertical distance
above the footwall coal seam of 40 m in Model 1) and S24
(vertical distance above the hanging wall coal seam of 20 m
in Model 2), placed along the fault plane are depicted in
Figure 8. Normal stresses of the fault plane of both models
remain unchanged at 0 MPa, when the monitoring position
of fault is not aﬀected by mining disturbance. However,
when the face approaches the fault in Model 1, the stress of
S23 notably rises to the peak value of 0.06 MPa, due to the
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Figure 6: Variation curves of displacement and relative displacement of two fault walls. (a) Footwall mining. (b) Hanging wall mining.
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Figure 7: Variation curves of abutment stress for the coal body. (a) Footwall mining. (b) Hanging wall mining.

extrusion and closure of the fault plane caused by the
surrounding strata rotation (Figure 3(b)); then, it drops
because of the fault plane opening caused by mining disturbance (Figure 3(c)), and the stress dropping stage is
ﬁttingly corresponding to the stage of sudden increase in
displacement as shown in Figures 5(a) and 6(a). In Model 2,
the normal stress rises suddenly to a peak value of 0.05 MPa
after the face just passes the fault because of an articulated
structure formation (Figure 4(c)) and bearing the large
horizontal force, and it drops sharply to −0.04 MPa due to
articulated structure instability (Figure 4(d)); this stage is
also ﬁttingly corresponding to the stage of sudden increase
in displacement as shown in Figure 6(b).
Therefore, regardless of the mining direction in both
physical models, the normal stress dropping stage is exactly
corresponding to the stage of sudden increase in displacement, which indicates that the mining disturbance causes the

in situ stress variation of the fault plane, and then the fault
activates and slips suddenly, thereby resulting in the risk of
fault rock burst. In addition, due to the diﬀerent mining
directions, the causes of stress variation of the fault plane are
also diﬀerent, which can conduct to the control surrounding
rocks near the fault.
3.6. Inﬂuence of Diﬀerent Advancing Directions on Mining
Eﬀect Caused by a Fault. From the aforementioned analysis,
for the footwall face prior to passing the fault (Model 1), the
footwall strata present a wedge-shaped structure with poor
stability in the fault-aﬀected zone. Moreover, the eﬀect of
fault activation is enhanced gradually, and the fault slipping
is notable, which leads to the variation of fault plane stress
and the rise of abutment stress of the footwall coal body; the
footwall strata move fully, and the displacement is large.
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In Figure 9, the roof block marked as A is used as the
study object, and a mechanical analysis is conducted. By
using equilibrium conditions, the normal force Fσ and
friction force Ff of the fault plane can be expressed as
follows.
Footwall mining:

0.08

Normal stress (MPa)

0.04

0.00

In situ stress


–0.04

Fσ � T sin α + R cos α,
Ff � T cos α − R sin α.

Hanging wall mining:
Fσ � T sin α − R cos α,

Ff � −T cos α − R sin α,

–0.08

–0.12
–200

–150

–100 –50
0
50
Distance from the fault (m)

100

150

S23 in model 1
S24 in model 2

Figure 8: Variation curves of normal stress for the fault plane.

After passing through the fault, the hanging wall strata form
an invert-wedge-shaped structure with good stability,
resulting in the rise of abutment stress of the coal body in the
hanging wall; moreover, the eﬀect of fault activation
weakens gradually, and the displacement of the hanging wall
is relatively small compared with that of the footwall.
For the hanging wall face prior to passing the fault
(Model 2), the invert-wedge-shaped overlying structure of
the hanging wall is stable in the fault-aﬀected zone, resulting
in unobvious fault activation and in the rise of abutment
stress of the coal body in the hanging wall. After passing
through the fault, fault activation and slipping are notable
due to the footwall strata rotation and subsidence which
leads to the articulated structure instability and the rise of
abutment stress of the footwall coal body.
Hence, it can be concluded that the overlying structure
varies notably, aﬀected by fault cutting and fault dip, and the
fault-aﬀected zone and the cause of rock burst induction
with diﬀerent mining directions are diﬀerent. However,
regardless of the mining direction, the overlying structure of
the hanging wall is stable and the fault activation is not
obvious, while that of the footwall is relatively active and the
fault activation there is violent. Hence, the risk of rock burst
caused on the footwall is larger than that on the hanging
wall.

4. Verification of Mining Effect with Different
Mining Directions
According to the aforementioned simulation analysis, the
mining eﬀect and the fault activation when the footwall face
is mined are more notable. Hence, based on the relationship
between the mining direction and the fault dip, two mechanical models of roof rock in the fault-aﬀected zone are
simpliﬁed in order to verify the above simulation results.
Figure 9 depicts the mechanical analysis of roof rock near
fault with diﬀerent mining directions.

(1)

(2)

where R � fμ + pL + P − ql − G.
From equations (1) and (2), it can be seen that when the
working face approaches the fault, the support performance of the coal pillar for overlying strata decreases,
which results in the drop of the value of parameter R. If the
variation of horizontal force T in Figure 9 can be ignored,
the normal force Fσ of the fault plane will decrease and the
friction force Ff of the fault plane will increase when the
footwall face advances towards fault, resulting in the rise of
the ratio of the shear stress to the normal stress of the fault
plane; this indicates that the mining eﬀect on fault activation and slipping is notable, and the block A can easily
slip along the fault plane, rendering the formation of a
stable structure diﬃcult. Meanwhile, the normal force Fσ of
the fault plane will increase and the friction force Ff of the
fault plane will decrease when the hanging wall face advances towards fault, and the ratio of the shear stress to the
normal stress of the fault plane drops; this indicates that the
fault activation is not obvious, and the rocks can easily form
a stable structure. Hence, the mining direction has a signiﬁcant inﬂuence on the mining eﬀect with a fault occurrence; that is, compared with the hanging wall mining,
the mining eﬀect caused by fault is notable, and dynamic
appearance is more serious when the face is mined in the
footwall, which veriﬁes some aforementioned simulation
results.

5. Engineering Case of Rock Burst with
Footwall Mining
From the above numerical simulation and theoretical
analysis, the fault risk is closely related to the position
relationship between fault and working face, as well as the
mining direction of the face. However, in both Model 1
and Model 2 in the simulation tests, when the working face
is being mined in the hanging wall, the overlying structure
is stable and the fault activation is not obvious, while that
of footwall mining is relatively active and the fault activation there is violent; hence, the risk of rock burst with
footwall mining is larger than that of mining on the
hanging wall. Therefore, in this section, an engineering
case occurring in the Baodian coal mine is chosen, in order
to study the rock burst easily induced with footwall
mining and further more to verify some aforementioned
results.
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Figure 9: Mechanical analysis of roof rock near fault with diﬀerent mining directions. (a) Footwall mining. (b) Hanging wall mining.

The mining depth of panel 6303 is 680 m–700 m, and the
average coal seam thickness is 4.75 m which has the strong
bursting liability. When the distance between the working
face (indicates the side of the tailgate) and the normal fault
(SF28: ∠47° H � 3 m; H represents the fault fall height) is
52 m, as on November 30, 2004, a rock burst accident occurs
in the tailgate 66 m–96 m ahead of the coal wall; another rock
burst accident occurs in the tailgate 12 m–36 m ahead of the
coal wall, when the working face is away from the fault 24 m,
as on December 16, 2004. Figure 10 shows the positions of
the working face and the accidents [24].
According to the geological report of panel 6303, both
rock burst accidents occur during the mining in the footwall
of SF28, and they are aﬀected by the fault notably. Herein, a
small fault coal pillar with a width of 10 m is formed in the
headgate side when the accident occurs at the tailgate, as on
November 30, 2004, while another accident on December 16,
2004, also occurred in the tailgate with a coal pillar of 24 m at
the tailgate side. From the cause analysis of the accidents for
the geological report, it is deduced that coal pillars with the
width of 10 m and 24 m are small due to the fault cutting, and
fault activates notably aﬀected by mining operations and
fault dip, resulting in the fault easily slipping and the high
stress concentrating in the coal body, eventually leading to
the two rock burst accidents in the tailgate with the sudden
release of strain energy. This is similar to the aforementioned
analysis of the results of a similar model test; that is, when
the working face in the footwall approaches the fault, the
footwall strata form a wedge-shaped structure with poor
stability, and the fault activation and slipping are notable (as
shown in Figures 3(c) and 6(a)); this leads to the footwall
strata moving suddenly and causes the abutment stress of
coal body to rise, as shown in Figures 5(a) and 7(a). Hence,
to a certain extent, the case engineering can be used to verify
some study results of physical simulation tests of this paper
and can further explain the rationality of the similar simulation method.

6. Conclusions
In this study, two physical models, utilizing similar materials,
are established, and the inﬂuence of advancing directions on
mining eﬀect caused by a fault is studied; moreover, rock
bursts aﬀected by fault with diﬀerent mining directions are
compared and analyzed. We can obtain several conclusions as
follows:
(i) For the footwall face prior to passing the fault
(Model 1), the footwall overlying structure presents
a wedge shape and has poor stability in the faultaﬀected zone; moreover, the eﬀect of fault activation
is enhanced gradually, and fault slipping is notable,
which leads to the variation of fault plane stress and
the rise of abutment stress of the footwall coal body;
the footwall strata move fully, and the displacement
is large. After passing through the fault, the hanging
wall strata form an invert-wedge-shaped structure
with good stability, resulting in the rise of abutment
stress of the coal body in the hanging wall; moreover, the eﬀect of fault activation weakens gradually,
and the displacement in the hanging wall is relatively small compared with that in the footwall.
(ii) For the hanging wall face prior to passing the fault
(Model 2), the invert-wedge-shaped overlying
structure of the hanging wall is stable in the faultaﬀected zone, resulting in an unobvious fault activation and a rising abutment stress of the coal
body in the hanging wall. After passing through the
fault, fault activation and slipping are notable due to
the footwall strata rotation and subsidence, which
leads to articulated structure instability and a rising
abutment stress of the footwall coal body.
(iii) The overlying structure varies, notably aﬀected by
fault cutting and fault dip, and the fault-aﬀected
zone diﬀers with diﬀerent mining directions. The
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Figure 10: Rock burst accidents of panel 6303.

hanging wall structure is stable and the fault activation is unobvious, while that of the footwall is
relatively active and the fault activation there is
violent. Hence, the risk of rock burst on the footwall
is larger than that of mining on the hanging wall.
Finally, an engineering case regarding two rock bursts in
panel 6303 is used to verify several simulation results to a
certain extent.
The study results can serve as a reference for predicting
and preventing rock bursts under similar conditions and can
optimize the layout for the working face near the fault.
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Density similarity ratio
Strength similarity ratio
Elastic modulus similarity ratio
Time similarity ratio
Geometric size of the physical model (m)
Geometric size of the prototype (m)
Densities of the physical model (kg/m3)
Densities of the prototype (kg/m3)
Distance between the working face and the objected
fault (m)
Distance between the working face in the footwall and
the objected fault of Model 1 (m)
Distance between the working face in the hanging wall
and the objected fault of Model 2 (m)
Overlying uniform load (N/m)
Uniform load supported by the coal body (N/m)
Deadweight of block A (N)
Horizontal force exerted by block B (N)
Block number near the fault
Block number articulated with block A
Friction force between blocks A and B (N)
Support power of the hydraulic support (N)
Normal force exerted by the other wall rocks (N)
Friction force between two fault walls (N)
Constant related to the parameters fμ, p, L, P, q, l, and G
Fault dip angle (°)
Length of the uniformly distributed load (m)
Height of block A.
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In view of the ground drilling of the N2206 working face in Shanxi Wangzhuang Coal Mine, the gas concentration is low and the
extraction eﬀect is not good. Fluent computational ﬂuid dynamics software was used to simulate the ground extraction drilling
position of the N2206 working face in the goaf (the distance from the top of the coal seam and the distance from the return to the
wind). The numerical simulation results show that when the ﬁnal hole of the ground extraction hole in the goaf is 16 m from the
roof of the coal seam and the distance from the return air is 45 m, the extraction eﬀect is optimal. The average extraction gas
volume is 9.78 m3/min, and the average extraction gas concentration is 43.95%, the best extraction eﬀect is obtained. After
optimizing the ground drilling position in the goaf and combining with the site implementation, the maximum gas scouring
amount of the extraction is 12.59 m3/min, which is 3.42 m3/min higher than the original. The maximum gas concentration of
extraction was 63.54%, which was 28.82% higher than the original. After optimization, the gas concentration of the extraction is
more than 30%, and the extraction eﬀect is very good. Field application results further validate the reliability of theoretical analysis
and numerical simulation results.

1. Introduction
With the increasing coal mining depth in recent years, the
gas pressure and content of coal seam increase obviously.
Gas disaster has gradually become the primary problem that
restricts the safe production of coal mine. The most universal
technique to control gas disaster is gas extraction, which has
two kinds: extraction by roadway and boreholes [1–3]. In
this paper, we focus on the boreholes drilled from ground.
America was the ﬁrst country that achieved success in
exploiting coalbed methane resources by extracting gas with
boreholes drilled from ground. In Australia, vertical borehole was the most common way to extract gas in goaf.
Germany exploited coalbed methane resources from Ruhr
coal ﬁeld by boreholes drilled from ground in 1992. In most
parts of China, low permeability, low saturation, and low
reservoir pressure are the three characteristics of coal seam,

which means it is hard to extract gas from the coal. We have
drilled 40 ground boreholes in JiaoZuo and YangQuan since
1970 and carried out measures of hydraulic fracturing. Then,
we conducted experimental studies of gas extracted from
ground boreholes and underground drills in KaiLuan and
TieFa coal ﬁelds with the help of United Nations Development Program. We have made some achievements on gas
extraction by the method of ground boreholes in JinCheng
and HuaiNan coal ﬁelds in China [4–6].
In the deep part of goaf, gas concentrating for a long
time, the content of methane gas is much more than that in
working face. The gas from goaf is one of the main sources of
gas to working face. Extracting gas by boreholes drilled to
goaf from ground is a main method to handle gas problem.
There is a large body of work that has been done to investigate ground boreholes. Li et al analyzed the eﬀect of gas
extracted from ground boreholes in Jin Cheng ﬁeld [7]. Li
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et al studied the inﬂuential factors on gas extraction by
ground boreholes and proposed an approach to enhance the
eﬃciency of gas extraction [8]. Many foreign scholars have
done a lot of research about gas disaster prevention, gas
drainage in coal mine goaf, etc [9–16]. Many other scholars
have also examined the eﬀects of ground boreholes [17–20].
However, there are controversies about this question:
whether the location of boreholes is a critical factor for gas
extraction technique. Some scholars even hold opinion that
the eﬀect of the location can be neglected [21, 22]. Further
research on the eﬀect of the location of ground boreholes to
the eﬀect of gas extraction needs to be done to reach better
eﬀect. Based on the physical parameters of N2206 working
face in WangZhuang mine in ShanXi Province, this paper
investigates the poor eﬃciency of ground boreholes 1# and
2# drilled to goaf of N2206 working face by software Fluent
to conﬁrm the best location of ground boreholes.

2. The Theory of Gas Extraction from Ground
Drilling to Gob
Gas extraction from goaf by ground boreholes does not have
a long history in coal mining industry, whereas mines in
America and Australia have made achievements of ground
boreholes. The principle of gas extraction from ground
drilling to gob is that as the following: the overlying rock
above goaf can be divided into three vertical zones, including
caved zone, fractured zone, and bended zone due to the
inﬂuence of coal mining. As the working face advancing,
there are many separations and fractures in the bended zone,
largely enhancing the permeability of coal seam. Gas migration is much easier in the separations and fractures. Then,
the ground boreholes are drilled into the bended zone to
exact gas, reducing the thread of gas. Figure 1 shows the
layout of ground boreholes to goaf.

3. The General Situation of Working Face and
Numerical Simulation
3.1. The General Situation of N2206 Working Face. The strike
length of tape roadway in N2206 is 2252 m; the strike length
of intake air roadway is 2260 m; and the strike length of
return air roadway is 2257 m. The inclination length of
N2206 working face is 285 m. Figure 2 shows the sketch map
of the N2206 working face. The yearly output of N2206
working face is 1.4MT with recovery ratio of 93%. The
average thickness of coal seam is 5.99 m; the unit weight of
coal is 1.4 t/m3. The absolute gas emission rate is 76.5 m3/
min. Herein air ﬂow counts for 32.2 m3/min, and extracted
gas counts for 44.3 m3/min.
In the design, the ventilation in the N2206 working face
is doubled. The inlet air roadway and tape roadway are
ﬁlled with fresh air, and in the return air roadway and gas
tail roadway is dirty air, i.e., two-intake and two-return.
And then it is changed into three-intake and one-return.
The inlet air roadway, tape roadway, and the return air are
ﬁlled with fresh air, and the gas tail roadway is ﬁlled with
dirty air [23].
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Figure 1: Arrangement plan about ground extraction drilling to
gob.

3.2. Theoretical Calculation on the Height of Three
Vertical Zones
(1) The theoretical formula of height to caved zone:
h
(1)
Hm �
,
(k − 1)cos α
where h is the mining height, k is the average bulking
coeﬃcient of caved rock, and α is the dip of coal
seam.
(2) The theoretical height of fractured zone:
100h
Hl �
± c,
ah + b

(2)

where a, b, and c are the undetermined coeﬃcients:
they are determined by the “Design code of coal
mine” of Wangzhuang mine, shown in Table 1.
(3) The bended zone is stratum that starts from the
upper boundary of fractured zone to earth surface,
and we do not consider the bended zone in this
paper because the sinking variation is small extremely. According to the relating materials of the
N2206 working face, the overburden rock is medium hard rock mainly, the roof of N2206 working
face is mixed with post stone and mudstone, and the
ﬂoor is siltstone and mudstone. Figure 3 shows the
histogram of coal-rock strata about N2206 working
face. The working face follows strike longwall and
takes caving coal mining for fully mechanized. The
included angle of mining layer and the horizontal
direction is 6° or so. The bulking coeﬃcient of caved
rock and roof coal are 1.26 and 1.3. The average
theoretical height to caved zone and fractured zone
is 14.6 m and 45.5 m based on the calculation formulas (1) and (2). We can calculate the thickness of
left coal in gob which is 0.6 m based on the average
thickness of coal seam, the recovery ratio, and the
bulking coeﬃcient of roof coal [24].
3.3. Physical Model of Gob. The width and height of intake
roadway of N2206 working face are 5 m and 4 m; the width
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Figure 2: Arrangement plan of N2206 working face.
Table 1: Value table of undetermined constants a, b, and c.
Lithology
Hard rock
Medium hard rock
Soft rocks
Top soft rocks

a
1.2
1.6
3.1
5.0

and height of return roadway are 5 m and 4 m; the inclination
and strike length of the working face are 285 m and 300 m; the
length of intake roadway, tape roadway, and return roadway is
all 20 m. The thickness of left coal in gob is 0.6 m, and the
height of caved zone and fractured zone is 14.6 m and 45.5 m.
The eﬀect of goaf on the gas ﬂowing regulation in gob can be
neglected in the reason of the sinking variation which is small
extremely in the three zones. This model neglected the bended
zone, and the physical model is shown in Figure 4.

b
2.0
3.6
5.0
8.0

c
8.9
5.6
4.0
3.0

3.4. Mathematical Model of Gob
3.4.1. Hypothesis
(1) Taking the working zone is turbulent ﬂow zone, and the
laminar ﬂow is the main ﬂow state of gas ﬂow in gob.
(2) We regard the porous media in gob as an isotropous
area, and its permeability is constant in the reason of
the randomness of the caved rock and the left coal.
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(3) Taking into account the gob gas is incompressible
gas; we do not take into account the work of ﬂuid
viscosity caused by heat dissipation. We assumed the
gas ﬂow is steady and the process remains at a
constant temperature.
(4) Ignoring the small component gases such as water
vapor and nitrogen dioxide and assuming that the
diﬀusion coeﬃcient of the gas remains constant, the
gas in the component transport is set to a mixed gas
of methane, nitrogen, and oxygen.
3.4.2. Mathematical Model. The mathematical model of
porous media in gob is as the following [25]:

(3)

z(nρuu) z(nρuv) z(nρuw) z
zu
+
+
�
nμ 
zx
zy
zz
zx
zx
z
zu
z
zu
zP
nμ  + nμ  − n + Fx ,
zy
zy
zz
zz
zx

(4)
z
zv
z
zv
zP
nμ  + nμ  − n + Fy ,
zy
zy
zz
zz
zy

z(nρwu) z(nρwv) z(nρww) z
zw
+
+
� nμ 
zx
zy
zz
zx
zx
+

z
zw
z
zw
zP
nμ  + nμ  − n + Fz .
zy
zy
zz
zz
zz

(3) The component transport equation:
z ρcs u z ρcs v z ρcs w z
zρc
+
+
� D s s 
zy
zx
zy
zz
zx
(5)
+

z(ρεu) z(ρεv) z(ρεw)
z
+
+
�
zx
zy
zz
zxj

− ρC2

(6)

μt zε

 + ρC1 Eε
σ ε zxj

ε2
ε
√�� + C1ε C3ε Gb ,
k + vε
k

3.5. The Boundary Conditions and Numerical
Simulation Process

z(nρvu) z(nρvv) z(nρvw) z
zv
+
+
� nμ 
zx
zy
zz
zx
zx
+

μt zk

 + Gk − ρε − YM ,
σxj zxj

where Gk is the generation item of turbulence energy caused
by the average velocity of gas; Gb is the generation item of
turbulence energy caused by buoyancy, which is 0 to the incompressible ﬂuid; YM is the contribution of pulse expansion
caused by the turbulence ﬂow to the compressible ﬂuid; where
C1ε � 1.44, C2 � 1.9, C3ε � 0, σ ε � 1.0, μt � ρCμ (k2 /ε).

(2) The momentum equation (Navier–Stokes):

+

· μ +

· μ +

(1) The mass conservation equation:
z(nu) z(nv) z(nw)
+
+
� Sm .
zx
zy
zz

mass concentration of component; and Ds is the diﬀusion
coeﬃcient of the component.
The turbulence model of the working face is realizable
k − ε:
z(ρku) z(ρkv) z(ρkw)
z
+
+
�
zx
zy
zz
zxj

z
zρc
z
zρc
 D s s  + D s s  + S s ,
zy
zz
zy
zz

where u, v, and w are velocity components of the directions
x, y, and z; n is the porosity; Sm is the source item of mass; ρ is
the density of gas in gob; μ is the dynamic viscosity of air; Fx ,
Fy , and Fz are the mass force component on microunit in
every direction; Cs is the volume concentration of component S; Ss is the productivity of component; ρCs is the

3.5.1. Boundary Conditions. The intake roadway of working
face is velocity-inlet, the average velocity of tape roadway,
return air roadway and inlet air roadway are, respectively,
2.6 m/s, 1.1 m/s, and 1.6 m/s. The volume fraction of O2 and
CH4 are, respectively, 21% and 0% in the intake roadway. The
gas emissions roadway was set as out-ﬂow; the working face
and goaf of solid wall are set as nonslip boundary condition,
which is u � v � w � 0; the juncture of working face and goaf
is set as the interior boundary. Detailed boundary conditions
and parameters are shown in Table 2. The permeability of goaf
presents continuous distribution as “O” because of the
support eﬀect of surrounding rock in gob. Using C language,
the gas emission intensity of goaf and goaf permeability are
deﬁned as the continuous distribution of the custom function.
3.5.2. The Numerical Simulation Process. The modeling tool
Gambit is used to construct the physical model in the Cartesian coordinate system and unstructured meshing. Fluent
software is used for numerical simulation solution, and ﬁnally, the simulation results into Tecplot for postprocessing
operation. The control equation is discreted in the method of
control volume, among which the format convection term
and diﬀusion term are in the format of Quick. The iteration
calculation was accomplished in combination of relaxing
factor and tridiagonal-matrix algorithm. The coupling of
pressure-velocity takes simple arithmetic [26].
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Table 2: Boundary conditions and parameters.

Location/name
Tape roadway
Return air roadway
Inlet air roadway
Gas emissions roadway
Intake roadway
Intake roadway
Working face solid wall
Goaf solid wall
Juncture of working face and goaf
Permeability of goaf

4. The Result Analysis of Numerical Simulation
Process on Gob
From the documents, it is reasonable to layout gas extraction
drilling in the roof of the caved zone and the lower-middle
part of the fractured zone. There would appear series
questions about gas extraction diﬃculties and low quantity
of gas extraction if the layout position is too high. If the
layout is in the lower level, it is possible to communicate
directly with the cave zone, and there would be drainage of
large ﬂow, its composition is mainly air leakage problem of
goaf etc. If the layout position is near the return air roadway,
the return air roadway would be linked up through fractures,
and the main component of the gas extraction is air. Since
the return air roadway is near the high concentration area of
the goaf, if the layout position of the drilling is far from the
return air roadway, there will be problems such as lower gas
concentration and lower ﬂow rate. Thus, the reasonable
layout parameters are crucial to the eﬀect of gas extraction.
Now, we should combine the existing questions of gas extraction drilling from ground to gob of 1#, 2# on N2206
working face and numerical simulation to optimize the
layout parameters. The gas is collected to the circle of “O”
through seepage after gas desorption around the coal-rock
based on the theory of circle “O” about fracture distribution
in overlaying rock. To achieve the long gas extraction time,
the big zone of gas extraction, and the high gas drainage
eﬃciency, the gas extraction drilling should be placed to the
inner of circle “O”.
4.1. Optimization of the Vertical Gas Extraction Height from
Ground to Gob. Based on the experience of 1 # and 2 #
mining ground drilled holes, the range of the hole location of
the borehole drilling is estimated on the basis of grasping the
inclination of the coal seam and so on. When the horizontal
distance is 45 m, the numerical simulation software is used
to simulate the drilling position of the vertical extraction of
10 m, 16 m, and 22 m from the roof of the coal seam. The
simulation results are shown in Figures 5 and 6.
From Figures 5 and 6, the distribution trends of gas in
gob are approximately same when the vertical height of gas
extraction drills is selected as 10 m, 16 m, and 22 m. The
deeper the gob, the higher the concentration of the gas in the
horizontal direction of gob. In the vertical direction, the
concentration of gas upside the gob is bigger than the

Boundary conditions
Velocity-inlet
Velocity-inlet
Velocity-inlet
Out-ﬂow
O2 respectively
CH4 respectively
Nonslip boundary
Nonslip boundary
Interior boundary
“O” distribution

Parameters values
2.6 m/s
1.1 m/s
1.6 m/s
/
21%
0%
u�v�w�0
u�v�w�0
/
/

downside because of the eﬀect of gas buoyancy. For the
distributional proﬁle of gas in gob of Y � 50 m and Y � 290 m,
the scope of gas concentration of 5% in gob is 129 m and
130 m, which is relevant with the vertical height of gas
extraction drilling, when the ﬁgure is 10 m. The scope of gas
concentration of 5% in gob is 138 m and 140 m, which is
relevant with the vertical height of gas extraction drilling,
when the ﬁgure is 16 m and the scope is the widest with low
gas concentration. By contrast, when the scope of gas
concentration of 5% in gob is 99 m and 112 m, the ﬁgure is
22 m and the scope is the narrowest with low gas concentration. For the distributional planar graph of gas in gob of
Z � 1 m and Z � 20 m, the scope of gas concentration of 5% in
gob is 121 m and 122 m, which is relevant with the vertical
height of gas extraction drilling, when the ﬁgure is 10 m near
the side of belt crossheading. The scope of gas concentration
of 5% in gob is 129 m and 134 m, which is relevant with the
vertical height of gas extraction drilling, when the ﬁgure is
16 m and the scope was the widest with low gas concentration. The scope of gas concentration of 5% in gob is 108 m
and 109 m, which is relevant with the vertical height of gas
extraction drilling, when the ﬁgure is 22 m and the scope was
the narrowest with low gas concentration. Analyzing the
distributional proﬁle and planar graph of gas in gob, we
found that the scope of low gas concentration in gob is the
widest, and the scope of high gas concentration in gob is the
narrowest with the vertical height of gas extraction drilling is
16 m. The overall eﬀect of gas extraction is best.
4.2. The Optimization of Horizontal Position on Drilling of
Ground Gas Extraction to Gob. We performed numerical
simulation by Fluent software with the horizontal distance
between the end drilling and the return air roadway of 35 m,
45 m, and 55 m based on the decided vertical height of gas
extraction from ground of 16 m. Figures 7 and 8 show the
simulation results.
From Figures 7 and 8, the distribution trends of gas in gob
are approximately same when the horizontal distance of gas
extraction drillings is selected as 35 m, 45 m, and 55 m. The
closer to the depth of the gob, the higher the concentration of
gas in the strike direction of the gob. In the vertical direction,
the concentration of gas upside the gob is bigger than the
downside because of the eﬀect of gas buoyancy. For the
distributional proﬁle of gas in gob of Y � 50 m and Y � 290 m,
the scope of gas concentration of 5% in gob is 112 m and 99 m,
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Figure 5: Distributional proﬁle of gas in gob with diﬀerent vertical heights of ground gas extraction. (a) Horizontal distance is 45 m and
vertical distance is 10 m. (b) Horizontal distance is 45 m and vertical distance is 16 m. (c) Horizontal distance is 45 m and vertical distance is
22 m.
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Figure 6: Distributional planar graph of gas in gob with diﬀerent vertical heights of ground gas extraction. (a) Horizontal distance is 45 m
and vertical distance is 10 m. (b) Horizontal distance is 45 m and vertical distance is 16 m. (c) Horizontal distance is 45 m and vertical
distance is 22 m.

which is relevant with the horizontal distance of gas extraction
drilling, when the ﬁgure is 35 m. The scope of gas concentration of 5% in gob is 140 m and 135 m, which is relevant with
horizontal distance of gas extraction drilling, when the ﬁgure is
55 m and the scope was the widest with low gas concentration.
The scope of gas concentration of 5% in gob is 111 m and 98 m,
which is relevant with the horizontal distance of gas extraction
drilling, when the ﬁgure is 55 m and the scope was the narrowest with low gas concentration. For the distributional

planar graph of gas in gob of Z � 1 m and Z � 20 m, the scope
of gas concentration of 5% in gob is 112 m and 108 m, which is
relevant with the horizontal distance of gas extraction drilling,
when the ﬁgure is 35 m near the side of belt crossheading. The
scope of gas concentration of 5% in gob is 120 m and 132 m,
which is relevant with the horizontal distance of gas extraction
drilling, when the ﬁgure is 45 m, and the scope was widest with
low gas concentration. The scope of gas concentration of 5% in
gob is 110 m and 107 m, which is relevant with the vertical
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Figure 7: The distributional proﬁle of gas in gob with diﬀerent horizontal distances of ground gas extraction. (a) Horizontal distance is 35 m
and vertical distance is 16 m. (b) Horizontal distance is 45 m and vertical distance is 16 m. (c) Horizontal distance is 55 m and vertical
distance is 16 m.

0.3

0.4

0.5

0.6

0.7

0.8

molef-ch4: 0.05 0.1 0.16 0.2

300

300

250

250

200

200

Y (m)

Y (m)

molef-ch4: 0.05 0.1 0.16 0.2

150

150

100

100

50

0.3

0.4

0.5

0.6

0.7

0.8

50
50

100

200
150
X (m)
Z = 1m

250

50

300

(a)

Figure 8: Continued.

100

200
150
X (m)
Z = 20 m

250

300

10

Advances in Civil Engineering

0.3

0.4

0.5

0.6

0.7

0.8

molef-ch4: 0.05 0.1 0.16 0.2

300

300

250

250

200

200

Y (m)

Y (m)

molef-ch4: 0.05 0.1 0.16 0.2

150

150

100

100

50

0.3

0.4

0.5

0.6

0.7

0.8

50
50

100

150
200
X (m)
Z = 1m

250

300

50

100

150
200
X (m)
Z = 20 m

250

300

(b)

0.3

0.4

0.5

0.6

0.7

0.8

molef-ch4: 0.05 0.1 0.16 0.2

300

300

250

250

200

200

Y (m)

Y (m)

molef-ch4: 0.05 0.1 0.16 0.2

150

150

100

100

50

0.3

0.4

0.5

0.6

0.7

0.8

50
50

100

150
200
X (m)
Z = 1m

250

300

50

100

150
200
X (m)
Z = 20 m

250

300

(c)

Figure 8: Distributional planar graph of gas in gob with diﬀerent horizontal distances of ground gas extraction. (a) Horizontal distance is
35 m and vertical distance is 16 m. (b) Horizontal distance is 45 m and vertical distance is 16 m. (c) Horizontal distance is 55 m and vertical
distance is 16 m.

horizontal distance of gas extraction drilling, when the ﬁgure is
55 m, and the scope was the narrowest with low gas concentration. Right now, the distance between the end drilling
and the return air roadway was too far; thus, it is not in the “O”
zone of fracture development and results in the nonideal gas
extraction eﬀect. Analyzing the distributional proﬁle and
concentration in gob was the widest and the high gas concentration is near the deep of the gob with the horizontal
distance of gas extraction drilling, when the ﬁgure is 45 m. The
overall eﬀect of gas extraction is best.

To verify the best gas extraction location about ground
drilling, we monitored the ground drilling with diﬀerent
vertical heights and horizontal distances and simulated and
solved the condition of gas extraction with diﬀerent vertical
heights and horizontal distances by combining the in situ
data as shown in Table 3.
From Table 3, the gas extraction eﬀect is obviously
diﬀerent with diﬀerent vertical heights and horizontal distances. When the horizontal distance of ground drilling is
45 m, the vertical height is set as 10 m, 16 m, and 22 m, the
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Table 3: Gas extraction eﬀect under diﬀerent vertical height and horizontal distance.

(45 m,
(45 m,
(45 m,
(35 m,
(55 m,

10 m)
16 m)
22 m)
16 m)
16 m)

Average pure quantity of gas
extraction (m3/min)
5.22
9.78
4.79
4.54
4.32

Average mixture quantity of gas
extraction (m3/min)
19.6
22.2
23.3
26.4
18.1

average pure quantity and the average concentrations of gas
extraction are 9.78 m3/min and 43.95%, the vertical height is
16 m, and the eﬀect of gas extraction is the best. When the
vertical height of ground drilling is 16 m, the horizontal
distance is set as 35 m, 45 m, and 55 m, among which the
distance between the drilling and the return air roadway is
near with the horizontal distance of 35 m. The main gas
component of gas extraction is air, the mixture quantity of gas
extraction is bigger, and the concentration of gas extraction is
lower. Through monitoring the outlet ﬂow rate, the mixture
quantity of gas extraction is only 18.1 m3/min because the
distance between the end drilling and the return air roadway
was too far; thus, it is not in the “O” zone of fracture development. The pure quantity and concentration of gas extraction are biggest with the horizontal distance of 45 m. In
conclusion, the eﬀect of gas extraction is the best with the
16 m vertical height and the 45 m horizontal distance.

12
10
8
6
4
2
0
0

6. Conclusions
(1) Theoretical analysis and numerical simulation show
that it is obvious to see the range of low gas
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1# drilling
2# drilling
Optimized drilling

5. In Situ Test

Figure 9: Correlation curve of pure quantity of gas extraction
before and after the optimization of ground extraction drilling to
gob.

70
Extraction gas concentration (%)

We gain that the best eﬀect of gas extraction with the 16 m
vertical height and the 45 m horizontal distance through
theoretical analysis and numerical simulation on the
low gas concentration question about the ground drilling 1#
and 2# to N2206 working face in Wangzhuang coal mine.
To give a further validation of the reliability of theoretical
analysis and numerical simulation, we performed gas extraction from ground to gob with the optimized parameters.
Figures 9 and 10 show the pure quantity and concentration
of gas extraction before and after drilling optimization about
1# and 2#.
From Figures 9 and 10, when the pure quantity and
concentration of gas extraction are low in 1# and 2#, the
concentration of gas extraction from the drilling are both
lower than 30%. The eﬀect of gas extraction in 1# is the most
nonideal with the concentration of gas extraction only 10%
or so. After optimization, the pure quantity and concentration of gas extraction increased obviously. The maximum
pure quantity of gas extraction is 12.59 m3/min and have an
increase of 3.42 m3/min than before, the maximum concentration of gas extraction is 63.54% and have an increase
about 28.82% than before and the concentration of gas
extraction from the drilling is higher and over 30%. The
eﬀect of gas extraction is relatively ideal, and it veriﬁed the
reliability of theoretical analysis and numerical simulation.

Average concentration of gas
extraction (%)
26.63
43.95
20.56
9.71
23.87

14

Extraction gas scalar (m3/min)

Location

60
50
40
30
20
10
0
0

80
20
40
60
Distance being moved by working face (m)

100

1# drilling
2# drilling
Optimized drilling

Figure 10: Correlation curve of concentration of gas extraction before
and after the optimization of ground extraction drilling to gob.

concentration is widest and the range of high gas
concentration is narrowest when vertical height of
ground extraction drilling of gob is 16 m and
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horizontal distance is 45 m. In the deep of gob, the
high gas concentration can be shown, and the
ground drilling shows the optimum eﬃciency to the
gas extraction. The in situ data and the monitoring
simulation data show that it has the best extraction
eﬀect with 16 m vertical height and 45 m horizontal
distance; under this condition, the average pure
quantity and the average concentration of gas extraction are 9.78 m3/min and 43.95%, respectively.
(2) After optimization, the pure quantity and concentration of gas extraction have an obvious increase.
The maximum pure quantity of gas extraction is
12.59 m3/min and has an increase of about 3.42 m3/
min than before; the maximum concentration of gas
extraction is 63.54% and has an increase about
28.82%, and the concentration of gas extraction from
the drilling is higher over 30%. The eﬀect of gas
extraction is more ideal. The theoretical analysis and
numerical simulation have been proved.
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Energy evolution varies during the whole process of rock deformation, and mechanical parameters are markedly altered under
cyclic loading and unloading. In order to investigate the eﬀects of conﬁning pressure on energy evolution and mechanical
parameters, cyclic loading and unloading experiments were performed for granite under six diﬀerent conﬁning pressures. The
experiment revealed the conﬁning pressure eﬀect on variation and allocation pattern of energy and mechanical characteristics.
Four characteristic energy parameters, namely, storage energy rock, storage energy limit, energy storage ratio, and energy
dissipation ratio, were proposed to describe energy storage and dissipation properties of rock. Elastic modulus and dissipation
ratio presented a downward “U” and “U”-shaped trends, respectively, with loading and unloading cycles, while Poisson’s ratio
increased linearly at the same time. Elastic energy was accumulated mainly before peak stress, while the energy dissipation and
release were dominant after the peak strength. As the conﬁning pressure increased, eﬃciency of energy accumulation and storage
limit improved. An exponential function was proposed to express the relationship between the energy storage limit and conﬁning
pressure. Dissipation energy increased nonlinearly with the strain, and the volume dilatancy point deﬁned the turning point from
a relatively slow growth to an accelerated growth of dissipation energy. The dilatancy point can be used as an important indication
for the rapid development of dissipation energy.

1. Introduction
Many engineering projects have shown that rock is not in a
stable stress environment but is subjected to a cyclic loadingunloading stress environment. Deformation and failure of
granite under engineering disturbance is a very complicated
damage evolution process, and failure is governed by energy
storing and dissipation phenomenon [1]. Rock is in a dynamic evolution process of input energy, accumulation
energy, dissipation energy, and release energy. The proportion of energy allocation is dependent on the stress level
and determines failure modes of rock. Demand for underground space and resources from the deep is becoming
increasingly intense with the depletion of shallow mineral
resources and the improvement of science and technology.
Consequently, rock burst and other dynamic disasters occur
frequently, particularly in China. Accumulation of energy

and rapid release are the key control factors of rock burst
[2–6]. Therefore, it is imperative to study the dynamic disasters such as rock burst from the aspect of energy.
The inﬂuence of loading and unloading cycles on energy
variation and mechanical properties has been studied by
domestic and foreign researchers. Wang et al. [7] studied the
characteristics of energy transformation of total energy,
elastic strain energy, and dissipation energy and revealed the
energy damage evolution mechanism of the jointed rock
mass. Rock damage from the perspective of energy was
deﬁned by Peng et al. [8]. Zhang and Gao [9, 10] revealed the
trends of evolution of elastic energy and dissipation energy
under diﬀerent conﬁning pressures and analysed the nonlinear relationship of diﬀerent energy conversion mechanisms. Energy dissipation and release of rocks under
diﬀerent stress paths were summarized by Cheng et al. [11].
Bagde and Petroš [12] revealed that fatigue and dynamic

2
energy behaviour of rock subjected to cyclic loading. Deng
et al. [13, 14] have investigated the relationship among
energy evolution, residual strain, and damage variable parameters. The relationships between strain energy and strain
under three conﬁning pressures were ﬁtted by Tian and Yu
[15], and the concept of crack development coeﬃcient was
proposed. The above research work has greatly promoted the
development of rock energy theory.
However, at present, the energy characteristics under the
special loading level such as peak stress are paid more attention, while the real-time evolution and distribution of
energy throughout the whole process of failure are insuﬃciently studied in the process of research. The purpose of
this paper is to perform laboratory tests to explore quantitative relationships between energy and mechanical parameters throughout the whole process of failure. The results
are expected to provide reference for rock mechanics tests
and dynamic disaster prediction.
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Table 1: Basic physical parameters of rock samples.
Number
X-H-1
X-H-2
X-H-3
X-H-4
X-H-5
X-H-6

Diameter
(mm)
50.01
49.97
49.98
50.00
50.01
49.98

Height
(mm)
100.03
99.99
99.99
100.00
100.01
100.02

Wave
velocity (m·s−1)
4034
4004
4100
4012
3988
4029

Density
(kg·m−3)
2676
2689
2685
2683
2695
2658

2. Rock Samples and Experimental Methods
2.1. Rock Samples. All rock samples used in the tests were
granite from a depth of −1243∼−1245 m and were collected
from the geological borehole of the new main shaft in
Xincheng gold mine, Shandong province. Rocks are
medium-ﬁne grain structure. The analysis of a series of rock
slices by optical microscopy shows that the main minerals
are as follows: quartz, plagioclase, alkaline feldspar, and
biotite. According to the QAP classiﬁcation method, it can
be named porphyritic granodiorite. Rock samples were
processed into cylinders of 50 mm × 100 mm, according to
the ISRM method recommended by international rock
mechanics testing. A NM-4B ultrasonic testing instrument
was used to detect wave velocity of samples. In order to avoid
testing error caused by the variability of samples, samples
with similar wave velocity were selected for triaxial testing.
Basic physical parameters of rock samples are shown in
Table 1.
Figure 1: Sample installation.

2.2. Experimental Methods. A series of cyclic loading and
unloading tests were conducted by an MTS815 rock mechanics testing machine. The maximum axial loading of the
testing machine is 2700 kN, and the maximum conﬁning
pressure can be applied to 140 MPa. Axial and circumferential extensometers were used to measure axial and circumferential deformations in real time by placing
extensometers in the middle of rock samples, as shown in
Figure 1. The maximum ranges of axial and circumferential
extensometers are 5 mm and 8 mm, respectively. To simulate
the energy evolution in rock at diﬀerent depths below
ground, conﬁning pressures of 1, 10, 20, 30, 40, and 45 MPa
were applied in the laboratory tests. 2 kN axial pressure was
applied ﬁrstly to properly hold the specimens in the testing
machine, and then, conﬁning pressure was applied to the
predetermined value. Axial pressure was applied according
to the circumferential deformation. The loading rate was
0.02 mm/min, and the unloading rate was 0.04 mm/min. In
the next loading cycle, the peak loading was increased by

40–60 kN compared to the previous cycle. The loadingunloading path was as follows: 0 kN ⟶ 200 kN⟶5 kN
⟶ 260 kN ⟶ 5 kN ⟶· · ·⟶ destruction, as shown in
Figure 2.

3. Results and Analysis
3.1. Stress-Strain Curves and Failure Modes. Stress-strain
curves under 45 MPa conﬁning pressure and failure
modes under diﬀerent conﬁning pressures are shown in
Figure 3. The mechanical parameters of these rocks are
shown in Table 2.
(1) The outer envelopes of cyclic loading and unloading
under diﬀerent conﬁning pressures are similar to
conventional loading, and samples have undergone
four distinct stages: compaction stage, elastic deformation stage, unsteady fracture development
stage, and postpeak failure stage. Due to the closure
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monitor each energy in real time during the dynamic
loading. The energy evolution is mainly manifested by the
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Figure 2: X-H-3 cyclic loading-unloading path.

of initial cracks caused by high conﬁning pressure,
the compaction stage was not obvious for larger
conﬁning pressure. The peak strength and peak strain
were improved signiﬁcantly with the larger conﬁning
pressures. Large conﬁning pressure increased crack
initiation stress and limited the development of
circumferential deformation. Strength and rigidity
were enhanced at the same time and had obvious
conﬁning pressure eﬀect.
(2) Under 1 MPa and 10 MPa conﬁning pressures, the
local region failed and small pieces fell oﬀ from the
surface, and there were many small fragments beside
the main crack, indicating local tensile failure. Under
20 MPa and 30 MPa conﬁning pressures, small-scale
failure existed on the surface of rock mass, and shear
failure was the main failure mode. Under 40 MPa
and 45 MPa conﬁning pressures, rock samples were
divided into two blocks separated by the main crack.
Failure occurred with almost no surface fracture and
accompanied by loud noise. With an increase in
conﬁning pressure, the number of surface fractures
gradually decreased and failure modes changed from
tension and shear coexistence to shear failure. Larger
conﬁning pressure restrained the development of
surface cracks, and energy consumption was insuﬃcient, so it was easy to produce through fracture
surface. Sudden release of large amount of elastic
energy was the intrinsic driving force for rock failure,
and the failure mode was closely related to the
characteristics of an internal structure.
3.2. Nonlinear Transformation of Energy. Elastic energy is
mainly stored in rock mass in the form of elastic strain, and it
is reversible. Dissipation energy includes plastic deformation
energy, surface damage energy, thermal energy, and radiation energy, and it is irreversible. The energy released after
unloading is the elastic energy accumulated at a certain stress
level. The decrease value relative to the total energy is the
dissipation energy at this stress level. It is unrealistic to

where u is the total energy obtaining from the testing
machine, ue is the elastic strain energy, and ud is the dissipation energy. ε′ is the unloading strain, σ ″ is the
unloading stress, and ε″ is the residual strain.
Diﬀerent forms of energy diﬀer not only in quantity but
also in quality. Elastic energy belonging to high-quality
energy can be converted into other forms of energy. Surface fracture energy, radiation energy, and thermal energy
are low-quality energy. The energy evolution processing of
rock under loading is shown in Figure 4. Strain hardening
and strain softening mechanisms are involved in the whole
loading process. The strain hardening mechanism is that
energy of samples is stored in the rock in the form of elastic
strain energy. At the microscopic level, strain hardening is
the interaction between rock particles and change of the
contact mode between grain boundaries. The strain softening mechanism is characterized by low-quality energy
such as plastic deformation energy, thermal energy, damage
energy, and radiation energy and is featured by microscopic
crack propagation, grain slip, and intergranular and transgranular failure. The two strain mechanisms coexist in the
whole loading process, and they are mutually restricted and
mutually promoted. In addition, energy absorption and
consumption also have obvious zoning characteristics; an
increase in energy in one region will restrict the energy
development in other regions.
The relationship between internal structure and energy
development is shown in Figure 5. Strain hardening played a
dominant role before unsteady crack propagation, and input
energy was mainly converted into elastic strain energy.
Stiﬀness restrained the development of strain softening
mechanism. Elastic strain energy gradually reached its limit
and tended to be in the saturation state with the development of strain hardening mechanism, and strain softening
mechanism beginning to strengthen immediately. Higher
stress levels accelerated damage and deformation in internal
structure. When the input energy exceeded energy storage
limit, the energy stored in the rock would be released rapidly.
Readjusted internal structure reduced energy storage limit,
and the strain softening mechanism was strengthened at the
same time after peak stress.
The ratio of elastic strain energy to energy storage limit
under current stress is deﬁned as the rock energy level. The
variation in the rock energy level with stress is shown in
Figure 6. Relatively less energy was stored in rock in the
initial loading stage. Producing a large amount of elastic
energy led to increase in the energy level in the elastic stage.
The highest energy level occurred at peak stress, and even a
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Figure 3: (a) Stress-strain curves and (b) failure modes.
Table 2: Mechanical parameters of samples.
Conﬁning pressure (MPa)
1
10
20
30
40
45

Dilatancy stress (MPa)
158.11
219.52
234.82
285.15
337.01
389.00

Peak stress (MPa)
204.07
295.13
343.21
380.15
408.32
506.39

Testing Machine

Stress level (%)
0.77
0.74
0.68
0.75
0.83
0.77

Outside

Rock system

Inputting
Energy self-discipline

Dynamic force

Elastic strain energy
Mechanical
energy

Promotion

Restriction

Dissipation energy

Plastic deformation energy

Radiation energy

Fracture damage energy
Thermal energy
Thermal energy
Energy releasing

Energy accumulation and dissipation

Energy inputting

Figure 4: Energy conversion relationship.

Elastic energy

Self-storage energy limit
Influence
Determine

Internal structure

Dynamic equilibrium
of mutual inhibition
and promotion
Interaction effect
Dissipation energy

Figure 5: Interaction between internal structure and energy.

small increment in input energy may cause sharp energy
release. These results suggested that the energy level represented the risk coeﬃcient; the high risk coeﬃcient bring
about more severe damage under external disturbance.
3.3. Development of Energy Density and Its Allocation.
Storing energy through deformation from testing machines
is an inherent property of hard rocks such as granite, which
is deﬁned as storage energy rock. Furthermore, the elastic
strain energy stored at peak strength is deﬁned as the energy
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storage limit. To describe the evolution of energy allocation,
the ratio of elastic strain energy density to input energy
density is deﬁned as storage energy ratio, which is used to
characterize the elastic energy storage features under different stress levels. The ratio of dissipation energy density to
the input energy density is deﬁned as dissipation energy
ratio, which is used to characterize energy consumption and
reﬂect the change in internal structure under diﬀerent stress
levels. The ratio of dissipation energy density to elastic
energy density is deﬁned as energy allocation ratio. Input
energy density, elastic strain energy density, dissipation
energy density, and storage energy ratio were obtained from
stress-strain curves under diﬀerent conﬁning pressures, as
shown in Figure 7.
As shown in Figure 7, the energy density increased
nonlinearly with strain and increased slowly at the initial
loading stage and then entered into the linear development
stage, which corresponded to the compression stage and
elastic deformation stage. The elastic energy density and
input energy density almost coincided at the low stress level,
which indicated that stored energy played an important role
at this stage. When samples entered the unsteady fracture
propagation stage, input energy density continued to improve and the trend of increase in elastic energy density
became slow. However, increase in dissipation energy
density was accelerated at the same time. This is because the
local structure was adjusted under a high stress level, and the
development and penetration of internal cracks consumed
more energy. The elastic energy density slowed down with
the adjustment of the internal structure, but its value was
much larger than the dissipation energy density. The storage
energy ratio presented an inverted “U”-shaped relationship
with strain. The closure of initial cracks and non-reopening
of some cracks after unloading were the main reasons for the
increase in storage energy ratio. Energy was in the dynamic
equilibrium of continuous storage and release in the elastic
stage, so storage energy ratio was fairly stable. The dramatic
change of internal structure led to the decrease of energy
storage capacity and increase of dissipation capacity with an
increase in deformation. More transgranular damage occurred within internal structure due to crack propagation
and penetration, causing the storage energy ratio to drop
sharply. When the input energy exceeded energy storage

limit, drastic release of stored energy in rock led to dynamic
failure.
The quantitative relationship between elastic energy
density and relative stress level was represented by an
exponential function (Figure 8). The elastic energy density
under large conﬁning pressure was greater than that under
low conﬁning pressure at the same stress level, and the
growth gradient improved gradually. Stiﬀness and the
energy storage level of rock were positively correlated with
conﬁning pressure. The variation in storage energy limit
with conﬁning pressure is shown in Figure 9. Maximum
storage energy density was 0.28 MJ·m−3, 0.55 MJ·m−3,
0.78 MJ·m−3, 1.13 MJ·m−3, 1.77 MJ·m−3, and 2.05 MJ·m−3,
respectively, under six diﬀerent conﬁning pressures, which
were 1.96, 2.79, 4.04, 6.32, and 7.32 times of 1 MPa conﬁning pressure. The maximum storage energy density also
represented a trend of exponential growth with conﬁning
pressure.
The variation in storage energy ratio with strain under
six diﬀerent conﬁning pressures was plotted as shown in
Figure 10. The maximum storage energy ratio was 91.6%,
93.5%, 94.8%, 95.0%, 95.6%, and 96.6%, respectively, for six
conﬁning pressures. It showed that the increase of conﬁning
pressure not only increased the intensity of input energy but
also improved the eﬃciency of energy accumulation. If
loading was suddenly relieved in one direction at a high
stress level, rock would release abundant elastic energy and
induce rock burst or other dynamic disasters. Rock continued to reserve elastic energy due to internal structural
adjustment during the postpeak stage and even resulted in a
secondary sharp stress release.
3.4. Dissipation Energy. The stress-strain curve subjected to
loading-unloading cycles manifested obvious strain hysteresis, and hysteresis loop area could be used to reﬂect
development of dissipation energy. Hysteresis loop area in
the compaction and elasticity stage grew slowly within the
strain range of 0–0.2%. The eﬀect of conﬁning pressure on
dissipation energy was insigniﬁcant (Figure 11). Hysteresis
loop area grew linearly within the strain range of 0.2%–0.3%
and nonlinearly within the strain range of 0.3% peak strain.
Under diﬀerent conﬁning pressures, the quantitative relationship between the hysteresis loop area and strain was
indicated by a quadratic function. The development of
dissipation energy was the result of accumulated damage,
which further explained the process of crack evolution from
closure to initiation, propagation, and ﬁnally to failure.
The energy consumption ratio varied in the range of
0.05–0.14 and manifested a U-shaped distribution as shown
in Figure 12, which corresponded to the growth pattern of
the hysteresis loop area. In fact, there was a one-to-one
correspondence between rock strength and energy evolution. Accumulated energy played a more important role
compared to the dissipation energy before failure. However,
when dissipation energy or damage reached their threshold,
the elastic energy would be released sharply along the main
fracture surface, and the friction between fracture surfaces
consumed more energy. Therefore, the catastrophe point of
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Figure 8: Elastic energy density with relative stress level.
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energy consumption ratio can be used as a precursor information for failure.
Dilatancy is a general inelastic volume deformation
phenomenon of rock and is a result of unstable development
of cracks. The dilatancy point is the turning point of volume
changing from compression to expansion and indicates that
rock is about to enter the fracture instability development
stage. Dilatancy is inevitably related to dissipation energy,
and the dilatancy point can be used as the starting point for
the unstable development of internal cracks. Dilatancy stress
in this experimental study was about 68%–83% of the peak
stress level under diﬀerent conﬁning pressures shown in
Table 2. Samples under 1 MPa conﬁning pressure were taken
only as an example for analysis, and the results of other
samples were similar. Figure 13 shows that evolution of
dissipation energy with strain can be divided into four
distinct stages, namely, rapidly increasing, slowly increasing,
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Strain (%)
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Figure 11: Variation of hysteresis loop area.

accelerated increasing, and sharply increasing. As the separation point between the second and third stage, the dissipation energy increased slowly before the dilatancy point
but accelerated after the dilatancy point. Therefore, the
dilatancy point can be used as a catastrophe point of dissipation energy and a precursor for failure.
3.5. Correlation between Mechanical Parameters and Energy
Evolution. Internal structure is constantly adjusted so that
the mechanical parameters change signiﬁcantly under cyclic
loading and unloading. The internal structure determines
energy evolution, and hence, establishment of a relationship
between mechanical parameters and energy evolution is
useful to predict rock failure. The correlation between elastic
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Figure 13: Variation in volumetric strain and dissipative energy under 1 MPa conﬁning pressure. (a) Outer envelope of volume strain. (b)
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modulus, Poisson’s ratio, loading/unloading response ratio,
and energy evolution were analysed. Elastic modulus [17]
was obtained by linear ﬁtting of stress-strain data during
loading and unloading, and Poisson’s ratio was calculated
according to the linear stress-strain data. Loading/unloading
response ratio was a state parameter of a nonlinear system,
and it could provide an important information for predicting instability. Loading/unloading response ratio [18]is
deﬁned as
X
1/E+ E−
Y� +�
� ,
(2)
X− 1/E− E+
where X− and X+ are the strain responses of unloading and
loading, respectively, E− and E+ are the elastic modulus of
unloading and loading, respectively.

Elastic modulus and Poisson’s ratio are the direct reﬂection of rock stiﬀness which is an ability index to resist
elastic deformation. The limit of storage energy is mainly
decided by rock stiﬀness. Elasticity modulus with loading/
unloading cycles revealed an inverted “U” shape (Figure 14);
that is, the variation in elastic modulus increased ﬁrst, then
became stable for some time, and decreased ﬁnally. Compression of original ﬁssures in the compaction stage improved
rock compactness and elastic modulus, and the storage energy
ratio increased slightly from an energy perspective. The elastic
modulus ﬂuctuated within a certain range due to the relatively
less damage in the elastic stage. The initiation and propagation
of cracks in the unsteady development stage resulted in an
increase in internal structural damage, a decline in elastic
modulus, and overall stiﬀness.

9

85

0.40

80

0.35

75

0.30

Poisson’s ratio

Elastic modulus (GPa)

Advances in Civil Engineering

70

0.25

65

0.20

60

0.15

55

0

2

4

6

8
10
12
Number of cycles

1 MPa loading
1 MPa unloading
10 MPa loading
10 MPa unloading
20 MPa loading
20 MPa unloading

14

16

18

0.10

20

0

4

6

8
10
12
14
Number of cycles

1 MPa loading
1 MPa unloading
10 MPa loading
10 MPa unloading
20 MPa loading
20 MPa unloading

30 MPa loading
30 MPa unloading
40 MPa loading
40 MPa unloading
45 MPa loading
45 MPa unloading

16

18

20

30 MPa loading
30 MPa unloading
40 MPa loading
40 MPa unloading
45 MPa loading
45 MPa unloading

Figure 15: Variation of Poisson’s ratio with cycles.

Figure 14: Variation of elastic modulus with cycles.

Table 3: Poisson’s ratio of whole loading process.
Conﬁning
pressure
(MPa)
1
10
20
30
40
45

Initial
Poisson’s
ratio
0.15
0.14
0.15
0.18
0.20
0.20

Failure
Poisson’s
ratio
0.3
0.28
0.29
0.26
0.27
0.26

Increment
0.15
0.14
0.14
0.08
0.07
0.06

Rate of
increase
(%)
100
100
93
44
35
30

1.16
Response ratio of loading and unloading

Poisson’s ratio during loading/unloading cycles was
within the range of 0.15∼0.33 and increased nonlinearly with
the number of cycles as shown in Figure 15. Poisson’s ratio
in the loading stage was always greater than in the unloading
stage. For an analysis, the value of Poisson’s ratio was taken
corresponding to an unloading cycle.
The increase in Poisson’s ratio indicated the deterioration of internal structure and the enhancement of
transverse deformation. Poisson’s ratio was inﬂuenced by
conﬁning pressure eﬀect during the whole process of rock
deformation and failure, and transverse deformation was
restricted with an increase in conﬁning pressure as shown
in Table 3. The input energy could not be fully consumed
and was stored in rock mass in the form of strain energy,
thus continuously increasing the energy storage level. The
direct reason of rock mass instability is that accumulated
energy in rock mass exceeded the bearing capacity of the
rock mass.
The loading/unloading response ratio decreased ﬁrst,
then stabilized subsequently, and decreased ﬁnally. It was
generally greater than one under six diﬀerent conﬁning
pressures, thus indicating that elastic modulus in the
unloading stage is always greater than in the loading stage
(Figure 16). Both E− and E+ increased with the number of
cycles under the low stress level. However, due to the
reopening of some cracks in the unloading stage, the level of
increase during unloading was smaller compared to that
during loading. The loading and unloading elastic modulus
remained fairly stable in the elastic stage, and the response
ratio ﬂuctuated within a certain range.
Elastic modulus decreased faster in the unloading stage
than in the loading stage. The loading/unloading response
ratio decreased rapidly. Therefore, the change in loading/
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Figure 16: Variation of loading/unloading response ratio.

10

Advances in Civil Engineering

unloading response ratio from the stable stage to the stage of
secondary decrease can provide an important precursor
information for unsteady fracture development. The accumulated damage caused by internal structural adjustment
resulted in the decrease of elastic modulus and the increase
of Poisson’s ratio, especially entering into the fracture instability development stage. Test results showed that there
was a positive correlation between energy storage limit and
elastic modulus but a negative correlation between Poisson’s
ratio and energy dissipation.
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important information for the unsteady development of fracture.

This paper was supported by Project no. 2016YFC0600801 of
the National Key Research and Development Plan and Key
Program of National Natural Science Foundation of China
(51534002). The ﬁnancial aids are gratefully acknowledged.

References
[1] T. W. Liu, J. D. He, and J. W. Xu, “Energy properties of failure
of marble samples under triaxial compression,” Chinese
Journal of Geotechnical Engineering, vol. 35, no. 2, pp. 395–
400, 2013.
[2] C. S. Wang, H. W. Zhou, Z. H. Wang et al., “Investigation on
the rockburst proneness of Beishan granite under diﬀerent
stress state,” Advanced Engineering Sciences, vol. 49, no. 6,
pp. 84–90, 2017.
[3] L. T. Xie, P. Yan, W. B. Lu et al., “Energy accumulation
properties of deep rock under diﬀerent excavation methods,”
Journal of Huazhong University of Science and Technology
(Natural Science Edition), vol. 46, no. 1, pp. 120–125, 2018.
[4] J. W. Liu, B. X. Huang, and M. T. Wei, “Inﬂuence of cyclic
uniaxial loading on coal elastic-plastic properties and energy
accumulation and dissipation,” Journal of Liaoning Technical
University: Natural Science, vol. 31, no. 1, pp. 26–30, 2012.
[5] Y. Li, S. Zhang, and X. Zhang, “Classiﬁcation and fractal
characteristics of coal rock fragments under uniaxial cyclic
loading conditions,” Arabian Journal of Geosciences, vol. 11,
no. 9, p. 201, 2018.
[6] M. F. Cai, G. Y. Kong, and L. H. Jia, “Criterion of energy
catastrophe for rock project system failure in underground
engineering,” Journal of University of Science and Technology
Beijing, vol. 19, no. 4, pp. 325–328, 1997.
[7] G. L. Wang, L. Zhang, Xu M. et al., “Research on energy
damage evolution mechanism of non-across jointed rock
mass under uniaxial compression,” Chinese Journal of Geotechnical Engineering, vol. 46, no. 8, pp. 1–9, 2018.
[8] R. D. Peng, Y. Ju, F. Gao et al., “Energy analysis on damage of
coal under cyclical triaxial loading and unloading conditions,”
Journal of China Coal Society, vol. 39, no. 2, pp. 245–252, 2014.
[9] Z. Z. Zhang and F. Gao, “Research on nonlinear characteristics of rock energy evolution under uniaxial compression,”
Chinese Journal of Rock Mechanics and Engineering, vol. 31,
no. 6, pp. 1198–1207, 2012.
[10] Z. Z. Zhang and F. Gao, “Conﬁning pressure eﬀect on rock
energy,” Chinese Journal of Rock Mechanics and Engineering,
vol. 34, no. 1, pp. 1–11, 2015.
[11] J. Cheng, J. T. Zhang, J. J. Han et al., “Research status of energy
dissipation of rock under diﬀerent stress paths and analysis,”
China Mining Magazine, vol. 27, no. 1, pp. 148–153, 2018.
[12] M. N. Bagde and V. Petroš, “Fatigue and dynamic energy
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A rescue station is necessary for an extralong railway tunnel, whose length is generally greater than 20 km. In the rescue station,
passenger evacuation, ﬁre ﬁghting, and protection of passengers are organized. It is important to discover the temperature
distribution in a rescue station where a train is on ﬁre. This paper performs a similarity simulation model test at 1 : 10 geometric
scale to investigate the temperature ﬁeld in a rescue station. A gasoline pool ﬁre was used as the ﬁre source. The inﬂuences of the
ﬁre source position and ventilation condition on the temperature ﬁeld were studied. The results show that (a) the temperature
distribution along the tunnel is stable without ventilation, the temperature is lowest when the ﬁre occurs 50 m from the entrance;
(b) the fresh air stirred up by fans promotes burning and increases the temperature; (c) the chimney eﬀect causes the temperature
ﬁeld to skew in an uphill direction; (d) the opening of both fans in the adit makes the high-temperature zone to connect through;
and (e) the temperature increase at the rescue station can be divided into four stages, and the response of diﬀerent ﬁre source
positions to the opening of fans is not consistent. These ﬁndings provide a basis for personnel escape design and a foundation for
further study of temperature distribution in a tunnel with a rescue station.

1. Introduction
Fire is always the greatest threat to the operation of a long
railway tunnel as it produces a high temperature, toxic
fumes, and hot smoke. To reduce the risk of tunnel ﬁre, a
rescue station is necessary for an extralong railway tunnel,
such as the Lötschberg Base Tunnel (34.6 km) and the
Gotthard Base Tunnel (57 km) in Switzerland, the Seikan
Tunnel (53.85 km) in Japan, the Channel Tunnel (38 km) in
the UK, and the Taihangshan Tunnel (27.8 km) and the
Wushaoling Tunnel (20 km) in China [1–4]. In the rescue
station, passenger evacuation, ﬁre ﬁghting, and protection of
passengers are organized. Tarada et al. [5] reviewed the
design of the ventilation and risk control systems and
proposed that ﬁre ﬁghting and evacuation are especially vital
during the operation of a railway tunnel with a rescue
station. Kim and Park [6] investigated the relationship
between the ventilation system and escape routes of a rescue
station in a very long railway tunnel in Korea by using
reduced-scale experiments.

Many studies on ﬁre in a tunnel or underground space
have been carried out. Kurioka et al. [7] proposed an empirical equation to predict the maximum temperature of the
smoke layer under a tunnel ceiling. Wang et al. [8] proposed
a theoretical model using dimensional analysis that could
better predict the heat of smoke in a tunnel with vertical
shafts. Li et al. [9] found through theoretical deduction that
the maximum excess gas temperature beneath the ceiling
could be divided into two regions with diﬀerent ventilation
velocity. Li and Ingason [10] also conﬁrmed that these
empirical formulae can be applied in the case of a large
tunnel ﬁre. Kashef et al. [11] took a new approach in
studying ceiling temperature distribution in tunnel ﬁres with
natural ventilation by conceptually dividing the tunnel into
two ﬁre zones. Wang et al. [12–14] and Ren et al. [15, 16]
conducted a series of tests and numerical studies on the ﬁre
smoke and the maximum temperature in curved tunnels,
together with various ﬁre locations. They found the smoke
movement and the maximum temperature to be strongly
dependent on the ﬁre location and obviously diﬀerent from
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the straight tunnel ﬁre in curved tunnel ﬁres. Zhang et al.
[17] revealed that the utilization of natural wind in the
vertical shaft of a super-long highway tunnel can save energy
obviously.
Many prototype experiments and ﬁeld tests have been
carried out as well. Yan et al. [18] revealed that the heat
transfer on the tunnel liner aﬀects the air temperature in the
tunnel greatly without the heat-insulating layer on the liner
surface. Hu et al. [19] used full-scale burning tests to test the
Kurioka formula and veriﬁed the theoretical formula of the
maximum temperature under the tunnel ceiling. Ji et al. [20]
investigated the inﬂuences of diﬀerent transverse ﬁre locations on the maximum smoke temperature under the tunnel
ceiling. In a ﬁeld investigation, Hu et al. [21] found that the
gas temperature decays faster along the ceiling for tunnels
with a steeper slope. In the case of twin tunnels, Fang et al.
[22] found that there is a “dead zone” ahead of the cross aisle
which has a much lower air velocity than in other parts and
where hazardous gases are more concentrated and uniformly distributed.
Reduced-scale model experiment has been another
popular method in the study of tunnel ﬁres owing to its
convenience, ease of control, low cost, and other advantages.
Nyman and Ingason [23] performed two reduced-scale tests
to explore new correlations between temperature stratiﬁcation and the Froude number in a tunnel. Fumiaki et al.
[24] used a 1/12 scale model tunnel to obtain the temperature characteristics of natural ventilation during smoke
extraction in a road tunnel with roof openings. Chow et al.
[25] used a reduced-scale experiment to analyze the temperature distribution in an inclined tunnel and found that it
was not symmetrically distributed along the sides of the ﬁre.
Wang et al. [26] proposed a theoretical model to predict the
maximum temperature beneath the ceiling in a tunnel with
vertical shafts and compared the calculation results with
experimental data.
However, the previous research mainly focused on the
maximum temperature under the tunnel ceiling in an ordinary single-tube tunnel. There is no research on the
temperature-ﬁeld distribution of the rescue station. A rescue
station is important for personnel evacuation in an extralong
railway tunnel (Figure 1), and the temperature-ﬁeld distribution there is a key concern in personnel evacuation. In
this study, a reduced-scale model based on the Gaoligongshan Tunnel was used to investigate the temperature
ﬁeld in the rescue station where a train stopped for rescue in
the case of a ﬁre. The results have great signiﬁcance for the
design of rescue stations and evacuation plans for extralong
railway tunnels.

2. Model Test
Similarity theory is an important theoretical foundation for a
ﬂuid mechanics model experiment. When simulating liquid
ﬂow with a free surface, the Froude number is the similarity
criterion that must be considered. Based on the results of
many veriﬁed model experiments, the Froude scaling law is a
reliable norm for a model experiment. The model experiment described below is conducted based on Froude scaling.
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2.1. Similarity Scale. The results of a model experiment can
be considered reliable only if similarity theories which have a
signiﬁcant impact on the model experiment are considered.
For this study, a 1 : 10 reduced-scale model was built considering the most important terms and the widely used
Froude scaling law. The model included a tunnel, a parallel
adit, and nine transverse alleyways. In Froude modeling, the
Froude number (i.e., the ratio of inertial force to gravitational force) is determined as follows [27]:
Fr �

V2m V2f
� ,
glm glf

(1)

where g, V, and l are the gravitational acceleration (m/s2),
velocity (m/s), and length (m), respectively; subscript m
refers to the model-scale tunnel and f refers to the full-scale
tunnel.
When choosing a geometric similarity ratio and gravitational acceleration similarity ratio as the basis for the
similarity terms, the paper scale ﬂow velocity (V), time (t),
volume ﬂux (Q), temperature (T), density (ρ), viscosity (u),
and pressure (P) are described as [28, 29]
1/2

Vm
L
�  m ,
Vf
Lf
1/2

tm
L
�  m ,
tf
Lf
5/2

Qm
L
�  m ,
Qf
Lf
Tm
� 1,
Tf

(2)

ρm
� 1,
ρf
um
� 1,
uf
Pm Lm
� ,
Pf
Lf
where L is the geometric dimension and the subscript m is
related to the model scale and index f is related to the full
scale (Lm /Lf � 1/10 in this model test).
2.2. Determination of HRR. The heat release rate (HRR) is an
important parameter in a ﬁre experiment. Taking the requirements of the experiment and the worst-case scenario
into consideration and referencing the result of project
EUREKA EU 499 [30], the development rate of a train ﬁre is
determined as superfast growth, which means the value of
the ﬁre’s increasing modulus α(kw · s−2 ) is 0.1876, and the
value of the peak heat release rate is 15 MW. According to
the principle of heat similarity, the HRR in a model tunnel is
related to the HRR in a full-scale tunnel as the following
equation indicates:
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Figure 1: Schematic diagram of the rescue station.

5/2

HRRm � 

Lm
 HRRf ,
Lf

(3)

where L is the length and subscript m refers to the modelscale tunnel and f refers to the full-scale tunnel.
Thus, HRRm can be calculated by equation (3), and its
value is 47.43 kW.
2.3. Experimental Conﬁgurations. Referring to the prototype
rescue station in the Gaoligongshan Tunnel, a 1 : 10 reducedscale model 60 m in length was built of concrete and bricks.
The gradient of the model rescue station is −2.5%, which is
the same as the prototype. The model consists of a main
tunnel, a parallel adit, and nine permanently opened
transverse alleyways. The geometry of the main tunnel is the
same as that of the parallel adit. The width and height are
1.3 m and 0.962 m, respectively, which correspond to 13 m
and 9.62 m, respectively, in the prototype. The width and
height of each of the nine alleyways are 0.67 m and 0.615 m,
respectively, which correspond to 6.7 m and 6.15 m, respectively, in the full-scale tunnel. The geometry of the
model rescue station is shown in Figure 2. All cross sections
of the model tunnel are horseshoe-shaped. In addition, the
inner surface of the model rescue station was covered with
cement mortar to guarantee the similarity of the friction
coeﬃcient between the model and the prototype. The
constructed model rescue station is shown in Figure 3.
In the ﬁre zone, which is ﬁve meters in all directions
from the ﬁre source position, the tunnel is made up of ﬁreresistant brickwork with ﬁre-resistant mortar cement on the
surface. These ﬁreproof materials were used to decrease the
potential eﬀect of the high temperatures generated by ﬁre.
Two axial ﬂow fans are mounted at the entrance and exit of
the parallel adit, respectively. The ﬂow velocity can be
controlled by switching a valve to simulate diﬀerent conditions. In this experiment, temperature ﬁelds in a superfastgrowth ﬁre without ventilation and with 0.7 m/s (2.21 m/s in
the full-scale tunnel) inlet velocity in the parallel adit are
tested.
A gasoline pool is chosen as the ﬁre source. The gasoline
pool ﬁre is considered to have good reproducibility and less

uncertainty [31], and its behavior conforms to superfastgrowth ﬁre well. The HRR is determined by the following
equation:
Q � ηmΔh,

(4)

where η is the combustion eﬃciency, with a value of
70%–80% for the gasoline pool; m is the mass loss rate that
could be calculated by the relationship of mass and time; and
Δh is the fuel heat value, which is about 46.6 MJ/kg for
gasoline.
The HRR is regarded as one of the most important
variables in a ﬁre test, but it is very diﬃcult to describe
accurately. In order to make the HRR measurements as
accurate as possible, the mass loss rate of the ﬁre source was
measured in a conﬁned space similar in size to that in the
experiment. The HRR is calculated based on equation (4),
and the value is compared with the experiment result of the
heat release rate of diesel oil pool ﬁre [32] to verify its reliability. The evolution of the HRR as a function of time is
shown in Figure 4.
The HRR value of a 25 cm×25 cm gasoline pool is about
53.08 kW. The corresponding HRR for the full-scale tunnel
based on the site measurement of the mass loss rate is
16.79 MW. Three ﬁre source positions (10 m, 30 m, and 50 m
away from the entrance of the main tunnel) are set in the
main tunnel to simulate the inﬂuence of diﬀerent ﬁre positions on the temperature ﬁeld in a slope tunnel. Ignition
holes are placed near every ﬁre-source position for safety and
convenience. The process of each experiment is to refuel
gasoline to the pool, ignite the gasoline pool with a ﬁre rod
from the ignition hole, and then close the ignition hole; the
test begins when the gasoline pool is ignited.
2.4. Measurement System. To study the temperature ﬁeld of
the main tunnel in diﬀerent situations with diﬀerent ﬁre
source positions and ventilation velocity, k-type thermocouples (temperature range from 0°C to 1300°C) are set in 45
sections to gather temperature data. The thermocouples are
connected to the data collectors with compensation wires to
reduce error, and the error of the temperature data is within
0.5%. The measurement sections are set every 1 m in the ﬁre
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Figure 2: (a) Top view of the ﬁre tunnel experiment with measurement sections. Cross sections of (b) the main tunnel with thermocouples
and (c) the cross passage.
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zone and every 2 m in the nonﬁre zone. Two thermocouple
trees are set in every measurement section, one beneath the
ceiling and the other in the center of the evacuation platform. Considering the temperature beneath the ceiling is a
key parameter in a tunnel ﬁre model experiment and the
maximum temperature usually appears at a distance from
the ceiling, the thermocouple tree beneath the ceiling
contains two thermocouples ﬁxed at 0 cm and 15 cm below
the ceiling. As the temperature ﬁeld in the evacuation
platform determines whether an evacuation can proceed

100

200

300
Time, t (s)

400

500

600

Heat release rate
Mass loss rate

Figure 4: The evolution of the HRR as function of time.

smoothly, in this model experiment, the temperature ﬁeld in
the tunnel is tested. The thermocouple tree in the center of
the evacuation platform contains three thermocouples at
diﬀerent positions: 16 cm, 33 cm, and 50.4 cm above the
ﬂoor, as shown in Figure 2(b). Each data acquisition unit
includes 32 output ports for measuring the temperature as
well as an integrated operational ampliﬁer, A/D converter,
and microcontroller linked to a computer. The data collected
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by the thermocouples are transmitted to a computer and
processed by intelligent software. The data acquisition
system was thoroughly tested and debugged before the
formal model test and has been proved to be reliable. The
layout of test instruments and the route of data transmission
are shown in Figure 5.
2.5. Test Conditions. Twelve tunnel ﬁre tests are performed,
divided into free burn and ventilating by axial ﬂow fans with
diﬀerent opening conditions in the parallel adit in diﬀerent
ﬁre source positions (Table 1). Three diﬀerent ﬁre source
positions are set at 10 m, 30 m, and 50 m from the entrance of
the tunnel along the downhill direction, respectively, named
position I, II, and III. Three methods of opening the axial ﬂow
fans are tested: the fan in the entrance, in the exit, and both
fans opened. The velocity of the air in the model tunnel is
0.7 m/s consistently, corresponding to about 2.2 m/s in a fullscale tunnel.

3. Testing Results Analysis
3.1. Temperature Distribution along the Tunnel. Kurioka
proposed an empirical formula to predict the maximum
temperature of the smoke layer under a tunnel ceiling [7]. In
the formula, the maximum temperature beneath the ceiling
is related to the dimensionless heat release rate, the Froude
number, the air velocity, and so on.
In a single tunnel, the hot air ﬂows from one exit of the
tunnel to the other. When the Kurioka formula is applied to
a single tunnel without slope, the prediction ﬁts the tested
data well. In the rescue station, fresh air is forced to the main
tunnel by the transverse alleyways from the parallel adit and
ﬂows to both exits of the tunnel; thus, the air ﬂow is more
complicated.
When the ﬁre source is located at position III (i.e., 50 m
away from the entrance) and all the fans in the parallel adit
are closed (Test 9), the temperatures at the ceiling (Point
C1) and at human eye-level height (1.6 m in the prototype)
above the platform (Point P1) along the main tunnel are
shown in Figures 6(a) and 6(b). The ceiling has the highest
temperatures at the location of the ﬁre: 91°C at 50 s, 342°C at
100s, 515°C at 300s, and 599°C at 600 s. The farther from the
ﬁre, the lower the temperature is at the ceiling. Near the
ﬁre, the temperature at the ceiling decreases dramatically.
When the ceiling is about 3 m away from the ﬁre, the
temperature is less than 100°C at 600 s. Then, the temperature decreases gently with the increase in the distance
to the ﬁre. When the ceiling is about 10 m away from the
ﬁre source, the temperature decreases to less than 50°C at
600 s. Figure 6(a) also shows that the trend of temperature
change on both sides of the ﬁre (i.e., the entrance direction
and the exit direction) is the same. As the light ﬂue gas goes
up and takes away a lot of heat, the temperature at the
platform is much lower than that at the ceiling. For example, near the ﬁre, the highest temperatures are at human
height above the platform (Point P1): 80°C at 50 s, 93°C at
100 s, 165°C at 300 s, and 181°C at 600 s; these are much
lower than the highest temperatures at the ceiling.
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Figure 6(b) also shows that the temperature distribution of
point P1 along the main tunnel is diﬀerent from that of
point C1. On the right side (i.e., the exit direction), the
temperature decreases dramatically to 18°C at 600 s when it
is 2 m away from the ﬁre location. On the other side, the
entrance direction, the temperature decreases more gently.
When it is 10 m away from the ﬁre, the temperature at P1 is
lower than 20°C. Hence, at human height above the platform, the left side of the ﬁre has a higher temperature than
the right side. This indicates that the light ﬂue gas spreads
more easily in the uphill direction.
When the fans in the parallel adit are opened, the
temperature distribution in the main tunnel changes
greatly, as shown in Figures 7(a) and 7(b) and Table 2. If
only the fan at the entrance is opened (Test 10, V1 � 0.7 m/s
and V2 � 0 m/s), the highest ceiling temperature at 600 s is
805°C, which is 34.4% more than the highest temperature
(599°C) in the test with all the fans closed (Test 9, V1 � 0 m/s
and V2 � 0 m/s). In this case, fresh air is forced into the
main tunnel through the transverse alleyways. As the fresh
air promotes the burning, the temperature near the location of the ﬁre increases. The fresh air also blows the heated
air to the exit of the tunnel (downstream) and causes the
temperature on the left side of the ﬁre (upstream) to decrease while the temperature on the other side (downstream) increases. If only the fan at the exit is opened (Test
11, V1 � 0 m/s and V2 � 0.7 m/s), the highest temperature is
783°C, 1 m away from the ﬁre on the upstream side.
Figure 7(a) also shows that the ceiling temperature on the
left side of the ﬁre (upstream) increases greatly. This indicates that the fresh air promotes the burning and
diﬀusing upstream if only the fan at the exit is opened.
When both fans are opened (Test 12, V1 � 0.7 m/s and
V2 � 0.7 m/s), the ceiling temperature on both sides increases, and the highest temperature at 600 s is 644°C.
Figure 7(b) shows that the temperature at human height
above the platform increases too if the fans at the adit are
opened. In Test 9, where V1 � 0 m/s and V2 � 0 m/s, the
highest temperature is 181°C. In Tests 10, 11, and 12, the
highest temperature at 600 s increases from 117%, 14.9%,
and 148% to 392°C, 208°C, and 448°C, respectively, as
shown in Table 2. The test results indicate that the temperature near the location of the ﬁre increases a lot if the
fans at the adit are opened because fresh air is forced into
the main tunnel and promotes burning.
It can be seen from the experiments above that fresh air
ﬂows into the main tunnel through transverse alleyways as a
result of the fans in the parallel adit, and it causes a change of
the maximum temperature and temperature distribution
along the tunnel. When a fan on only one side is opened, the
supply of oxygen becomes more adequate, leading to a
higher temperature at the ceiling. In terms of longitudinal
temperature distribution at the ceiling, the temperature
drops on the close-to-fan side but rises on the other side.
When fans on both sides are opened, ﬂow ﬂux in the rescue
station increases, and the high-temperature gas at the ceiling
also spreads farther in the longitudinal direction. The
maximum temperature and its distribution at human eyelevel height above the platform seem to be more complex. As
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Figure 5: Measurement system: (a) layout and (b) diagram.

Table 1: Fire model test conditions.
Test no.
1
2
3
4

Fire position: I
V1 (m/s)
0
0.7
0
0.7

V2 (m/s)
0
0
0.7
0.7

Test no.
5
6
7
8

Fire position: II
V1 (m/s)
0
0.7
0
0.7

V2 (m/s)
0
0
0.7
0.7

Test no.
9
10
11
12

Fire position: III
V1 (m/s)
0
0.7
0
0.7

V2 (m/s)
0
0
0.7
0.7

Note. V1, V2: air velocity of the fan at the entrance and exit of the parallel adit, m/s.

the measure points are set near the transverse alleyways, the
fresh air can inﬂuence the temperature signiﬁcantly. When
the fan near the ﬁre source is opened, the maximum

temperature at human eye-level height decreases, and the
diﬀusion distance of the high temperature is shortened. For
the other two strategies of ventilation, the maximum
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Figure 6: Temperature variation of the main tunnel (Test 9): (a) C1 and (b) P1.
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Figure 7: Temperature distribution with diﬀerent ventilation. (a) C1. (b) P1.
Table 2: Maximum temperature at the ceiling (Point C1) and platform (Point P1).
Test no.
1
2
3
4

Fire position: A
C1 (°C)
832
642
920
787

P1 (°C)
447
519
518
594

Test no.
5
6
7
8

Fire position: B
C1 (°C)
659
727
812
998

temperature increases and the high-temperature zone extends farther.
3.2. Time-Temperature Curves. Some time-temperature
curves obtained based on full-scale or reduced-scale tests
are used in speciﬁc applications such as RABT/ZTV (1985),
HCM (1998), and EBA (2005) [26–28]. Engineers use these
standardized time-temperature curves to design the support
structure, disaster prevention methods, and rescue plans of a
single tunnel. In the rescue station, because the air ﬂow is
more complicated, there is no universal guideline concerning how to choose the ideal curve in relation to the heat
release rates, longitudinal ventilation velocity, or ceiling
heights. The time-temperature curve reveals three stages of a

P1 (°C)
360
454
453
684

Test no.
9
10
11
12

Fire position: C
C1 (°C)
599
805
783
648

P1 (°C)
181
392
208
448

tunnel ﬁre: growing, stabilization, and decaying. In this test,
temperatures in the growing and stabilization stages are
measured.
Figure 8(a) shows the typical growth of the ceiling
temperature (Point C1) when all the fans at the adit are
closed (i.e., V1 � 0 m/s and V2 � 0 m/s). The timetemperature curve at the ceiling of the rescue station can
be divided into four stages. Taking Test 5 (ﬁre at position II)
as an example, in the early stage, from test start to t � 30 s, the
temperature grows gently from 20°C to 29°C at a rate of
0.3°C/s. In the rapid growth stage, from t � 30 s to t � 120 s,
the temperature increases from 29°C to 390°C at a rate of
4.01°C/s. In the slow growth stage, from t � 120 s to t � 270 s,
the temperature increases from 390°C to 599°C at a rate of
1.39°C/s. In the stabilization stage, from t � 270s to t � 600 s,
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Figure 8: Temperature increase in the tunnel. (a) V1 � 0, V2 � 0. (b) V1 � 0.7, V2 � 0. (c) V1 � 0, V2 � 0.7. (d) V1 � 0.7, V2 � 0.7.

the temperature changes little. Figure 8(a) also shows that
the ﬁre position aﬀects the ceiling temperature growth in the
main tunnel. In Test 9, where the ﬁre is at position III, the
ceiling has the lowest temperature; in the rapid growth stage
starting from t � 30 s to t � 180 s, the temperature increases at
a rate of 2.55°C/s, which is lower than the growth rate in Test
5 where the ﬁre is at position II. In Test 1 where the ﬁre is at
position I, the ceiling temperature has the longest slow
growth stage, ranging from t � 120 s to 360 s at the rate of
1.75°C/s. The ceiling temperature in Test 1 is the highest at
t � 600 s.
When the fan at the adit entrance is opened
(i.e., V1 � 0.7 m/s and V2 � 0 m/s), the temperature at the
ceiling increases a lot. In Test 10, where the ﬁre is at position
III, the early stage is too fast to be observed. In the rapid
growth stage, approximately from the start of the test to
t � 150 s, the temperature increases from 20°C to 686°C at a
rate of 4.44°C/s. In the slow growth stage, from t � 150 s to
t � 300 s, the temperature increases from 686°C to 805°C at a
rate of 0.78°C/s. In the stabilization stage, from t � 300 s to
t � 600 s, the temperature changes little. Figure 8(b) shows
that the ceiling temperature growth in the main tunnel is
greatly inﬂuenced by the wind blown in by the fan. The
ceiling temperature in Test 2, where the ﬁre is at position I, is

the lowest; in the rapid growth stage starting from the beginning of the test to t � 150 s, the temperature increases at a
rate of 3.16°C/s, which is the smallest rate of increase in Tests
2, 6, and 10. The chimney eﬀect causes the hot ﬂue gas to ﬂow
in the uphill direction. The wind blown in from the entrance
weakens the inﬂuence of the chimney eﬀect and prevents hot
ﬂue gas from ﬂowing to the entrance so that the ceiling
temperature in Test 10 is the highest. The chimney eﬀect also
prevents fresh air from ﬂowing to the entrance and makes
the ﬁre in position I combust incompletely so that the ceiling
temperature in Test 2 is the lowest.
Figure 8(c) shows the growth of the ceiling temperature
when the exit fan at the adit is opened (i.e., V1 � 0 m/s and
V2 � 0.7 m/s). Figure 8(c) shows that the C1 temperature in
Test 3 (position I) is the highest while the C1 temperature in
Test 11 (position III) is the lowest. Otherwise, the C1 temperature in Tests 11, 7, and 3 (V1 � 0 m/s, V2 � 0.7 m/s) are all
higher than in Tests 9, 5, and 1 (V1 � 0 m/s, V2 � 0 m/s)
because the wind blown in from the exit enhances the
chimney eﬀect and brings much more fresh air to the main
tunnel and makes the ﬁre burn faster and more violently.
Figure 8(d) shows the growth of the ceiling temperature
when both fans at the adit are opened (i.e., V1 � 0.7 m/s and
V2 � 0.7 m/s). In the early stage, the temperature increase in
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Test 12 (position III) and Test 4 (position I) is much slower
than that in Test 8 (position II). The C1 temperature in Test 8
(V1 � 0.7 m/s, V2 � 0.7 m/s) where the ﬁre is at position II is
the highest and much higher than that in Test 5 (V1 � 0 m/s,
V2 � 0 m/s). The C1 temperatures in Tests 12 and 4
(V1 � 0.7 m/s, V2 � 0.7 m/s) are quite close to those in Tests 9
and 1 (V1 � 0 m/s, V2 � 0 m/s). This is because there is little
inﬂuence from the chimney eﬀect when the wind ﬂows from
both sides of the tunnel, and the hot ﬂue gas gathers in the
middle (position II).
Figure 9 shows some time-temperature curves at the
height of the human eye-level (point P1). The features shown
in Figure 9 are substantially the same as those in Figure 8.
Figure 9(b) shows that ventilation in the same direction of the
slope weakens the chimney eﬀect. Figure 9(c) shows that
ventilation in the same uphill direction enhances the chimney
eﬀect. Figure 9(d) shows that the wind ﬂowing from both
sides of the tunnel has little inﬂuence on the chimney eﬀect
but makes the hot ﬂue gas gather in the middle.
At positions I, II, and III, opening the fan will make the
ﬁre burn more quickly, causing a faster increase in temperature in the early stage. For position I, opening the fan at
the entrance (V1 � 0.7 m/s, V2 � 0 m/s) causes the combustion to slow down and the temperature decreases;
opening the fan at the exit (V1 � 0 m/s, V2 � 0.7 m/s) or the
fans at both sides (V1 � 0.7 m/s, V2 � 0.7 m/s) makes the ﬁre
burn more violently, resulting in temperature increases. For
position II, opening either one or both fans makes the ﬁre
burn more quickly and more violently. Because the wind
ﬂowing from both sides makes the hot ﬂue gas gather in the
middle, the increase in temperature is the highest when the
fans at both sides are opened: the temperature rises from
659°C to 998°C at point C1 and rises from 340°C to 684°C at
point P1. For position III, opening either one or both fans
also makes the ﬁre burn more quickly and more violently. At
point C1, the increase in temperature is the highest when the
fan at the entrance is opened (V1 � 0.7 m/s, V2 � 0 m/s); the
temperature rises from 599°C to 805°C; at point P1, the
increase in temperature is the highest when the fans at both
sides are opened (V1 � 0.7 m/s, V2 � 0.7 m/s); the temperature rises from 211°C to 448°C.
Based on the time-temperature curves at both ceiling and
human eye-height level above the platform, it is clear that
when the ﬁre source is close to the fan in the parallel adit, the
fresh air forced into the main tunnel through the transverse
alleyways causes the measured temperature to decrease
dramatically, compared with the condition in which all the
fans are closed. By contrast, the temperature goes higher
when the opened fan is far away from the ﬁre source because
the chimney eﬀect causes some fresh air to ﬂow into the
tunnel from outside the tunnel, providing suﬃcient oxygen
to make the ﬁre burn even violently. Opening all the fans
promotes air ﬂow in the main tunnel and makes the
combustion more complete so that the temperature goes
much higher.
3.3. Temperature Distribution in the Main Tunnel. The
temperature distribution in the platform is the key concern
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for rescue activities in a tunnel with a rescue station. The
temperature at the human eye level decides the safety of the
escape and thus needs to be studied scrupulously. Temperature
ﬁeld changes in the range of 5 m upstream and downstream of
the ﬁre source are studied because the ﬁre source only aﬀects
the temperature ﬁeld in the surrounding area.
Figure 10(a) shows the test temperature ﬁeld in the
center section of the platform, which is 360 mm away from
the center of the cross section of the tunnel at 600s when all
the fans at the adit are closed (i.e., V1 � 0 m/s and V2 � 0 m/s;
Test 5). Because the hot ﬂue gas rises to the ceiling, the higher
the y direction, the higher the temperature. Due to the
chimney eﬀect, the temperature ﬁeld is skewed toward the
entrance direction. The temperature in the direction of the
entrance is higher than that in the direction of the exit in
general. The high-temperature zone ranges from 27.5–
30.5 m in the z direction and 0.43–0.5 m in the y direction.
The temperature, which is 263°C at point P3 at 26 m (z
direction), is 55.4°C higher than that at 34 m. There is no
temperature which is safe for personnel to escape in the
direction of the entrance. By contrast, the temperature which
is safe for personnel to escape is 3 m away from the ﬁre
source in the direction of the exit.
Figures 10(b)–10(d) show the test temperature ﬁelds in
the center section of the platform at 600 s under ventilation.
The opening of the entrance fan at the adit causes the wind to
exit, resulting in the temperature ﬁeld being skewed toward
the exit direction and the rise of the maximum temperature.
The wind ﬂowing from the exit enhances the chimney eﬀect
and makes the temperature ﬁeld of the platform skew obviously to the entrance direction. The temperature in the
direction of the exit is much lower than that in the direction
of the entrance in general. The temperature near the ﬁre
source will increase, and the high-temperature zone will
connect through when all the fans in the adit are opened.
Overall, the opening of the fan will bring more fresh air ﬂow
to the ﬁre source so that the temperature increases.
When the fans are closed, the temperature ﬁeld will skew
toward the entrance direction due to the chimney eﬀect.
When the fans are opened, the temperature will increase
because fresh air ﬂows to the ﬁre source and the temperature
ﬁeld will skew in the direction of wind ﬂow.

4. Conclusions and Discussion
This paper reports the results of a model test of a ﬁre in the
rescue station of a railway tunnel. Speciﬁcally, the temperatures near the ceiling and platform of the main tunnel
are tested in diﬀerent conditions. Some conclusions from the
tests are reported below.
The temperature distribution along the tunnel shows
that fresh air that ﬂowed to the main tunnel through the
transverse alleyways by the fan at the adit promotes burning
and makes the temperature increase. Without ventilation,
the temperature distribution along the tunnel is stable and
temperatures decrease gently. The time-temperature curves
show that the temperature increase at the rescue station can
be divided into four stages. Opening the fan will make the
ﬁre burn more quickly, causing a faster increase in
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Figure 9: Temperature increase in the tunnel. (a) V1 � 0, V2 � 0. (b) V1 � 0.7, V2 � 0. (c) V1 � 0, V2 � 0.7. (d) V1 � 0.7, V2 � 0.7.
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Figure 10: Cloud pictures of temperature distribution. (a) V1 � 0, V2 � 0. (b) V1 � 0.7, V2 � 0. (c) V1 � 0, V2 � 0.7. (d) V1 � 0.7, V2 � 0.7.

temperature in the early stage. The farther from the fan, the
greater the temperature rise. Opening the fan which is far
away from the ﬁre source will cause a hazardous situation
that will hinder the escape of personnel. Because of the
chimney eﬀect, the temperature is the lowest when the ﬁre
occurs at position III. From the temperature distribution in
the main tunnel, the inﬂuence zone is within 5 m of the ﬁre
source. Due to the chimney eﬀect, the temperature ﬁeld will
skew in the uphill direction, and the ventilation will inﬂuence the temperature ﬁeld. The high-temperature zone will
connect through when all the fans at the adit are opened,
which is a dangerous condition for personnel escape. These
ﬁndings provide a basis for designing safe evacuation and a
foundation for further study of the temperature distribution
in a tunnel with a rescue station.
Model tests are conducted under hypothetical ideal
conditions. There are several limitations of this test. First, the
natural wind near the entrance and exit would inﬂuence the
velocity ﬁeld in the tunnel. Second, the consistency of the
HRR in these 12 tests are not strictly guaranteed, although
the HRR of the ﬁre source was measured. Third, the consistency of thermophysical properties in diﬀerent materials
is diﬃcult to guarantee. The following items must be checked
carefully before the test to make the test results reliable and
repeatable: (1) ensure that the evolution of the HRR is
consistent with that in a real tunnel; (2) avoid the interference of natural wind in the test; (3) ensure that the
thermophysical properties of materials in the model are the
same as those in a real tunnel.
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Institute, Borås, Sweden, 1994.
[31] O. R. Carvel, Fire Size in Tunnels, PhD Thesis, Division of Civil
Engineering, School of the Built Environment, Heriot–Watt
University, Edinburgh, UK, 2004.
[32] L. Yi, R. Huo, J. Y. Zhang et al., “Characteristics of heat release
rate of diesel oil pool ﬁre,” Journal of Combustion Science and
Technology, vol. 12, pp. 164–188, 2006, in Chinese.

Hindawi
Advances in Civil Engineering
Volume 2018, Article ID 4802075, 17 pages
https://doi.org/10.1155/2018/4802075

Research Article
Strata Movement and Fracture Propagation Characteristics due to
Sequential Extraction of Multiseam Longwall Panels
Xiangyang Zhang ,1 Behrooz Ghabraie,2 Gang Ren,2 and Min Tu1
1
2

School of Mining and Safety Engineering, Anhui University of Science and Technology, Huainan, Anhui, China
School of Engineering, RMIT University, Melbourne, Australia

Correspondence should be addressed to Xiangyang Zhang; xyzhang@aust.edu.cn
Received 28 August 2018; Accepted 19 November 2018; Published 30 December 2018
Guest Editor: Zhanguo Ma
Copyright © 2018 Xiangyang Zhang et al. This 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.
Multiseam longwall mining-induced strata deformation and fracture propagation patterns are diﬀerent from those of single-seam
mining. This diﬀerence is due to interaction of the caved zones as a result of longwall mining activity at diﬀerent coal seams, which
severely impacts formation of subsidence and permeability of the strata after multiseam mining. Understanding this phenomenon is
of great importance in order to predict the multiseam subsidence reliably, evaluate the risk of water inrush and take suitable
preventive measures, and determine suitable locations for placing gas drainage boreholes. In this study, scaled physical modelling
techniques are utilised to investigate strata deformation, fracture propagation characteristics, and vertical subsidence above
multiseam longwall panels. The results show that magnitude of the incremental multiseam subsidence increases signiﬁcantly after
multiseam extraction in comparison with single-seam mining. This increase occurs to diﬀerent extent depending on the multiseam
mining conﬁguration. In addition, interstrata fractures above the abutment areas of the overlapping panels propagate further towards
the ground surface in multiseam extractions compared with single-seam extractions. These fractures increase the risk of water inrush
in presence of underground/surface water and create highly permeable areas suitable for placing gas drainage boreholes.

1. Introduction
Longwall mining is a caving method, in which the roof of the
extracted longwall panels is left unsupported, allowing the
immediate strata cave into the extracted zone [1]. As a result,
overburden layers cave and deform, creating three diﬀerent
zones (Figure 1): (1) caved zone, (2) fractured zone, and (3)
continuous deformation zone [2, 3]. Height of these zones
can vary in accordance with site-speciﬁc parameters [2, 4, 5].
The fracture propagation pattern within the caved and
fractured zones (Figure 1) results in increased hydraulic
conductivity of the strata after longwall mining. Understanding the hydraulic conductivity of the overburden
strata is of great signiﬁcance, especially in case of longwall
mining under water bodies [6, 7]. The induced fracture
network in the caved zone can interact with underground
water, providing the water with a ﬂow path towards the
workings and increasing the risk of water inrush [6]. In

addition, increased hydraulic conductivity and permeability
of the caved and fractured zones provides a potential inﬂow
path for releasing methane gas from coalbeds into lowpressure caved and fractured areas [8]. Understanding
this phenomenon is important in order to employ suitable
methane gas drainage strategies [2]. Furthermore, in subsidence analysis, understanding the strata deformation
pattern provides insights into the ground surface subsidence
mechanism. This understanding helps in modifying subsidence prediction methods in order to achieve reliable
subsidence predictions after longwall mining [9–12]. In
recent years, by decreasing the number of untouched coal
seams, multiseam longwall mining has become increasingly
more popular [13]. However, ﬁeld observations from various
multiseam mine sites around the world and research works
in the literature show that the induced strata and ground
surface movement proﬁles after multiseam extraction vary
from case to case and are diﬀerent from those of single-seam
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Figure 1: Diﬀerent zones above an extracted longwall panel (adapted from [1]).

mining [14–18]. In fact, as mentioned in [19], multiseam
subsidence is a case-dependent phenomenon which is
inﬂuenced by variations in arrangement of the workings in
coal seams, geology and thickness of the interburden, and
mining methods. Ghabraie et al. [11, 12, 20] demonstrated
via physical models that interaction of the old caved and
disturbed areas as a result of the ﬁrst mining activity with the
newly induced caved and disturbed areas as a result of a
newly extracted multiseam longwall panel generates changes
in the strata deformation mechanism. Also, a case of caving
and fracture propagation pattern physical and numerical
modelling performed in [17] indicated that the height of the
caved zone and, thus, height of the water conductive zone
above multiseam longwall panels are signiﬁcantly greater
than those of the resultant caved and water conductive zones
above single-seam panels. These observations together with
available research studies in the literature (for example,
[11, 21, 22, 23]) show that because of the interaction of the
caved and fractured zones from multiple mining activities,
strata deformation and fracture propagation patterns, and
thus variations in the hydraulic conductivity of the strata,
after multiseam mining are severely diﬀerent from those of
single-seam mining.
The aim of this study is to investigate the ground
movement characteristics and fracture propagation pattern
due to multiseam longwall coal mining by means of physical
modelling techniques. Physical modelling techniques provide
the opportunity to readily observe the actual fracture propagation pattern and strata movement characteristics after
sequential extraction of longwall panels [23, 24]. This ability
makes physical modelling techniques a suitable method for
achieving the purpose of this study. Three case studies are
modelled by means of physical modelling methods. The
physical models have diﬀerent panel arrangements, interburden thicknesses, and geology and sequences of extraction.
Similarity theory principles are utilised to ensure reliability of
measurements from physical models. The models are tested
and compared with each other based on three main parameters: (1) strata deformation pattern, (2) fracture propagation pattern, and (3) vertical subsidence at diﬀerent
distances above each longwall panel. Based on the physical
modelling results, strata movement and multiseam subsidence characteristics are explained in accordance with
mining conﬁguration and eﬀects of previously caved and

fractured zones. In addition, fracture propagation patterns
from sequential extraction of multiseam panels and its eﬀect
on hydraulic conductivity of the strata are discussed. Based on
the fracture propagation pattern after multiseam mining, risk
of water inrush and suitable location for high productive gas
drainage boreholes are also evaluated.

2. Case Studies
To study the eﬀects of multiseam mining on strata deformation characteristics and fracture propagation pattern,
two case studies and an extension of the second case study
were modelled via physical modelling techniques (Figure 2).
The two case studies are the Shuoli coal mine, located approximately 20 km northeast of the Huaibei city, Anhui
Province, China (Figure 2(a)), and the Panyidong coal mine,
located approximately 30 km northwest of Huainan city,
Anhui Province, China (Figure 2(b)). Schematic arrangement of the panels in these two case studies is shown in
Figure 2. The third case study was designed to investigate the
eﬀect of extending the upper panel to its left in the second
case study, Panyidong coal mine (Figure 2(b)).
In the following sections, Shuoli and Panyidong mine
case studies are referred to as Case 1 and Case 2, respectively,
and extension of the upper panel in the Panyidong mine case
study is referred to as Case 3.
2.1. Geology of the Case Studies
2.1.1. Case 1. There are two mining seams at the Shuoli
mine: coal seam no. 3 (upper seam) and coal seam no. 5
(lower seam). The coal seams are mostly ﬂat at a depth of
approximately 305 m. The lower seam is located 12 m beneath the upper layer. Detailed lithology of the mine site is
noted in Table 1. In this case study, the upper seam is mined
ﬁrst following extraction of the lower seam. Both seams are
mined using the mechanised longwall mining method. Panel
dimensions at the modelled section of this case study are
noted in Table 2.
2.1.2. Case 2. The overburden thickness above coal seam no.
13-1 (upper seam) in the Panyidong mine is approximately
770 m. Approximately 66 m under the upper seam, coal
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Figure 2: Schematic view of the panel arrangements and survey lines for subsidence measurements in (a) Case 1 and (b) Cases 2 and 3.

Table 1: Lithology of Case 1.
Rock mass

Depth (m)

Thickness (m)

Mudstone and siltstone

296.37

296.37

Medium-grained sandstone

301.47

5.1

Mudstone

304.11

2.64

Coal seam no. 3

306.17

2.06

Mudstone and medium-grained
sandstone

318.17

12

Coal seam no. 5

321.39

3.22

Sandy mudstone

324.41

3.02

Fine sandstone

331.59

7.18

Rock mass description
Mudstone: dark grey, including carbon in section and
iron-sandstone. Siltstone: grey, massive block, simple
structure containing fossil plant pieces
Medium-grained sandstone: grey, blocky, mineral
composition with quartz
Mudstone: blocky, uniform, with fossil pieces
Coal: black, powdery, dim glossiness, unclear
structure
Mudstone: blocky, simple structure with fossil plant
pieces. Medium-grained sandstone: grey, massive
block, mineral composition with strong quartz
Coal: black, blocky, bright coal, lightweight, and crisp
Sandy mudstone: dark grey, blocky, simple structure
with fossil pieces
Fine sandstone: light grey, blocky, uniform mineral
composition

Table 2: Panel dimensions and extraction sequence of all the case studies.
Case study
Case 1
Case 2
Case 3

Coal seam
Coal seam #3
Coal seam #5
Coal seam #13-1
Coal seam #11-1
Coal seam #11-1

Longwall panel
Upper panel
Lower panel
Upper panel
Lower panel
Extension part

Extraction sequence
First
Second
Second
First
—

seam no. 11-1 (lower seam) is located. Both coal seams are
mostly ﬂat and are extracted using the mechanised longwall
mining method. Detailed lithology of this mine site is noted
in Table 3. In this case study, the lower panel is extracted
before extraction of the upper panel. This is due to high gas
content of the upper seam and the fact that extraction of the
lower panel before the upper panel would eﬀectively decrease the methane gas pressure and reduce the risk of
outburst. Panel dimensions at the modelled section of this
case study are noted in Table 3.
2.1.3. Case 3. As mentioned above, Case 3 is an extension of
Case 2. Lithology, sequence of extraction, and overburden
thickness are the same as those in Case 2. In this case study,
in the same physical model of Case 2, the upper panel is

Panel width (m)
210
220
210
210
100

Average thickness (m)
2
3.2
3
2.45
3

extended to 100 m with the same extraction thickness as that
of the upper seam in Case 2. This extraction is referred to as
the extension part (Table 3).

3. Physical Modelling Principles
3.1. Similarity Theory. Strata movement characteristics and
crack propagation pattern can be eﬀectively investigated by
means of scaled physical modelling if built in accordance
with laws of similarity theory [12, 25]. As Whittaker and
Reddish mentioned in 1989, only parameters with major
inﬂuence on the mechanical behaviour of the material need
to be considered in calculating the similarity ratios, such as
density and strength of the material and geometry of the
model and every feature in the model. These parameters
should follow the following relationship:
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Table 3: Lithology of Case 2.

Rock mass

Depth (m)

Thickness (m)

Mudstone and siltstone

756.13

760

Fine sandstone

767.66

11.53

Mudstone

769.6

1.94

Coal seam no. 13-1

772.6

3

Sandy mudstone and
ﬁne sandstone

838.7

66.1

Coal seam no. 11-1

841.3

2.45

Sandy mudstone

848.2

2.6

Sandy mudstone

855.1

6.9

Cσ
� 1,
Cp × Cl

(1)

where Cl , Cσ , and Cp are constants of geometry (length),
strength, and density similarity, respectively. Equation (1) is
referred to as the fundamental condition of the similarity
theory [20, 25]. In this equation, Cl , Cσ , and Cp can be
calculated as follows:
Lp
Cl � ,
Lm
Cσ �

σp
,
σm

Cp �

ρp
,
ρm

(2)

where Lp and Lm are the length of the prototype case and
model, respectively; σ p and σ m are the strength (UCS) of the
prototype case and model, respectively; and ρp and ρm are
the density of the prototype case and model, respectively.
3.2. Model Construction. Longwall panels are commonly
larger in one dimension (length) than the other (width). As a
result, it can be assumed that the eﬀects of start and end of a
longwall panel are negligible on a middle section of the
panel; that is, a section of a panel can be modelled in the
plane stress condition.
The physical model for Cases 1 and 2 is 3 m long, 2.6 m
high, and 0.3 m thick and 4 m long, 3 m high, and 0.4 m
thick, respectively. Similarity theory constants considered
for construction of the model and test materials are Cl � 1 :
100, Cρ � 1 : 1.67, and Cσ � 1 : 167. Physical model materials
are constructed by means of mixtures of sand, kalk, and

Rock mass description
Mudstone: dark grey, carboniferous iron-sandstone;
siltstone: grey, blocky, simple structure with fossil
pieces
Fine sandstone: light grey, ﬁne-grained texture,
mineral composition with hard quartz
Mudstone: dark grey, blocky, fragile carboniferous
with fossil pieces
Coal: black, blocky dull coal, with bright coal and
specular coal bands, belongs to semibright and
semidull coal
Sandy mudstone: grey, sandy texture with muddy
band, composition includes carbon in the part area,
fragile. Fine sandstone: light grey, ﬁne grained,
mineral composition includes hard quartz and sandy
mudstone
Coal: black, blocky dull coal, includes bright coal and
specular coal bands, belongs to semibright coal
Sandy mudstone: grey, sandy texture, fragile with
fossil pieces
Sandy mudstone: grey to dark grey, mainly sandy
texture with little carbon and ﬁne texture

plaster of various ratios. These ratios result in suitable
strength and density values for the model material based on
the mentioned similarity constants. Prototype material
strength and density values are noted in Table 4. Material
strength parameters for the physical models can be readily
calculated using the abovementioned similarity theory
constants and the values noted in Table 4. To be able to assist
separation of the rock layers after extraction of the longwall
panels, a thin layer of kalk is used in between each layer to
simulate bedding surfaces.
Panel dimensions and extraction thickness for all the
models are noted in Table 2. Only a section of the overburden layers is modelled in the physical models, and
equivalent load of the rest of the overburden layers, based on
the average depth of the panels (Figure 2), is applied on the
model top part to simulate the weight of the overburden
layers. In this regard, weight of 60 kN for Case 1 and 85 kN
for Case 2 (and Case 3), by means of the loading method
shown in Figure 3, is applied on the top part of the models.
Extraction of the longwall panels is simulated by sequential removal of the coal seams. The extraction rate in all
cases is considered as 5 cm per 2 hours. This extraction rate
represents extraction of 5 m of coal seam per day. In this
way, adequate time is given for the strata to deform after
extraction of each section of the coal seam.
3.3. Monitoring Method. The photogrammetry method, as
explained in [20], is utilised to monitor strata movement
characteristics and fracture propagation pattern in all case
studies. For this purpose, digital photos after completion of
various stages of the tests have been captured and compared.
Resolution of the photographs limits the entries in Table 4.
Model construction material strength properties can be
readily calculated using similarity constants.
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Table 4: Prototype material properties and mixture proportions of the construction material.
Prototype rock mass parameters
Rock mass

3

Compressive strength (MPa) Tensile strength (MPa) Density (kg/m ) Poisson’s ratio

Fine sandstone
Mudstone
Coal
Siltstone
Sandy mudstone
Fine sandstone
Medium-grained sandstone

98.76
35.70
18.87
11.45
42.52
90.42
60.45

Level loading

Figure 3: Loading devices used for physical models.

Given the resolution of the photographs in this study,
strata deformation is measured to an accuracy of approximately +/−1 mm [20].

4. Physical Modelling Results
Figures 4 and 5 show the physical models at diﬀerent stages
of the tests in the three case studies. In the following sections,
observed strata movement, fracture propagation patterns,
and ground subsidence are reported in detail.
4.1. Strata Deformation Pattern. The major strata deformation pattern is investigated by considering 5% of the
maximum deformation after each extraction as the limit of
the strata deformation. This limit results in deformations
more than the minimum accuracy of the monitoring method
and at the same time illustrates the major deformation
pattern of the strata. In the following sections, only the
incremental strata deformations due to extraction of the
multiseam panels are reported in order to investigate the
eﬀect of extraction sequence of the multiseam mining cases.
4.1.1. Case 1. By extraction of the lower panel, signiﬁcant
deformations are induced within the interburden area and
the disturbed overburden strata, especially above the newly
extracted segment (Figure 6(b)). Extracting this segment also
creates some deformation above the to-be-extracted segments. It can be seen that, unlike single-seam extractions, the
limit of the ground movement due to extraction of the ﬁrst
segment of the lower seam is located beyond its edge. This
extended aﬀected area, however, is located within the disturbed area resulting from the previously extracted upper
panel (trapezoid grey-shaded area in Figure 6(a)).

1.03
0.07
0.03
0.83
0.33
1.06
0.55

2600
2680
1530
2591
2720
2660
2700

0.23
0.25
0.21
0.22
0.22
0.22
0.23

Model mixture
Sand : kalk :
plaster
6 : 0.6 : 0.4
7 : 0.7 : 0.3
10 : 0.5 : 0.5
9 : 0.5 : 0.5
8 : 0.7 : 0.3
6 : 0.6 : 0.4
8 : 0.7 : 0.3

Similarly, extraction of the second segment of the lower
coal seam induces signiﬁcant deformation directly above the
newly extracted segment and above the previously extracted
segment of the lower panel. A smaller magnitude of deformation is observed above the to-be-extracted segment in
comparison with the area above the newly extracted segment
(Figure 6(c)).
Extracting the third (last) segment of the lower seam
enhances the ground movement on a larger area compared
with the previous two segments (by comparison of the redshaded area in Figure 6(d) with those in Figures 6(b) and
6(c)). In addition, signiﬁcant deformations are induced in
shallower layers (top part of the model) within the previously disturbed overburden strata. Extraction of the lower
panel results in no signiﬁcant displacement beyond the limit
of the previously disturbed zone (grey-shaded area). In other
words, the eﬀect of multiseam mining in this case is mostly
limited to the extent of the ﬁrst mining activity above the
edges of the extracted panels and topmost layer of the model.
4.1.2. Case 2. In Case 2, the lower panel is mined completely
before extraction of the upper panel commences. The strata
movement pattern for the lower seam is similar to that in
Case 1 (Section 4.1.1) with a slightly wider limit of the major
strata movement (Figure 7(a)), which is a result of a greater
depth, and thus greater load on this panel in comparison
with the upper panel extraction in Case 1 (Figure 6(a)).
Similar to Case 1, sequential extraction of the multiseam
panel results in enhanced subsidence directly above the
extracted segments and relatively smaller magnitude of
deformation above the to-be-extracted segments, which are
located within the previously disturbed area (grey-shaded
area in Figures 7(b) and 7(c)). After extracting the last
segment of the upper panel (Figure 7(d)), the resultant
deformation remains within the previously disturbed area
and indicates a rather sharp angle of major deformations at
the edge of the upper panel in comparison with the singleseam mining (by comparison of deformation pattern at the
left edge of the last segment in Figure 7(d) and that of the
lower panel in Figure 7(a)).
4.1.3. Case 3. In Case 3, the asymmetric multiseam mining
conﬁguration is investigated by extending the upper panel to
its left in the second case study (Section 4.1.2). Extracting the
ﬁrst segment of the extension part induces signiﬁcant
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Figure 4: Physical modelling results after extraction of (a) upper and (b) lower panels in Case 1.
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Figure 5: Continued.

Advances in Civil Engineering

7

Upper seam

Lower seam

(c)

Figure 5: Physical modelling results after extraction of (a) lower and (b) upper panels in Case 2 and (c) extension part in Case 3.
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Figure 6: Deformation pattern after extraction of (a) lower panel and (b–d) diﬀerent segments of the upper panel in Case 1.

ground movement above the previously extracted parts,
especially above the edge of the extracted panel in Case 2
(Figure 8(a)). In addition, it can be seen that the angle of the
major deformation pattern is signiﬁcantly sharper after
extraction of this segment in comparison with single-seam
extraction. However, this angle becomes wider and similar
to single-seam extraction by extracting the next segment of
the extension part (Figure 8(b)).

after extraction of each segment of the multiseam panels.
Diﬀerent colors are used in Figures 9–11 to pursue this
purpose. In order to separate the caved and fractured zones
(Figure 1) the caved zone is chosen as the area with connecting interstrata fractures (vertical or semivertical fractures). The fractured area above the caved zone is then
chosen as the fractured zone, which is located beneath the
continuous deformation zone.

4.2. Crack Propagation Pattern. The inﬂuence of the multiseam extraction on the crack propagation pattern can be
studied by highlighting the areas of crack closure/opening

4.2.1. Case 1. After extracting the ﬁrst segment of the lower
panel, most of the existing cracks directly above the extracted
segment are signiﬁcantly altered (Figures 9(a) and 9(b)).
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Figure 7: Deformation pattern after extraction of (a) lower panel and (b–d) diﬀerent segments of the upper panel in Case 2.
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Figure 8: (a, b) Deformation pattern after extraction of diﬀerent segments of the extension part in Case 3.
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Figure 9: Crack propagation after extraction of (a) lower panel and (b–d) diﬀerent segments of the upper panel in Case 1.

Extracting this segment also induces some crack opening
above the to-be-extracted segments within the previously
caved area. By advancing the lower panel extraction, major
cracks above the previously extracted ﬁrst segment partially
closed or remained uninﬂuenced (blue and grey parts in
Figure 9(c)). However, cracks and bedding separations in
areas above this crack closure area predominantly opened
(red parts in Figure 9(c)). Extraction of the third segment of
the lower panel, similar to the second segment, induces
partial closure of the cracks above the previously extracted
segments (blue parts in Figure 9(d)) and creates new cracks
and opens previously existing cracks and bedding separations above the newly extracted segment (red parts in
Figure 9(d)).
One of the important observations from Figure 9 is that
the caved zone after the lower extraction extends signiﬁcantly towards shallower depths after extraction of the lower
panel. The previously fractured area after the upper panel
extraction becomes part of the caved zone of the multiseam
extraction. In other words, extraction of the lower panel
reactivates the fractured and previously disturbed areas and
causes expansion of the connecting interstrata fractures. In
addition, although extracting each new segment of the lower
panel induces crack closure above the previously extracted

segments, majority of cracks above the edges of the lower
panel continue to open during the lower panel extraction.
4.2.2. Case 2. The fractured zone after extraction of the lower
seam extends to the overburden layers above the upper panel
(Figure 10). These fractures and bedding separations significantly inﬂuence the crack propagation pattern after
extracting the ﬁrst two segments of the upper panel. It can be
seen that the previously formed bedding separations become
mostly opened after extraction of the ﬁrst and second segments (red parts in Figures 10(b) and 10(c)) and become
mostly closed after completing the upper panel extraction.
By advancing the upper panel extraction (from segment
1 to 2, Figure 10(c), and from segment 2 to 3, Figure 10),
cracks and bedding separations in areas above the previously
extracted segments become partially closed (blue parts in
Figures 10(c) and 10). Also, new cracks and bedding separations formed above the newly extracted segments. In
addition, despite partial closure of most of the cracks above
previously extracted segments, after extracting each new
segment of the upper panel, previously existing cracks above
the right edge of the upper panel (right edge of segment 1)
continue to open during extraction of the whole upper panel.
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Figure 10: Crack propagation after extraction of (a) lower panel and (b–d) diﬀerent segments of the upper panel in Case 2.

4.2.3. Case 3. Extraction of the extension part induces new
fractures above the newly extracted segments and partially
closes the previously existing cracks above the adjacent
panel (Figure 11). Most of the interstrata fractures above
the left edge of the upper panel in Case 2 become partially
closed after extraction of the extension part (Figure 11(b)).
In addition, the caved zone above the extended part is
signiﬁcantly smaller than the caved zone above the adjacent
extracted panel (by comparison of Figures 11(b) and 10).
4.3. Angle of Break. Angle of break (or angle of major
cracking) is deﬁned as the angle that the limit of the major
cracked area makes with horizon at the edge of an extracted
panel. The angle of break indicates the limit of the severely
disturbed zone above the edges of longwall panels.
Comparing the angles of break after lower and upper
panel extractions in Case 2 indicates that extracting upper
layer in this case (multiseam extraction) creates a slightly

smaller angle of break than the lower layer (single-seam
extraction, by comparison of Figures 10(a) and 10). In
addition, extracting the ﬁrst segment of the extension part
in Case 3 creates a noticeably sharper angle of break
(Figure 11(a)) than that of the upper panel in Case 2
(Figure 10). This angle of break, however, after extracting
the next segment of the extension part becomes larger and
similar to the lower panel’s angle of break (Figure 11(b)).
4.3.1. Subsidence Factor. To study the eﬀect of multiseam
mining on subsidence (vertical deformation of the strata),
several survey lines were considered in the three case studies.
Two survey lines at 40 m and 80 m above the upper and
lower coal seams horizon in Case 1 and one survey line at
40 m above the upper and lower coal seams in Cases 2 and 3
were chosen (Figure 2). To reduce the eﬀects of extraction
thickness on magnitude of subsidence, a dimensionless
factor is used as follows:
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Figure 11: (a, b) Crack propagation after extraction of diﬀerent segments of the extension part in Case 3.

S
SF � ,
T

(3)

where SF is the subsidence factor at each survey point, S is the
magnitude of subsidence at each survey point (m), and T is the
average extraction thickness of the corresponding coal seam (m).
Investigating SF values for Case 1 shows that, at 40 m
above the extracted panels, SF values after upper and lower
panel extractions reach almost the same magnitude above
the middle of the extracted panels (Figure 12(a)). However,
at 80 m above the extracted panels, the lower panel creates
much higher SF values in comparison with the upper panel.
Also, the value of SF after the multiseam extraction at 40 m
and 80 m in an area above the middle of the extracted panel
is quite similar.
In Case 2, similar to Case 1, a signiﬁcant increase in the
value of SF is observed after extraction of the upper panel
(Figure 12(b)). In this case, the magnitude of subsidence (S) at
its maximum point exceeds the extraction thickness (T),
resulting in a subsidence factor (SF) greater than one. In other
words, strata subside more than the extracted thickness.

In both Cases 1 and 2, the maximum incremental
subsidence (SFmax) after extraction of the multiseam panel
occurs approximately above the middle of the extracted
panel (Figure 12). However, SFmax in Case 3 occurs above the
previously extracted panel next to the extension part
(Figure 12(b)).

5. Discussion
5.1. Strata Movement and Subsidence Analysis. The strata
movement pattern for diﬀerent cases shows that, after extraction of the multiseam panel, the strata tend to deform
mainly within the borders of the previously disturbed area
and only small deformations happen outside this area. This
phenomenon was particularly evident in the undermining
case with a thin interburden (Case 1; Figure 6(d)). In addition, the increase in the magnitude of subsidence factor
after extracting the lower panel in Case 1 (Figure 12(a))
indicates that the disturbed strata subside signiﬁcantly after
extraction of the lower panel. These observations suggest
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Figure 12: Magnitude of SF after extraction of each panel in (a) Case 1 and (b) Cases 2 and 3.

that the ﬁrst mining activity reduces the bridging and loadcarrying ability of the strata. As a result, after extracting the
subsequent multiseam panels, the previously weakened
strata deform and subside accordingly, creating an increased
magnitude of subsidence. These previously weakened strata
also provide the overburden layers with an alternative deformation path, which results in limiting the major deformations after the multiseam extraction to the previously
weakened area.
In case of overmining a previously extracted panel (Case
2), interaction of the fractured and continuous deformation
zones of the lower panel with the upper panel extraction
alters the deformation pattern above the upper panel
(Figure 7). After extraction of the upper panel in Case 2,
previously existing fractures above the upper panel become
partially closed (Figure 10). Closure of these fractures and
the reduced bridging ability of the previously fractured strata
create an increased magnitude of subsidence in the previously disturbed strata (Figure 12(b)).
In addition, existence of a previously extracted panel
adjacent to the extension part in Case 3 alters the resultant
deformation pattern after extracting the extension part in
Case 3 (Figure 8). In this case, the newly undermined strata
create a steep angle of major deformation. By moving further
away from the previously caved zone, the resultant deformation pattern and the height of the caved zone above the
extension part become similar to the single-seam observations (lower panel in Case 2; Figures 10(a) and 10). In
addition, the maximum subsidence above the extension part
in Case 3 occurs above the previously extracted adjacent
panel and not above the newly extracted extension part
(Figure 12(b)). Similar to the ﬁndings in [12], closure of the
previously existing cracks above the edge of the adjacent
panel is a reason for this observation.
5.2. Crack Propagation Pattern. Crack propagation pattern
and the shape of the caved zone after extracting longwall
panels are of great importance in determining the risk of
water inrush and suitable location for the gas drainage
boreholes [2, 6, 7, 17, 26]. The physical modelling results
show that crack propagation pattern and shape of the caved

zone after multiseam extractions are notably diﬀerent from
those after single-seam extractions.
Comparing the angle of break in diﬀerent tests indicates
variations in the crack propagation pattern depending on the
arrangement of the panels. For instance, it can be seen that
extracting the upper layer in Case 2 (multiseam extraction)
creates smaller angle of break than the lower layer (singleseam extraction; Figures 10(a) and 10). This observation
shows the eﬀect of the previously caved zone that creates a
weakened zone in the middle of the upper panel. The
weakened zone changes the crack propagation pattern
around the edges of the upper panel by inducing an alternative deformation path towards this area.
In addition, in Case 3, extending the upper panel creates
a noticeably sharper angle of break than that in Case 2 (by
comparison of Figures 10 and 11(a)). This observation also
shows that presence of the previously caved area adjacent to
the newly undermined section provides the newly undermined strata with an alternative deformation path, creating a
sharp angle of break (Figure 11(a)). The angle of break,
however, after extracting the next section of the extension
part becomes larger and similar to the lower panel’s angle of
break (Figure 11(b)). In other words, by moving further
away from the previously caved zone, strata conditions
around the edge of the extracted panel similar to a singleseam extraction and a wider angle of break (Figure 11) and a
major deformed area (Figure 8) are observed.
5.3. Risk of Water Inrush. Hydraulic conductivity in the
strata above the mining horizon is an important factor in
determining the water inrush risk. There is a clear correlation between the density of the voids after the mining
activity and the hydraulic conductivity [6, 7]. The fracture
propagation pattern after the multiseam mining, as observed
from the physical modelling results, showed that the previously existing fractures close to the abutment area continue to open during the multiseam extraction. This increase
in the density and connectivity of the fractures in this area is
signiﬁcantly greater than that in single-seam extraction. This
was particularly observed in Cases 1 and 2 (Figures 9 and
10), while in Case 3, the crack propagation pattern above the
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left edge of the extension part was similar to that in singleseam extraction (Figure 11(b)). In contrast, most of the
fractures above the middle of the multiseam panels and close
to the mining horizons become partially closed after undergoing an interim opening period during sequential extraction of multiseam panels (Figures 9 and 10). This
observation is similar to reported ﬁeld measurements for
single-seam extractions in [27], where the hydraulic conductivity of the disturbed strata was measured to be signiﬁcantly higher above the edges of the longwall panels in
comparison with their center. However, the area, density,
and connectivity of the fractures after multiseam extractions
are signiﬁcantly increased, as per observations from the
physical modelling (Section 4.2).
Multiseam extraction also increases the fracture density,
especially bedding separations and horizontal fractures above
the middle of the extracted panels and close to the top of the
caved area (Figure 13). Previously existing isolated horizontal
fractures (bedding separations) within the fractured zone after
extracting the ﬁrst seam (Figure 13(a)) if interact with underground water can become ﬁlled with water over time
(between single- and multiseam operations). Extracting
multiseam panels would create a network of interstrata
fractures that can reach the height of the previously existing
fractured zone (Figure 13(b)). This connected fracture network can potentially provide the stored water in the horizontal fractures with a path towards the abutment area, from
which the water can be led to the working spaces.
In addition, physical modelling results showed that the
height of the caved zone after multiseam extraction in Case 1
has almost doubled (Figure 9). The increased hydraulic
conductivity of the strata, as a result of the increase in the
density of fractures and height of the caved zone after
multiseam extraction, is of signiﬁcant importance when
undermining aquifers. This increase in the density and
connectivity of the fractures poses a serious threat to the safety
of machinery and personnel, which has to be controlled and
mitigated. As a result, in multiseam extraction under aquifers,
suitable risk management policies need to be taken. Some
examples of these policies can be stated as follows:
(a) Use of backﬁll materials: this is particularly of interest
in shallow mining under waterbeds or deep mining,
where surface access to the mine area is limited.
(b) Grout injection from the surface or workings above
the to-be-extracted longwall panels to increase the
bridging ability of the strata and reduce bedding
separations.
(c) Reducing the extraction width and/or increasing pillar
widths in order to reduce the height of the caved zone.
(d) Changing the multiseam mining conﬁguration and
the arrangement of the panels, e.g., reducing the
overlapping width of the panels by arranging
longwall panels in staggered positions in the two
mining seams (edge of the lower panel under the
middle of the upper panel). In this regard, it was
observed in Section 4.2.3 that the crack propagation
pattern in Case 3 became similar to that in single-
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seam extraction by moving further away from the
overlapping area of the previously extracted panels,
i.e., smaller caved zone and less density and connectivity of induced fractures than multiseam
extraction.
Importance of the multiseam mining conﬁguration on
the resultant ground movements has been emphasised and
discussed in the literature [19, 23]. In this regard, the length
of overlapping and positioning of the edges of the longwall
panels in the two mining seams play a signiﬁcant role in the
crack propagation pattern and the resultant subsidence
proﬁle. The smaller the length of overlapping is, the less
signiﬁcant the multiseam interactions would be. Readers can
refer to the published works in [19, 23] for more information
about importance of the multiseam conﬁguration on the
associated fracture propagation and ground movements.
5.4. Gas Drainage Planning. One of the key factors in determining suitable locations for drilling gas drainage
boreholes is the fracture propagation pattern after longwall
extraction [2, 26]. Longwall mining-induced caved and
fractured zones change the permeability in the overlying
strata, releasing the gas in the coalbeds and more signiﬁcantly in other porous formations in the overburden layers
[4, 8]. Induced fractures in the caved and fractured zones
increase the hydraulic conductivity and permeability of the
disturbed strata. In this regard, identiﬁcation of areas with
high interstrata (vertical fractures) and horizontal (bedding
separations) permeability is of great importance. For instance, fractured areas above solid abutments provide a
suitable ﬂow path for coalbed methane gas. A case study is
reported in [4, 8], in which the methane gas production was
improved by 77% as a result of placing gas drainage boreholes at the end of the longwall panels in comparison with
borehole locations at the centre line of the longwall panels.
The end of a longwall panel is conﬁned by three sides, which
results in occurrence of a highly tensile fractured area close
to the margin of the panel. These fractures along the perimeter of a longwall panel, as mentioned in [26], provide a
“sweet spot” for gas drainage. On a section of a mine,
abutment areas close to the edges of the panels possess this
characteristic.
In both undermining and overmining cases (Cases 1 and
2), interstrata fractures above the multiseam panel edges
grow throughout the extraction of the panel. It can be seen
that density of these fractures in the abutment areas is
signiﬁcantly higher than that in single-seam extraction in
both Cases 1 and 2 (by comparison of Figures 9(a) and 9(d)
for Case 1 and Figures 10(a) and 10 for Case 2). In Case 3,
vertical fractures occur with a high density and sharp angle
of break after mining the ﬁrst segment of the extension part.
The fracture propagation pattern, however, after extracting
the second segment of this extension part becomes similar to
that in single-seam extraction (Figure 11). Similar to the
vertical fractures, occurrence of horizontal bedding separations increases after multiseam mining activity. This increase is particularly apparent above the edges of the
multiseam panels in Cases 1 and 2 (Figures 9(d) and 10). In

14

Advances in Civil Engineering

Disconnected horizontal
fractures
Fractured
zone
Caved zone

Upper seam
Lower seam
Cracks and bedding separations
(a)

Connected horizontal
fractures
New caved
zone

Upper
seam

Lower seam
Cracks and bedding separations
(b)

Figure 13: Changes in density and connectivity of horizontal fractures close to the top of the caved area after (a) single-seam and (b)
multiseam extractions in Case 1.

addition, in Case 1, a signiﬁcant increase in the number and
size of bedding separations is observed above the middle of
the multiseam panels and top of the newly caved area
(Figure 9). In Case 2, similar to Case 1, bedding separations
tend to occur mostly above the middle of the extracted
panels (Figure 10). However, the increase in the density of
bedding separations in Cases 2 and 3 is smaller than that in
Case 1, which is likely to be related to the increased thickness
of the interburden.
Based on the physical modelling results, potential suitable locations for placing the gas drainage boreholes after
multiseam mining can be identiﬁed as the red-shaded areas
in Figure 14. High density of horizontal and interstrata
fractures above abutment areas, which continue to open
throughout extraction of multiseam panels, creates a highly
permeable zone for gas drainage. However, as mentioned in

[26], methane gas ﬂow is a dynamic process, which is
inﬂuenced by strata destressing and fracture growth after
longwall mining. As a result, dynamic methane gas ﬂow and
change of strata permeability during extraction of a longwall
panel also need to be considered in determination of suitable
gas drainage borehole locations.

6. Conclusions
Multiseam longwall mining-induced strata deformation and
fracture propagation pattern can be studied by scaled
physical modelling techniques. As demonstrated in the
physical models, the strata deformation and fracture
propagation patterns are diﬀerent between multiseam and
single-seam extraction cases. Red shadings show highdensity interstrata and horizontal fractured areas, blue
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Figure 14: Interstrata and horizontal fractures after multiseam extraction in (a) Case 1, (b) Case 2, and (c) Case 3.

shading shows high-density horizontal fractured areas, and
grey and green shadings show low-density horizontal and
interstrata fractured areas, respectively.
These diﬀerences result in variations in the resultant
multiseam subsidence proﬁles. Also, the induced caved and
fractured zones inﬂuence the hydraulic conductivity of the
strata, which is of great importance in evaluation of water
inrush risk and determination of suitable productive locations for placing methane gas drainage boreholes.
Physical modelling techniques were used in this study to
investigate diﬀerences between strata movement characteristics and fracture propagation pattern after single- and
multiseam extractions. Three diﬀerent case studies were
modelled with varying mining conﬁgurations and interburden thicknesses. By monitoring the strata deformation
and fracture propagation patterns after sequential extraction
of multiseam panels by photogrammetry methods, variations in the resultant subsidence proﬁles and hydraulic
conductivity of the caved and fractured strata were studied.

General conclusions drawn from the physical modelling
results presented in this study can be summarised as follows:
(a) Multiseam mining in both cases of undermining and
overmining of a previously extracted panel results in
an enhanced magnitude of subsidence in comparison with single-seam mining. This is due to the
reduced bridging ability of the caved and fractured
strata, and also closure of previously opened fractures in the caved and fractured zones resulted from
the previous mining activity. This phenomenon was
observed in the case study with a thick interburden
(Case 2 to a lesser extent in comparison with multiseam extraction with a thin interburden in Case 1).
(b) Existence of previously extracted multiseam panels
adjacent to a newly extracted part signiﬁcantly aﬀects
the mechanical response of the newly undermined
strata. Major deformations occur close to the previously extracted area, and a sharp angle of break is
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formed. Maximum subsidence also occurs close to
the edge of the previously extracted adjacent panel,
not above the newly extracted part. However, by
moving further from the previously extracted areas,
caving process and fracture propagation pattern
become similar to those in single-seam mining.
(c) Previously existing fractures following single-seam
extraction undergo dynamic changes after subsequent extraction of multiseam panels. These
fractures predominantly tend to open at the area
above/ahead of the newly extracted segment and
partially close above the previously extracted segment of the multiseam longwall panel.
(d) Undermining of a previously extracted longwall
panel results in signiﬁcantly increased height of the
caved zone. Interconnected fractures (both horizontal and interstrata) above the multiseam extraction provide a potential water ﬂow path towards
workings, which would pose a signiﬁcant threat to
safety of machinery and personnel in case of mining
under aquifers. In this case, suitable measures need
to be considered to mitigate and control the risk of
water inrush, such as using backﬁll, grout injection
into the overburden strata prior to multiseam extraction, reducing the width of the panel or increasing the width of chain pillars, and changing the
arrangement of the multiseam panels (mining
conﬁguration).
(e) Density of fractures (both horizontal and interstrata)
in all cases continues to increase during multiseam
extractions over the edges of the multiseam panels,
which results in increased hydraulic conductivity of
the strata. As a result, abutment areas close to the
edge of the longwall panels would be suitable locations for placing gas drainage boreholes.
(f ) Interburden thickness aﬀects the inﬂuence of the
previously extracted panel on the strata movement
characteristics by reducing the interaction of the
caved and fractured zones of the two mining activities.

It can be seen that the scaled physical model is a useful
technique in studying the strata movement patterns in relation to methane gas drainage planning and water inrush
risk management. The complexity of multiseam interactions
and the development of progressive fracture propagation
patterns can be well illustrated via physical models. However, it should be mentioned that site-speciﬁc parameters
and operational factors play a signiﬁcant role in strata response to multiseam mining. Although physical modelling
techniques provide invaluable insights into the mechanical
behaviour of strata under speciﬁc conditions if complied
with laws of similarity theory, care must be taken into
consideration for employing these results in real cases.
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The multichannel retracement in the auxiliary laneway has become one of the key technologies in the high-yield and higheﬃciency production of large and extra-large coal mines in western China. For the successful application of this technology,
the control of retracement channel deformation is decisive. This paper takes the support of the retracement channel in fullmechanized caving working surface of Mentai Buliangou Coal Mine as the engineering background. In view of the occurrence characteristics of thin bedrock, thick unconsolidated layer and superhigh seam, theoretical analysis, numerical
calculation, and ﬁeld industrial test are adopted. The deformation rules and stress distribution characteristics of the
surrounding rock as well as the changes of the support structure in the retracement channel during the end mining on the
full-mechanized caving working surface are systematically studied, and the deformation and failure mechanism of the
surrounding rock is revealed. The ﬁeld measurement shows that the adoption of optimal design scheme can eﬀectively
control the deformation of the surrounding rock in the retracement channel during the end mining period and consequently
address the problem of rapid moving of the working surface, which is signiﬁcant for engineering practices.

1. Introduction
At present, coal is one of China’s major energy sources,
accounting for about 60% of nonrenewable energy production and consumption [1–3], of which thick coal seam
production accounts for about 45% of total raw coal
output. The continuously improved technology of fullmechanized caving mining has become an eﬀective way
to tackle the thick coal seam mining and achieve mining
safety and high yield [4–8]. Traditionally, the moving of
working surface in fully mechanized coal mining (caving)
in China is realized through the channel opening of coal
cutters. During the last cuttings near the stop line of the
working surface, the coal cutter and the transport machine
move forward to cut the coal, with the bracket remaining
in its original position, thus forming space for equipment

to turn and retrace. In the past, the working surface moving
through single-channel or coal cutter self-retaining channel
in large and extra-large coal mines in China took about
three months or longer, which greatly restricts the moving
speed [9].
As early as the beginning of 1970s, the United States
took the lead in the use of rapid moving equipment and
advanced moving process for fully mechanized coal mining
(caving) working surface, which formed a complete set of
technology covering the moving of the old surface and the
installation of the new one and shortened the moving time
to about one week. In recent years, with the successful
application of such complete sets of rapid moving equipment in the United States, multipoint and single-point
retreat processes have been gradually developed in mining areas according to their geological conditions. The
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increasingly mature moving technology has been extensively applied in coal mining countries such as Australia
and South Africa [10–14] and has achieved signiﬁcant
economic and social beneﬁts in these countries. In the
1990s, China’s Shendong mining area ﬁrst introduced the
technology for rapid moving of the working surface in fully
mechanized coal mining (caving). In addition, based on the
imported rapid moving process, the new moving technology of “multichannel in auxiliary laneway” was studied
by Shendong mining area. The successful practice of this
new technology in the mine area marked a new breakthrough in the rapid moving of fully mechanized coal
mining (caving) equipment in China, which achieved great
development later [15, 16]. With the continuous improvement of domestic fully mechanized coal mining
(caving) technology, advanced multichannel retracement
in the auxiliary laneway has been adopted in many large
mining areas in Shendong and Ningxia. In this process, two
auxiliary laneways are excavated parallel to the backstopping working surface while digging the two roadways
at the stop line of the backstopping working surface. The
channel on the side of the working surface is called the
main retracement laneway, and the one on the side of the
main roadway is called the assistant retracement laneway. 4
to 6 connecting lanes are provided between the two
channels, forming a multichannel system in the auxiliary
laneway. This kind of working surface moving technology
based on multichannel in auxiliary laneway can realize the
simultaneous relocation of fully mechanized coal mining
(caving) equipment in 4–6 connecting lanes. According to
statistics, it took only 10 days for the Shendong mining
area to move its old working surface and install the new
one through this technology, and the similar process in the
Yujialiang Coal Mine 45101 took only 6 days and 23 hours.
Compared with the previous moving of working surface in
coal cutter self-retaining channel, this new technology
signiﬁcantly shortened the moving time (nearly 90% to the
most) and eﬀectively ensured the eﬃcient production in
mines [17–22]. The Mentai Buliangou Coalﬁeld, located on
the Loess Plateau of Ordos, features a typical Loess Plateau
landform [23], with complex landscape, interlaced ravines,
and well-developed dendritic gullies. In addition, complex
geological conditions such as thin bedrock and superhigh
seam [24–26] lead to a series of mining problems, including severe deformation of rock surrounding the
working surface (Figure 1) and increased pressure on
the advanced support in laneway. At present, in-depth
studies on the deformation mechanism of the retracement
channel under special geological conditions in the west
are few; therefore, research studies on the deformation
mechanism of retracement channel in thin bedrock,
thick unconsolidated layer, and superhigh seam and the
deformation control solutions will be helpful to guide
the improving of working surface rapid moving, which is
signiﬁcant for engineering practices and will provide
reference for the implementation of rapid moving of fully
mechanized caving workface in similar mines.
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2. Engineering Geological Conditions
Mentai Buliangou Coalﬁeld is located in the Loess Plateau of
Ordos (Figure 2). It is a typical Loess Plateau landform with
complex topography, vertical and horizontal ravines, and
well-developed dendritic gullies. The strike length of No. 201
working face in Mentai Buliangou Coal Mine is 1 395 m, the
inclined length is 240.3 m, the average thickness of coal seam
is 16 m, the inclination angle of coal seam is 0–8 degree, the
average depth is 4 degree, and the average mining depth is
295 m. Detailed lithological descriptions of the rock strata
are illustrated in Figure 3.

3. Establishment of Mechanical Model for
Retracement Channel
The retracement channel is a kind of laneway specially
excavated for the moving of fully mechanized coal mining
(caving) working surface, and the quality of its support
determines whether the working surface equipment can be
removed smoothly. The establishment of a mechanical
model (Figure 4) and the theoretical analysis of the surrounding rock stability created a basis for the deformation
control and safe operation of the retracement channel.
When the working surface is connected with the main
retracement channel, the simpliﬁed model is a rectangular
section beam supported at one end. “q1” is the simpliﬁed
uniform load of the overlying rock; “a” is the width of the
assistant retracement channel; “b” is the distance between the
plastic zone of coal pillar and the major wall of the assistant
retracement channel; “c” is the distance between the plastic
zone of the minor wall of main retracement channel and the
major wall of the assistant retracement channel; “d” is the
distance between the minor wall of the main retracement
channel and the major wall of the assistant retracement
channel; “h” is the height of the beam, “l” is the total length of
the beam, and q2 is the simpliﬁed uniform load of plastic zone
of the minor wall of assistant retracement channel; q3 is the
simpliﬁed uniform load of plastic zone of the minor wall of
main retracement channel; “e” is the total length of the main
retracement channel and the working surface hydraulic
bracket; q4 is the simpliﬁed uniform load of the bracket. The
deﬂection is calculated by
EIω″ � M(x).

(1)

The bending moment in the model is divided into the
following ﬁve segments for calculation:
(1) d < x ≤ l:
l

M5 (x) �  (ξ − x) q1 − q4 dξ.

(2)

x

(2) c < x ≤ d:
d

M4 (x) �  (ξ − x)q1 −
x


q3 (d − ξ)
dξ + M5 x�d
(d − c)

+ q1 − q4 (l − d)(d − x).

(3)
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Figure 1: Large deformation of roadway in Mentai Buliangou Coalﬁeld.

Figure 2: Location of the Mentai Buliangou Coal Mine, Inner Mongolia, China.

Thickness (m)

Lithology

Lithology description

11.8

Coarse mudstone
and sandy
mudstone

Coarse sandstone: gray white,
thick layered; sandy mudstone:
black brown, thin muddy
structure.

2.6

Mudstone and
sandy mudstone

Sandy mudstone: dark brown,
thin muddy structure; mudstone:
gray, black, layered structure.

16

Coal

Black, joint and fissure
development

3.2

Mudstone and
sandy mudstone

15.5

Coarse sand rock

Mudstone: grey, thin layer; sandy
mudstone: grey, muddy structure.

Gray white, thick layered

Figure 3: Stratigraphic column and geological description.
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Figure 4: Simpliﬁed mechanical model for retracement channel.

(3) b < x ≤ c:
c

M3 (x) �  (ξ − x)q1 −
x


q 3 − q2
(ξ − b) + q2 dξ + M4 x�c
c−b

a

M1 (x) �  (ξ − x)q1 dξ + M2 x�a
x

+(a − x)⎡⎣q1 (l − a) − q4 (l − d) −

q
+(c − x)q1 (l − c) − 3 (d − c) − q4 (l − d).
2

(4)
−
(4) a < x ≤ b:
b

M2 (x) �  (ξ − x)q1 −
x

−

The bending moments of the ﬁve segments were obtained from equations (2)–(6):
(5)

q3 (d − c) q2 + q3 (c − b)⎤⎦
−
.
2
2

(1) d < x ≤ l:
1
1
1
1
1
M5 (x) � l2 q1 − l2 q1 − l2 q4 − xlq1 + xlq4 + x2 q1 − x2 q4 .
2
2
2
2
2

(7)
(2) c < x ≤ d:

(5) 0 < x ≤ a:

M4 (x) �


q2 + q3 (c − b) q2 (b − a)⎤⎦
−
+ M2 x�a .
2
2
(6)


q2 (ξ − a)
dξ + M3 x�b
b−a

⎣q1 (l − b) − q4 (l − d)
+(b − x)⎡

q3 (d − c)
2

1 −6q4 d2 + 3l2 q4 c + 3x2 q1 d − 3d2 q4 c + 3l2 q1 d − 3l2 q4 d − 3l2 q1 c − 3x2 q1 c − 3x2 q3 d
2
d−c
+

1 6q4 dxc − 6xlq4 c + 6xlq4 d + 6xlq1 c − 6xlq1 d + 3d2 xq3 + x3 q3 − q3 d3 + 3d2 xq3 + x3 q3 − q3 d3 + 3d3 q4
.
d−c
2
(8)

(3) b < x ≤ c:
1 −2c2 q3 − c2 q2 + 3cq3 x + 3cq2 x + 3c2 q1 − 3cq1 b + 3cbq3 − 6xq1 c + 6xq1 b − 6xbq3 
M3 (x) � − c
6
b−c
1
−xq3 + xq2 + 3q1 c − 3q1 b + 3bq3 − 3q2 c
1
+(c − x)q1 (l − c) − q3 (d − c) − q4 (l − d)
− x2
6
b−c
2
1 q d2 − 3dcq3 − 3d2 q1 + 9dq1 c − 6q1 c2  1 2 −cq3 − 3q1 d + 3q1 c + 3q3 d
+ q1 − q4 (l − d)(d − c)
− d 3
− c
d−c
6
6
d−c
1
1
1
1
+ l2 q1 − l2 q4 − dlq1 + dlq4 + d2 q1 − d2 q4 .
2
2
2
2

(9)
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(4) a < x ≤ b:
1 −2b2 q2 + 3bxq2 + 3q1 b2 − 3bq1 a + 3bq2 a − 6xq1 b + 6xq1 a − 6xq2 a 1 2 xq2 − 3q1 b + 3q1 a − 3q2 a
M2 (x) � b
− x
6
b−a
6
b−a
1
1
1
1
1
1
+(b − a)q1 (l − b) − q4 (l − d) − q3 (d − c) − q2 + q3 (c − b) + d2 q4 − q3 d2 − dbq4 + bq3 d − dcq3
2
2
2
6
2
6
1
1
1
1
1
1
1
1
− l2 q4 + l2 q1 − b2 q3 + blq4 − c2 q2 + cbq3 + q1 b2 + cbq2 − b2 q2 − blq1 .
2
2
3
6
6
2
3
6
(10)
(5) 0 < x ≤ a:
1
M1 (x) � q1 a2 − q1 xa + x2 q1 +(a − x)q1 (l − a) − q4 (l − a)
2
1
1
1
− q3 (d − c) − q2 + q3 (c − b) − q2 (b − a)
2
2
2
1 2
1
1
1
1
1
+ b q3 − baq3 + cbq3 + bq2 a − cbq2 − q2 a2
6
2
6
6
6
3
1
1
1
1
− q3 d2 − aq1 l − aq4 d − dcq3 − l2 q4 + aq2 c
6
6
2
2
1
1 2
1 2
1 2
+ aq3 d + d q4 + aq4 l − c q2 + l q1 .
2
2
6
2

Substituting a � 5 m, b � 2.42 m, c � 15.15 m, d �
2.43 m, e � 5.5 + 8.6 � 14.1 m, h � 10 m, q1 � cΗ �
6.25 MPa, q2 � 14.1 MPa, q3 � 24.3 MPa, q4 � 18.3 MPa,
and the elastic modulus 2.2 GPa of the Mentai Buliangou
coal measured in laboratory into equations (7)–(11), we get
the bending moments of segments, which are put into
equation (1) for the angles and deﬂections of segments,
shown in equations (12)–(21).
(1) Angle:

(11)

θ0 x, q4  �

−7.14.94x + 49.68x2 − x3 − 451.9q4 x + 7.05x2 q4 + A1
,
EI

(12)

θa x, q4  �

−594.42x + 13.52x2 − 0.24x4 + 5.82x3 − 451.9q4 x + 7.05x2 q4 + A2
,
EI

(13)

θb x, q4  �

−943.36x + 84.06x2 − 2.75 × 10−2 x4 − 0.52x3 − 451.9q4 x + 7.05x2 q4 + A3
,
EI

(14)

θc x, q4  �

7.05x2 q4 − 451.9q4 x − 40.15x3 − 21133.73x + 1425.9x2 + 0.41x4 + A4
,
EI

(15)

θd x, q4  �

4586.43x − 764.41q4 x − 117.3x2 + 19.55x2 q4 + x3 − 0.17q4 x3 + A5
.
EI

(16)

(2) Deﬂection:
w0 x, q4  �

−357.47x2 + 16.56x3 + 0.25x4 − 225.95x2 q4 + 2.35q4 x3 + A1 x + B1
,
EI

(17)

wa x, q4  �

−297.21x2 + 4.51x3 − 4.82 × 102 x5 + 1.46x4 − 225.95x2 q4 + 2.35q4 x3 + A2 x + B2
,
EI

(18)

wb x, q4  �

−471.68x2 + 28.02x3 − 5.5 × 10−3 x5 − 0.136x4 − 225.95x2 q4 + 2.35q4 x3 + A3 x + B3
,
EI

(19)

wc x, q4  �

2.35q4 x3 − 225.95x2 q4 − 10.04x4 − 10566.87x2 + 475.3x3 + 8.23 × 10−2 x5 + A4 x + B4
,
EI

(20)

wd x, q4  �

2293.22x2 − 382.2x2 q4 − 39.1x3 + 6.52q4 x3 + 0.25x4 − 4.17 × 10−2 + A5 x + B5
.
EI

(21)

6

Advances in Civil Engineering
The continuity condition of the beam is


ω′ (0) � 0,
ω(0) � 0,

⎨ ω′ (5)left � ω′ (5)right ,
⎧
⎩ ω(5) � ω(5) ,
left

right

⎨ ω′ (7.42)left � ω′ (7.42)right ,
⎧
⎩ ω(7.42) � ω(7.42) ,
left

(22)

right

⎨ ω′ (22.57)left � ω′ (22.57)right ,
⎧
⎩ ω(22.57) � ω(22.57) ,
left

right

⎨ ω′ (25)left � ω′ (25)right ,
⎧
⎩ ω(25) � ω(25) .
left

right

Substituting EI and equations (12)–(21) into the continuity condition of the beam, we get
−3 2

−4 3

−6 4

w0 x, q4  � −9.03 × 10 x + 4.18 × 10 x + 6.31 × 10 x
− 5.71 × 10−3 x2 q4 + 5.93 × 10−5 q4 x3 ,
wa x, q4  � −7.5 × 10−3 x2 + 1.14 × 10−4 x3 − 1.22 × 10−6 x5
+ 3.67 × 10−5 x4 − 5.71 × 10−3 x2 q4
+ 5.93 × 10−5 q4 x3 − 3.8 × 10−3 x + 3.8 × 10−3 ,

wb x, q4  � −1.19 × 10−2 x2 + 7.07 × 10−4 x3 − 1.39 × 10−7 x5
− 3.26 × 10−6 x4 − 5.71 × 10−3 x2 q4
+ 5.93 × 10−5 q4 x3 + 1.25 × 10−2 x − 2.05 × 10−2 ,
wc x, q4  � 5.93 × 10−5 q4 x3 − 5.71 × 10−3 x2 q4
− 2.53 × 10−4 x4 − 0.27x2 + 1.2 × 10−10 x3

main retracement laneway is 5.5 m, the assistant retracement
laneway is 5 m, and the coal pillar between them is 20 m.
In the model, the mining in the “y” direction was only
60 m, leaving a 40 m protection boundary. The main and
assistant retracement channels were excavated before
backstopping the working surface. Advancing 10 m at a time,
the simulated excavation during backstopping was 100 m.
Caving was used for the ﬁrst 70 m and not for the 30 m from
the main retracement channel, thus the mining height was
3.8 m. The deformation characteristics and stress distribution of the rock surrounding the main and assistant
retracement channels in diﬀerent support parameters and
diﬀerent bolt and anchor pretightening forces were analyzed. The three-dimensional graphics of the model after the
meshes around the main and assistant retracement channel
were moderately densiﬁed and are shown in Figure 6.
4.1.1. Model Boundary Conditions. According to the actual
conditions and the calculation model, the model boundary
conditions were stipulated as follows.
The top of the model was applied with the self-weight
stress of the overlying rock; the lower boundary of the model
was simpliﬁed as the displacement boundary condition,
which was movable in the “x” direction and ﬁxed in the “y”
direction, i.e., v � 0; on both sides of the model was solid coal,
which was simpliﬁed as the displacement boundary, movable
in the “y” direction and ﬁxed in the “x” direction, i.e., u � 0.
The self-weight stress σ y was calculated in the equation
σ y � cH. The average volume weight of the overlying rock c
was set at 25 N/m3, H as the distance between the top of the
established model to the ground, and the average buried
depth of the Mentai Buliangou coal seam is 249.8 m.
Therefore, the calculated result σ y was about 62.5 MPa.

+ 2.08 × 10−6 x5 + 2.89x − 13 + 2.5 × 10−19 q4 ,
wd x, q4  � 5.79 × 10−2 x2 − 9.65 × 10−3 x2 q4
− 9.87 × 10−4 x3 + 1.65 × 10−4 q4 x3
+ 6.31 × 10−6 x4 − 1.05 × 10−6 q4 x4
+ 6.58 × 10−2 q4 x − 1.17x − 0.41q4 + 7.29.
(23)
The deﬂection curve of main retracement channel when
q4 is 0.6 MPa, 0.7 MPa, and 0.8 MPa is shown in Figure 5.
The initial support force of the hydraulic bracket of the
working surface in Mentai Buliangou Coal Mine is 0.7 MPa.
According to the actual conditions, the maximum deformation of the main retracement channel under that
support force was calculated as 561 mm, which meets the
requirements for the working surface moving in the main
retracement channel.

4. Finite Element Method Simulation
4.1. Establishment of Mechanical Calculation Model. Based on
the geological conditions and the actual mining practices in
Mentai Buliangou Coal Mine, a calculation model was
established as 100 m wide, 170 m long, and 66 m high. The

4.1.2. Model Yield Criterion. According to the ﬁeld sampling
and the rock mechanical test result, when the load reaches the
strength limit [27, 28], the rock mass will be damaged, and the
residual strength of rock mass will reduce gradually with the
deformation development during peak plastic ﬂowing.
Therefore, the Mohr–Coulomb yield criterion was adopted
during calculation to judge the fracture of rock mass.
4.1.3. Distribution of Rock. A total of 49.1 m rock stratum
was taken as the model in the vertical direction, covering the
lower bottom, direct bottom, coal seam, direct roof, and
upper roof. From bottom to top: lower bottom 15.5 m, direct
bottom 3.2 m, coal seam 16 m, direct roof 2.6 m, and upper
roof 11.8 m. The rock mechanical parameters of each rock
stratum are shown in Table 1.
4.2. Numerical Simulation Scheme Calculation. The deformation and stress distribution characteristics of
the surrounding rock in the retracement channel during
the end mining on the full-mechanized caving working
surface in diﬀerent support parameters were studied.
According to the theoretical calculation results, the following three supporting schemes were selected for
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Figure 5: Main retracement channel deﬂection curve.
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Figure 6: FLAC

schematic diagram.

Table 1: Rock mechanics parameters.
Lithology
Coarse mudstone and sandy mudstone (main roof )
Mudstone and sandy mudstone (immediate roof )
Coal
Mudstone and sandy mudstone (direct bottom)
Coarse sand rock (old bottom)

Density
d (kg·m−3)
2458
2155
1298
2155
2655

optimizing. The deformation and stress distribution of
the surrounding rock of the retracement channel during
the end mining on the working surface were calculated
separately. The simulation scheme is shown in Table 2.

5. Numerical Results Analysis
5.1. Study on Displacement Distribution Law of Surrounding
Rock in Retracement Channels. In order to analyze and
compare the working surface eﬀect on the retracement
channel and the stability of the coal pillar and monitor the
changes of the relative roof-to-ﬂoor convergence of the main

Bulk
modulus
K (GPa)
17.65
8.53
2.39
4.98
13.29

Shear
modulus
G (GPa)
8.52
12.37
1.68
8.56
11.04

Bond
strength
σ (MPa)
3.22
1.69
1.42
1.83
8.30

Tensile
strength
σ (MPa)
9.53
4.96
0.46
6.35
9.26

Internal
friction
angle f
32.60
30.85
23.88
30.66
31.55

and assistant retracement channels and the relative wall
convergence during the advancement on the working surface, the changes in the process, curve graphs were developed as shown in Figures 7–12.
It can be seen from Figures 7–9 that as the working
surface advanced forward, the roof-to-ﬂoor convergence
and the wall convergence of the assistant retracement
channel increased gradually. However, when the working
surface advanced to 30 m of main retracement channel, the
deformation of the retracement channel began to increase
sharply due to the pressure of the working surface. Under the
support condition in Scheme 3, when the working surface
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Table 2: Supporting scheme.
Bolt

Scheme 1

Scheme 2

Scheme 3

Positive working slope:
Φ20 × 2400
Side working slope:
Φ20 × 2400

Anchor
cable

Φ17.8 × 8000

Positive working slope:
1000 × 1000
Side working slope:
1000 × 900

Roof: Φ20 × 2400

Roof: 1000 × 1000

Positive working slope:
Φ20 × 2400
Side working slope:
Φ20 × 2400

Positive working slope:
900 × 900
Side working slope:
900×900

Φ17.8×8000

Roof: Φ22 × 2500

Roof: 1000 × 900

Positive working slope:
Φ20 × 2400
Side working slope:
Φ20 × 2400

Positive working slope:
800 × 900
Side working slope:
800 × 900

Φ17.8×8000

Roof: Φ22 × 2500

Spacing between
anchor cables

1750 × 3000

1750 × 2700

1750 × 2700

Roof: 1000 × 900

250

600

200

500
Deformation (mm)

Deformation (mm)

Spacing between bolts

150

100

Bolt material
Equal strength
thread steel
Equal strength
thread steel
Equal strength
thread steel
Equal strength
thread steel
Equal strength
thread steel
Equal strength
thread steel
Equal strength
thread steel
Equal strength
thread steel
Equal strength
thread steel

Anchor cable
material

Steel
strand

Steel
strand

Steel
strand

400
300
200

50
100
0

0

20
40
60
80
100
Advancing distance of working face (m)

120

Scheme 1
Scheme 2
Scheme 3

Figure 7: Assistant retracement channel: major wall deformation.

advanced to 70 m, the maximum roof-to-ﬂoor convergence
of the assistant retracement channel was 50.47 mm, the
maximum deformation of the minor wall was 37.44 mm, and
the maximum deformation of the major wall was 28.02 mm;
when the working surface advanced to 80 m, the maximum
roof-to-ﬂoor convergence of the assistant retracement
channel was 53.71 mm, the deformation of the minor wall
was 47.87 mm, and the deformation of the major wall was
30.01 mm; when the working surface advanced to 90 m, the
maximum roof-to-ﬂoor convergence of the assistant
retracement channel was 81.82 mm, the deformation of the
minor wall was 85.13 mm, and the deformation of the major
wall was 33.46 mm; when the working surface advanced to
100 m or cut through, the maximum roof-to-ﬂoor

0

0

20
40
60
80
100
Advancing distance of working face (m)

120

Scheme 1
Scheme 2
Scheme 3

Figure 8: Assistant retracement channel: minor wall deformation.

convergence of the assistant retracement channel was
236.73 mm, the deformation of the minor wall was
226.13 mm, and the deformation of the major wall was
55.67 mm. Under the same condition, Scheme 3, compared
to Scheme 1, reduced the relative deformation between roof
and ﬂoor by 70.9%, 72.6%, 70.3%, and 50.4%; reduced the
deformation of minor wall by 79.2%, 80.1%, 76.9%, and
59.7%; and reduced the deformation of major wall by 82.4%,
82.1%, 80.9%, and 73.2%.
It can be seen from Figures 10–12 that as the working
surface advanced forward, the roof-to-ﬂoor convergence
and the wall convergence of the main retracement channel
increased gradually. However, when the working surface
advanced to 30 m from the main retracement channel, the
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Figure 9: Relative deformation between the roof and ﬂoor of
assistant retracement channel.

Figure 11: Main retracement channel: major wall deformation.
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Figure 10: Main retracement channel: minor wall deformation.

deformation of the retracement channel began to increase
sharply due to the pressure of the working surface. When the
working surface was penetrated, the deformation of the
retracement channel reached the maximum. Under the
support condition in Scheme 3, when the working surface
advanced to 70 m, the maximum roof-to-ﬂoor convergence of
the main retracement channel was 94.95 mm, the maximum
deformation of the minor wall was 48.83 mm, and the
maximum deformation of the major wall was 67.24 mm;
when the working surface advanced to 80 m, the maximum
roof-to-ﬂoor convergence of the main retracement channel
was 141.86 mm, the deformation of the minor wall was
53.44 mm, and the deformation of the major wall was
108.33 mm; when the working surface advanced to 90 m, the
maximum roof-to-ﬂoor convergence of the main retracement
channel was 299.263 mm, the deformation of the minor wall

0

20
40
60
80
100
Advancing distance of working face (m)

120

Scheme 1
Scheme 2
Scheme 3

Figure 12: Relative deformation between the roof and ﬂoor of
main retracement channel.

was 91.04 mm, and the deformation of the major wall was
208.71 mm; when the working surface advanced to 100 m or
cut through, the maximum roof-to-ﬂoor convergence of the
main retracement channel was 615.86 mm and the deformation of the minor wall was 236.69 mm; under the same
condition, Scheme 3, compared to Scheme 1, reduced the
relative deformation between roof and ﬂoor by 58.9%, 65.4%,
62.6%, and 49.2%; reduced the deformation of the minor wall
by 75.7%, 76.4%, 74%, and 46.4%; and reduced the deformation of the major wall by 74.9%, 73.6%, and 67.5%.
5.2. Study on Stress Distribution Law of Surrounding Rock in
Retracement Channels. It can be seen from Figure 13 that
the vertical stress in the coal pillars showed similar changing
laws in diﬀerent support schemes during the advancement of
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Figure 13: Vertical stress in protective coal pillars.

working surface: increased with the advancement. Under the
support condition in Scheme 3, the vertical stress peak was
the maximum, while under that in Scheme 1, the value was
the minimum. The vertical stress under support condition in
Scheme 3 was 26.1 MPa, 20.8% higher than Scheme 1.
Analysis shows that the greater the support strength, the
more integral the coal pillars and the greater the compressive
strength. Under the inﬂuence of overlying strata pressure,
the deformation reduced and the stress increased. To conclude, Scheme 3 is the most eﬀective, followed by Scheme 2
and Scheme 1.

6. Retracement Channel Support
Control Practices
6.1. Experimental Retracement Channel Support Conditions
Roof. Anchor speciﬁcation: Φ22 × 2500 mm left-handed steel
bolt without longitudinal reinforcement; 6 bolts in each row,
row spacing: 1000 × 900 mm; each bolt is lengthened by one
CK2350 and one Z2350 resin anchorage agent, with a dishshaped steel tray: 150 × 150 × 10 mm; anchor row alternately
matched with a steel ladder beam and steel band welded with
14 mm round steel. Reinforcing bar ladder and beam are
covered with reinforcing steel mesh. Anchor cable speciﬁcations: Φ17.8 × 8000 mm steel strand anchor cable; each row
of three, row spacing: 1750 × 2700 mm; each anchor cable
using three Z2350 resin anchorage agent lengthened anchorage, with high-strength cable tray: 300 × 300 × 14 mm, a
set of special locks. Concrete with top surface not less than
50 mm thick (as shown in Figures 14 and 15).
Coal Pillar Side. Bolt speciﬁcations: 20 ∗ 2500 mm righthanded full-thread steel bolt; each row of ﬁve, row spacing:
800 × 900 mm; each bolt using two Z2350 resin anchorage
agent lengthened anchorage, with a dish-shaped steel pallet:
150 × 150 × 10 mm; each row of bolts with two steel ladder
beams welded with 14 mm round steel, 1.9 m long; the third

bolt, at the same time presses the ends of two reinforced bar
ladder beams and steel ladder beams to lower the reinforcement mesh. The surface of the roadway pillar surface is
not less than 50 mm thick (as shown in Figure 14).
6.2. Observation Data Processing and Analysis. According to
the results of a 50-day observation, the curves of the wall
convergence and relative roof-to-ﬂoor convergence at the six
observatories in the main retracement channel are plotted, as
shown in Figures 16 and 17.
According to the observation of ground pressure, the
deformation of the main withdrawal passage increases
gradually with the advancing of the working face, but the
increment is not great; the maximum deformation of roof
and ﬂoor is 462 mm when the working face is connected; the
maximum deformation of the two sides is 679 mm one day
before the working face is connected.

7. Conclusion
In this paper, methods such as theoretical analysis, numerical
calculation, and on-site monitoring were used to systematically study the key problem of retracement channel deformation on the fully mechanized caving working surface in
superhigh seam, identifying the deformation mechanism of
retracement channel. Main conclusions are as follows:
(1) The mechanical model for the retracement channel
in thin bedrock, thick unconsolidated layer, and
superhigh seam was established to get the deﬂection
equation of the retracement channel. The calculated
maximum deﬂection of the main retracement
channel was 561 mm, meeting requirements for the
working surface moving in the main retracement
channel.
(2) Based on the calculation model of retracement
channel established by FLAC3D numerical
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Figure 14: Schematic diagram of retracement laneway support.
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Figure 15: Schematic diagram of retracement laneway roof support.

calculation software, the stress and displacement
distribution laws of rock surrounding the retracement channel during the end mining on the
working surface under diﬀerent surrounding
schemes were analyzed to determine the optimal
support schemes.
(3) The actual measurement shows that the optimal
design scheme can eﬀectively control the

deformation of the rock surrounding the retracement channel during the end mining period.
According to ﬁeld monitoring, the maximum relative deformation of roof and ﬂoor of the main
retracement channel during end mining is 462 mm,
and the maximum wall convergence is 679 mm, far
less than the allowable deformation for main
retracement channel.
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A thin basement coal seam mining model under diﬀerent overlying strata conditions was developed using the discrete element
software UDEC. This approach is used to discuss the safety mining of the thin basement coal seams. Fracture development in
overlying and rock strata movement law in the stope was discussed. The relationship between support and surrounding rocks
under diﬀerent overlying strata conditions was analyzed. Lastly, a ﬁeld industrial test was conducted based on the research results.
A few major conclusions could be drawn. Under load transmission in loose water-bearing strata, causing a large-scaled rock strata
movement to advance into the working face is easy when only one bearing stratum exists in the overlying strata. Meanwhile, the
support bears strong loads, which can easily be collapsed. When two bearing strata exist in the overlying one, the upper bearing
stratum can form a voussoir beam structure. Loads on the support decreased substantially compared with those under single
bearing stratum, whilst the probability of pressing frame was reduced accordingly. A weathered zone above the stope was
reinforced by ground J-type drilling pregrouting, thereby improving the physical and mechanical properties and increasing the
bearing capacity of the rock strata in the grouting range and safety mining of the working face in the lower coal seams. Research
results provide important references for the safety mining of thin basement coal seams under similar conditions.

1. Introduction
Given the continuous increase of upper mining limit in
mines in eastern and northern China, water and sand inrush
accidents induced by mining of the working face in thin
basement coal seams have become increasingly prominent in
recent years [1]. Chinese scholars have reported extensive
studies on underwater mining and accumulated substantial
practical experiences given the mining technology development. However, mining in special geological conditions,
such as thick loose water-bearing stratum and thin basement, continuously face a series of problems, which attributes to hydrogeological diﬀerences in various regions,
water abundance in loose stratum, and increased upper
mining limit. Water and sand inrush accidents occur occasionally, thereby considerably threatening the safety
production of coal mines [2–4]. Safety mining in thick loose
water-bearing strata also becomes a hindrance.

A series of Chinese studies have been conducted on the
safety mining of a thin basement shallow seam in thick loose
water-bearing strata. It is widely acknowledged that once
mining-induced fractures extend upward into conﬁned
aquifers, these fractures can serve as passageways between
aquifers and workings, triggering water and sand inrush. Xu
et al. [5] proposed the design method of sand-prevention
coal and rock pillar for the safety of the working force in
loose water-bearing strata and thin basement under hydraulic loads. Guo et al. [6] suggested to maximize thin
basement coal seams by reducing the mining height. Liu and
Song [7–9] recommended mining based on water drainage.
Guo et al. [10] and Xu et al. [11] studied the development law
of fractures in overlying strata in a thin basement stope. Tan
et al. and Liu et al. [12, 13] given the height of the waterconducting fractured zone is highly related to mining
conditions and the lithology of the overlying strata, and
empirical formulae for height estimation were given based
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on numerous in situ observations. The design of waterproof
pillars, water drainage mining, and mining with ﬁlling can
assure safety mining of thin basement coal seams. However,
given their limitations, the design of waterproof pillars is a
waste of coal resources, and water drainage destroys the
groundwater environment, while mining eﬃciency with
ﬁlling has to be increased. Hence, a new thin basement
mining technique should be explored to realize higheﬃciency safety mining.
A hydraulic pressing frame accident occurred on the
completely mechanized coal mining face 1202(3) in a thin
basement coal seam in Gubei Coal Mine. The working face
1512(3) in this coal mine has similar geological conditions
with those of the working face 1202(3). The manner of
protecting the safety mining of the working face 1512(3)
becomes one of the problems that engineering technicians
have to resolve immediately.

2. Brief Introduction to the Project
The upper and lower limit heights of coal mining in the
working face 1512(3) are −391 m and −497 m, respectively.
The coal bed pitch is 5°–8°. Oblique mining is adopted, which
has +17.32 to +22.12 m corresponding elevation. The
comprehensive column graph in drilling holes #12–13 Kz4
close to the open-oﬀ cut on the working face is shown in
Figure 1. The lithology of the weathered zone is mainly
manifested as mudstone and sandy mudstone, which have
low compressive strength values (<10 MPa).

3. Numerical Simulation Analysis of the
Influences of Stratum Structures on the
Migration Characteristics of Overlying
Rocks in a Stope
3.1. Establishment of the Model. The working face 1512(3)
was used as an engineering background in this study. A
horizontal mining model was developed for the working face
owing to the small coal bed pitch and for calculation convenience. The discrete element software UDEC was applied
in the simulation, while the Mohr–Coulomb model was used
as well. Mining models with single and double bearing layers
in the overlying strata were developed (Figure 2). The model
size was length × height � 200 m × 80 m. The rock mechanical parameters and the physical parameters of each
rock stratum are shown in Table 1. The models were used to
simulate fracture development and movement laws in the
overlying strata after mining of the working face. Moreover,
the models adopted ﬁxed left, right, and lower boundaries
but not free upper boundary. The measured hydraulic
pressure and buried depth in a loose water-bearing layer
indicated that a 11.5 MPa vertical load was applied on the
upper boundary to simulate load transmission in the loose
strata.
3.2. Analysis of Numerical Simulation Results. The fracture
development in the overlying and rock strata movement
laws when single and double bearing layers exist in the
working face is shown in Figures 3 and 4, respectively.
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The fracture in the rock strata above the main roof
further developed as a response to the ﬁrst periodic fracture
of the main roof (bearing layer) when the advancing distance
in the working face was 40 m (see Figure 3). When the
advancing distance was 50 m, the fractures above the main
roof run through a hydraulic load transmission in the loose
overlying strata. This condition resulted in a large-scale
subsidence of rock strata above the main roof. Under this
circumstance, causing crushed hydraulic support in the
working face is easy [14]. Subsequently, the rock strata above
the main roof broke down with the main roof.
Fractures began to develop in the overlying rocks above
the main roof (low bearing strata) when the advancing
distance was 45 m (see Figure 4). When the advancing
distance was 50 m, the rock strata controlled by the main
roof began to sink substantially because of the periodic
fracture and rotary subsidence of the main roof. The rock
strata below the high bearing strata developed transverse
delamination fractures, while the high bearing strata did not
subside with the rotary sinking of the lower main roof. This
condition was considerably diﬀerent from the movement
characteristic of the overlying rocks under single bearing
strata. Under this circumstance, the hydraulic support only
has to assume fractured rock strata from the position above
the support to the positive below the high bearing strata.
Subsequently, the transverse crack range expanded with the
periodic fracture of the main roof, while the high bearing
strata began to bend with an increase in internal cracks.
When the advancing distance was 90 m, the high bearing
strata began to fracture and subside, thereby forming the
“voussoir beam” structure. When the pressure transmits
from the overlying strata to the distant working face, the
stress on the hydraulic support on the working face declined,
thereby decreasing the probability of pressing frame [15].
In summary, stress on the hydraulic support decreased
substantially when at least two bearing strata exist in the
overlying strata in thin basement coal seams. Similarly, the
probability of pressing frame was decreased. Hence, causing
crushed hydraulic support on the working face when only
one bearing stratum exists in the overlying strata is easy. The
preceding research conclusions and previous engineering
experiences indicated that a thin basement coal seam mining
test should be performed by creating a high bearing stratum
in the weathered zone through artiﬁcial pregrouting.

4. Grouting Reinforcement and
Effect Evaluation
4.1. Grouting Scheme. A distribution pattern of J-type
horizontal grouting holes on winds was designed in the
weathered zone on the roof of the working face 1512 (3) in
the Naner Mining Area of Gubei Coal Mine. Ground pregrouting was performed on the weathered zone at the
working face roof by combining oriented drilling and
horizontal pregrouting technologies. After the preset depth
was reached by drilling, horizontal drilling was initiated,
while the vertical proﬁle was in J-shape. The horizontal
drilling holes were in wing-shaped distribution. This distribution of pregrouting holes was novel and applicable to
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Lithological geological
column

3

Rock type

Strata thickness (m)

Gravel clay

2.9

Tithological description

Weathered medium
sandstone

1.3

Shallow khaki, medium grain structure, muddy
cementation, rock composition mainly composed of
quartz feldspar, less dark minerals, denser, harder,
weathering degree.

Weathered mudstone

6.9

Mottled, khaki mixed reddish brown, green, muddy
structure, horizontal bedding, weathering
phenomenon is strong, brittle.

Weathered mottled
mudstones

5.08

Mainly gray, with purple, gray and rust yellow,
mainly muddy, with aluminum soil, massive
structure.

Weathered mudstone

13.12

Mottled, khaki mixed reddish brown, green, muddy
structure, horizontal bedding, weathering
phenomenon is strong, brittle.

Weathered
carbonaceous
mudstone

0.33

Weathered mudstone

1.72

Mottled, khaki mixed reddish brown, green, muddy
structure, horizontal bedding, weathering
phenomenon is strong, brittle.

Weathered medium
sandstone

9.45

Shallow khaki, medium grain structure, muddy
cementation, rock composition mainly composed of
quartz feldspar, less dark minerals, denser, harder,
weathering degree.

Siltstone

3.7

Gray, local weathering is earthy yellow, uniform
structure, visible muscovite shavings, containing
carbon particles. With horizontal bedding, plant
fossil debris can be seen.

2.2

Blue-gray, quartz-feldsparis the main, subbrown,
granules <distributed in belts> uniform structure,
occasionally volcanic inclusions with good
roundness, mud-iron cementation, intermittent
intermittent wave-like bedding.

Siltstone

0.61

Gray, local weathering is earthy yellow, uniform
structure, visible muscovite shavings, containing
carbon particles. With horizontal bedding, plant
fossil debris can be seen.

Coal

0.48

Siltstone

1.66

Fine sandstone

Black, soft, fragile, partially missing.
Gray, local weathering is earthy yellow, uniform
structure, visible muscovite shavings, containing
carbon particles. With horizontal bedding, plant
fossil debris can be seen.

4.25

Blue-gray, quartz-feldsparis the main, sub-brown,
granules <distributed in belts> uniform structure,
occasionally volcanic inclusions with good
roundness, mud-iron cementation, intermittent
intermittent wave-like bedding. Local phase changes
to sandy mudstone.

Mudstone

1.03

Dark gray, sand-grain structure, blocky,
brittle, there are many cracks and slip surfaces, top
with rhomboid, occasionally mixed with thin strips
of carbonaceous mudstone.

13-1 coal

4.2
(0.37)
1.19

Black, upper block, powdery, a small amount of
scaly, oily luster, bright coal, dark coal, dark scaly,
a small block, with glass luster,
semidurain~semiclarain, often mixed with a thin
layer of sandwich.

Fine sandstone

Figure 1: Drilling histogram.

pregrouting reinforcement in the weathered zone at the
working face roof.
4.2. Grouting Parameters. The grouting adsorption capacity
of the surrounding rocks was considerably diﬀerent owing to

various lithologies, fracture development degrees, and loose
ranges. Moreover, such capacity was inﬂuenced by grouting
pressure and time. In principle, grouting will be continued
until the termination of the grouting adsorption to assure
compact ﬁlling in fractures.

4
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Unconsolidated layers

Soft rock
46m
Soft rock
Loading layer
13-1 coal
Floor strata
200m
(a)

Unconsolidated layers
Soft rock
Loading layer 2
46m
Soft rock
Loading layer 1
13-1 coal
Floor strata
200m
(b)

Figure 2: Numerical calculation model diagram: (a) single bearing stratum and (b) double bearing strata.

Table 1: Mechanical properties of coal and rock.
Lithology
Unconsolidated layers
Loading layer 2
Soft rock
Loading layer 1
13# coal
Floor strata

Cohesive force
(MPa)
12.89
3.16
4.50
5.36
0.48
7.69

Internal friction
angle (°)
34.70
41.30
38.5
42.50
28.6
40.60

Uniaxial compressive
strength (MPa)
92.10
34.51
30.5
35.28
7.65
45.68

(1) A pore diameter in the grouting section was designed
φ152 mm.
(2) Follow-up grouting: grouting was performed every
30 m and advances continuously thereafter.
(3) The diﬀusion radius of grouting was 15 m.
(4) Grouting range: 60 m long along the stride of the
working face and 200 m wide along the inclined
direction.
(5) Grouting volume: 386, 460 m3.
(6) The single liquid was adopted and the rock fracture
rate was 8%.

Elastic modulus
(GPa)
25.35
9.87
10.56
11.45
2.96
15.36

Poisson’s
ratio
0.20
0.25
0.28
0.24
0.30
0.23

Tensile strength
(MPa)
15.54
4.93
3.82
5.19
0.86
7.85

(7) The grouting amount was calculated as follows:

Q�

λVηβ
,
n

(1)

where λ is the loss coeﬃcient of the grouting liquid (λ � 1.1),
V is the grouting volume (V � 386, 460 m3), Η is the fracture
rate (η � 9%), Β is the ﬁlling rate of the grouting liquid (β �
0.8), and n is the setting percentage of the grouting liquid
(0.9). Therefore, Q � 1.1 × 386, 460 × 8% × 0.8/0.9 �
30,230 m3.
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Figure 3: Movement law of the overburden strata when only one hard rock exists: advancing distances of the working face are (a) 30 m, (b)
40 m, and (c) 50 m.

The grouting material used P.O42.5 ordinary Portland
cement. The single-liquid ordinary Portland cement slurry
was prepared, while the water-cement ratio ranged between
0.6 : 1 and 0.75 : 1. The single liquid occupied the dominant
role.
The cement content was approximately T � 35,200 × 0.75
� 22,673 (tons).
Four grouting holes were designed. The distances of the
#1 to the #2 and 3# holes were 30 m and 40 m, respectively.
The distribution proﬁle of the grouting holes is shown in
Figure 5.
The grouting depth in the weathered mudstone strata
was designed to be 434.43–447.55 m. The grouting length

from the airway 1512(3) to the region above the machine
land 151(3) was designed to be 200 m. The grouting width
from the open-oﬀ cut of the working face to the region 60 m
above the stope direction was designed to be 60 m.
The theoretical and numerical calculations indicated that
the grouting pressure was set to be 10 MPa initially. The
grouting material with the P.O42.5 ordinary Portland cement and single-liquid ordinary Portland cement slurry was
prepared. The water-cement ratio was 0.6 : 1–0.75 : 1, while
the single liquid was the dominant material.
4.3. Grouting Eﬀect. The comprehensive column graphs of
the #13–#13 Kz4 holes in Figure 1 show that the region in
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Figure 4: Movement law of the overburden strata when two hard rocks exist: advancing distances of the working face are (a) 35 m, (b) 45 m,
(c) 50 m, and (d) 90 m.
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Figure 5: Ground J-type grouting hole distribution: (a) plan and (b) proﬁle views.

20–50 m above the coal seam roof was the weathered zone.
The characteristics of the grouting diﬀusion indicated that
this grouting was implemented in the 434.43–447.55 m deep
weathered mudstone layer.
Rocks before and after the grouting were observed
through SEM. Rock cores in the same layer in the grouting
and nongrouting sections were selected in preparation of the
scanning samples to observe the microscopic changes of
rocks before and after grouting (Figure 6). In the weathered
zone without grouting reinforcement, rock mass showed a
rough surface and an evident defect. Rock mass was

relatively smooth in the weathered zone with grouting reinforcement. High-pressure grouting relatively compacts
and ﬁlls the microscopic defects in the weathered rock mass.
The mudstone core in the weathered zone was crushed, while
the nonrock core conformed to the experimental standards.
A shearing resistance experiment was conducted with a few
nonstandard specimens with approximately 16.5–45 mm
height. The experimental results reﬂected that the mean
values of the shear strength and cohesion were increased by
approximately 40%. Grouting can substantially improve the
strength of the mudstone in the weathered zone.

8
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(a)

(b)

Figure 6: Comparison of the microstructures of rock masses in the weathered zone (2000 magniﬁcations, 20 με): microstructure of the
samples in the (a) unreinforced section and (b) after grouting reinforcement.

5. Stress Analysis on Supports before
and after Grouting
The relation curve between the support and the surrounding
rocks was drawn based on the numerical calculation results
and reference [16] to compare the stresses on the hydraulic
supports before and after the grouting (Figure 7).
When two key layers exist in a thin basement below the
loose water-bearing strata, the calculation formula of the
working resistance (P1 ) of support in Figure 7(a) is as follows
[17]:
P1 � Q1 + ξQ2 cos α · K,

(2)

where Q1 is the weight of rock mass ① from the region
above the support to the direct roof below key layer 1
(kN/m 3 ) and ξQ2 is the force applied by the rotation of
knife-shaped rock mass ② below the key layer 2 on
rock mass ① (kN/m 3 ).
The calculation formula of working resistance of support
in Figure 7(b) is as follows:
P2 � Q1 + ξQ2′ + μQcos α · K,

(3)

where Q1 is the weight of rock mass ① from the region
above the support to the direct roof below key layer 1 (kN/
m3), ξQ2 is the force applied by the rotation of the knifeshaped rock mass ② below the key layer 2 on rock mass ①
(kN/m3), and μQ is the force applied by the eﬀect from the
loose water-bearing strata on the roof of rock mass ②.
Figure 7 shows that the range of rock mass ② above the
single bearing stratum in Figure 7(b) was substantially larger
than that above the two bearing strata in Figure 7(a). Hence,
ξQ2 is substantially smaller than ξQ2 . Moreover, P2 involves
the additional pressure from the loose water-bearing strata
μQ compared with P1 . Accordingly, the working resistance
of support when two bearing strata exist in a thin basement
is considerably lower than that under single bearing stratum.

6. Roof Stability and Strata
Behavior Characteristic
Real-time monitoring of the working resistance of support in
the working face was conducted to the protect safety mining

of the working face. The three-dimensional contour map of
the working resistance of the hydraulic support was drawn
based on the monitoring results (Figure 8).
When the advancing distance was 70 m (i.e., the third
period pressure on the working face), the working resistance
of the hydraulic support was substantially higher than those
of the previous two periods (see Figure 8). Accordingly, this
hydraulic stress is a large period pressure. At this moment,
the working face experienced three small periodical
weightings. When the advancing distance is 120 m, the
working face developed the second strong periodical
weighting (see Figure 8). At this point, the working face
experienced seven periodical weightings, thereby conforming to previous numerical simulation results.
The step distance of periodical weighting during the
initial period at diﬀerent positions of the working face was
13–15 m. With regard to the advances to the working face,
the step distance of periodical weightings at diﬀerent positions of the working face began to decrease to 11–13 m
after the 8th periodical weighting. The initial weighting step
distance on the basic roof at diﬀerent positions of the
working face was 27.7–36.5 m, with an average of 31.5 m. The
periodical weighting step distance on the basic roof at
diﬀerent positions of the working face was 9.9–18.3 m, with
an average of 13.20 m. In particular, the weighting step
distance in the middle range of the stope was small, but the
step distances at the upper and lower ends were relatively
large. The initial and periodical weighting step distances
were slightly higher than those on the working face without
grouting reinforcement under similar conditions.

7. Conclusions
In this study, the working face 1512(3) in a thin basement
coal seam in Gubei Coal Mine is used as the research object.
The roof stability of diﬀerent strata structures on this
working face is discussed through numerical analysis, laboratory test, and ﬁeld investigation. The following major
conclusions are drawn:
(1) Under the load transmission in loose water-bearing
strata, causing a large-scaled roof subsidence in the
overlying strata when a single bearing stratum exists
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Figure 7: Working face hydraulic support that surround the rock relations: (a) double and (b) single bearing layer structures.
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Figure 8: Face hydraulic support working resistance contour map.

is easy, thereby inducing pressing frame accident.
When two bearing strata exist, the upper one can
transmit pressure from the overlying strata to the
distancing position away from the working face. The
probability of pressing frame is decreased.
(2) After ground grouting in the weathered zone, the
mean values of the shear strength and cohesion of the
mudstone in the weathered zone are increased by
approximately 40%. This result indicates that
grouting can substantially improve the mudstone
strength in the weathered zone.
(3) The overall reinforcement of the weathered zone is
conducive to realize the safety mining of the working
face. “Large and small periodical” weighting phenomena in recovery are observed. Moreover, the
initial and periodic weighting step distances are
higher than those on the working face without
grouting reinforcement under similar conditions.

The slurry achieves the expected reinforcement
eﬀect.

Data Availability
The data supporting the conclusions of the study can be
accessed from this research article. The nature of the data
used in the study is the laboratory experimental data, the
ﬁeld observation data, and the theoretical calculation data.
The laboratory experimental data used to support the
ﬁndings of this study are included within the article; mainly
the mechanical parameters used to support the ﬁndings of
this study are available from the corresponding author upon
request. The ﬁeld observation data used to support the
ﬁndings of this study are included within the article; the
grouting parameters are shown in Section 4.2 and the
grouting hole setting is shown in Figure 5. The theoretical
calculation data used to support the ﬁndings of this study are
available from the corresponding author upon request.
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Rock burst and coal and gas outburst are the most serious dynamic disasters in coal mine and are aﬀected by many factors, such as
mining engineering environment. In order to accurately predict the risk area of mine dynamic disasters, a series of impact factors
and events are classiﬁed, and the spatial data of these factors are managed on the basis of identifying the internal relationship
between the impact factors and the disasters. A multifactor pattern recognition model is established by artiﬁcial intelligence. The
risk probability prediction criteria of mine dynamic disasters and the risk probability values of each unit in the prediction area are
determined by using the method of neural network and fuzzy mathematics. The dangerous area, threat area, and safety area of
mine dynamic disasters are divided to evaluate the dangerous degree. The corresponding control measures for diﬀerent dangerous
areas are also put forward. Application of the prediction method of mine dynamic disaster factors based on pattern recognition, to
improve the implementation of mine dynamic disaster prediction and controlling measures, guarantees the safe production of the
coal mine.

1. Introduction
The practice of coal mining at home and abroad shows that
the dynamic disasters such as rock burst and coal and gas
outburst are distributed regionally, accounting for 20%–25%
of the whole mining area [1–6]. Many scholars investigated
the dynamic disasters and carried out various measures to
predict and prevent them [7–10]. The occurrence of coal
mine dynamic disaster is the result of many factors, such as
physical and mechanical properties of coal and rock, ground
stress, elastic energy, geological structure, roof lithology, gas,
and other factors [11–20]. Dynamic disasters under the
condition of diﬀerent mining areas, mines, coal seams,
geology structures, and geostresses have diﬀerent patterns;
although the accurate prediction of events in time and place
is more diﬃcult, it is possible to predict the possibility size of
this event (probability) [21].

Pattern recognition is the use of computers to classify a
series of processes or events in the condition of minimum
error rate; the automatic recognition mode, which is
assigned to the respective class to make consistent recognition results and objective conditions, is an important part
of information science and artiﬁcial intelligence [22–25]. A
study on the theoretical analysis is carried out to ﬁnd out the
inﬂuence of multiple factors and dynamic hazard relationship based on the prediction of mine dynamic disasters
with multiple factor pattern recognition probability, recognition model and pattern recognition criterion, research
design and algorithm of pattern recognition system, and the
development of mine dynamic disaster risk prediction
system [26, 27]. On the basis of spatial data management, the
probability prediction map of the mine area unit is established and the dangerous area, threat area, and safety zone of
mine dynamic disaster are divided, and the risk is evaluated

2
and corresponding control measures are put forward [28].
Prediction of multiple factor pattern recognition probability
of mine dynamic disasters is the successful application of the
method and provides a basis for mine dynamic disaster
detection and controlling, to improve the implementation of
mine dynamic disaster prediction and controlling measures
and guarantee the safe production of the coal mine [29].

2. Multiple Factor Pattern Recognition of Mine
Dynamic Disaster Risk Prediction
2.1. Principle of Multiple Factor Pattern Recognition for Mine
Dynamic Disaster. The mechanism of mine dynamic disaster is complex and has many inﬂuencing factors. It is
controlled by stress, active structure, gas pressure, coal
structure, and so on. Take the N-factor study and consider
each factor as a vector element, then the N factor forms an Ndimensional vector. Each combination of N factor is a
pattern and only corresponds to one position in the N-dimensional feature space. Similar patterns are very close in
feature space, and the patterns of diﬀerent classes are far
apart. The task of pattern recognition is to divide the feature
space in some way so that the same pattern is located in the
same area [30].
The process of multifactor pattern recognition of mine
dynamic disasters is as follows: the intrinsic relationship
between factors and dynamic disasters is ﬁrst identiﬁed,
then various factors and events are classiﬁed by computer,
and ﬁnally the research area is divided into a number of
prediction units to determine the magnitude of each
factor on the basis of the spatial data [31, 32]. The
multifactor pattern recognition technology is used to
analyze comprehensively and intelligently the area where
the mine dynamic disasters have occurred, and by this,
the prediction pattern is determined. The risk probability
of the dynamic disaster of each unit in the unexploited
prediction area is obtained via comparing and analyzing
the multifactor combination pattern of the unexploited
area with the pattern of the occurred disaster area.
According to the critical value of risk probability, the
dangerous area, threatening area, and safety area are
divided.
2.2. Algorithm of Multiple Factor Pattern Recognition for Mine
Dynamic Disaster. The multiple factor model of mine dynamic disaster can be expressed by a feature set and also can
be expressed as the feature vector of the same feature space.
Then, the diﬀerent models of mine unexplored areas to be
identiﬁed in the same feature space and the feature range of
characteristic parameters of the diﬀerent eﬀects of diﬀerent
factors will appear in the feature space in diﬀerent regions.
The multiple factor model sample of mine dynamic disaster
has an N-variable (characteristic), which can be expressed by
a vector, and the sample vector is random; therefore, x � (x1,
x2,. . ., xn) (Table 1).
In the multiple factor pattern recognition research of
mine dynamic disaster, distance similarity is the most
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Table 1: Sample vector representation of the occurrence pattern of
mine dynamic disaster.
Sample
x1
x2
⋮
xn

Variable
x1
x11
x21
⋮
xn1

x2
x12
x22
⋮
xn2

...
...
...
⋮
...

xn
x1n
x2n
⋮
xnn

commonly used, and the Euclidean distance between model
sample vectors x and y is deﬁned as the Euclidean distance:
����������

d 
2

(1)
De (x, y) � ‖x − y‖ �  xi − yi  ,
i�1

where D is the dimension of the feature space.
It represents X and Y in a type region.
Multiple factor pattern recognition of mine dynamic
disaster refers to feature selection and extraction of vector
data as training samples in the determined feature space so
as to obtain their distribution in feature space. For a pattern
sample, it corresponds to a point in the feature space. When
appropriate pattern features are selected, similar samples
will be distributed in the same region. On the contrary,
diﬀerent types of pattern samples will be far away and
distributed in other regions. Therefore, the multifactor
pattern recognition method can predict the risk of mine
dynamic disasters. There are diﬀerent models for mine
dynamic disasters in diﬀerent mining areas, mines, coal
seams, structures, and stress conditions, and the risk areas
have diﬀerent characteristics.
2.3. Multiple Factor Pattern Recognition of Mine Dynamic
Disaster Risk Prediction. Risk prediction of mine dynamic
disaster ﬁrst divides the prediction area into a limited
number of units and then compares the “calculated pattern”
in the speciﬁed unit with the pattern of the occurred dynamic disaster (memory pattern), to obtain the risk probability. The critical value of risk probability is determined by
statistical analysis. The predicted area is divided into dangerous area and dangerous area and non-dangerous area
(Figure 1). The accuracy of mine dynamic disaster prediction
is improved.

3. Multiple Factor Pattern Recognition
Visualization System for Mine Dynamic
Disaster Risk Prediction
The multiple factor pattern recognition system for prediction
of mine dynamic hazard is the visualization of information
based on GIS technology, the relationship between the basic
factors and disaster n aﬀecting identiﬁcation of mine dynamic
disasters, the use of computer artiﬁcial intelligence pattern
recognition software system and the mine dynamic disaster
prediction system integrated with the data processing process
automation, the establishment of rules and procedures, by
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Figure 1: Determination of critical value of mine dynamic disaster
risk and division of dangerous area.

inference, and the start execution module to implement the
rules.
To allow the computer to complete the recognition task,
the information input to the computer must ﬁrst be classiﬁed
in object recognition, scientiﬁc classiﬁcation of abstract
objects, initial operation procedures—ﬁrst by the sample
data preprocessing module made by the training sample
library—learning module to produce classiﬁcation, and start
regional prediction identiﬁcation module identiﬁcation
analysis (Figure 2).
Application of the multiple factor pattern recognition
prediction system of risk probability can directly display the
position of the corresponding relationship between the mine
dynamic hazard distribution and mining roadway engineering; the method describes the quantitative prediction of mine
dynamic disasters, and can clearly display the risk probability
of each grid value (Figure 3).

4. Study on Risk Prediction of Rock Burst
Happened in a Coal Mine of China
4.1. In Situ Case of Rock Burst. The average mining depth of
coal mine in China is 800–1000 m, and the deepest depth
has reached to 1080 m. With the increase of mining depth,
mine dynamic disasters occur frequently with high
strength. Severe rock burst phenomena occurred during
the mining process after the mining entered the deep
mining area. Since the record of rock burst, 24 rock burst
phenomena have occurred, with magnitude ML � (0.5–3.0).
Among them, the rock burst, occurred on June 19, 2007,
has damaged the roadway about 500 m and rushed out
3700 m3 of coal, resulting in casualties and damages of
roadways and equipment. It has a serious threat to the
safety of mine production.
Application of multiple factor pattern recognition prediction method of risk probability, the main eﬀect of mine
dynamic disasters including investigation, mining depth and
geological structure (folds and faults), stress, mechanical
property of coal seam, roof lithology, and the inﬂuence
factors for the N class model, established the mine dynamic
disaster risk factors pattern recognition probability prediction model (Figure 4).

4.2. Risk Zoning of Rock Burst. According to the size of the
mining ﬁeld, a calculate model is established. The model is
7.5 km in length and 5.5 km in width with about 41.25 km2 in
area. Based on this model, the application of multiple factor
pattern recognition method to forecast scope of mine area is
divided into 50 m × 50 m grid unit 9506; each unit grid
corresponding the risk probability value of rock burst is
solely according to statistics, with 0.43 and 0.66 as the critical
values of risk classiﬁcation, less than 0.43 for the safety zone
and more than 0.66 for the danger zone. Threatening area
between the two and the ﬁnal forecast of mine area is divided
into dynamic hazard zone (29%), the threatened area (35%),
and the safety zone (36%), respectively, the risk degree of
each color represents region (Figure 5).
4.3. Mine Dynamic Disaster Prevention and Control
Technology. Prevention technology of dynamic disaster in
coal mine is a prerequisite for regional prediction. In
practical work, according to the risk probability values of
diﬀerent locations, regional measures are ﬁrst selected to
eliminate the risk. If conditions do not permit, the appropriate local measures are then adopted to reduce the risk.
Local detection methods are adopted to determine whether
the following mining activities can be carried out or more
intensive safety measures should be strengthened. Among
them, the corresponding prevention measures are adopted
for diﬀerent risk grades. According to the prediction results
of multifactor pattern recognition and risk classiﬁcation of
mine rock burst risk, the corresponding prevention and
control measures are as follows:
(1) Dangerous area of rock burst (0.66 ≤ k < 1.0). Take
regional governance and local relief measures to
detect the eﬀect of prevention measures and
strengthen the monitoring of mine dynamic
disasters.
(2) Threat area of rock burst (0.43 ≤ k < 0.66). It should
take local relief measures in the rock burst threat
area. In the operation, we should strengthen the
detection of dangerous state and carry out the
mining operation under the safe condition.
(3) Safety area (0 ≤ k < 0.43). The normal mining work
can be carried out according to the operation rules.

5. Conclusion
(1) The multiple factor pattern recognition probability prediction method to realize the mine dynamic hazard prediction from prediction to
regional prediction, from single factor to the
multiple factor prediction, and from qualitative to
quantitative prediction of prediction direction,
improves the accuracy of prediction of mine dynamic hazard.
(2) Based on the GIS technology, on the basis of
ﬁnding out the inﬂuence factors and their relations of mine dynamic disasters, we use computer artiﬁcial intelligence to establish the
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Figure 2: Design of mine dynamic disaster pattern recognition system.
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Figure 5: Regional division of mine dynamic disaster risk
prediction.

multiple factor pattern recognition model and
probability prediction rule and determine the
probability of the prediction area units. Multiple
factor pattern recognition probability prediction
method improves the level of mine dynamic disaster risk area prediction.
(3) The multiple factor pattern recognition method
can be applied to predict the risk probability of
dynamic disasters in situ and to divide the studied
area into the danger zone, threatened zone, and
safe zone. By this, risk probability at the location of
mining activities can be determined in advance,
and the corresponding control measures are taken
in advance. These can reduce the risk degree of
dynamic disaster and guarantee the safety of the
mining operation.
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The shield-roof interaction as mining proceeds in longwall panels remains unclear, hindering the further increase of longwall
productivity. To uncover the mechanisms of shield-roof interaction, using our self-developed Status of Shield and Roof
IntelliSense (SSRI) system, we investigated the eﬀects of idle time, retreating rate, setting pressure, yielding, and shearer’s cutting,
as well as neighboring shields’ advance on the spatial-temporal evolution of leg pressure and leg closure of shields. Our results
show that the shield-roof interaction is not only dependent on the shield capacity, but also collectively determined by the timerelated factors, the geological condition, the setting pressure, yielding characteristics, and mining method. Understanding the
shield-roof interaction in longwall panels enables us to apply the SSRI system for ground control in longwall coal mines. Early
warning of severe roof weighting can be achieved by establishing a warning model based on the decision tree algorithm. Apart
from this, we can also assess the working condition of yield valve and diagnose ﬂuid leakage of shield cylinder using the SSRI
system. Finally, we propose the research prospects on shield-roof interaction in longwall panels to achieve a more reasonable
determination of shield capacity, prediction of roof fall and coal wall spalling, and self-adaptive control of the shield.

1. Introduction
Longwall mining is currently the predominant coal mining
method in China, thanks to its high eﬃciency of coal
production [1, 2]. The recent advances in large-cuttingheight mining has launched a new era of longwall coal
mining [3]. For instance, Shangwan mine located in Inner
Mongolia started the coal production in the Panel LW 12401
using a record-breaking large-mining-height of 8.8 m on 19
March 2018. Large-cutting-height mining requires strong
shield to support the extraordinarily high roof loading, and
therefore, the shield capacity in this panel reaches 26,000 kN
by increasing the diameter of shield leg. Nevertheless, a
strong shield does not necessarily address all the issues in the

longwall panel with large-cutting-height. Shield crushing
still occurs during the retreating of some panels [4, 5]. It is
also reported that the roof between the front tip of the shield
canopy and the coal face falls occasionally [3, 5]. The unwanted idle time caused by roof falls and shield malfunctions
hinders the additional growth of longwall productivity. The
occurrence of these problems indicates our limited understanding on the shield-roof interaction.
For decades, many researchers have proposed various
methods, models, and theories to interpret the shield-roof
interaction and to determine the shield capacity. For example, detached roof block method [6, 7], yielding foundation model [8], design of powered support selection model
[9], ground response curves [10], “Roof -support-ﬂoor”
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system model [11], and Voussoir beam theory [12]. These
studies have deepened our understanding on the roof activities and the interplay between shield and roof. Nevertheless, these results which are based on idealized deduction
can be hardly applied in practice, because of complex
geological conditions underground.
The development of monitoring and computer techniques enables us to continuously record a fair amount of
data of the panel production and shield resistance. A
comprehensive analysis of the recorded data can help us to
gain a deeper understanding on the shield-roof interaction.
Many researchers have made such attempts to analyze the
shield-roof interaction by developing various computer
programs [13–17]. It is worth mentioning that has conducted a comprehensive analysis using their self-developed
longwall visual analysis (LVA) software on shield-roof interaction based on Australian longwall coal mines [18–21].
Moreover, they put forward the methods for predicting roof
weightings and roof falls. These studies have signiﬁcantly
advanced the application of monitoring and computer
techniques in coal mine ground control.
However, a better interpretation of the recorded data is
impeded primarily due to the following issues. First, current
analysis on the tempoevolution of leg pressure in a singleshield supporting cycle does not extract enough information
for characterizing the shield-roof interaction. Researchers
typically interpret the time-weighted average pressure
(TWAP), number of yielding events, setting pressure, and
ﬁnal pressure from a single shield cycle [13, 15–17, 20]. These
parameters are however far from enough to help us understand the complex shield-roof interaction. Second, the
supporting characteristics of one shield should be correlated
with the neighboring shields. The roof stratum is not a series
of discrete blocks with their widths being equivalent to the
shield width, as assumed in the current shield capacity
calculation methods [5]. Instead, the roof stratum is more
likely to be a continuous block acting on a set of shields, and
all the shields resist the roof deformation collectively. Any
change of the load on one shield is expected to aﬀect the
other adjacent shields. Third, existing studies only collect the
total number of yielding events in each shield cycle [21], but
overlook other important yielding characteristics, such as
the leg pressure and the time duration of yielding events.
These characteristics are useful to shed lights on the shieldloading quality and the shield-roof interaction. Fourth, both
the leg pressure and leg closure should be considered to
better interpret the shield-roof interaction. Yielding of the
shield occurs when the roof loading exceeds the load capacity of a shield by yield valve open and leg closure. The
roof displacement can be negligible if yielding does not
occur, while the leg closure primarily determines the roof
displacement in the case of yielding. Finally, it is believed
that other factors, such as time, the geological condition, and
the mining method can greatly inﬂuence the supporting
characteristics of shield [22–24], while few studies accounting for these factors have been conducted.
Although extensive studies have analyzed the shield-roof
interaction, the mechanisms of shield-roof interaction remain unclear considering the above remaining issues. The
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objective of this study is to uncover the mechanisms of
shield-roof interaction and improve our ability of roof
control during longwall coal mining. Based on the selfdeveloped Status of Shield and Roof IntelliSense (SSRI)
system, we ﬁrst investigate the characteristic parameters of
shield measured in the ﬁelds considering the eﬀects of idle
time and longwall retreat rate, setting pressure, yielding,
shearer’s cutting, and advance of neighboring shields. Second, we present the preliminary application of SSRI system
in roof control regarding early warning of severe roof
weightings and assessment of supporting quality. Finally,
based on the state-of-the-art results, we make some recommendations for future study on shield-roof interaction in
longwall panels.

2. Methods: Longwall Shield Monitoring and
Data Analysis
Several techniques can be used to monitor the loading
characteristics of shields in longwall panels. The leg pressure
sensor is usually provided by the electrohydraulic shield
manufacturer to continuously measure the leg pressure. The
frequency of data recording, which depends on the manufacturer, varies from one data per second to several
minutes. It is inferred that a ﬁner time increment would be
more helpful in investigating the shield-strata interaction
because more valuable data would be provided. In addition,
the infrared system is usually installed on the shield and
shearer to trace the location and moving direction of the
shearer. The reed rod sensor can be used to document the
DA ram extension distance. Another sensor is developed in
the present study to measure the real-time leg closure [25].
The shield cycle refers to the time duration which starts
from the initial setting of the leg pressure and ends with the
subsequent leg setting (Figure 1(a)). Therefore, during each
cycle, the shield experiences ﬁrst setting, loading, unloading,
and forward-moving. Based on the loading/unloading
characteristics of the shields, researchers have classiﬁed
the shield cycle into three distinct stages: setting period, roof
deformation period, and supporting area change period
[22, 23]. Other researchers proposed four stages instead:
initial period, relatively stable period, cutting-inﬂuenced
period, and neighboring shield movement period [26].
These studies shed lights on the supporting behavior of
shields. Based on the proposed stages of the shield cycle, we
characterize the shield loading and displacement from the
shield supporting cycle which is obtained from the SSRI
system. The SSRI system can extract more than 20 characteristic parameters during a shield-supporting cycle. We
deﬁne the parameters used in this paper as follows:
2.1. Setting Pressure and Revised Setting Pressure. The setting
pressure is the active pressure that a shield initially provides
to support the roof when the shield canopy just set against
the roof and the hydraulic ﬂuid supply ends (point ps in the
insets of Figure 1(a)). After the inﬂow of hydraulic ﬂuid is
terminated, it is common to observe that the shield pressure
decreases slightly (0.5∼5 MPa) and quickly (1∼3 mins) once
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Figure 1: Shield supporting cycle. (a) Temporal evolution of shield resistance and loading rate in a typical shield-supporting cycle without
yielding. The three periods are (I) initial period, (II) relatively stable period, and (III) cutting-inﬂuenced and neighboring shield advance
period. (b) An example determination of shield-supporting cycle by SSRI (Panel LW22306 of Bulianta mine). ps, psr, and pf denote setting
pressure, revised setting pressure, and ﬁnal pressure, respectively.

the ﬁlling is terminated after the predetermined value is
achieved (Figure 1(a)). The reduction of shield pressure in
this period can be attributed to several reasons. On the one
hand, crushing of the coal/rock pieces on the top of the
shield canopy or below the shield base causes the extension
of the leg cylinder thereby decreasing the leg pressure
slightly since no more hydraulic ﬂuid is supplemented. On
the other hand, the extension of leg cylinder does not terminate immediately when the valve is closed due to inertia,
which may also contribute to the decrease of leg pressure.
We deﬁne the shield pressure at the new steady state as the
revised setting pressure. Unless otherwise stated, setting
pressure in the context of this paper is the revised setting
pressure.
2.2. Loading Rate in Each Period. The loading rate in each
period of the supporting cycle is shown in Figure 1(a) along
with the evolution of shield resistance, which is calculated
every ﬁve minutes. The loading rate in the initial period is the
load-increasing rate shortly after initial setting of the shield
(normally 5–20 mins). It depends on the intrinsic properties
of shield and geological conditions, so it is a measure of the
severity of roof activity. The loading rate at relatively stable
period normally keeps at a low level. In most cases, this
period occupies most time of the supporting cycle, and
therefore, the loading rate in this period is critical for
evaluating the supporting characteristics of a shield. The
loading rate during cutting-inﬂuenced period and neighboring shields’ advance period describes the load increasing
rate when the shearer drum approaches and passes the shield
of interest and its neighboring shields advance.
2.3. Final Pressure and Time-Weighted Average Pressure
(TWAP). The ﬁnal pressure of a shield (pf in Figure 1(a))

attains when its neighboring shields are lowered and advanced, which is normally considered as the maximum
pressure in the whole supporting cycle. When there are few
or no yielding events during the supporting cycle, the timeweighted average resistance (TWAP) considering the temporal evolution of shield resistance is more suitable for
characterizing the supporting characteristics. An example of
the temporal evolution of these two parameters is shown in
Figure 2.
2.4. Leg Closure of the Shield. When the setting pressure is
achieved, the nonreturn valve is closed and the hydraulic
ﬂuid inside the cylinder is in a closed state and supports the
shield leg. In the whole supporting cycle, leg closure can
occur due to unloading during yielding, the elastic compression of hydraulic ﬂuid, and sometimes minor leakage of
hydraulic ﬂuid.
2.5. Parameters Associated with Yielding. When the roof
loading on the shield reach the shield capacity, the yield
valve opens to prevent the shield from damaging by expelling some of the high-pressure ﬂuid out of the cylinder to
lower down the ﬂuid pressure in the cylinder. Afterwards,
the yield valve closes. The time interval in between the open
and close of the yield valve is referred to as a yielding cycle.
Detailed deﬁnition of each parameter associated with
yielding is as follow:
(a) The pressure at which the yield valve opens (pyo in
Figure 3)
(b) The pressure at which the yield valve closes, that is,
when a yielding cycle ends (pyc in Figure 3)
(c) The pressure drop during a yielding cycle is the
reduction of shield resistance in between the open
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Figure 2: Evolution of (a) ﬁnal pressure and (b) time-weighted average pressure (TWAP) with longwall retreating time in Panel LW22306 of
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and the subsequent close of the yield valve (Δpa in
Figure 3)
(d) The pressure increment in between two consecutive
yielding events is the increase of shield resistance
from the time when the yield valve closes to the time
when the yield valve opens (Δpb in Figure 3)
(e) The duration of a yielding cycle is the time interval
starting from the open to the subsequent close of the
yield vale (ta in Figure 3)
(f ) The load-increasing period from the end of the last
yielding to the beginning of the next yielding (tb in
Figure 3)
Yielding contributes mostly to the total leg closure, so it
is vital to investigate the leg closure characteristics during
each yield valve open circumstance. Parameters including
the number of yielding, yield pressure, and average pressure
drop during yielding of LW223046 in Daliuta mine during
520 h are shown in Figure 4. 4407 among 53029 working
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Figure 4: Evolution of (a) the number of yielding, (b) yield pressure, and (c) average pressure drop during a supporting cycle with longwall
retreating time in panel LW22306 of Bulianta mine.

cycles experience yield valve open. Speciﬁcally, the number
of yielding ranges from 1 to 18 with an average value of 3.06
(Figure 4(a)). The yield pressure is between 44.1 MPa and
60 MPa with an average value of 46.37 MPa (Figure 4(b)).
The average pressure drop during yield valve open is
0.9 MPa∼7.8 MPa with an average of 2.17 MPa (Figure 4(c)).
The working status of any shield in any time and the severity
of roof weighting can be readily obtained by analyzing the
parameters associated with yielding.
Notations: pyo-pressure at which yield valve opens, pycpressure at which yield valve closes, pf-ﬁnal pressure, Δpapressure drop during a yielding cycle, Δpb-pressure increment in between two consecutive yielding events, taduration of a yielding cycle, and tb-load increasing period in
between two consecutive yielding events.
2.6. Parameters Associated with Periodic Roof Weighting.
When the roof of the longwall panel is hard and strong, the
periodic caving of the strong roof leads to severe and sudden
roof weightings, probably causing shield damage, roof fall,
and even casualties [23]. To achieve the early warning of
severe roof weighting, the following parameters are used.
(a) Length of retreat in between two consecutive roof
weights
(b) Periodic weighting interval: time interval in between
two consecutives roof weightings

(c) Periodic weighting intensity factor: the ratio between
TWASD in weighting and nonweighting periods
(d) Supporting density: shield load divided by the area of
shield canopy
(e) TWASD: time-weighted average supporting density
(f ) Number of supporting cycles experiencing roof
weighting
A typical set of results of these parameters are shown in
Figure 5.

3. Sites Description
The SSRI system has been widely used in 23 longwall panels
in China and the U.S. since 2014. The data presented in this
study are collected from 11 longwall panels among these
panels. Nine panels are situated at the Shenfu-Dongsheng
coal ﬁeld, and one panel is in the Yongcheng coal mine. The
other two panels are at the Appalachian Coal Basin in the
U.S. These panels are thought to be representative of geological conditions, mining techniques, and the equipment
standards of modern longwall panels.
The main parameters of these longwall panels are listed
in Table 1. Take note that all the panels are equipped with
two-leg hydraulic shields. The lithological strata of these
three panels are presented in Table 2. Daliuta mine has a
strong roof, showing conspicuous and severe periodic roof
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Figure 5: Evolution of (a) periodic weighting interval, (b) periodic weighting intensity factor, (c) average TWASD during consecutive roof
weightings, and (d) number of cycles experiencing roof weighting, with longwall retreating time in Panel LW22306 of Bulianta mine. The
upper x-axis denotes length of retreat.

weightings, and the yield valve opens during weightings
(shield capacity is 1500 t). Panel LW 63 in Cumberland mine
has a medium-weak roof, showing minor roof weightings,
and the yield valve almost keeps closed (shield capacity is
900 t). Panel LW203 in Yongcheng mine has a very weak
roof. The thin bedrock is weathered severely with thick
overlaying loose layers. The designed shield capacity is only
400 t, which is not suﬃcient to support the roof. Yield valve
opens frequently, and thus large leg closure occurs.

4. Results and Discussion: Factors Influencing
the Supporting Characteristics of Shield
4.1. Eﬀects of Idle Time and Longwall Retreating Rate. The
time-dependent deformation and failure of roof strata
can signiﬁcantly inﬂuence the shield-roof interaction [23].
In longwall coal mining, the retreating process only lasts
for tens of minutes to several hours, while the idle time
occupies longer time due to various reasons such as regular
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Table 1: Proﬁle of study panels.

Longwall panel
Yongcheng-LW203
Cumberland-LW63
Daliuta-LW22304
Buertai-LW 22202
Buertai-LW22106
Bulianta-LW12520
Shangwan-LW12302
Emerald LW47
Shangwan-LW22101
Shangwan-LW12106
Bulianta-LW22306
Bulianta-LW22307

Cover depth
(m)
406
265–335.3
154–164
240–320
322–342
295–305
295.3
201
75–100
99–119
130–145
255–275

Panel width
(m)
189
470
260.8
260.5
219.6
330
287
312
316.6
298
311
301

Mining height
(m)
2.9
2.1
4.1
2.7
3.2
4.3
4.5
2.1
6.1
6.8
6.8
6.8

Table 2: Stratigraphic sequence of study panels.
Strata
Cumberland-LW63
Limestone
Claystone
Coal
Claystone
Limestone
Gray clay shale
Pittsburgh ﬁrst rider coal seam
Gray clay shale
Coal seam
Gray clay shale
Daliuta LW22304
Sandy mudstone
Coarse sandstone
Fine sandstone
Coarse sandstone
Mudstone
Coal (mined seam)
Middle-ﬁne sandstone
Siltstone
Carbon mudstone
Coal seam
Fine sandstone
Yongcheng LW203
Loess
Sandy loam
Sandy mudstone
Aluminum mudstone
Mudstone
Mudstone
Sandy mudstone
Coal seam
Sandy mudstone

Thickness (m)
4.5
0.7
0.56
0.65
6.1
1.8
0.39
0.3
1.88
1.37
2.8
29.6
3.7
12.7
2.5
7
18
7.8
0.2
4.4
4.57
380
3.86
4.93
3.89
4.65
6.38
3.21
2.8
4.92

maintenance of machinery and unpredictable decay caused
by adverse underground environments. It is therefore important to consider the eﬀect of idle time on supporting
characteristics of shield. In the following, we analyze the
eﬀect of idle time under two roof conditions: strong roof and
medium-weak roof. The simpliﬁed lithological strata for
panels with a strong roof (Panel LW22304 in Daliuta mine)

Shield capacity
(t)
400
900
1500
1020
1200
2000
1200
900
1080
1800
1800
1800

Yield pressure
(MPa)
41
43
47.2
45
45.8
50
47.2
43
43
45.8
45.8
45.8

Shield-supporting density
(MPa)
0.7
0.847
1.731
1.151
1.242
1.782
1.449
0.847
1.213
1.544
1.544
1.544

and a medium-weak roof (Panel LW63 in Cumberland
mine) are shown in Table 2.
A continuous spatial-temporal evolution of shield resistance during 130 h in Panel LW22304 of Daliuta mine is
shown in Figure 6(a). In between this period, there are two
long idle times, lasting for 40 h and 25 h, respectively.
Because of diﬀerent roof-weighting characteristics, there
are two distinct evolution characteristics of shield resistance along the dip direction. In the ﬁrst case, the shield
resistance increases rapidly after initial setting (No. 20–60
shields in Figure 6(a)) and reaches the shield capacity.
During this period, the yield valve frequently opens, and
thus the cumulative roof convergence is obvious. For No.
70–150 shields, after initial setting for around 25–40 h, the
shield resistances keep relatively constant and are mostly
below 30 MPa. In Figure 6(b), the continuous spatialtemporal evolution of shield resistance during 70 h in
Panel LW63 of Cumberland mine are shown. The panel
stops advance for 35 h as indicated in Figure 6(b). In this
idle period, shield resistances increase in varying degrees.
The temporal evolution of shield resistance during a typical
shield supporting cycle under strong roof and mediumweak roof are plotted in Figure 7. The data for strong roof
are the results during a roof-weighting period, during
which the shield resistance increases abruptly after initial
setting. The initial loading rate (ﬁrst ∼5 h) is 0.083 MPa/
min, after which the shield reaches the shield capacity, and
thus the yield valve starts to open frequently. The initial
loading rate (ﬁrst ∼20 h) is 0.015 MPa/min for the case of
medium-weak roof, the shield resistance tends to stabilize
below the shield capacity after around 20 h.
In general, for strong roof, the shield resistance after
initial setting during idle time depends on roof activity. If the
main roof already breaks and starts to rotate, the shield
resistance will increase rapidly. The shield resistance keeps at
a high level during the whole idle time. The load increment
and roof convergence both increase as the idle time increases. If the main roof does not break, the weight of
immediate roof determines the shield resistance. In this case,
the shield resistance keeps at a low level during the idle time.
For the case of medium-weak roof, there is no obvious
periodic weighting during the idle time. The shield resistance
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Figure 6: Change of shield resistance with longwall retreating time. (a) Two long idle periods in Panel LW22304 of Daliuta mine with hard
roof. (b) One idle period in panel LW63 of Cumberland mine with medium-weak roof.

is dependent on the weight of overlaying strata, and its slow
increase is mainly caused by strata splitting.
To consider the eﬀect of retreating rate, the frequency
distributions of TWAP in supporting cycle with duration
shorter and longer than 2.5 h for Panel LW22304 with hard
roof are shown in Figure 8(a). When the duration of
supporting cycle is shorter than 2.5 h, TWAP shows a

typical normal distribution with an obvious plateau at the
right corner. When the duration of supporting cycle is
longer than 2.5 h, the TWAP shows two distinct peaks,
representing the load distributions in nonweighting and
weighting periods, respectively. The left peak represents
the maximum TWAP during the nonweighting period,
which is nearly at the same value in comparison with that
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Figure 8: Frequency distribution of TWAP in longwall panels with strong roof (a) and medium-weak roof (b).

in the supporting cycle with duration shorter than 2.5 h,
indicating that the load does not increase too much during
the nonweighting period in supporting cycles with duration longer than 2.5 h. However, the right peak shows a
TWAP as high as 40 MPa in the roof-weighting period.
When the duration of supporting cycle is longer than 2.5 h,
the supporting cycle with TWAP larger than 40 MPa
(shield capacity is 47.2 MPa) occupies 23%. For the supporting cycle shorter than 2.5 h, TWAP of only 7.5% of the
supporting cycle are larger than 40 MPa (Figure 8(b)). The
load distribution of shield in Panel LW 63 with the
medium-weak roof shows diﬀerent characteristics. With
the increase of the duration of the supporting cycle, the
peak of TWAP distribution moves rightward (Figure 8(b)),
indicating that TWAP decreases a little bit with increasing
retreating rate. According to our study, the longwall
retreating rate has a profound inﬂuence on roof loading. Although faster retreating rate cannot prevent the

convergence of overlaying strata, it can maintain a good
roof condition, achieving a good roof control quality.
4.2. Eﬀect of Setting Pressure. The traditional view on the
setting pressure of shield is that a higher setting pressure not
only can help to reduce splitting of roof strata and thus
improve the stability of roof, but also can prevent spalling of
coal wall and reduce the roof damage in between the shield
canopy and the coal wall. It is recommended that 0.6–0.85
times of shield capacity can be set as the setting pressure
[27, 28]. However, the traditional view was proposed based
on the low shield capacity several decades ago. Nowadays,
with the increase of shield capacity, our data show that the
average setting pressure is 20.18–25.82 MPa in all the 10
panels (Table 3), which is only approximately half of the
shield capacity. Therefore, there are still several questions to
be addressed regarding the setting pressure. Our previous
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Table 3: The averaged values of setting pressure for 10 longwall panels.

Mine site
Daliuta-LW22304
Shangwan-LW12106
Bulianta-LW12520
Bulianta-LW22306
Bulianta-LW22307
Shangwan-LW12302
Buertai-LW 22202
Buertai-LW22106
Shangwan-LW22101
Cumberland-LW63, US

Average measured setting
pressure (MPa)
23.74
25.82
23.77
23.49
23.42
22.98
25.03
21.85
20.18
22.66

work shows that the setting pressure has little inﬂuence on
the load-increasing characteristics of shield after initial
setting when there are no or few yielding events [24]. As
shown in Figure 9(a), neighboring shields with diﬀerent
setting pressures follow a similar temporal evolution trend of
shield resistance during a typical supporting cycle. Besides,
TWAP is positively correlated with the setting pressure and a
higher TWAP can be achieved by a higher setting pressure
(Figure 9(b)). The setting pressure imposes minor eﬀect on
the pressure increment during the whole supporting cycle
(Figure 9(b)). When the shield capacity is inadequate,
yielding is frequent, and a higher setting pressure tends to
increase the number of yielding (Figure 10(a)). Moreover, a
higher setting pressure shortens the time required to reach
the ﬁrst yielding and increases the cumulative leg closure
(Figure 10(b)).
4.3. Eﬀect of Yielding. For a shield showing frequent yielding,
the yielding characteristics are far more important than the
shield capacity, whereas the mine managers and mining
engineers usually take the shield capacity as the only parameter to assess a shield. They may hold the view that the
frequent yielding of shields is a sign of inadequately designed
capacity. In fact, even though the shield capacity reaches
2200 t in Shendong coal ﬁeld, yielding still occurs frequently.
If the shield capacity is inadequate, the supporting load
provided by the shield is not enough to prevent the overlaying strata from moving down, leading to the open of yield
valve. According to the ﬁeld data, the allowable leg closure
before yielding is very limited because of the large stiﬀness of
the shield. Normally, the leg closure before yielding is
smaller than 10 mm except for cases with extremely low
setting pressure (Figure 11). Moreover, the stiﬀness of shield
drastically reduces during continuous yielding compared to
that before yielding. As shown in Figure 11, the stiﬀness
becomes 0.36 times of that before yielding. The reduced
stiﬀness of shield leads to dozens of times of leg closure than
that before yielding or even larger.
Hence, if yielding cannot be avoided, the yielding
characteristics of shield determine the supporting characteristics of shield compared to the shield capacity. An ideal
working condition of yield valve is that it can respond
quickly to the yield load. That is, the yield valve can open

Average measured setting
load/shield load capacity
0.5
0.56
0.48
0.51
0.51
0.49
0.56
0.48
0.47
0.53

Average measured setting load
density (MPa)
0.87
0.87
0.85
0.79
0.79
0.71
0.63
0.59
0.57
0.44

immediately once yield pressure is achieved to expel a small
quantity of hydraulic ﬂuid and then close quickly. A desirable working condition of yield valve can ensure a small
leg closure but present shield crushing from happening.
4.4. Eﬀects of Shearer’s Cutting and Advance of Shields.
Before and after shearer’s cutting and neighboring shields’
advance, the stable shield-roof interaction state is interrupted, leading to the rapid increase of shield resistance until
a new stable state is reached. Field data show that the
inﬂuencing period of shearer’s cutting and neighboring
shield’s advance is in between about 20 mins after initial
setting and about 10 mins before shield advance. During this
period, the load increasing rate (0.2∼3 MPa/min) is normally
dozens of times of that during relatively stable period (less
than 0.1 MPa/min).
Previous studies conducted by the authors show that
under the independent inﬂuence of shearer’s cutting (Figure 12), i.e., without neighboring shield’s advance, the load
increase in the short period preceding shield advance ΔPR is
related to the position of the shearer’s D (the distance between the shield and the shearer’s front drum) by the following function [24, 29]:
ΔPR �

ΔL
,
1 + ΔLpeD ln q

(1)

where ΔL is the ﬁnal value after pressure increase and p and
q are constants.
Under the combined inﬂuence of shearer’s cutting and
neighboring shield’s advance (Figure 12), i.e., the neighboring shields are advanced after shearer’s cutting, the load
increment in the short period preceding shield advance ΔPR
is related to the position of the shearer’s D (the distance
between the shield and the shearer’s front drum) by a
quadratic function [29]:
ΔPR � aD2 + bD + c,

(2)

where a, b, and c are constants.
In addition, the geological condition and the shield
capacity can impose additional inﬂuences on the load
increasing characteristics during shearer’ cutting and
neighboring shield’s advance. For panels with a strong roof,
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Figure 9: Eﬀect of setting pressure when there is no yielding. (a) Temporal evolution of shield resistance of neighboring shields with
diﬀerent setting pressures. (b) TWAP and pressure increment versus revised setting pressure.
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Figure 10: Eﬀect of setting pressure on yielding characteristics. (a) Number of yielding and (b) ﬁrst yielding time and cumulative leg closure
versus revised setting pressure.

the roof activity is critical for the load-increasing characteristics during shearer’ cutting and neighboring shield’s
advance. As shown in Figure 13(a), the cantilever beam is
short, and the pressure increment after initial setting and
before advance is not obvious (stage a in Figure 13(a)).
With the increase of the cantilever beam length, the
equilibrium state of roof is interrupted and the loading rate
before advance increases (stage b in Figure 13(a)). Afterwards, the load increasing rate during relatively stable
period increases dramatically until the frequent open of
yield valve (stage c in Figure 13(a)).
When it comes to weak roof equipped with shields of
suﬃciently high capacity (Figure 13(b)), the pressure increment after initial setting and before advance is large,

which can be 5–25% of the shield capacity in the case of
Figure 13(b). Moreover, the load increasing rates after
initial setting and before advance are similar. This is attributed to the fact that the weight of overlaying weak roof
is the load on the shield. When the shield capacity is adequate, the shield resistance increases rapidly during
shearer’s cutting and neighboring shield’s advance
(Figure 13(b)). For inadequate shield capacity, yield valve
opens more frequently (Figures 13(a) and 13(c)). However,
it is hard to distinguish this diﬀerence from the shield
resistance and loading rate. The diﬀerence is clear when it
comes to leg closure (Figure 13(c)), the rate of which
(normally 1 mm/min) can be one magnitude higher than
that before shearer’s cutting.
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5. Preliminary Application of SSRI in
Ground Control
Building on the insights gained on shield-roof interaction
from ﬁeld data interpretation, we present the preliminary
application of the SSRI system in ground control in two
aspects, i.e., early warning of severe periodic roof weightings
and assessment of the supporting quality of shield.
5.1. Early Warning of Severe Roof Weightings. The periodic
roof weighting in longwall panel is temporally nonuniform
along the dip direction. The real-time monitoring of leg
pressure of all shields in the longwall panel provides the

dataset for SSRI to extract the characteristic parameters of
shield associated with roof weightings to construct the
warning model of roof weightings. By detecting the few
shields that are experiencing roof weighting, we can predict
the arrival of an incoming large-scale roof weighting
(Figure 14).
Speciﬁcally, we ﬁrst chose the characteristic parameters to evaluate the loading degree of each shieldsupporting cycle, including the load-increasing rates
during the initial setting period, relatively stable period,
and before shield advance, the ratio of TWAP and
shield capacity, the yielding characteristics, leg closure
rate, and time duration of each supporting cycle. The
decision tree algorithm has been employed to evaluate the
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Figure 13: Temporal evolution of shield resistance and loading rate under strong roof (a) and medium-weak roof (b) with adequate shield
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Upon the completion of the warning model of roof
weightings, we establish a roof-weighting index to classify
the intensity of roof weighting into 5 levels (Figures 15 and
16). Once the index exceeds the critical value, an early
warning signal will be sent out.
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Figure 14: Temporal-evolution of shield resistance denoting early
warning of periodic roof weighting.

loading degree in the current supporting cycle by identifying the characteristic parameters in the last supporting
cycle.

5.2. Assessment of the Supporting Quality of Shield
5.2.1. Assessment of Yield Valve Open. As discussed above,
the working condition of yield vale is critical when the shield
capacity is inadequate. However, ﬁeld observation shows
that the yield valves are not maintained properly, resulting in
a low stiﬀness of shield. Taking the Yongcheng mine as an
example, we discuss the existing issues on yield valve.
(1) Higher Open Pressure and Lower Close Pressure. If the
yield valve opens before yield pressure, we do not take full
advantage of the shield capacity. In other cases, the yield
valve may keep closed beyond yield pressure, which is
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dangerous because high ﬂuid pressure inside the cylinder
can probably cause shield damage. As shown in Figure 17(a),
more than half of the shields in Panel 203 in Yongcheng
mine are malfunctioning.
(2) Delayed Response of Yield Valve. The yield valve may also
fail to close rapidly after it opens. In this case, the long
duration of yield valve open decreases the stiﬀness of the
shield, and thus the roof moves down signiﬁcantly. When
there are severe roof weightings or longer supporting cycles,
the shield may experience crushing. Most of the yield valves
keep open for more than 1 min in most of the yielding cycles
(Figure 17(b)), leading to a leg closure more than 1 mm in
65.2% yielding cycles (Figure 17(c)), and the pressure reduction are more than 2 MPa (Figure 17(d)).

5.2.2. Diagnosing Fluid Leakage. Except for the existence of
rock debris, soft base, and/or roof, the sealing leakage of leg
cylinder is the main cause of the decrease of shield resistance.
The decrease of shield resistance caused by two diﬀerent
degrees of ﬂuid leakage is shown in Figure 18, with the ﬁrst
case experiencing a minor ﬂuid leakage (Figure 18(a)) while
the second experiencing a rapid ﬂuid leakage (Figure 18(b)).
In the case of minor leakage (Figure 18(a)), the decreasing
rate of shield resistance is relatively constant and small at
0.01–0.1 MPa/min. The leg has a certain residual resistance
before advancement. The decrease of shield resistance
caused by minor ﬂuid leakage is extremely small and thus
diﬃcult to detect. For the case of rapid ﬂuid leakage
(Figure 18(b)), the decrease of shield resistance can be
0.5–1 MPa/min or even larger. The shield losses its resistance
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Figure 17: Yield valve malfunctions. (a) Frequency distribution of close and open pressure of yield valve. The setting yield pressure is
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Figure 18: Change of shield resistance with longwall retreating time during minor leakage (a) and rapid leakage (b).
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shortly after initial setting. If the automatic pressure compensation function has been set, the continued leakage urges
the system to supplement hydraulic ﬂuid into the cylinder,
which increases the burden of hydraulic system.
For a single leg, a minor leakage can evolve to a rapid
leakage due to repeated loading and unloading. For the two
legs of a shield, as shown in Figure 19, one leg may be
experiencing minor leakage ﬁrst, and another leg carries
most of the loads on the canopy. In this way, the yield valve
of another leg frequently opens and closes, and ﬁnally sealing
failure occurs in this leg. The shield ultimately losses its
supporting capacity.
When a shield is experiencing rapid ﬂuid leakage, the
roof loading on it transfers to its neighboring shields. The
roof is under a “high-low-high” vertical supporting load,
which induces shear stress in the roof strata in between these
neighboring shields. If the roof is experiencing a severe roof
weighting, the roof strata deteriorates and even roof fall may
occur. The SSRI system can be employed to detect the ﬂuid
leakage of shield. During the 74 h of retreating in Panel
22306 in Bulianta mine, 16 out of 123 shields experience
ﬂuid-leakage problem (Figure 20).
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6. Conclusions and Prospects
In this study, we developed a powerful software package
SSRI, to analyze tons of monitoring data on leg pressure and
leg closure of shields in 1.6 million supporting cycles in 11
longwall panels of coal mines in China and the U.S.
The results show that the eﬀects of time (idle time and
retreating time) on supporting characteristics of shield are
dependent on roof conditions. Setting pressure imposes little
eﬀect on the supporting characteristics of shield when there
is adequate shield capacity, while for inadequate shield
capacity, the ﬁrst yielding is advanced, and the number of
yielding and the leg closure increase by higher setting
pressure. The supporting capacity of shield depends on its
yielding characteristics when it experiences frequent

–0.30
50
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Shield number

150

Figure 20: Change of loading rate with longwall retreating time in
Panel LW 22306 of Bulianta mine. A negative loading rate denotes
the decrease of leg pressure.

yielding. The delayed response of yield valve lowers the
stiﬀness of the shield and thus its supporting capacity.
Overall, the designed shield capacity is not the only factor
that should be considered when choosing the shield model;
the time-related factors, the geological condition, the setting
pressure, yielding characteristics, and mining method are to
be considered collectively.
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Due to the lack of knowledge and techniques to determine the exact occurrence characteristics and behavior of
the rock strata in their natural state, the coal extraction
proceeds under not well-known geological conditions. The
monitoring and analysis of the leg pressure and leg closure of
shield provide an avenue to continuously understand the
ever-changing shield-roof interaction with the proceeding of
mining. This study only presents our preliminary results,
and there is a lot of work to be done. For example, determination of time-dependent roof movement at longwall
faces and its implication in shield capacity determination is
to replace the empirical equations for shield-capacity determination. In addition, the evolution of each individual
shield and the roof-loading transfer and redistribution
characteristics in neighboring shields can be used to predict
roof fall and coal spalling. As another example, for the
intelligent mining strongly advocated by the Chinese government and the business community, we may achieve selfadaptive control of shield by deep understanding of the
complicated shield-roof interaction.
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The antiseepage membrane applied to the slope of solid waste landﬁll often shows tensile failure in projects, which results in
ineﬀective antiseepage system and serious environmental pollution. In order to ensure the practical performance of the antiseepage membrane, the tensile force of it was studied, and the settlement mechanical model of the interaction between landﬁll
body, antiseepage membrane, and cushion was established after comprehensively considering the eﬀects of dead weight, lateral
pressure, settlement, and foundation boundary. The analytical solutions of the tensile force and displacement of the antiseepage
membrane was calculated through diﬀerential equation of equilibrium. With general slag and ardealite slag as the research objects,
the major parameters aﬀecting the internal tensile force of the antiseepage membrane were analyzed and studied by the
combination of numerical and theoretical methods. The results show that the internal tensile force of the antiseepage membrane is
greatly aﬀected by the parameters such as the membrane-slag interface friction angle, the membrane-cushion interface friction
angle, the buried depth, and the single step height. The theoretical slope normal stress and membrane pull-up force are basically
consistent with the numerical calculation results, which indicates that the theory is universally applicable to tackle the tensile
failure of the antiseepage membrane in the solid waste landﬁll system.

1. Introduction
Landﬁlling is widely used around the world as one of the
major methods for treating solid waste. The amount of solid
waste treated by landﬁlling in China accounts for more than
70% of the total treatment [1–4], and most solid waste
contains toxic and hazardous substances, which may cause
serious pollution to the environment [1, 5–7]. The antiseepage membrane is extensively used in the antiseepage
system of solid waste landﬁlls due to its advantages of sound
leakproofness, ﬂexibility, and corrosion resistance. It can
eﬀectively prevent pollutants from getting into the soil or
groundwater, playing a signiﬁcant role in environmental
protection [8–13]. In the principle of saving cultivated land,
protecting the environment, and reducing costs, China’s
landﬁlls are mostly adapted to the local conditions and
designed as valley-type [14]. In practical engineering, there

will be friction between the upper and lower surfaces of the
membrane and a tensile force inside the membrane [15, 16]
due to impacts of temperature, stacking, and settlement.
When the friction between the surfaces is imbalanced, it will
transform into the internal tensile force. Excessive tensile
force will tear the membrane and invalidate the antiseepage
system consequently [9, 17, 18]. In the existing researches,
the interface characteristics of geosynthetics in landﬁll
antiseepage systems [19–21] have been tested frequently, but
the interface friction characteristics were seldom analyzed.
Due to the lack of reasonable and eﬀective theoretical
support for the mechanism of interaction between the
landﬁll body, the antiseepage membrane, and the cushion,
the design and construction usually rely on experiences. In
order to theoretically explain the tearing of antiseepage
membrane on the slope, Giroud and Beech [22], and
Koerner and Hwu [23] calculated the tensile force of the
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geomembrane on the slope through the limit equilibrium
method; Kodikara, Liu, Liu and Gilbert, and Liu and Gilbert
[21, 24–26] investigated the evolution of the internal tensile
force of slope membrane in refuse landﬁlls. However, only
the dead weight or the eﬀect of the dead weight and lateral
pressure on the membrane was considered in the above
researches. The theoretical model was so simpliﬁed that the
results were far from the practical reality, and it can hardly
be applied to engineering practices. With only landﬁll body
as the research subject, the results are not universally
applicable.
According to the numerous experiments of Seo et al.
[27], the shear-displacement relationship between geotechnical composites is closer to the ideal elastoplastic
model, which is therefore used for analysis in this paper.
Through theoretical and numerical methods, the eﬀects of
waste settlement and foundation platform on the stress born
by the antiseepage membrane were also considered in this
paper, in addition to the impact of solid waste dead weight
and lateral pressure. The mechanical failure mechanism of
the antiseepage membrane and the key factors resulting in
the antiseepage membrane damage were taken as the focus,
providing a theoretical basis for the antiseepage structure
design used in the industrial solid waste landﬁll slope. It is of
great signiﬁcance to ensure the completeness of the antiseepage membrane, prevent pollutants leakage, and protect
the environment.

2. Mechanical Mechanism
2.1. Mechanical Model. In the industrial solid waste landﬁll,
the slag is usually in ﬁne articles without any foreign object.
Therefore, the antiseepage membrane is generally in direct
contact with the slag and the membrane is protected by
cushions underneath. The stress born by antiseepage
membrane unit was analyzed according to the laying of
antiseepage membrane on the landﬁll slope, and the simpliﬁed model is shown in Figure 1.
The landﬁll body on the membrane was taken for this
study and the mechanical model is shown in Figure 2. The
unit was simultaneously stressed by the landﬁll body’s dead
weight σ v, horizontal lateral pressure σ h, and the pull-down
force σ d caused by relative settlement, among which the σ h is
in proportion to the σ v.
The static equilibrium of the unit was also analyzed,
getting the normal stress and shear stress on the antiseepage
membrane as shown in Formula (1):
1
⎪
⎪
σ n � cos2 θ + Kx sin2 θ + tan φ′ sin 2θcx sin θ, ⎫
⎪
⎪
2
⎪
⎬
⎪
⎪
⎪
⎪
1
2
⎭
′
τ u �  1 − Kx sin 2θ + Kx tan φ sin θcx sin θ. ⎪
2
(1)
When the maximum static friction on the membraneslag interface is insuﬃcient to withstand the sliding force
of the unit, relative slippage will occur between the landﬁll
body and the antiseepage membrane. In this case, the pull-

down force of the landﬁll body on the membrane should
be the maximum static friction, and the value is smaller
than the shear stress value calculated by the static equilibrium. Therefore, the practical friction angle φa of the
membrane-slag interface subjects to the smaller one of the
static force calculation value and the slippage occurring
value:
φa � minφu , arctan

τu
,
σn

(2)

where σ n represents the normal stress on the membrane-slag
interface; τ u is the shear stress on the membrane-slag interface; θ is the slope angle; X represents the distance between the antiseepage membrane end and the anchored end
(0 ≤ x ≤ L, L is the total length of the antiseepage membrane);
c is the average unit weight of the landﬁll body (kN/m3); Kx
is the lateral pressure coeﬃcient taking the empirical formula Kx � 1 − sin φ′ ; φ′ is the internal friction angle of the
landﬁll body; and φu is the ultimate friction angle of the
membrane-slag interface.
Assuming that the friction angle of the membranecushion interface is constant, the shear stress between the
membrane and the cushion can be expressed as
τ l � σ n · tan φp ,

(3)

where τ l represents the membrane-cushion interface shear
stress and φp is the friction angle of the membrane-cushion
interface.
The foundation boundary impact assumption was premised on the following: (1) there is no lateral displacement of
the tailings at the pond bottom foundation or on the anchoring platform of the slope toe; (2) there is a tensile force
in the membrane, which means that the slag will possibly
slide on the cushion. When the slag shows a sliding relative
to the cushion, the lower slag will support the upper
somehow. If there is no relative sliding or deformation, there
is no tensile stress in the membrane, and therefore, the upper
slag can remain stable without the support from the lower
part. Due to the settlement, the slag closer to the foundation
bottom will show smaller displacement and is more vulnerable to the eﬀect of the foundation. And the shear stress
on the critical position of the pond foundation and the slope
junction is not zero. Thus, when τ u > τ l , the slope foundation
impact factor η (η � 1 − hx/2 h) was introduced.
dT
x
� τ l − τ u 1 − ,
dx
2L

(4)

where T is the tensile force of the antiseepage membrane hx
from the slag top.

2.2. Theoretical Analysis. Assuming that the antiseepage
membrane unit is elastic, when the membrane-slag interface
shear force exceeds the membrane-cushion interface shear
strength (τ u > τ l ), a tensile force is generated in the membrane, and the system diﬀerential equation of equilibrium is
obtained:
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Figure 1: Schematic model of antiseepage membrane installed on industrial waste landﬁll slopes.
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It can be known from Formula (7) that when x � 0, the
tensile force T has an extreme value; therefore,

σh= Kxσv

τu

σd = σh tan φ′

σn

Tmax �

dx

Figure 2: Force equilibrium analysis of a tailings element.

dT
x ⎪
⎪
� τ l − τ u 1 − , ⎫
⎪
dx
2L ⎪
⎪
⎬
⎪
⎪
⎪
⎪
du T
⎪
⎭
� ,
dx tE

(5)

where u is the displacement of the antiseepage membrane hx from the slag top; E and t represent Young’s
modulus and thickness of the antiseepage membrane,
respectively.
The antiseepage membrane is anchored at the top, which
means there is no top displacement, the foundation of the
slope bottom is the platform, and the slag settlement is
consistent. In this case, the tensile force in the membrane is
0. The boundary conditions of Formula (5) were generated:
u|x�0 � 0,

du

� 0,
dxx�L

(7)

(6)

where
b � [cos2 θ + Kx (sin2 θ + tan φ′ 1/2 sin 2θ)]c sin θ,
c � b · tan φa , and c′ � b · tan φp .
Formulas (1)–(6) were solved simultaneously:

c − c′ 2
L.
3

(8)

3. Parameter Study
In order to study the law of various parameters’ inﬂuence on
the tensile force of the antiseepage membrane, the antiseepage membrane was laid in a stepped manner in this
research corresponding to the basic working conditions in
general, with the top anchored and the single step height h �
10 m. One of the steps was taken as the object, and the other
parameters were taken as c � 15.3 kN/m3, Kx � 0.39.
According to the experimental research, the friction
angle φ′ in the slag and the friction angle φu of the
membrane-slag interface are basically in a relationship of
φu � 0.667φ′ ; in addition, the internal friction angle φ′ was
assumed as 30°, 35°, 40°, and 45° since the internal friction
angle ranges from 30° to 45° depending on the moisture
content and the degree of consolidation.
3.1. Friction Angle of the Membrane-Slag Interface. The relationship between the actual friction angle of the
membrane-slag and the slope angle is shown in Figure 3. The
actual friction angle of the membrane-slag interface increased with the slope angle, indicating an equal proportional relationship; when the actual friction angle
reached the membrane-slag interface friction angle, it
stopped increasing. When the membrane-slag interface
friction angles were 20°, 23.33°, 26.67°, and 30°, the slope
angles impacted by the full role of the actual friction angles
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Figure 3: The relationship between the actual friction angle of the
membrane-slag interface and the slope angle.

were 32°, 37°, 45°, and 47°, respectively. It was indicated that
the slope angles corresponding to the ultimate friction angle
of the membrane-slag interface increased with the growth of
the friction angle of the membrane-slag interface, and this
slope angle was called the ultimate slope angle θTmax .
3.2. Ultimate Tensile Force of the Antiseepage Membrane.
As shown in Figure 4, the greater the ultimate friction angle
of the membrane-slag interface, the bigger the ultimate
tensile force on the membrane; if the friction angle of the
membrane-slag interface was ﬁxed, the value of the slope
angle’s tensile force was the greatest when the actual friction
angle reached its extremum, which suggested that the pullup force on the membrane was the greatest at the ultimate
slope angle.
3.3. Ultimate Tensile Force of the Antiseepage Membrane.
Assume that the internal friction angle of the material is
normally distributed, and take φ′ � 37.5° and the other
parameters as c � 15.3 kN/m3, Kx � 0.39, and φu � 25°.
The change of the ultimate tensile force in the antiseepage membrane with the slope angle θ is shown in
Figure 5. As for the same membrane-cushion interface
friction angle, the maximum tensile force in the antiseepage
membrane increased ﬁrstly and then decreased with the
growth of the slope angle, and the inﬂection point showed
when θ � 39.5°. At the same slope angle, the ultimate tensile
force in the antiseepage membrane went down with the rise
of the friction angle of the membrane-cushion interface. The
smaller the friction angle of the membrane-cushion interface, the lower the slope value θ when the tensile force was
generated in the antiseepage membrane.
The change of tensile forces in the membrane at diﬀerent
depths is shown in Figure 6. The results show that for the
same slope ratio, the smaller the friction angle of the

40
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Figure 4: Changing of the ultimate tensile force in the membrane
with the slope angle.
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Figure 5: Change of the ultimate tensile force in the antiseepage
membrane with the slope angle.

membrane-cushion interface, the faster the growth of the
tensile force, and the greater the ultimate tensile force in the
membrane. At the same buried depth, the lower the step
height, the smaller the ultimate tensile force in the
membrane.
As shown in Figure 7, the greater the buried depth, the
larger the maximum tensile force at the anchored end of the
antiseepage membrane, and the maximum tensile force on
the antiseepage membrane was proportional to the buried
depth. The pull-up force on the antiseepage membrane was
the accumulation of the shear stress diﬀerence in the longitudinal direction, so the single-step height inﬂuenced the
maximum tensile force on the antiseepage membrane
greatly.
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4. Numerical Investigation
The investigation was based on the numerical simulation
software FLAC2D and the single-interface modeling method.
Considering the current applications of antiseepage membrane in most tailing ponds, the single step height designed
for the mainstream antiseepage membrane laying was taken
as the research object, and the numerical model was established when the slag accumulation height h was 10 m, in order
to investigate the mechanical mechanism of the membraneslag interface at diﬀerent slope ratios. The relevant parameters
of the landﬁll body in the model were as follows: the average
unit weight c � 15.3 kN/m3, the elastic modulus E � 1 ×
106 Pa, Poisson’s ratio u � 0.28, and φu � 25°.

4.1. Stress Comparative Analysis. In view of the mutual
veriﬁcation between the numerical and the theoretical
models, a combination of theoretical analysis and numerical
simulation was adopted in this paper. The numerical normal
stress value, the theoretical normal stress value, and the
normal stress on the slope resulted from the dead weight
stress were compared (Figure 8). The theoretical and numerical solutions of the normal stress on the slope were close
and showed the same growth trend. The numerical result
was slightly lower than the theoretical value near the slope
angle, generally aﬀected by the slope angle boundary. The
numerical solution of the normal stress on the slope is
slightly smaller than its theoretical solution, lying between
the theoretical solution and the calculation result of the
tailings dead weight.
According to the normal stress distribution curve shown
in Figure 9, at the same buried depth, the slope ratio had little
eﬀect on the interface normal stress, and the buried depth
turned out to be the main factor inﬂuencing the normal
stress. At the slope angle, the normal stress changed slightly
due to the slope angle boundary.
As the distribution of membrane-slag interface shear
stress in Figure 10 indicates, when the actual friction angle of
the membrane-slag was smaller than the ultimate friction
angle, the larger the slope angle, the greater the extreme
value of the shear stress, the closer the extreme point to the
bottom, and the greater the area between the shear stress
curve of the membrane-slag interface and the horizontal
axis. When the normal stresses were basically the identical,
the shear stresses of the membrane-cushion interface were
the same, which consequently led to larger tensile force in
the membrane.
4.2. Tensile Force Comparative Analysis. Through numerical
analysis, the maximum tensile forces in the membrane at
diﬀerent slope angles were compared with the theoretical
values, as shown in Figure 11. The results showed that the
trends of the ultimate tensile force in the membrane theoretically and numerically are basically the same. The
maximum tensile force in the membrane increased with the
rise of slope angle and then decreased after reaching its
maximum value. At the same slope angle, the smaller the
membrane-cushion friction angle, the greater the ultimate
tensile force in the membrane. At the same slope angle and
membrane-cushion friction angle, the numerical solution
was slightly larger than the theoretical solution. Flac2d was
based on the ﬁnite element model. Any part that shows
motion relative to the lower cushion due to settlement or
other factors will inevitably apply a pulling force on the
upper grid, so that the membrane-slag interface at the upper
part of the slope reaches the ultimate friction angle. The
theoretical solution was based on the bulk material, regardless of the cohesive force. The sliding of the block object
studied has no pull-down eﬀect on the upper material along
the slope, so the theoretical solution should actually be
slightly smaller than the numerical solution. In addition,
through the numerical model, when the slope is close to
vertical, some interface nodes are separated due to the severe
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Figure 9: Interface normal stress distribution.

deformation of the numerical model, leading to 0 interface
stress and a numerical solution lower than the theoretical
solution. Therefore, the theoretical value is recommended
when the slope angle is larger.

5. Conclusion
In the theoretical model, the eﬀects of the landﬁll body dead
weight, lateral pressure, settlement, and slope foundation
were comprehensively considered. The diﬀerential equation
of membrane-slag-cushion equilibrium was established, and
the analytical solutions of the tensile force and displacement
of the antiseepage membrane was calculated. The eﬀects of
related parameters were further studied through the combination of numerical and theoretical methods, with the
results concluded as follows:
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Figure 11: Change of ultimate tensile force in the membrane.

(1) The comparison of the theoretical and numerical
tensile forces of the anchored end of the antiseepage
membrane shows that the theoretical solution and
the numerical solution reﬂect the same trend. The
numerical value of the tensile force indicates that the
hypothesis is quite in line with the practical reality,
and the theoretical tensile force formula of the
antiseepage membrane can be applied universally.
(2) The friction angles of the membrane-cushion interface and the membrane-slag interface are the
major parameters aﬀecting the tensile force of the
membrane. Under the same conditions, the larger
the friction angle of the membrane-cushion interface, the smaller the tensile force in the
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membrane; the smaller the friction angle of the
membrane-slag interface, the smaller the tensile
force in the membrane.
(3) The height of the landﬁll body on the antiseepage
membrane and the height of the single step have a
great inﬂuence on the internal tensile force of the
antiseepage membrane. The height of the landﬁll
body is proportional to the tensile force in the
membrane. The higher the landﬁll, the greater the
tensile force; the shorter the single step, the smaller
the tensile force in the membrane.
(4) With the same landﬁll height, the ultimate tensile
force of the antiseepage membrane on the slope at
the ultimate slope angle reaches the maximum. On
the slope which does not reach the ultimate slope
angle, the ultimate tensile force in the antiseepage
membrane goes up with the increase of the slope
angle; on the slope which exceeds the ultimate slope
angle, the ultimate tensile force in the antiseepage
membrane goes down with the increase of the slope
angle. Therefore, the landﬁll slope angle should be
designed as far as possible from the ultimate slope
angle in practices.
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The stability of the goaf support system is the key to safe production in gypsum mines. Therefore, this study constructed a pillar-beam
support system which contained pillar plastic zones. In this support system, the beam and pillar were taken as energy releaser and
energy dissipater, respectively. Through establishing a cusp catastrophe model based on energy theory, the new criterion for instability
was obtained which is related with geometric stiﬀness and system energy dissipation. The results indicate the instability of the support
system is caused by the incompatibility of energy release, dissipation, and geometric deformation. When K > 1, the energy released by
the support system is compatible with geometric deformation. The support system experiences a quasistatic process from the static
state in bottom page to the static state in top page along Path I. When K < 1, the energy released by the support system cannot be in
tune with geometric deformation. The support system experiences a catastrophe process along Path II. The evolution from the static
state in bottom page to the static state in top page is not progressive, but catastrophic. The redundant energy released in this process
leads to mechanical instability of the support system. This study provided theoretical foundation for the mining and treatment of
mines. Based on actual engineering examples, the sensitivity of the geometric parameters of the support system was analyzed as well.
These parameters are ranked by their sensitivity from high to low, as is shown below: beam thickness, plastic zone width, room span,
pillar width, and pillar height. Then, the goaf was classiﬁed according to the geometric parameters. Energy catastrophe theory was
applied to analyze the stability of the support system in diﬀerent classes of goaf. The analysis results showed that Class D goaf should be
labeled as the unstable zone, which was consistent with the result of ﬁeld research. To conclude, energy catastrophe theory can be used
to demonstrate the nonlinear mechanical mechanism of support system instability in room-pillar mining goaf.

1. Introduction
Gypsum and anhydrite are sulfate minerals which are
generated in the widely existing surface water. The compressional movement of Eurasian plate and Paciﬁc Plate led
to the expansion of land area and the shrink of the Paciﬁc
Ocean. During this process, many marine faces, lacustrine
facies, and closed or semiclosed salt basins came into being,
which in turn were generated into sulfate ore deposit by
evaporation and deposition. Therefore, the reserves of
gypsum are quite abundant in eastern coastal China.
The gypsum mine is mainly exploited with room and
pillar mining. As the consequence of constant mining, a
large amount of goaf appears, which poses potential threats
to the safety of mining production and the life of residents

nearby. Therefore, it is of signiﬁcance to conduct theoretical
researches on the failure mechanism of the pillar-roof
support system of gypsum mines.
In the course of gypsum mining, it is a common practice
to reserve a roof of certain thickness which integrates with
the rock pillars to form an overall structure. This structure is
diﬀerent from the overlapping form of roof and pillar in coal
mines, thus forming the unique “pillar-roof” support system
of gypsum mines. However, due to the lack of standardization of mining design and production, a large quantity of
goaf is either too high or too wide; the roof is in some cases
too thin, the room span is too large, and the pillars are too
narrow. All these constitute an unstable support structure.
Great eﬀorts have been made in the ﬁeld of goaf stability by
scholars both at home and abroad [1–5]. Zhao et al. [6]
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employed catastrophe theory and safety-factor strength
reduction method to evaluate the stability of goaf roof and
studied the safety stock of overlapping roof. Henley [7] used
energy theory to analyze the dynamic process of system
instability of gypsum mines. Pan and Wang [8] applied
catastrophe theory to analyze the factors that lead to the
structural instability of the narrow pillar support system. Xu
et al. [9] explored the rock-burst mechanism of the coal
pillar under a hard roof from the perspective of cusp catastrophe theory and summed up the occurrence criteria of
rock burst. Upon this basis, they also discussed the factors
that inﬂuence rock burst as well as their respective degree of
inﬂuence. Qin and Wang [10] established a physical model
to predict the instability evolution of the pillar-hard roof
mechanical system by means of catastrophe theory. They
also put forward the mechanical criteria for the necessary
and suﬃcient condition of instability and the formula for
deformation jump of instability. They applied catastrophe
theory to the research on roadway instability, water-inrush
from ﬂoor, plate rock mass instability, and other problems
about stope instability [11–14]. Zheng [15] explored nonlinear engineering problems such as the instability of high
dam and tunnel surrounding rock from the perspective of
catastrophe theory. Other methods related to rock damage
were also used to study the goaf pillar, such as numerical
methods, FEM, X-FEM, ED-FEM, and phase ﬁeld [16–18].
These abovementioned methods, however, cannot reﬂect the
pillar damage from the nature of gypsum rock damage.
Therefore, the constitutive law of gypsum damage is proposed in this paper to analyze the stability of goaf in
combination with catastrophic theory.
When the goaf of gypsum comes into being, under the
pressure of overlying strata, the roof begins to accumulate
resilience and transmits it toward the pillar. Once the
resilience accumulated within the pillar-roof support system
reaches its critical point, it will be released instantaneously,
causing pillar instability and roof collapse. This occurrence,
due to its abruptness, can therefore be analyzed by catastrophe theory.
Previous studies also considered the inﬂuence of the
pillar plastic zone, but the mechanical models established,
more often than not, took coal pillars as the research object
while ignoring the cooperative deformation of the coal pillar
and the roof. Even though some catastrophe models of
pillar-roof cooperative deformation were proposed, the
inﬂuence of the plastic zone and its geometric parameters
were excluded. But in fact, the size of plastic zones and the
geometric parameters play a critical role in the stability of the
support system. Therefore, when creating the catastrophe
model of pillar-roof cooperative deformation support system, it is closer to the actual engineering situation to integrate the geometric parameters of mining and the plastic
zone of surrounding rock.

2. The Mechanical Model of Support System
and Energy Dissipation Characteristics
Since the room of room-pillar mining is relatively symmetric, the mining ﬂoor is assumed not to deform for
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simplicity. The roof of the long working face can be taken as
the rock beam. The self-weight of the beam and pressure of
overlying strata can be simpliﬁed as a uniform load whose
intensity is q. The middle part of the roof which is located
between two pillars is taken as a structural unit for analysis
(as is marked oﬀ with the blue dashed line in Figure 1).
Among them, h is the height of the ore pillar, a is the width of
the pillar, and b is the span of the mine). Under the pressure
of the overlying load, the roof and the pillar deform cooperatively (the red part represents the deformation u). The
rock beam remains elastic throughout the whole process of
pillar deformation and failure.
According to the theory of A. H. Wilson, due to the
loading of overlying strata, a yield zone (plastic zone) comes
into being along the pillars. The inward rock mass stress in
the yield zone does not exceed the yield point, which
complies with the yielding rules. Surrounded and conﬁned
by the yield zone, this area is in a three-dimensional stress
state, thus being called the elastic core zone (as shown in
Figure 2), Among them, a is the width of the ore pillar, and Y
is the area of the unilateral plastic zone, σ 1 is the stress at the
junction of the elastic-plastic zone.
The constitutive relation curve in the elastic core zone is
diﬀerent from that in the yield zone. The curve appears to be
linear in the elastic core zone, while it appears to be nonlinear in the yield zone; similarly, it shows strain-hardening
behavior in the former, while strain-softening behavior in
the latter. Once reaching the peak stress, the pillar which
appears to be strain softening tends to unload soon. With
reference to the studies conducted by Wang et al. [19], the
relation of yield zone stress, strain, and damage parameters
can be expressed as follows:
−ε
σ � Eε exp ,
ε0

(1)

where ε0 denotes the corresponding strain of peak stress and
E denotes the initial elastic modulus. Accordingly, the force
that the pillar unit exerts upon the roof in the course of
deformation (the resultant force of the elastic core zone and
the yield zone) or the relation of pillar load-deformation can
be expressed in the following equation:
P(u) �

2YE
−u
(a − 2Y)Eu
u exp  +
,
h
u0
h

(2)

where u0 denotes the deformation value corresponding to
the peak load.
If there were not the support of the pillars, the rock
beam would reach a static equilibrium under the pressure
of self-weight and overlying load (as shown in Figure 2).
However, the supportive force of the pillar exerts restriction upon the displacement of every point on the skew
curve of the rock beam. Under the action of the uniform
load q, the rock beam accumulates elastic deformation
energy. With the accumulation of energy, the rock beam
deforms gradually. The points on the skew curve of the rock
beam tend to change toward the static equilibrium position
(as shown in Figure 3). In this process, the rock beam
releases energy constantly while the pillar absorbs the

Advances in Civil Engineering

3
q

Roof
P (u)

A

A
P′(u)

Roof deformation

Plastic zone
Pillar

h

Pillar compression

Elastic zone

b/2

a

b/2

Figure 1: Simpliﬁed model of mechanical structure of the roof and the pillar.

V � Uq + Up + Wq �

EI a+b
2
ω″ (x) dx

2 0

Yield area
u

σ1

Y

Elastic core
area

+  P(u)du − 

σ1

0

Y
a

Figure 2: Pillar yield zone and its elastic core zone.

energy released constantly. If the geometric size of the
mining area is appropriate, the strain-softening deformation of the pillar is in tune with the elastic resilience
of the rock beam. In other words, the energy release is in
tune with the structural deformation. In this case, the
support system experiences a progressive deformation. If
the geometric size of the mining area is inappropriate, the
energy release is not going to be in tune with the energy
consumed in the process of deformation. Once the energy
released exceeds the energy needed for pillar deformation,
the excessive energy will turn into system kinetic energy
and be released instantaneously, thus causing dynamic
instability of the whole support system.

3.1. Energy Function of Support System. According to the
stress condition of the support system (as is marked oﬀ
with the blue dashed line in Figure 1), the total energy of
the system V is composed of three parts: the elastic deformation energy released by roof ﬂexural deﬂection Uq ,
the energy dissipated by microcrack growth and connection within the pillar UP , and the external potential energy
produced by the displacement of overlying strata qWq ,
which is shown as follows:

qω(x)dx,
0

where a denotes the width of the pillar and b indicates the
span of the room; q denotes the external force from the
weight of overlying strata and rock beam; P(u) refers to the
internal force generated in the process of pillar deformation;
u stands for the average amount of compression; ω(x)
denotes the roof deﬂection function; E stands for the elastic
modulus of gypsum; and I denotes the bending inertia
moment of the roof.
According to the boundary conditions of rock beam
deformation, the roof ﬂexural function of the support system
of the selected unit can be shown as follows:
2πx
(4)
ω(x) � −A cos 
 + A + u,
a+b
where A is the positive number and u denotes the average
amount of compression.
Due to the coordinate deformation of the rock beam and
the pillar, according to the deformation condition,
b/2+a


b/2

(5)

ω(x)dx � au.

It can obtained as follows:
−1

A � u

3. Energy Function of Support System and
Catastrophe Model Construction

(3)

a+b

a+b
πb + 2aπ
πb
− sin
sin
 − 1 .
2πa
a+b
a+b

(6)

Let
k � [a + b/2πa(sin(πb + 2aπ/a + b) − sin(πb/a +
b)) − 1]−1 , then
2πx
(7)
ω(x) � −ku cos 
 + ku + u.
a+b
Substitute Equations (4)∼(7) into Equation (3), and the
total potential function of the support system can be obtained through the following equation:
V �

u
8k2 EIπ2 2
3 u +  P(u)du − q(a + b)(k + 1)u.
0
(a + b)

(8)
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Figure 3: The rock beam model without the supportive pillar in the middle.

3.2. Cusp Catastrophe Model of Support System Instability.
Set pillar compression displacement u as the state variable;
then according to cusp catastrophe theory, the equation of the
support system catastrophe model for equilibrium surface can
be obtained (as shown in the following equation):
2

V′ � 

2

16k EIπ
2YEu
−u
(a − 2Y)Eu
exp  +
u +
h
u0
h
(a + b)3

(9)

− q(a + b)(k + 1).

2YE u
−u
V‴ �
 − 2exp .
u0 h u0
u0

(10)

From Equation (10), it can be obtained that u � u∗ � 2u0
at the cusp. In order to construct the cusp catastrophe
model, the equilibrium surface equation is calculated by the
Taylor series expansions at the cusp. Let
16k2 EIπ2
,
(a + b)3

(11)
2YE
n�
,
h
and expand the cubic term to triple terms using the Taylor
series expansion. After simpliﬁcation, this can be described
as follows:
V′ � 2mu0 + 2nu0 e−2 − q(a + b)(k + 1)
+ m − ne−2  u − 2u0  +

ne−2
3
u − 2u0  .
u20

(12)

Substitute dimensionless quantity x as the state variable,
p and q as the control variables, and then let
x � u − 2u0 ,
α�

2mu0 + 2nu0 e−2 − q(a + b)(k + 1) +(a − 2Y)Eεu20 e2
.
n
(15)

From Equations (11∼13), the standard form of the
equilibrium surface equation of cusp catastrophe can be
obtained. As is shown in Equation (16), x denotes the state
variable and α and β refer to the control variables [20]:
x3 + αx + β � 0.

Apparently, Equation (9) is the equilibrium equation to
analyze the stability of the pillar-roof support system in
gypsum mines. According to the smoothing property of
equilibrium surface, at the cusp, V‴ � 0, then

m�

β�

mu20 e2 − nu20
,
n

(16)

When the system is in a critical state,
3x2 + α � 0.

(17)

The bifurcation set equation on the control plane can be
shown as follows:
Δ � 4α3 + 27β2 � 0.

(18)

The cusp catastrophe model and bifurcation of the support system are shown in Figure 4. The bifurcation set has a
cusp at the coordinate (0, 0). The equilibrium surface can be
divided into three pages: the top page, the middle page, and
the bottom page. The bottom page stands for the prenatal
stage of instability as the elastic potential energy increases; the
middle page stands for the unstable state of catastrophe; the
top page denotes the new stable state after instability. The
polygonal line divides the control variables into two domains
(I and II). When the control variables change along Path I,
both control variable and state variable change progressively
so does the system instability. When the control variables
change along Path II, even a slight change of control variables
would lead to a sudden sharp increase in the state variable at
the edge of the bifurcation set. Catastrophe occurs when the
control variables move from the bottom page up to the top
page and leaps over the bifurcation set. In this case, the
support system loses its stability.

(13)

4. Analysis of Support System
Instability Mechanism

(14)

4.1. Necessary Condition for System Instability. From the
control plane in Figure 4, it can be seen that the equilibrium
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x

gradual process. When K < 1, the deformation compatibility of geometric parameters appears to be poor and the
energy released exceeds the energy consumed. In this case,
the support system changes along Path II, which ultimately
leads to catastrophic instability.

α
Top page
o
β

Middle page

5. Verification of an Engineering Case

I

Balanced surfaces

5.1. General Geology. The mining section in this case, with a
relatively stable occurrence, is located in the gypsum mine in
Pizhou city, Jiangsu province. Its actual parameters are as
follows:

II
Bottom page
α
I
Control plane

o
II

β

Bifurcation set

Figure 4: Equilibrium surface and bifurcation set of the cusp
catastrophe model [20].

point is likely to span the bifurcation set only when α < 0.
Similarly, it is only when α < 0 that structural instability of
support system occurs. Therefore, the necessary condition
for instability is
α�

mu20 e2 − nu20 me2
�
− 1 < 0,
n
n

(19)

Add a parameter K, and K is set to denote the geometric
stiﬀness of the support system. If K � me2 /n and the values of
m and n are correlated only with the geometric parameters of
the support system, with the lithology of the mining area being
constant, the necessary condition of system instability is related
with beam thickness, room span, pillar height, pillar width, and
size of elastic zones along the pillar. As can be concluded
according to Equation (19), K < 1 is the necessary condition for
system instability.
4.2. Suﬃcient Condition for System Instability. According to
cusp catastrophe theory, when the system state satisﬁes the
equation of the bifurcation set, the system is the most
sensitive to external disturbance, thus being in a critical
state. Therefore, the equation of the bifurcation set can be
taken as the suﬃcient condition for system instability.
When Δ � 0, Equation (18) has three real roots, one of
which is in an unstable state while the rest two in a stable
state. Only when the stable state leaps from one bifurcation
to another, will the instability of support system occur. The
equation of the bifurcation set can equal 0 only when α < 0
or K < 1, which indicates that the suﬃcient condition and
necessary condition of system instability share highly
uniformity. When K > 1, the deformation compatibility of
geometric parameters is relatively high, and the geometric
stiﬀness is constant. In this case, the accumulating energy
drives the support system to change along Path I in Figure 4; both control variable and state variable change
progressively. Consequently, the system instability is a

Obliquity: 5∼10°
Average mining depth: 480 m
Deposit thickness:13.15∼18.14 m
Average thickness: 14.5 m
Average mining height: 8.5 m
Average thickness of the roof and the ﬂoor: 3 m
Room span: 7∼9 m
Pillar width: 6∼8 m
Hardness factor (f ): 2∼4
Average elastic modulus: 4.0 GPa
Poisson’s ratio: 0.3
The lithology of the roof and the ﬂoor is mainly dark grey
gyp-rock, dotted with small amount of gypsum mudstone
appearing to be dark purple or brown.
5.2. Sensitivity Analysis of Factors Aﬀecting Stability. Since
the lithology of the mining area is unchangeable, the goaf
stability is mainly aﬀected by the geometric parameters and the
range of the plastic zones. Xia analyzed the sensitivity of the
geometric parameters of goaf in gypsum mines [21], but they
failed to take the inﬂuence of pillar plastic zones into consideration. At present, there are two methods of sensitivity
analysis: local sensitivity analysis and global sensitivity analysis. The former is more applicable to simple relation models,
while the latter to complex nonlinear models. Since the input
and the output of the K-value model constructed in this paper
are close to linear, local sensitivity analysis is used for simplicity. To analyze the sensitivity of plastic zones, the correlations between the geometric stiﬀness K and pillar width a,
room span b, pillar height h, beam thickness B, and plastic
zone width Y are established and shown in Figures 5∼9.
The sensitivity coeﬃcient can be obtained through the
ratio of the relative change rate of inﬂuencing factors and that
of stability correlation coeﬃcient K. Thus, the sensitivity coeﬃcient of the ith inﬂuencing factor can be shown as follows:


ΔKi /Ki 
.
(20)
Si � 
ΔXi /Xi 
According to the sensitivity analysis, the ﬁtting sensitivity of pillar width, room span, pillar height, beam
thickness, and plastic zone width is 0.29, 0.33, 0.11, 2.0, and
0.59, respectively. Therefore, the sensitivity order of
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Figure 5: The correlation between K and α.
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Figure 6: The correlation between K and b.

inﬂuencing factors from highest to lowest is as follows: beam
thickness, plastic zone width, room span, pillar width, and
pillar height (as shown in Figure 10). The sensitivity of
plastic zone width is just next to that of beam thickness,
which makes it an important factor aﬀecting the goaf stability. Zhou et al. [22] also conducted researches on the
inﬂuence of the beam, pillar width, and height on the goaf
stability. Their analysis results were consistent with this
paper, which could be taken as corroborative evidence to
support the reliability and feasibility of catastrophe theory
and the analysis on this basis. The analysis results provide the
basis for the mining design of the later mines and the
treatment of the goaf. In the design, it is necessary to ensure
the thickness of the reserved rock beam and reduce the span
of the room. In the treatment of the goaf, the support of the
plastic pillar should be strengthened to reduce the range of
the plastic zone, thus ensuring the safety of the project site.

1.3
1.2
1.1
1.0
K
0.9
0.8
0.7
0.6

6

7

8

9

10

h (m)

Figure 7: The correlation between K and h.
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5.3. Testing of Pillar Plastic Zone. A surrounding rock
loosing-circle tester was used to test the range of the pillar
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Figure 11: Plastic zone testing equipment.
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Figure 10: Histogram of sensitivity coeﬃcient.

plastic zone (the size of Y) (as shown in Figure 11). The
propagation velocity of the seismic wave diﬀers when it
travels through diﬀerent rocks. Even within the same rock
stratum, the seismic wave travels at diﬀerent speeds due to
the diﬀerent rock strength, porosity, and density. By measuring the propagation velocity of the seismic wave at the
boreholes of diﬀerent depths in the surrounding rock, the
range of the plastic zone can be determined. Boreholes were
drilled to 3- to 5-meter deep at the sensing points. Then,
sensor probes were placed inside the boreholes. The intelligent instrument recorded the time t when the direct
wave arrived. The depth that the sensor probe was placed in
the borehole was taken as the propagation distance OS.
According to the data measured in the boreholes, the V-t and
H-t curve chart (time-depth chart) could be drawn (as
shown in Figure 12), thus obtaining the diﬀerent straight
slopes (the propagation velocities in diﬀerent zones). The
range of loosing circle could be marked out in accordance
with the changes of wave velocity, as is shown in Figure 13.
It can be observed from Figure 13 that a falloﬀ area
appears within the distance of 0–1.5 m, indicating that the
surrounding rock in this area is loose. The existence of
fracture development and relatively small stress proves that
this area could be labeled as the pillar plastic zone. As the
distance increases, the wave energy appears to be relatively
smooth, with no protuberance and areas of stress concentration. Thus, it can be concluded that the inner part is the
pillar elastic core zone. Based on a great amount of ﬁeld tests,
the pillar plastic zone is distributed along the pillar within
the distance of 1.5∼2 m.
5.4. Classiﬁcation of Mining Areas and Stability Calculation.
Due to the nonstandardized mining, the geometric parameters of mining areas are diﬀerent. Based on the careful
ﬁeld study, the goaf was divided into four classes (as shown
in Figure 14). The range of pillar plastic zones was measured
with instruments. The relevant parameters are shown in
Table 1. Then, stability analysis was conducted by means of
Equation (19) which denoted the suﬃcient and necessary
conditions of instability based on catastrophe theory.

Class A goaf can be taken as an example. In Class A goaf,
the pillar width a � 7 m, pillar height h � 8.5 m, the range of
the plastic zone along the two sides Y � 1.9 m, room span b �
8 m, and beam thickness B � 3 m. The elastic modulus in this
area is 4.0 GPa and Poisson’s ratio is 0.3. Through calculation, it can be obtained that k � −1.02 and the ﬂexural
stiﬀness of the roof I � 2.25. Substitute the above parameters
into equation of K, and then, the result is shown in following
equation:
K�

me2 8hIk2 π2 e2
�
n
(a + b)3 Y
(21)

8 × 8.5 × 2.25 × 1.022 × 3.142 × 2.72
� 1.78 > 1.
�
(7 + 8)3 × 1.9
Through calculation, it can be known that the geometric
stiﬀness (K) in Classes A and B is larger than 1, indicating
that these two areas can be labeled as safety zones; the
geometric stiﬀness (K) in Class C is equal to 1, indicating
that it is in a critical state of instability. In other words, it
should be labeled as the danger zone and needs isolation
processing. The geometric stiﬀness (K) in Class D is smaller
than 1, indicating that this area is the unstable zone.
Moreover, as was recorded, collapses occurred for many
times in this area in 2012. This indicates that the analysis
results of catastrophe theory are consistent with the actual
situation in the ﬁeld, verifying the reliability of the model.

6. Conclusions
This paper, taking the inﬂuence of the surrounding rock
plastic zone into consideration, constructs a model based on
cusp catastrophe theory and analyzes the stability of the
support system in the room-pillar gypsum goaf. The following conclusions are drawn:
(1) Analysis on room-pillar mining layout was conducted so as to construct the mechanical structure
model of the support system in gypsum mines with
plastic zones. Based on energy theory, the energy
release of the support system and the energy dissipation characteristics were analyzed. Meanwhile,
qualitative analysis was conducted by means of
geometric relevance to support system deformation.
On this basis, it can be concluded that instability of
the support system can be attributed to the fact that
the energy released exceeds the energy consumed in
the process of deformation. It is the redundant energy that leads to mechanical catastrophic instability
of the support system.
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Table 1: Geometric dimension stability table of diﬀerent classes of
mining areas.

Energy

Falloff area

Smooth area

3

2
1
Hole distance (m)

Class Pillar
width
(m)
A
7.0
B
6.0
C
8.0
D
8.0

Pillar
height
(m)
8.5
8.0
9.0
9.5

Field parameters
Width of the Room
Roof
plastic zone
span thickness K
(m)
(m)
(m)
1.9
8.0
3.0
1.78
1.8
7.0
3.5
4.11
1.8
7.5
2.5
1.00
2.0
9.0
2.0
0.37

0

Figure 13: Energy diagram of the wave velocity test.
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Figure 14: Classiﬁcation of goaf.

(2) Based on the cusp catastrophe model constructed,
the suﬃcient and necessary conditions of system
instability were analyzed. On this basis, the criterion
for system instability can be concluded: geometric
stiﬀness K − 1. When the geometric stiﬀness K is
larger than 1, the energy released by the support

system is compatible with geometric deformation.
The support system experiences a quasistatic process
from the static state in the bottom page to the static
state in top page along Path I. When the geometric
stiﬀness K is smaller than 1, the energy released by
the support system cannot be in tune with geometric
deformation. The support system experiences a catastrophe process along Path II. The evolution from
the static state in the bottom page to the static state in
the top page is not progressive, but catastrophic. The
redundant energy released in this process leads to
mechanical instability of the support system.
(3) Besides theoretical analysis and calculation, the
factors aﬀecting the stability of the support system
were analyzed. Accordingly, it is concluded that the
principal geometric inﬂuencing factors are pillar
width, room span, pillar height, beam thickness, and
pillar plastic zone width. The sensitivity of these
inﬂuencing factors was analyzed as well. These factors are ranked by their sensitivity from high to low,
as is shown below: beam thickness, plastic zone
width, room span, pillar width, and pillar height.
Meanwhile, a ﬁeld test on the pillar plastic zone was
conducted by means of surrounding rock measuring
instruments. According to the range of the plastic
zone as well as diﬀerent geometric parameters, the
goaf was divided into four classes. Then, the
abovementioned criterion of K − 1 was used to

Advances in Civil Engineering
analyze the stability of each class. The results indicate
that Classes A and B can be labeled as safety zones,
Class C is in a critical state, and Class D should be
labeled as an unstable zone. Through ﬁeld research, it
is found that collapses occurred for many times in
Class D, which also veriﬁes the reliability of the
stability analysis on room-pillar mining goaf based
upon the model constructed. Note: the derived
criteria should be adjusted to the conditions in any
site by using proper values of the parameters used in
the formulae (19).
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Because the coal seam is particularly thick and the mining intensity is large, the mining of extremely thick coal seams often causes
a wide range of disturbed fractures, which in turn induces the phenomenon of strong underground pressure such as induced
support crushing and water inrush. Through theoretical analysis, laboratory similarity simulation test, and other methods, this
paper studies the eﬀect of mining thickness on overburden movement and underground pressure characteristics for extremely
thick coal seams by sublevel caving with high bottom cutting height. Some conclusions can be drawn as follows: (i) under the
“beam-hinged cantilever beam rocks” structure theory, the rock pillar thickness which needs to be controlled increases linearly as
a function of mining thickness is achieved, and the reason of increased of support resistance in full-mechanized caving mining in
extremely thick seams is explained in the theory; (ii) based on the results of the theoretical analysis and the lab simulation tests, the
law of the abutment pressure peak is inverse to the full-seam mining thickness, and the distance between abutment peak and
working face is proportional to the full-seam mining thickness, that is to say that the damage range of overlying strata increased;
(iii) there are three working states of loading support in extrathick coal seams, such as normal circumstance, lower main roof
pressure, and higher main roof pressure, meanwhile these states keep changing; (iv) under the guarantee of stope safety
conditions, due to lower support strength, it will beneﬁt the special thick seam top-coal caving under normal circumstance; (v)
increasing the supporting strength can balance the impact loading under the lower main roof pressure, guaranteeing valid support
for roof strata; (vi) by releasing high pressure, due to lower production, lower recovery rate of coal and other measures guarantee
the stability of the stope support in the case of the higher main roof pressure.

1. Introduction
The extrathick coal seam by sublevel caving with more than
3.5 m bottom cutting height has obvious technical advantages, such as increased cutting height, optimized caving
ratio, increased caving by mining pressure, increased

ventilation section of working face, and reduced ventilation
resistance. This technique has been used in large scale in
Tashan coal mine, Huating coal mine, Xiagou coal mine, etc.
Because the coal seam is particularly thick and the
mining intensity is large, the mining of extremely thick coal
seams often causes a wide range of disturbed fractures,

2
which in turn induces the phenomenon of strong underground pressure such as induced water bursting and
support crushing. This indicates that it is not appropriate to
use traditional mining pressure theory to directly guide the
fully mechanized mining of ultrathick coal seams.
Many scholars have studied the fully mechanized mining
of thick coal seams from diﬀerent ways of thinking, such as
the mechanical model of support [1], the external load
theory of support [2], quantitative relationship analysis of
support surrounding and rock [3], the relationship between
diﬀerent roof structures and support resistance [1, 3–6],
factors inﬂuencing the rate of the coal caving ratio in fully
mechanized top-coal caving in large mining height [7, 8],
principle of the working resistance of the support jumps, and
the support is not unique [9]. However, there are few literatures in theory and practice on the movement rule of
overburden in ultrathick coal seams with a thickness of more
than 14 m and surrounding rock control in mining ﬁeld [10].
The diﬀerent thickness of coal seams leads to the movement
of overburden and the control of surrounding rock, which is
diﬀerent from the comprehensive sublevel mining and
general comprehensive mining of large mining height. The
eﬀects of mining thickness on the surrounding rock stress,
failure, displacement, and support load should be studied,
which is helpful to understand the force source of mine
pressure and provide reference for surrounding rock control
technology.
Through theoretical analysis, laboratory similarity simulation test, and other methods, this paper studies the eﬀect
of mining thickness on overburden movement and underground pressure characteristics for extremely thick coal
seams by sublevel caving with high bottom cutting height, by
taking Xiegou No.13 coal mine as the background, as the
hard coal seam in the soft roof.

2. The Theoretical Analysis of Mining
Thickness Effect
2.1. Overburden Structure and Support Pressure. The main
roof rock is a transition layer, which belongs to a special
“semibearing structure” in the mechanical structure.
After the main roof fracture, it is the main load acting on
the support and an important bearing structure [10–17].
The immediate roof and the main roof are the main
objects of roof control in the working face, and the load
on the support of the working face acted from the roof
rock strata. Its essence is to study the interaction between
the supporting and surrounding rock in the transition
from the original rock equilibrium state to another
equilibrium state. The key of the study is to determine the
main roof.
The Kuznetsov hinged block criterion Δj ＞Δ is an effective method [18], while Δj is the rock limit sink [17],
Δj �  h − (ql2 /4kh[σ c ]), where [σ c ] � (0.3 − 0.35)RC , RC is
the uniaxial compressive strength, Σh is the thickness of
immediate roof collapse, q is the linear load, and l is the roof
weighting step, and Δ is the unﬁlled height between main
roof and immediate roof. If Δj ＞Δ, when the roof is broken,
the hinged structure of self-bearing will be formed, and if
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Δj ＜Δ, the main roof strata are transformed into the immediate roof strata.
As shown in Figure 1, the immediate roof is a “cantilever
beam” structure, which consists of the irregular falling zone
and regular caving zone rock mass. The main roof is
a balanced structure of “articulated rock beam,” which is
composed of rock mass in the fractured zone.
If M is the mining thickness and Kp is the hulking
coeﬃcient, there will be a relation for the unﬁlled height Δ
between the main roof strata:
Δ � Σh + M − KP · Σh � M − Σh KP − 1.

(1)

The unloaded immediate roof should be satisﬁed with
Δj ＜Δ, as
Δj �  h −

ql2
< Δ � M − Σh KP − 1.
4khσ c 

(2)

As the mining thickness increases, the probability of
conﬁrmation this formula increases, the range of immediate roof increases signiﬁcantly, while the roof activity
space increases in the goaf area, and the horizontal and
vertical surrounding rock movement of roof increases
signiﬁcantly, so it is necessary to control the range of rock
layers.
The 13# coal mine is 15 m in the Xiegou coal mine,
which is medium hard coal seam; the overburden synthesis is shown in Table 1, and the physical and mechanical parameters are shown in the literature [19]. If the
coal extraction rate is 90%, the average fracturing expansion coeﬃcient of the immediate roof and top coal in
the goaf is Kp � 1.25.
If M � 3 m, the unﬁlled height Δ3m � 3 × 90% −
(1.25 − 1)(3 × 10% + 1.5 + 2.07) � 1.73 m＜2.02 m, while
the No. 50 ﬁne grained sandstone is the main roof, and the
immediate roof that needs to be controlled is 3.57 m.
If M � 6 m, Δ6m � 6 × 90% − (1.25 − 1)(6 × 10% + 1.5 +
2.07 + 2.02 + 2.5 + 1 + 0.82 + 1.49) � 1.88 m＜2.08 m, while
the No. 45 sandy mudstone is the main roof, and the immediate roof that needs to be controlled is 13.48 m, including the No. 46 to No. 52 rock strata.
In a similar way, Δ9m � 2.89 m＜6.5 m, while the No. 40
marlstone is the main roof, and the immediate roof that
needs to be controlled is 19.94 m, including the No. 41 to No.
52 rock strata.
Δ15m � 5.22 m＜5.39 m, while the No. 36 coarse
sandstone is the main roof, and the immediate roof that
needs to be controlled is 31.62 m, including the No. 37 to
No. 52 rock strata.
Δ20m � 6.12 m＜8.31 m, while the No. 30 medium
sandstone is the main roof, and the immediate roof that
needs to be controlled is 45.53 m, including the No. 31 to No.
52 rock strata.
Δ25m � 5.28 m＜9.65 m, while the No. 25 coarse sandstone is the main roof, and the immediate roof that needs to
be controlled is 66.37 m, including the No. 26 to No. 52 rock
strata.
The relation between the unﬁlled height, thickness of
immediate roof which needs to be controlled, and the
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Figure 1: Structure of the roof. 1: irregular fall zone; 2: regular caving zone; 3: fractured zone.

Table 1: Rock formation columnar section of the 13# coal seam in
the Xiegou coal mine.
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Name
Loess
Packsand
Sandy mudstone
Packsand
Sandy mudstone
Medium sandstone
Sandy mudstone
Packsand
Sandy mudstone
Mudstone
Sandy mudstone
Medium sandstone
Sandy mudstone
Packsand
Mudstone
Packsand
Mudstone
Medium sandstone
Sandy mudstone
Packsand
Sandy mudstone
Medium sandstone
Mudstone
6# coal mine
Gritstone
Siltstone
Sandy mudstone
8# coal mine
Mudstone
Medium sandstone
Marlstone
Mudstone
9# coal mine
Sandy mudstone
Mudstone
Gritstone
Mudstone
10# coal mine
Mudstone
Marlstone
Sandy mudstone
11# coal mine
Mudstone
Limestone

Thickness (m)
26.84
7.95
12.18
8.50
20.30
12.06
31.49
4.60
21.85
25.22
3.60
17.30
6.50
13.76
6.56
3.82
4.52
7.84
4.12
7.02
9.51
11.92
15.02
1.50
9.65
3.71
1.00
5.69
2.13
8.31
2.12
2.01
0.51
2.43
1.45
5.39
2.32
0.60
2.26
6.50
1.53
0.61
1.76
2.56

Table 1: Continued.
No.
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

Name
Sandy mudstone
Mudstone
12# coal mine
Mudstone
Medium sandstone
Micropsammite
Mudstone
Sandy mudstone
13# coal mine
Dirt band
13# coal mine
Dirt band
13# coal mine
Dirt band
13# coal mine
Mudstone
14# coal mine
Mudstone
Sandy mudstone
Limestone
Mudstone
15# coal mine
Sandy mudstone
Mudstone
Siltstone
Packsand

Thickness (m)
2.08
1.49
0.82
1.00
2.50
2.02
2.07
1.50
5.25
0.25
3.25
0.25
4.15
0.30
1.55
2.00
0.33
3.05
2.00
1.29
1.00
0.44
3.00
2.05
2.56
2.41

mining thickness is be shown in Figure 2. Obviously, the
unﬁlled height in goaf increases exponentially with the increase of mining thickness, and the thickness of the immediate roof which needs to be controlled increases linearly
with the mining thickness.
With the advance of the working face, the overlying rock
strata of “cantilever girder-hinged rock beam” in the mining
ﬁeld have subsidence and pressure on the top coal. Along
with the increase of the subsidence, the compression on the
vertical and displacement in the horizontal of the top coal
are increasing, the crack is also gradually reduced, and then
the stiﬀness of the top coal gradually becomes stronger,
which can transfer the deformation pressure from the immediate roof and the main roof to the hydraulic support. As
the external load of the hydraulic support combines with the

4

Advances in Civil Engineering
70

y = 2.2177ln(x) – 1.3246
R2 = 0.8573

5.6

Thickness of immediate
roof (m)

Unfilled height (m)

7.0

4.2
2.8
1.4
0

0

5

10
15
Mining thickness (m)

20

25

(a)

y = 2.6756x – 4.6979
R2 = 0.9819

56
42
28
14
0

0

5

10
15
Mining thickness (m)

20

25

(b)

Figure 2: The relation between the unﬁlled height, thickness of immediate roof which needs to be controlled, and the mining thickness.
(a) Unﬁlled height and mining thickness. (b) Thickness of the immediate roof which needs to be controlled.

weight of the top coal, the deformation stress from the main
roof and the immediate roof increases. With the expansion
of the immediate roof range, the deformation pressure of the
main roof and the immediate roof will inevitably increase,
and the working resistance of the support will increase.
2.2. Change of Abutment Pressure. The law of abutment
pressure distribution in the plastic zone in front of the
working face is given below:
σ y � τ 0 ctgφ ·

1 + sin φ (2fx/M)(1 − sin φ/1 + sin φ)
e
,
1 − sin φ

(3)

where f is the friction coeﬃcient between layers, M is the
thickness of the coal seam, φ is the internal friction angle of
coal, x is the distance from any point in the plastic zone to the
coal wall, and τ 0 ctgφ is the self-bearing capacity of the coal.
If σ y � KcH, the distance between the peak point of
abutment pressure and coal wall can be obtained:
x0 �

M 1 + sin φ
KcH(1 − sin φ)
.
·
In
2f 1 − sin φ τ 0 ctgφ(1 + sin φ)

(4)

Therefore, with the increase of the mining thickness, the
peak point of the abutment pressure is transferred to the
deep part of the coal wall and the inﬂuence range of the
abutment pressure is increased.

3. Research on the Effect of Mining Thickness by
the Similarity Simulation Test
3.1. Test Apparatus. A large planar strain test device with
length × height × thickness � 4370 mm × 4600 mm ×
200 mm was used, and the surrounding area was restrained
by No. 20 channel steel and 25 mm thick organic glass plate
constraints.
According to the prototype conditions and test equipment, the speciﬁc similar conditions that the model should
meet are determined:
(i) Geometric proportion: al � 1/200
(ii) Volume to weight ratio: ac � (1.5/2.5) � 0.6 (coal);
ac � (1.7/2.5) � 0.68 (rock)

(iii) Similarity ratio of stress and elastic modulus:
aσE � al · ac � 0.005 × 0.68 � 0.0034(rock);
aσE � al · ac � 0.005 × 0.6 � 0.003(coal)
(iv) Load similarity ratio: aF � a3l × ac � 8.5 × 10−8
(vi) Similarity ratio of strain and Poisson stress: aε � 1
√�� √�����
(vii) Time similarity ratio: at � al � 1/200 � 0.0707
3.2. Experiment Scheme and Design. River sand was selected
as aggregate, with lime, calcium carbonate, and gypsum as the
cementing materials and borax as the coagulant. Considering
the discontinuity caused by the inﬂuence of joints and cracks
on rock materials, the crack coeﬃcients of 0.7 and 0.6 are,
respectively, considered for the mechanical properties of rock
and coal measured in the laboratory. Then, according to the
similarity theory [19], the mechanical parameters of the
layered materials in the model are obtained, and the material
proportion is selected to calculate the amount of materials
[19]. The model is laid in layers along the horizontal direction,
and the mica powder is sprinkled between layers to simulate
the bedding face of the coal seam. Vertical to the surface of the
laid coal bed, the bedding is irregularly cut on the rock layer
and mica powder is sprinkled in the simulation joints. During
the laying process, the operation is carried out strictly in
accordance with the actual simulated size of each coal layer.
The self-made mould is used for leveling and compacting. The
upper part of the model is free end, which can move along
with the rock strata.
The simulated support consists of a resistance strain
gauge, a compressible strong toughness polyurethane gasket,
and a rigid upper and lower organic plate. The working
resistance of the simulated bracket was calibrated before the
test. According to the dynamic strain gauge analysis, the
corresponding relation between strain and stress is load Y �
a × strain gauge reading + b, and load Y is equivalent to the
weight of the rock pillar whose bulk weight is r and height is
h, so Y � rh. According to the geometric relationship, the
actual weight of the rock pillar can be obtained, and the
working resistance P can be further obtained, P � γH ×
eﬀective support area S.
Nikon DTM-531E total station was used to measure the
overlying strata movement. The YJ-5 static dynamic strain
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(a)
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Figure 3: Test system. (a) The diagram of displacement measuring points and displacement measured by the total station. (b) The
connection of strain brick and testing instrument.

gauge and automatic data acquisition system were used to
collect the dependent variables of sensors embedded in the
model, as shown in Figure 3.
The mining height of the three models was 2 cm (actual
4 m), the top coal was 2.5 cm (actual 5 m), 5.5 cm (actual
11 m), and 10.5 cm (actual 21 m), respectively, and the
caving ratios were 1.25, 2.72, and 5.25, respectively.
The open-oﬀ cut is width × height � 4 cm × 2 cm, and
then the simulated support is imbedded.
√����� The time of model
√��
1 d is Tm � 24 × al � 24 × 1/200 � 1.69 h � 101.4 min,
while 8 h with the corresponding model time is
′ � (101.4/3) � 33.8 min. The working face propulsion
Tm
speed is determined with 40 mm/d (8 m/d), as excavation
was performed for 2 cm every 33.8 min.
3.3. Test Results and Analysis
3.3.1. Evolution Processes and Characteristics of Roof and Top
Coal. The evolution process of mining roof caving in coal
with a thickness of 9 m is shown in Figure 4. When the
working face advances 32 m, a horizontal separation layer
appears at 16 m (8 cm) above the top coal, and a horizontal
bedding layer is also seen at 6 m (3 cm) above the top coal.
When the working face advances 40 m, the top coal separates
from the top plate and falls for the ﬁrst time. When the
working face advances 52 m, the separation layer appeared at
19 m (9.5 cm) above the top coal, and a vertical crack of 15 m
(7.5 cm) appeared at the same time, approaching the bottom
of No. 36 subcritical layer. Advancing to 60 m, the 19 m
lower roof overall slowly bends down and touches the
gangue, caving angle 60°. Advancing to 80 m, the full
thickness of the top-coal caves, the immediate roof of 5 m
(2.5 cm) range above the top coal will be collapsed. Advancing to 90 m, a separation occurs in the middle key
stratum layer of No. 30, which was 37 m (18.5 cm) from the
top coal, and an inclined crack appears that has 44° with the
horizontal direction, which is along the separating location
and the coal wall of the working face. Advancing to 112 m,
the key stratum layer of No. 36 caves along the delamination,
while a horizontal bedding derives from the diagonal split
that extended to 8 m (4 cm) and begins to expand to the
working face of the coal wall position, extending to 52°.
Advancing to 120 m, the No. 36 subcritical layer collapses as
a whole along the aforementioned crack. Advancing to

172 m, the roof caving falls to the bottom of the No. 30
subcritical layer, with a maximum caving thickness of
45.53 m (22.77 cm). Advancing to 184 m, the lower roof
including the No. 36 subcritical layer collapses again, which
was under the protection of the key stratum layer of No. 30,
and the front caving angle is 36°. Advancing to 220 m, the
compound key stratum of the No. 30 and No. 36 layers
breaks oﬀ, and it creates the front caving angle of 57°.
Advancing to 256 m, the rock below the critical layer of No.
25 dissociates and slowly sinks, while the No. 25 key stratum
signiﬁcantly bends down, which drives the separation layer
below the No. 22 subcritical layer and obvious displacement
above the No. 22 subcritical layer; the front caving angle is
60° and the back caving angle is 57°.
Some typical roof collapse of mining caving in coal with
a thickness of 15 m and 25 m is, respectively, shown in
Figures 5 and 6. The comprehensive analysis and test results
show that the movement rule of the overburden strata is
diﬀerent while in diﬀerent thick coal seams.
(1) With the increase of the mining thickness, the height
of the overburden movement damage increases,
whereas the maximum collapse zone height decreases when the mining thickness is greater than
15 m, as shown in Table 2 and Figure 7.
(2) The movement deformation and failure of overlying
strata with diﬀerent mining thicknesses all lead to the
collapse arch. With the increase of mining thickness,
the collapse angles of both front and back tend to
increase, and the increase of the back caving angle is
more obvious, indicating that the ﬂattening rate of
the collapse arch tends to decrease with the increase
of mining thickness.
(3) With the increase of mining thickness, the thickness
of the roof entering the caving zone increases. The
roof strata in the collapse zone and the height of the
fault zone are mainly composed of key strata, which
have obvious composite deformation, subsidence,
and failure. The key layer of the hinged structure can
be formed in the thinner coal seam, and the stable
hinged structure cannot be formed in the thicker coal
seam due to the large amount of rotary deformation,
which is manifested as the overall collapse of the
“cantilever beam” structure, while the stable hinged
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Figure 4: Evolution process of mining roof caving in coal with a thickness of 9 m. (a) 32 m, (b) 40 m, (c) 52 m, (d) 60 m, (e) 80 m, (f ) 92 m,
(g) 112 m, (h) 120 m, (i) 172 m, (j) 184 m, (k) 220 m, and (l) 256 m.

rock beam structure can be formed at the higher key
layer.
(4) The migration and collapse of top coal and roof is
a dynamic process, in which the thickness of the rock
pillar that should be controlled in the immediate roof
is changing, while the thickness and conﬁguration of
the lower main roof are also dynamically changing.
3.3.2. Law of Stress Distribution in Overlying Strata.
Figure 8 shows the stress variation curves with diﬀerent
layers of overlying strata in diﬀerent coal thicknesses with
the advancing distance of the working face.
Take the example of 9 m coal seam for illustration, as
shown in Figure 8(a). With the advance of the working face,

the stress at each layer of the leading working face increases
slowly. When the working face advances to 110 m, the stress
of each measuring point increases further. When the
working face advances to 70 m, the stress of each measuring
point increases further. There is no obvious peak value at the
measuring points 250 m and 150 m from the coal seam roof,
and other measuring points peak at 12∼24 m in front of the
coal wall. Subsequently, the abutment pressure at the
measured point of 10 m from the top plate of the coal seam
decreases rapidly, while the stress at other measured points
decreases relatively gently. When the working face is pushed
forward, the measured stress at 250 m from the roof of the
coal seam does not change much, and the stress at other
measured points decreases, and the rock body is in the stress
reduction zone.
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Figure 5: Some typical roof collapse of mining caving in coal with a thickness of 15 m. (a) 188 m; (b) 296 m.

Crack

Crack

(a)

(b)

Figure 6: Some typical roof collapse of mining caving in coal with a thickness of 25 m. (a) 144 m; (b) 200 m.
Table 2: The movement of overlying strata with diﬀerent mining thicknesses.
Thickness (m)
9
15
25

Maximum height of the fault zone (m)
50.84
85.32
115.85

Front caving angle (°)
59
60
62

Back caving angle (°)
57
62
68

Maximum fault height (m)

120
104
88
72
56
40

5

10

15
20
Mining thickness (m)

25

30

Figure 7: Relationship between the height of the maximum caving zones and the mining thickness.

By the comparison of Figures 8(b) and 8(c), the law of
abutment pressure about the mining thickness eﬀect can be
obtained:
(1) The stress of diﬀerent layers in the roof rock of the
coal seam changes constantly. As the working face

advances, the rock body stress presents the elastic
stability zone, slow rising zone, and sharp rising zone
and decreasing zone.
(2) The greater the mining thickness, the greater the
mining inﬂuence on the roof of the coal seam, the
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Figure 8: Stress variation curves with diﬀerent layers of overlying strata in diﬀerent coal thicknesses with advance of working faces.
(a) 9.0 m; (b) 15.0 m; (c) 25 m.

higher the stress peak of the rock body at the higher
level, and the greater the inﬂuence range of the front
supporting pressure (Table 3).
(3) There is a dynamic stress arch in the upper part of the
full-seam mining for the extrathick coal seam by
sublevel caving mining with high bottom cutting
height, which is the main bearing carrier, and the
masonry beam or hinged rock beam structure
composed of key layers in the arch has certain
bearing capacity.
3.3.3. Analysis of Overburden Movement Characteristics.
Variety of overlying strata convergence with the advance of
working face in diﬀerent thick coal seams is shown in
Figure 9, and the curves of overlying strata movement with
the advancing distance of 200 m in diﬀerent thick coal seams
are shown in Figure 10. The eﬀect of mining thickness on

overburden movement characteristics can be drawn as
follows:
(1) In the mining process of the working face, the rock
layer of the immediate roof gradually appears in the
abscission layer, which undergoes movement deformation and collapses from the surface to the
inside. Because of the diﬀerent physical and mechanical properties of the overburden strata, there
exists the formation of movement characteristic
marked by the key strata. With the increase of mining
thickness, the chances of the formation-coordinated
movement of the overburden rock are greater.
(2) The horizontal and vertical deformations occur in
the advancing coal wall of the lower overlying strata
near the coal seam, while the upper rock mass far
from the coal seam lags behind the coal wall of the
working face.
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Table 3: Factor of stress concentration and the distance between peak stress and coal wall in diﬀerent mining thicknesses.
Distance from coal seam roof (m)

Factor (k)
2.26
2.39
2.46
2.53
1.68
1.34

0
10
25
40
80
150
250

9m
Distance (m)
24
22
21
18
12
4

Factor (k)
2.14
2.71
3.15
3.42
3.55
2.13
1.15

15 m
Distance (m)
26
24
23
20
18
13
4

Factor (k)
1.99
2.59
2.96
3.17
3.28
3.35
2.26
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Figure 9: Continued.
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Figure 9: Variety of overlying strata convergence with advance of working face in diﬀerent thick coal seams. (a) 9.0 m; (b) 15.0 m; (c) 25 m.

(3) All the measuring points have subsidence, and the
subsidence is nonlinear. With the increase of mining
thickness, the amount and coeﬃcient of subsidence
of the same layer of rock mass increase (as shown in
Figure 11 and Table 4). It shows that the disturbance
range of complex rocks increases nonlinearly with
the increase of mining thickness.
(4) As the working face advances, the overburden movement height continues to expand upward, but when the
working face advances more than 90 m, the accumulated subsidence amount remains basically unchanged.
(5) The morphological structures of the mobile deformation of diﬀerent mining thick overburden
movement characteristics are basically the same. As
the distance from the coal seam increases, the disturbance range and the maximum subsidence
amount of each rock layer decrease.
3.4.1. Variation of Working Resistance of the Support.
According to the theory of mine pressure, the roof overburden structure of the fully mechanized caving for extremely
thick coal seams can be obtained, as shown in Figure 12.
Under normal circumstances, a higher main roof can form
a “self-loading structure,” while the destruction of the immediate roof and the lower main roof will induce the damage
to the higher self-loading structure, and the fracture of the
higher main roof directly passes to the lower main roof and
leads to immediate roof fracture, and they work together in
the form of dynamic pressure on the working face of the coal
wall and the hydraulic support, as well as disasters occur due
to the pressure formation. The relationship between the external load and the mounting of sinking is shown in Figure 13
[18, 19]. When overburden subsidence is large, the coal wall is

easily subjected to high pressure leading to the rib fall of the
coal wall. When the overburden subsidence is small, it is
beneﬁcial to control the coal wall, but it needs strong support
resistance. The study on the relationship between support
load and surrounding rock is focused on determining the size
of the support load, and the key to determining the size of the
support load in ultrathick coal seam mining is to determine
the height of the rock strata to be controlled.
Support working resistances can be obtained from the
material simulation test, taking coal with the thickness 9 m
for example (Figure 14 and Table 5). When the working face
advances 210 m, the main roof moves periodically and the
support working resistance is 4616.81 kN. When the working
face advances 230 m, the lower main roof is fractured and
the support working resistance is 9767.04 kN. When the
working face advances 260 m, bending and fracture occur in
the lower main roof, and the deformation of the higher main
roof is induced, while the support working resistance is
9307.20 kN. When the working face advances 270 m, the
subsidence of the higher main roof fracture leads to the
subsidence of the lower main roof and the immediate roof
fractures, and obvious dynamic pressure appears on the
working face; meanwhile, the support working resistance is
12664.05 kN. When the working face advances 280 m, the
higher main roof complete fracture, and the support
working resistance is 4754.77 kN. When the working face
advances 280∼350 m, a new round of periodic motion occurs
on the main roof, and a lower main roof fracture occurs at
310 m and a higher main roof fracture subsidence occurs at
350 m, while the support working resistances are 9422.16 kN
and 12549.09 kN. This shows that as the working face advancing, roof strata fracture initiation and propagation, the
deformation under the pressure and stress state are in the
process of continuous adjustment.
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Figure 10: Curves of overlying strata movement with the advancing distance of 200 m in diﬀerent thick coal seams: (a) 9.0 m; (b) 15.0 m;
(c) 25 m.
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Figure 11: The subsidence variation law curves of overlying strata in diﬀerent thick coal seams. (a) The ﬁnal settlement curves of overlying
strata with diﬀerent mining thicknesses. (b) The subsidence coeﬃcient curve of overlying strata with diﬀerent mining thickness.
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Table 4: Overlying strata convergence in diﬀerent thick coal seams.

10
30
50
90
130
180
240
300
360

9m
Final
settlement
(mm)
8847
8478
7767
6876
5952
5337
4689
2961
1908

15 m
Subsidence
coeﬃcient
0.983
0.942
0.863
0.764
0.661
0.593
0.521
0.329
0.212

Final
settlement
(mm)
14790
14235
13695
13290
11970
10095
8565
5235
3630

Higher main roof

Lower main roof
Upper immediate roof
Lower immediate roof

Figure 12: Overlying strata structure model.
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Figure 13: Relationship between support and sinking in extrathick
coal seam fully mechanized top-coal caving mining.

It should be noted that the model support in the test does
not have a safety valve, and the safety valve cannot be opened
automatically when the pressure of the roof reaches the rated
working resistance in actual production. However, the resistance of the hydraulic support measured in the test can

Support working resistance (kN)

Distance
from coal
seam roof (m)

25 m
Subsidence
coeﬃcient
0.986
0.949
0.913
0.886
0.798
0.673
0.571
0.349
0.242

Final
settlement
(mm)
24675
23950
23325
22900
20700
18575
15525
13225
7800

Subsidence
coeﬃcient
0.987
0.958
0.933
0.916
0.828
0.743
0.621
0.529
0.312

13000
11000
9000
7000
5000
3000
200 220 240 260 280 300 320 340 360 380 400
Face advanced distance (m)

Figure 14: Variation in support working resistance under diﬀerent
mining distances of the working face in the 9 m coal seam.

more truly reﬂect the pressure of the roof under actual
conditions.
The comparison results of rock pillar height and support
working resistance under diﬀerent conditions of main roof
movement in diﬀerent thick coal seams are shown in Tables 6 and 7. Conclusions can be drawn as follows:
(1) There are three working states of loading support in
extremely thick coal seams, such as normal circumstance, lower main roof pressure, and higher
main roof pressure; meanwhile, these states keep
changing.
(2) Rock pillar height to be controlled and support
working resistance increase with the increase of
mining thickness. Taking the higher main roof
pressure as an example, when the mining thickness is
9 m, 15 m, and 25 m respectively, the height of the
rock pillar height to be controlled is 50.22 m∼50.68 m,
68.34∼71.75 m, and 82.51∼93.64 m, and the average of
support working resistance required is 12606.57 kN,
17503.89 kN, and 22010.9634 kN, respectively. In
order to ensure the safety of the working face, the
working resistance of the support should be appropriately increased.
(3) Under normal circumstances, because the roof
pressure is small, the working resistance of the required support is small, and taking measures to
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Table 5: Support working resistances obtained from the material simulation test in coal with a thickness of 9 m.
Face advanced
distance (m)

Strain

Support
load (MPa)

Model support
resistance (kN)

210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400

−219
−146
5
−178
−152
−15
131
−213
−125
−138
−10
−127
−21
−35
126
−204
−138
−15
−197
−31

0.16
0.21
0.33
0.19
0.21
0.32
0.43
0.16
0.23
0.22
0.32
0.23
0.31
0.30
0.43
0.17
0.22
0.32
0.17
0.30

0.79
1.07
1.66
0.95
1.05
1.58
2.15
0.81
1.15
1.10
1.60
1.14
1.56
1.50
2.13
0.84
1.10
1.58
0.87
1.52

Model height of rock
pillar should be
controlled, h (cm)
9.24
12.60
19.54
11.12
12.32
18.62
25.34
9.51
13.56
12.96
18.85
13.47
18.35
17.70
25.11
9.93
12.96
18.62
10.25
17.89

Actual height of rock
pillar should be
controlled, H (m)
18.47
25.19
39.08
22.25
24.64
37.24
50.68
19.03
27.12
25.93
37.70
26.94
36.69
35.40
50.22
19.85
25.93
37.24
20.50
35.77

Actual support working
resistance (kN)
4616.81
6295.24
9767.04
5559.49
6157.28
9307.20
12664.05
4754.77
6778.07
6479.17
9422.16
6732.09
9169.25
8847.36
12549.09
4961.70
6479.17
9307.20
5122.64
8939.33

Table 6: Rock pillar height which needs to be controlled under diﬀerent conditions of main roof movement in diﬀerent thick coal seams.
State of the roof

9m
18.47∼27.12
35.40∼39.08
50.22∼50.68

Normal circumstance
Lower main roof pressure
Higher main roof pressure

Actual height of rock pillar should be controlled (m)
15 m
24.27∼39.73
51.23∼59.69
68.34∼71.75

25 m
31.63∼50.22
52.24∼68.89
82.51∼93.64

Table 7: Support working resistance under diﬀerent conditions of basic roof movement in diﬀerent thick coal seams.
State of the roof
Normal circumstance
Lower main roof pressure
Higher main roof pressure

Support working resistance (kN)
9m
4616.8∼6778.1
8847.4∼9767.0
12549.1∼12664.1

15 m
6065.3∼9928.0
12802.0∼14917.3
17078.5∼17929.2

reduce the working resistance of the support
properly under the condition of ensuring the safety
of the mining ﬁeld will be conducive to the top-coal
production and release of ultrathick coal seams.
(4) During the lower main roof pressure, the working
resistance of the support may reach or approach the
rated working resistance of the support. At this time,
properly increasing the working resistance of the
support can balance the impact load when the lower
main roof pressure is applied so as to ensure the
eﬀective protection of the support to the main roof.
(5) During the higher main roof pressure, underground
pressure will be greater than the rated working resistance, while the present condition of hydraulic
support technology cannot meet the requirements. It

25 m
7904.7∼12549.1
13054.9∼17216.5
20619.3∼23401.4

Average of support working
resistance (kN)
9m
15 m
25 m
5812.4
8451.6
9885.8
9251.4
13905.6
15043.7
12606.6
17503. 9
22010.3

is diﬃcult to control the roof strata eﬀectively
through changing the state of the support working
resistance, and some measures are taken to ensure
the stability of the stope support, such as releasing
high pressure, lowering the cutting height appropriately, and lowering the recovery rate of coal.

4. Discussion and Conclusions
Through theoretical analysis, laboratory similarity simulation test, and other methods, this paper studies the eﬀect of
mining thickness on overburden movement and underground pressure characteristics for extremely thick coal
seams by sublevel caving with high bottom cutting height.
Some conclusions can be drawn as follows:
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(1) The height of free space in goaf increases exponentially with the increase of mining thickness, and
thickness the immediate roof needs to be controlled
increase linearly with the increase of mining thickness. The main roof of ordinary mining height and
fully mechanized caving face may be transformed into
the immediate roof that needs to be controlled in the
ultrathick coal seams. As the height of the corresponding fault zone increases, the immediate roof
area that needs to be controlled increases, the main
roof strata of “semibearing” is transferred to higher
strata, and the main roof area is also increased.
(2) With the increase of mining thickness, the height of
overburden movement damage increases, while the
ﬂattening rate of the collapse arch tends to decrease
with the increase of mining thickness. With the
increase of mining thickness, the thickness of roof
entering the caving zone increases. The roof strata
in the collapse zone and the height of the fault zone
are mainly composed of key strata, which have
obvious composite deformation, subsidence, and
failure. The migration and collapse of top coal and
roof is a dynamic process, in which the thickness of
the rock pillar should be controlled in the immediate roof is changing, while the thickness and
conﬁguration of the lower main roof are also dynamically changing.
(3) A new concept has been proposed, rock pillar height
which needs to be controlled can be used for reference to study the working resistance of support.
(4) There are three working states of loading support in
extremely thick coal seams, such as normal circumstance, lower main roof pressure, and higher
main roof pressure; meanwhile, these states keep
changing. Rock pillar height to be controlled and
support working resistance increase with the increase of mining thickness.
(5) Taking measures to reduce the working resistance of
the support properly will be conducive to the topcoal production and release of ultrathick coal seams
under normal circumstances. Properly increasing the
working resistance of the support can balance the
impact load when the lower main roof pressure is
applied. Some measures are taken to ensure the
stability of the stope support during the higher main
roof pressure, such as releasing high pressure,
lowering the cutting height appropriately, and
lowering the recovery rate of coal.
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In view of the phenomena of coal and gas outburst induced by fault activation under dynamic disturbance, a mechanical model of
faults and surrounding rock mechanics was established based on the theory of fold catastrophe. Moreover, the dynamic disturbance factors were introduced and analyzed to analyze the inﬂuencing factors of outburst coal rock outburst. Through
theoretical analysis, it shows that the thinner the fault medium is, the more energy the external input is required for system
instability, and the external energy can reﬂect the stability of the system. When the width of fault media is ﬁxed, the stronger the
mining disturbance, the less energy the external input is required for system instability; on the contrary, the weaker the mining
disturbance is, the more energy the external input is required for system instability. In addition, through the equation of
conservation of kinetic energy, it can be seen that the stronger the mining disturbance, the greater the critical value of the
surrounding rock thickness. The paper introduces the dynamic disturbance parameters through the catastrophe theory and
analyzes the inﬂuence of the existence of faults on coal and gas outburst in detail, which provides a new theoretical basis for the
prediction and prevention of coal and gas outburst disasters.

1. Introduction
Coal gas outburst is a complex, short-term dynamic
phenomenon caused by many factors, including geological
structure, mechanical properties of coal, gas pressure, and
external force. The role of gas is to generate tensile stress.
The inﬂuence of faults on the coal and gas outburst in the
belt is a major dynamic disaster aﬀecting the safe mining of
coal mines. The cause is often induced by fault activation
caused by dynamic disturbance during mining [1–5].
Faults are common in coal mines, and there is an important
link between dynamic disturbances and the activation of
structural planes (weak faces) with faults and coal and gas
outburst accidents. Both the depth of draw and the increase
in gas pressure will increase the risk of protrusion, and gas
also plays an important role in the process of coal and gas
outburst [6, 7]. The existing research shows that coal and
gas outburst are the dynamic instability phenomena of the

corresponding gas-bearing coal-rock system under external disturbance. In the process from prominence to
stimulation and development, the interaction between
various elements within the system and its interaction with
external systems have obvious nonlinear characteristics
[8–11]. The nature of faults is of great signiﬁcance to coal
mine gas occurrence and mine disaster research such as
coal and gas outburst and coal mine production. The
current study qualitatively analyzes the inﬂuence of the
tectonic stress ﬁeld on the fault properties [12, 13]. At the
same time, based on the actual engineering analysis, the
researchers also proposed that coal and gas outburst are
mainly aﬀected by small geological structures, coal
thickness and its changes, and the occurrence of coal and
gas in the mining area and the corresponding outstanding
law [14, 15].
At present, Li [16] believe that the fault is conducive to
the accumulation of gas and can prevent the migration of

2
gas. Cui and Yao [17], through the example of coal and gas
outburst and the numerical simulation experiment results of
gas drainage in longwall mining face, found that low permeability faults may form impermeable fault zone, which may
lead to excessive gas pressure diﬀerence between the two coal
seams; Song and Zhang [18] used the rock stress state analysis
system software to analyze the mechanism of the tectonic
stress ﬁeld on coal and gas outburst. It is pointed out that the
tectonic stress ﬁeld caused by fault distribution provides
dynamic conditions for the occurrence of gas outburst. Wang
et al. [19] studied the dynamic response characteristics of the
layered system and its whole process. Through analysis, it is
believed that the existence of the weak surface of the fault is
conducive to the occurrence of gas outburst. It can be seen
that the study of the inﬂuence of faults on coal and gas
outburst in the belt has obviously attracted people’s attention.
In addition, many experts and scholars have analyzed
and summarized the coal and gas outburst mechanism based
on the catastrophe theory, which greatly promoted the
theoretical research process of coal and gas outburst accidents. Xiao et al. [20] established a cusp catastrophe model of
coal and gas outburst and made a systematic theoretical
analysis of the prominent gestation and prominence process,
which proposed a new theoretical basis for highlighting the
prevention and prediction of disasters. Zhao et al. [9]
proposed that the failure of coal (rock) under the joint action
of ground stress and gas pressure is a nonlinear process. The
traditional deterministic linear theory is diﬃcult to explain
the nonlinear behavior of gas outburst in essence. The catastrophe theory is an important branch of nonlinear dynamics, and its main method is to generalize various
discontinuities into diﬀerent types of topologies and discuss
the discontinuous morphological features near various
critical points. Ma and Ju [21] introduced the correspondence between the parameters of coal and gas outburst and
the parameters in mathematical model by using the mathematical model of safe rheological-mutation. Pan et al. [22]
established a sudden model of instability of a single coal shell
and provided a basis for studying the three processes of
ground stress, gas pressure, and coal medium in the disintegration of coal shell, gas energy release, and high
pressure gas ﬂow to the protruding process of coal injection.
Many experts and scholars have proposed the seepage
ﬁeld equation of gas ﬂow in coal and rock mass, the deformation ﬁeld equation of coal and rock mass and the
coupling equation of damage and gas permeability coeﬃcient
evolution of coal and rock mass under disturbing stress and
the mathematical model of gas-solid coupling during the
rupture of gas-bearing coal rock mass considering coal rock
deformation damage and gas seepage [23–28]. Xu et al. [29]
established a ﬂuid-solid coupling RFPA2D–ﬂow coupling
model for gas-rock fracture process and gave a numerical
solution based on the rock fracture process analysis system
(RFPA2D). Yang et al. [30] carried out the stress-strain fullprocess penetration test and established a piecewise stresspermeability relationship equation that reﬂects the rock
structure change characteristics before and after the peak,
which provides a reliable experimental basis for establishing
a coupled stress-permeability numerical model for rock
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failure process. Wang et al. [31, 32] established a catastrophic
model of coal-shell instability and disintegration, gave the
expression of the oﬀ-stress strain energy released by the
moment of instability, the expression of the volumetric strain
energy release of the coal-rock system, and the description of
the gas-gas pulverized coal two-phase ﬂow formed by the
coal-containing gas pulverized coal and the coal-bed gas
seepage are obtained, which deepened the understanding of
the comprehensive role of coal and gas evolution law.
The mechanism of coal and gas outburst accidents
caused by fault activation under dynamic disturbance is
complex, and the occurrence of prominent accidents is also
aﬀected and restricted by many factors. This is not only
related to geology, mechanics, gas seepage, etc., but also to
many uninﬂuenced factors, such as tides. From the gestation
to the excitation, the starting process has the characteristics
of abrupt changes. It is the disturbance of the gas-bearing
coal-rock system under the open conditions, due to the
disturbance of the external mining activities, and controlled
by the nonlinear dynamic mechanism inside the system. The
research content mainly focuses on the static or quasistatic
action. The theory of catastrophe induced by fault activation
under dynamic disturbance needs further study. Based on
the speciﬁc conditions, this paper introduces the concept of
mining disturbance through macroscopic mechanics and
discusses the relationship between dynamic disturbance and
fault width, width of fault surrounding rock, and external
energy through the catastrophe equation. In addition, many
scholars have done a lot of research work on the phenomenon of faults caused by faults, such as the theory of
fault-induced earthquakes [33] and the pressure of fault
activation induced by fault activation [34, 35]. Therefore,
some of the theories cited in this paper are mostly based on
rock, but the physical and mechanical properties of coal and
rock mass are quite diﬀerent, and further research is needed.

2. Modeling
2.1. Mechanical Model. Considering that the occurrence of
coal and gas outbursts is mostly related to fault activity, the
fault activation mechanism mainly consists of sliding faults
and normal faults, and the former is more than the latter.
Therefore, we focus on the study of coal and gas outbursts
induced by fault-induced instability during dynamic mining.
To facilitate the analysis, we establish the mechanical model
shown in Figure 1 and make the following assumptions:
The fault is deﬁned as an inﬁnitely uniform strike-slip
fault. As shown in Figure 1, the fault medium and its surrounding rock mass are homogeneous and have isotropy.
The width of the fault zone is 2b, the horizontal distance of
the fault from the boundary of the rock mass is B, the fault
height is L, the displacement (lateral displacement) of the
two plates of the fault is μ, the tangential displacement of the
rock mass boundary is ], and the dip angle of the fault is 90°.
Due to the seepage softening eﬀect of gas, the constitutive
relation of fault media has the property of weaker displacement. The existing researches on gas seepage problems
are based on the study of the relationship between the
permeability coeﬃcient and the damage of coal and rock

Advances in Civil Engineering

3

σyy

τ
2b
σxx

B

exx �

1
S ,
2G yy

(3)

exy �

1
S .
2G xy

(4)

From Equations (2)–(4), the relationship between total
strain increment and total stress increment of fault surrounding rock is
1
(5)
eij � Sij .
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D

Figure 1: Mechanical model of surrounding rock failure instability.

Because of the symmetry of the model in Figure 1, we
take the left half of the faulted surrounding rock for research.
Due to the softening property of the fault dielectric zone, the
shear stress τ in the fault zone will gradually decrease as the
displacement μ of the two plates of the fault increases. This
constitutive relationship is assumed [36]:
m

microscopic units, but there is a lack of analysis of macroscopic parameters. This article focuses on macroscopic
system instability. It ignores the use of gas-related parameters in derivation and explores the theoretical derivation of
fault activation induced by dynamic disturbances in high gas
environments.
In Figure 1, a two-dimensional mechanical model is
established. The surrounding rock is aﬀected by the lateral
stress σ xx , and at the same time, it is aﬀected by σ yy in the
vertical direction. Due to the complexity of geological
conditions and the inﬂuence of mining disturbances, σ xx
and σ yy are not equal in the general case, i.e., |σ xx − σ yy | > 0,
and the following relational equations can be obtained:

(1)

Sxx � σ xx − σ m ,

where σ m is the average stress in the system, εm is the average
strain in the system, εxx is the lateral strain, εyy is the vertical
strain, Sxx is the lateral stress bias, and Syy is the vertical
stress bias.
Before the coal and gas outburst, the surrounding rock of
the fault has been in the deformation stage of deformation.
In rock and soil mechanics, it is considered that the rock in
this state is incompressible, that is, the strain of the model
εm � 0. Therefore, the physical relationship between the
stress deviation Sij and the strain deviation eij can be obtained as
σ xx − σ m
,
2G

υ
c� .
b

(7)

Similarly, the rock mass strain c′ can be expressed as
υ′
,
B

(8)

where υ′ is displacement of surrounding rocks at both ends
of fault media.
The relationship between shear stress and shear strain in
faulted surrounding rock is
τ � Gc′ .

Syy � σ yy − σ m ,

exx �

(6)

where g is the initial shear strength of the fault zone, c is the
maximum shear strain of the fault medium, c0 is the initial
shear strain, and m is the curve family index, which is also
referred to as the homogeneity parameter. τ gradually decreases as the fault slips.
In addition, the shear strain can be expressed as

c′ �

σ xx + σ yy
σm �
,
2
εxx + εyy
,
εm �
2

c
τ � gc exp−  ,
c0

(2)

where G is shear modulus. According to the same reason we
can obtain

(9)

Equations (6)–(9) can be combined to obtain the relationship between the fault surrounding rock and the lateral
movement of the fault and the shear stress [35].
GDL
(10)
Q1 �
υ′ ,
B
m

Q2 �

gDL
υ
υ exp−  ,
b
υ0

(11)

where υ0 is the initial shear stress.
According to Equations (10) and (11), the relevant line
chart is shown in Figure 2. As shown in Figure 2, the left half
is the line graph of the relationship between the shear stress
and the lateral displacement of the fault surrounding rock,
and the right half is the line graph of the relationship between the shear stress of the fault and the lateral displacement. From Equations (11) and (12), GDL/B and gDL/b can
be regarded as constant under normal conditions, that is, the
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greater than 1; F is the lateral stress when the fault medium is
disturbed by no mining.
Q1

Q2
a

a
dμ
v

b

dμ′

b

β

β

v′

Figure 2: Line diagram of shear stress lateral displacement.

stiﬀness of the surrounding rock or fault medium, which is,
respectively, set to K1 and K2 . When Q1 � Q2 , surrounding
rock slowly changes, and the system is in equilibrium, that is,
point a in Figure 2.
2.2. Impact of Dynamic Disturbance. In actual production,
the tunnel excavation operations such as Shimen are always
accompanied by certain dynamic disturbances. When the
excavation of rock gates in prominent high-prone gas mines
is performed to expose faults, the precipitating factors of gas
outbursts are extremely complicated. The impacts of rock
masses will all have a good or bad inﬂuence on the gestation
during the roof falling, the mining power of coal mining
machinery or shot blasting, etc. In this paper, it is assumed
that the mining disturbance has a promoting eﬀect on the
gas outburst, then the perturbation equation is introduced
into the lateral stress σ xx , and the perturbation is assumed to
be periodic, as follows:
Q1 � N + f,
f � N cos ϕ cos ϕ

(12)
πυ′
,
T

(13)

where N is the original lateral stress; f is the superimposed
mining disturbance force, which is a periodic harmonic
wave; T is the action time; and ϕ is the disturbance angular
frequency. Equations (12) and (13) are available:
πυ′
Q1 � N + N cos ϕ cos ϕ .
T

(14)

It can be seen that the lateral displacements of surrounding rocks and fault media are aﬀected by mining
disturbances and have a superposition eﬀect. The displacement increases, the shear stress of the fault changes
more signiﬁcantly, and the cohesion force decreases signiﬁcantly. To simplify the operation of the symbol, Equation
(14) can be further simpliﬁed as follows.
Q1 � λN.

(15)

Q2 � λF,

(16)

For the same reason,

where λ can be considered as the proportional coeﬃcient of
the lateral stress under nonperturbation state in the superposition state of mining disturbance, and its value is

2.3. Energy Analysis and Folding Mutation Model. In the
mechanical model established in Figure 1, it can be seen
from Figure 2 that the system instability mainly occurs in the
softening stage of the fault medium. When the lateral displacement dμ occurs in the fault medium, the faulted medium must inevitably undergo cracking and the crack
gradually expands. It is necessary to absorb energy U1 , that
is, dU1 � Fdμ. At this point, the surrounding rock of the
fault is also deformed and needs to absorb external energy
U2 , that is, dU2 � Fdμ′ . The energy conservation equation
can be obtained as follows:
U1 dμ + U2 dμ′ � Wdμ″ .

(17)

Dividing the obtained equation by dμ on both sides,
U1 + U2

dμ′
dμ″
�W
.
dμ
dμ

(18)

According to Figure 2, Q1 � Q2 at point (a) can be
further reduced to
Q1 +

Q2 · Q2′
� J,
K2

(19)

where J is the energy that needs to be absorbed from the
outside when the lateral displacement dμ of the fault medium occurs.
In Figure 2, the inﬂection point of the softening phase of
segment Q2 is α, where the abscissa is dμα , and Equation (11)
can be derived as follows:
m

μ
Q″2 � λK2 exp− α  
μ0
m + m 2 μα
· ⎡⎣−
 
μ0
μ0

m−1

m2 μ α
+
 
μ0 μ0

(20)

2m−1

⎤⎦.

In this turning point, it is a polyline of a function, so
Q″2 � 0, which is brought into Equation (20) to obtain
μα
m + 1 1/m
�
 .
μ0
m

(21)

It can be known from Equation (21) that since μα and μ0
are the fault displacement and the tangential displacement of
the fault at the initial time at any time, the variation λ caused
by the mining disturbance after the division is correspondingly omitted. It can be seen that, with the deepening
of the digging work, the stress ﬁeld around the rock mass
constantly changes and the rock mass undergoes elastic
deformation and plastic deformation. Subsequently, under
the eﬀect of pressure, it is compacted, the hardness is increased, the deformation is reduced, and the displacement is
reduced. Therefore, the curve becomes steeper.
Bring Equation (21) to Q2′
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Q2 � −λmK2 exp

5
m+1
.
m

Then, expand Q2′ and Q2 by Taylor expansion formula at
μα and substitute it into Equation (19).
λμ20
λμ
+ 0 μ −μ 
me(1 − m) me α 0
−

Jμ0 λ2 μ20 λ2 μ0
+
+
(1 − m) μα − μ0 
mK2 me2 me2

−

λ2 μ0
2
e (1 − m)

μ α − μ0  +

λ2
2
μ − μ  � 0.
e2 α 0

λ2 μ20 λ2 μ0
+
(1 − m) μα − μ0 
me2 me2

Stable branch

μ

(23)
Unstable branch

Observing Equation (23), it can be seen that the form is
similar to the equilibrium surface equation [36] of the simplest
folding mutation, i.e., μ + 3x2 � 0. Equation (23) is transformed into the standard folding mutation equation as follows:
λμ20
λμ
Jμ
+ 0 μ −μ − 0
me(1 − m) me α 0 mK2
+

x

(22)

(24)

λ2 μ0
μ − μ  � μ,
− 2
e (1 − m) α 0

Figure 3: Schematic diagram of folding catastrophe model.

where μ is the control variable and x is the state variable.
When μ > 0, the system is empty; when μ � 0, it is the
critical state of the system; when μ < 0, the image is shown
in Figure 3. The upper part is the stable branch, and the
lower part is the unstable branch.

3. Analysis of Influencing Factors

λ
√� μα − μ0  � x,
e 3

3.1. Systematic Instability Fault Width. Let μ � 0 to ﬁnd the
critical state condition

K2 �

Je2 (1 − m)
.
λμ0 e + e μα − μ0 (1 − m) + μ0 λ(1 − m) + λ(1 − m2 ) μα − μ0  − λm μα − μ0 

It can be obtained from the analysis of Equation (25)
that, when the displacement is determined and the mining
disturbance is certain, the problem of homogeneity is

K�

ignored, and it can be seen that the relationship between K2
and the external energy J is a ﬁrst-order function. Assuming
that

e2 (1 − m)
.
λμ0 e + e μα − μ0 (1 − m) + μ0 λ(1 − m) + λ(1 − m2 ) μα − μ0  − λm μα − μ0 

We can obtain
1 gDL
b� ·
.
J K

(27)

Equation (26) is transformed into a dimensionless form;
other unrelated constants are treated as a unit, and then
bring the ﬁxed value into the relationship. Available curves
are shown in Figure 4.
From Figure 4, we can see that the relationship between
the width of the fault medium and the energy provided by
the outside is an inverse function. The thinner the fault

(25)

(26)

medium, the more the energy input from the external system
needs to be destabilized. That is, the lithology is closer to the
surrounding rock mass, and the more energy is needed to
move, the more external input be. The greater the width of
the fault, the less energy the system requires for external
input. It can be understood that the width of the fault is
inﬁnite in the system, that is, the lithology in the system is
close to the lithology of the fault, and the parameters such as
compressive strength, tensile strength, and adhesion are low,
and the system instability is easier. And then, the less external energy is needed.
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Figure 4: Width of fault medium-outside providing energy diagram.

3.2. Impact of Dynamic Disturbance on System Stability.
Put Equation (19) into further transform to obtain the binary
equation of λ. The positive value of λ can be used to obtain
the inﬂuence of mining disturbance on the stability of the
system, as shown:
gDL
e μα − μ0 (1 − m)
·
� λ.
Jb (1 − m2 − m) μα − μ0  + μ0 (1 − m)

(28)

In the analysis of the equation, the unrelated parameter
items are uniﬁed as a unitary process, and unknown parameters such as λ, J, and b are brought into the special-value
drawing correlation curve for qualitative analysis, as shown
in Figure 5.
From Figure 5, the relationship between λ, J, and b can
be obtained through intuitive analysis. When the width of
a fault is ﬁxed, the stronger the mining disturbance is, the
less energy the system requires for external input. On the
contrary, the weaker the mining disturbances, the more
energy the system requires for external input. Similarly, it
can be analyzed that when the external input energy is
constant, the smaller the width of the fault, the easier the
system will lose stability.
3.3. System Instability Kinetic Energy Conservation. When
the instability of the system occurs, the rock mass will fall
from the initial stationary state to the last one and fall into
the roadway as a stage. In this stage, the loss of other energy
is ignored, and the energy conservation equation is used in
combination with Equation (19) to obtain
i�i+1

1
dμ
 mi vi � J � Q1 α ,
dμ
2
i�1

energy, it is assumed that the energy source of the kinetic
energy of the rock mass in this process comes from the
externally absorbed energy J. According to Equation (19),
the stability of the system can be judged according to the
symbol of J. In this paper, it is assumed that an outburst
occurs, and if the system is unstable, then J > 0. Due to the
large amount of energy input outside the system, the kinetic
energy of the rock mass in the system is increased, so that it
has a certain initial velocity based on instability. The difference in external energy input leads to prominent types
such as dumping, extrusion, and protrusion.
At the same time, Equation (28) can be simpliﬁed as
dμα
1
· λGDLμ · i�i+1
� B.
dμ
i�1 (1/2)mi vi

(30)

At this time, if the rock mass is a whole and ignores other
unnecessary inﬂuencing factors, when μi approaches the μ,
the width of the fault surrounding rock at this time is
considered as the critical value of the rock mass under
critical conditions. From Equation (29), we can see that
when the other inﬂuencing parameters are all constant, the
inﬂuence of the dynamic disturbance parameter λ on the
thickness B of the surrounding rock is a linear function, that
is, the stronger the mining disturbance, the greater the
critical value of the surrounding rock thickness. In addition,
when the rock mass is converted into kinetic energy by
absorbing external energy, the greater the initial velocity, the
greater the width of the fault surrounding rock when the
system is stable, that is, the critical point of coal and gas
outburst.

(29)

where mi is the weight of the rock that protrudes from the
process and μi is the initial velocity of the rock that protrudes
from the accident.
In this state, the rock blocks ﬂy from the static state after
reaching the initial velocity μi by absorbing energy, and the
velocity is reduced to zero. According to the conservation of

4. Conclusions
In this paper, a fault-rock system based on catastrophe
theory is established. The conditions of system instability
and even outburst under the conditions of dynamic disturbance are analyzed. By establishing the model, we know
that the sign of the external energy J can reﬂect the stability
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Figure 5: λ − J − b relation diagram.

of the system, that is, when J > 0, the fault displacement
needs to absorb energy from the outside. At the same time,
the thinner the fault medium is, the more energy the external
input is required for system instability. By combining catastrophe theory analysis, when the width of fault media is
constant, the stronger the mining disturbance is, the less the
external input energy is required for system instability.
Conversely, the weaker the mining disturbances, the more
energy the external input requires for system instability.
When the external input energy is constant, the smaller the
fault width is, the easier the system is to lose stability. The
kinetic energy conservation equation is brought into the
mutation equation, and it can be known that the stronger the
mining disturbance, the greater the critical value of the
surrounding rock thickness. When the external energy
absorbed by the rock mass is converted into kinetic energy,
the greater the initial velocity is, the greater the width of the
fault surrounding rock is when maintaining the stability of
the system, that is, the critical point of coal and gas outburst.
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Coalbed eﬀective permeability is widely used as a primary index to evaluate gas-drainage eﬀect in CBM exploitation ﬁeld.
However, it seems to be diﬃcult to obtain by the reason of dynamic change in close relationship with crustal stress, methane
pressure, porosity, and adsorption. Due to their dissimilar adsorption properties and tectonic deformation degrees, diﬀerent types
of coal containing gas have various stress-strain and gas seepage curves. The paper presents the experimental investigations of the
dynamic relationship between coal permeability and deformation under load. In this work, stress-strain and permeability investigations were performed using anthracite lump with a vitrinite reﬂectance of about 3.24% at various pressures and temperatures. The permeability (including the initial, minimum, and maximum) decreased with increasing temperature. At a constant
conﬁning pressure, the strains in diﬀerent directions almost all increased with increasing axial stress and decreased with increasing
pore methane pressure during the prefracture stage. At a constant pore pressure, the compression strength of the coal specimens
increased approximately linearly during the prefracture stage and sharply decreased during the postfracture stage, while the
permeability decreased rapidly and then increased slowly during the prefracture and remained stable during the postfracture
stage. The permeability of the coal specimens mainly depended on the inner ﬁssures. The permeability was greater during the
postfracture than that during the prefracture stage. At the same temperature, the gas seepage curve of each coal specimen could be
divided into three sections: decreasing, increasing, and constant sections. The necessary time for the permeability to reach a steady
state increased as the conﬁning and pore pressures increased. At high conﬁning pressures (i.e., 6 MPa and 8 MPa), no signiﬁcant
diﬀerences between the methane seepage velocities of the specimens were evident, and their seepage curves were similar to
prefracture. However, clear diﬀerences were observable at the postfracture stage. The seepage abilities of the coal specimens were
more sensitive to stress than temperature in the same condition.

1. Introduction
Coalbed methane predrainage is widely used as an eﬀective
method to control coal and gas outburst in underground
mine [1]. Coalbed methane (CBM) eﬀective permeability is
a key index representing the easy or diﬃculty degree of
methane transportation in CBM exploration and development, which is inﬂuenced by many factors, including tectonic stress [2–7], pore pressure [8–10], porosity [11],

adsorption deformation [12–16], temperature and pressure
(tristress) [8]. Some researchers have conducted permeability experiments using diﬀerent coal specimens, and a few
models of dynamic permeability changes have been established based on the experiment results and theoretical
derivations, and these models were widely used to describe
the eﬀects of stress and matrix shrinkage/expansion [17–19].
For example, Yin et al. [20] selected outburst and nonoutburst molding coal specimens and performed
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a permeability experiment at a maximum gas pressure of
1.0 MPa and normal temperature of 30°C. They found that
the methane permeability ﬁrstly decreased and then slightly
increased as increasing conﬁning stress. Wang et al. [15]
conducted a sorption-induced swelling/shrinkage and permeability experiment involving CO2 injection using a specially designed true tristress coal permeameter. Zou et al.
[21] experimentally investigated the dependence of coal
permeability on eﬀective stress and gas slippage under cyclic
loading and discussed the relationship between permeability
and eﬀective stress. Coalbeds are a kind of typical unconventional gas reservoirs with matrix and ﬁssure porosities, low permeability, and high sensitivity to eﬀective stress.
In the permeability experiment performed by Meng et al. [4],
the change relationship between permeability and eﬀective
stress has a negative exponential function. When the effective stress was 5 MPa or 6 MPa, the stress sensitivity
coeﬃcient and pore compressibility factor ﬂuctuated and
decreased gradually, and the permeability damage rate
varied slowly. Experimental studies have shown that the
overall bituminous coal permeability decreases exponentially with increasing eﬀective stress [2, 22, 23]. However,
high-rank anthracite reservoirs have lower permeability and
higher adsorption capacities than conventional oil and gas
reservoirs [24]. Research on the relationships between in situ
stress in coal reservoirs and permeability has been limited or
insuﬃcient due to the lack of coal stress-strain and permeability coupling data. Most studies have been based
mainly on various rank coal using molding coal specimens
that could not represent actual pore structures of a raw coal
reservoir. Consequently, understanding of the dynamic
permeability variation during CBM exploration and development remains somewhat limited. Therefore, this experimental work on induced swelling strain and
permeability under diﬀerent stress paths is of utmost importance since it will supplement the theoretical studies on
CBM exploration and development. The objective of this
research was to obtain the eﬀects of varying the strain, pore
pressure, and temperature on the permeability of anthracite.
Speciﬁcally, stress-strain and permeability measurements
were performed on anthracite specimens under total stressstrain paths, and the correlations between eﬀective stress,
permeability, and stress-strain were analyzed.

2. Experiments
2.1. Specimen Preparation. The large raw block, such as that
shown in Figure 1(a), was obtained from a longwall development heading of an underground coal mine currently
extracting No. 21 coal seam, Jiaozuo coal basin of northern
China. The coal seam No. 21 is located at the bottom of
Shanxi formation in the Permian. The maximum vitrinite
random reﬂectivity (Ro,max) of the coal specimens was 3.24%,
and the macroscopic lithotype was semibright to bright coal
with banded coal texture. The depth of coal seam No. 21 is
450–480 m. The colliery is experiencing high methane
content more than 20 m3/t in most areas, and gas-drainage
results are extremely unsatisﬁed. Due to strong adsorption of
CH4 and low pore connectedness in the seam, it usually takes
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longer time to reduce the gas content below the critical value
of 8 m3/t based on China seam outburst regulation. Standard
cylindrical specimens of 100 mm in length and 50 mm in
diameter were selectively drilled parallel to the stratiﬁcation
plane in the laboratory (Figure 1(b)). It was then burnished
using emery cloth of the 100-mesh sieve so that the topside
and underside of coal specimens were parallel within
0.1 mm, and the size error between the diameters on topside
and underside was less than 0.2 mm. To prevent moisture
from inﬂuencing the methane adsorption and permeability
at diﬀerent temperatures, all of the experimental specimens
were dried in an incubator and then stored in a drying oven
until the experiments were performed. The basic data about
the coal specimens are provided in Table 1.
2.2. Experimental Apparatus and Procedure. The experimental apparatus was a heat-solid-ﬂuid coupling triaxial
servoseepage device on coal containing gas (Figures 2(a)
and 2(b)) provided by Key Laboratory of Southwest Resource Development and Environmental Disaster Control
Engineering, Education Ministry of China, Chongqing
University. To ensure that methane could not enter or exit
the experimental device during the permeability tests,
a layer of suitable thickness consisting of 704 silica gel was
uniformly applied to the circumference of each coal
specimen and then dried for 10 hours (Figure 2(c)). Each
coal specimen was installed on the specimen platform in
the heat-solid-ﬂuid coupling triaxial servoseepage device.
Heat-shrink tubing was employed to seal the coal specimen, which was then heated with a heater and the compressor to cause the tubing to cling to the specimen. To
ensure the coal suﬃcient adsorbing gas to reach the
equilibrium state, the specimen must be deaerated and the
time of deaeration should be no less than 6 hours using
a vacuum pump, then the gas cylinder valve was opened,
and gas pressure was adjusted to the designed value of the
test plan to allow the specimen to adsorb gas for 24 hours.
After approaching the methane adsorption equilibrium,
the axial and radial displacement extensometer and data
acquisition line were installed, as well as the triaxial
pressure cell and remaining parts. Axial stress was loaded
slowly at a rate of 0.01 kN/s, and gas cylinder and ﬂowmeter
valves were then opened to adjust methane pressures at the
gas inlet and outlet to designed gas pressure and 0.1 MPa,
respectively. The automatic data recording system simultaneously started its operation.

2.3. Experimental Conditions. The cylindrical specimens
not exhibiting any visible fractures were selected meticulously to prevent fractures from aﬀecting the permeability
and adsorption swelling strain results. In these experiments, CH4 desorption by inducing the gas pressure is 1
and 2 MPa; the conﬁning pressure was 4, 6, and 8 MPa; and
the temperature was 30, 40, and 50°C, respectively. All
testing parameters were designed to ensure that the
specimen is not broken during entire experimental stages
on the base of in situ state.
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Figure 1: (a) Raw coal and (b) cylindrical coal specimen for testing.

Table 1: Features of experimental coal specimens.
Type

Raw coal

Specimen ID
W1
W2
W3
W4
W5
W6

Specimen size (mm)
Φ49.9 × 100.25
Φ49.9 × 100.68
Φ49.9 × 100.88
Φ49.9 × 99.90
Φ49.9 × 100.05
Φ49.9 × 100.00

Weight (g)
285.1
286.4
296.3
285.4
286.3
286.0

Density (g/cm3)
1.463
1.482
1.475
1.460
1.465
1.462

Mad (%)
0.52
0.55
0.50
0.55
0.53
0.54

Ad (%)
12.45

Ro,max (%)
3.24

Mad: moisture of on air-dry basis; Ad: ash on a dry basis; Ro,max: maximum reﬂectivity on vitrinite.

2.4. Permeability Determination. Ideally, a fully adsorption
equilibrium state should be reached before commencing
permeability testing; however, the methane diﬀusion process
in the tight coal specimen under triaxial stress could be very
slow [1, 25], and it was considered that equilibrium was
reached after two-day adsorption. As the gas ﬂow rate at the
outlet pipeline became stable, the time was about 3 to 4 hours
according to the recorded data; using the measured ﬂows,
including information about the gas ﬂow rate, gas pressure,
specimen stress, and composition of the outlet gas, the
permeability of the coal specimen can be calculated using
Darcy’s law [26]:
2qp1 μH
k�
,
(1)
A p21 − p22 
where k is the permeability (mD), q is the volumetric rate
of ﬂow (cm3/s) at the prevailing barometric pressure, μ is
the ﬂuid viscosity (cp), H is the specimen length (mm), A is
the cross-sectional area of the specimen (mm2), p1 is the
inlet gas pressure (MPa), and p2 is the outlet gas pressure
(MPa).

3. Results and Discussion
Six specimens were selected to investigate the eﬀects of
mechanical deformations on the permeability of high-rank
anthracite containing gas in this work. Under a complete
stress-strain path, deformation-seepage was only related to
whether diﬀerent coal materials adsorbed gas. All specimens

exhibited almost the similar laws of permeability variations
with mechanical deformation and temperature change. For
simplicity, we discuss only one of the specimens in this
report.
3.1. Mechanical Deformation. The relationships between
conﬁning pressure, axial stress, and strain direction are
depicted in Figure 3. Both triaxial compression strength
and strain increase consistently pre- and postfracture as the
conﬁning pressure increases from 4 to 6 to 8 MPa. The
compression strength increment of the coal specimen increases from 15.3% to 21.7% at a pore pressure of 1 MPa, yet
it decreases from 23.7% to 19.7% at a pore pressure of
2 MPa. The coal compression strength is positive correlation to conﬁning pressure at the same external condition,
and it becomes larger as increasing conﬁning pressure and
more diﬃcult to compress. Because conﬁning pressure
restricts coal inner crack to further extend, pores and
cracks are compressed to enhance the mutual friction force
among coal granules and density before the stress peak of
the coal specimen, and the total stress-strain curve appears
to vibrate repeatedly in respect to the beginning of coal
break.
While gas pressure increasing from 1 to 2 MPa, coal
granules may adsorb more methane and bring about larger
swelling strain, and it will directly result in smaller pore or
crack volume and lower coal strength. Adsorption gas layer
can drop the friction force among coal granules as a result of
slippage eﬀect.
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(a)
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Figure 2: (a) Heat-solid-ﬂuid coupling triaxial seepage device, (b) experimental workﬂow, and (c) coal specimen.

The axial, radial, and volumetric strains are all greater
postfracture than prefracture. The stress-strain curves can be
divided into three stages corresponding to elastic, plastic,
and fracture strain. The axial strain decreases obviously as
the conﬁning pressure increases from 4 to 6 to 8 MPa in the
elastic strain stage, while the radial and volumetric strains
are almost unchanged. In contrast, the axial, radial, and
volumetric strains all decrease clearly in the plastic strain
stage, and the strain values of axial strain ε1 , radial strain ε3 ,
and volumetric strain εv increase at the rupture site. After
exceeding the stress peak of the specimen, coal inner
microcracks begin to extend, and to be further interﬁngering, block coal is broken into smaller coal fragments by
crack network. Axial stress starts to fall down suddenly,
porosity becomes larger, and residual stress of cracked coal
maybe exceeding coal strength results in coal recrack continuously. All of the strains suddenly and substantially increase during the postfracture stage.
Therefore, the stresses, including the axial stress σ 1
and conﬁning pressure σ 3 , and pore pressure p more

signiﬁcantly aﬀect coal in the elastic and plastic strain stages
than in the fracture strain stage.
As shown in Figure 4, at a conﬁning pressure of 6 MPa,
the compression strength of the coal specimen decreases
rapidly as the pore pressure changes from 1 to 2 MPa;
however, the axial and radial strains increase slowly at the
same conﬁning pressure, and the strain oscillation diminishes in the fracture stage. The adsorption capacity of the
anthracite increases gradually with increasing pore pressure,
and the adhesion between coal particles decreases due to the
increased adsorption-induced swelling deformation. Although the pore pressure can oﬀset part of the axial stress,
the adsorbed layer caused by the swelling deformation results in lubrication during the fracturing process and evidently reduces the coal strength. The research results were
basically similar as those of other scholars.
The linear increases of the elastic modulus E and
compression strength σ c with increasing conﬁning pressure
are depicted in Figure 5. The inner pores and cracks of the
coal specimen are restricted to expand in the radial direction
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Figure 3: Relationship between axial stress and strain at pore pressures of (a) 1 MPa and (b) 2 MPa.
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Figure 4: Relationship between stress and strain at diﬀerent pore
pressures.

under the conﬁning pressure, and the pore and crack volume
is compressed further under the axial pressure, causing the
friction between the coal particles to increase.
3.2. Deformation Eﬀects on Permeability. The authentic
stress state of coal can be expressed in terms of the average
eﬀective stress according to the Terzaghi formula [27–29]
since the eﬀective stress is one of the primary factors affecting the coal strength, deformation, and permeability. The
formula is as follows:

1
p + p2 ,
2 1

(2)

1
1
σ 1 + 2σ 3  − p1 − p2 ,
3
2

where σ 1 denotes the axial stress, MPa; σ 1′ is the eﬀective
axial stress, MPa; σ 3 represents the conﬁning pressure, MPa;
σ 3′ is the eﬀective conﬁning pressure, MPa; σ 0 denotes the
average eﬀective stress, MPa; and p1 and p2 demote gas inlet
and outlet pressures, respectively, MPa.
Using the Terzaghi formula, the eﬀective stress of the
coal specimen was calculated for diﬀerent axial stresses and
pore pressures, as shown Table 2.
Based on the results, a curve illustrating permeability
changes with axial strain and pore pressure was drawn
(Figure 6). It reveals the correlation between permeability
and eﬀective stress σ 0 and between permeability and axial
strain, at diﬀerent pore pressures and a conﬁning pressure of
6 MPa.
With increasing axial strain, the seepage velocity exhibits
a parabolic shape ﬁrst decreasing and then increasing, while
the eﬀective stress increases linearly in the initial elastic
deformation stage. With increasing pore pressure, the
seepage velocity decreases rapidly in the initial compressed
stage and then increases slowly at a constant conﬁning
pressure of 6 MPa. The eﬀective stress-strain curves at pore
pressures of 1 MPa and 2 MPa are the same in the lower
strain stages (ε1 < 1.5%), while that corresponding to a pore
pressure of 2 MPa is larger in the higher strain stages
(ε1 > 1.5%). However, the decrease rate of permeability
curves are the same in the lower strain stages (ε < 1.5%) at
p � 1MPa and p � 2MPa, and they at p � 1MPa increase
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Figure 5: Variations of (a) compression strength and (b) modulus of elasticity with conﬁning pressure.

Table 2: Test parameters of average eﬀective stress-seepage velocity.

W1
W2
W3
W4
W5
W6

1

2

60

Elastic deformation stage

1.0

Plastic deformation
stage

0.9
2 MPa
0.8
1MPa
0.7

50
Effective stress σ0 (MPa)

Average eﬀective stress, σ 0,max
σ 0 (MPa)
qmax (mL/min)
20.60
0.384
25.19
0.032
32.56
0.030
20.91
0.577
18.54
0.015
27.38
0.161

Gas pressure (MPa)

40

0.6
2 MPa
1 MPa 0.5

30

0.4
20

0.3

Permeability k (mD)

Specimen no.

0.2

10

0.1
0.0

0
0.0

0.5

1.0
1.5
Axial strain ε1 (%)

2.0

2.5

1 MPa effective
stress-axial strain

1 MPa axial
strain-permeability

2 MPa effective
stress-axial strain

2 MPa axial
strain-permeability

Figure 6: Relationships between eﬀective stress, permeability, and
axial strain at a conﬁning pressure of 6 MPa.

more rapidly than those at 2 MPa in the higher strain stages
(ε1 > 1.5%). Compared with other scholars, the change of
permeability and strain is diﬀerent. The main reasons are
that testing specimens have lower porosity, abundant
nanostructure pores, and strong absorbable behavior. Absorption inducing swelling strain of specimen is smaller, and
the permeability is larger at low pore pressure.

Residual eﬀective stress, σ r
σ r (MPa)
qmax (mL/min)
9.78
1.512
15.16
0.035
17.77
0.034
12.29
3.496
11.98
0.132
18.44
0.274

Therefore, the coal permeability decreases in the law of
negative exponent function as the increases in the law of
exponential function as the increase of eﬀective stress in the
plastic stage. The diﬀerence between the eﬀective stress
curves is barely observable in the elastic strain stage, although it is obvious in the plastic strain stage. From the
comparison, it can be found that gas is easier to ﬂow in the
plastic deformation stage than in the elastic deformation
stage. The diﬀerence between the permeability curves is clear
since that corresponding to the greater pore pressure is
obviously higher, and the initial diﬀerence between the
permeability curves is larger than it is after the application of
a greater axial strain.
3.3. Time Eﬀects on Permeability. Coal is a dual-pore-system
medium, containing matrix and ﬁssure-pore systems of
diﬀerent sizes. The permeability of coal mainly depends on
the ﬁssures, which not only provides gas reservoir space but
also connects the matrix pores via a microﬁssure network
system. As shown in Figure 7, as the conﬁning pressure
increases from 4 to 8 MPa, the maximum average eﬀective
stress σ 0, max increases linearly from 20.6 to 32.56 MPa
during the prefracture stage and decreases rapidly during the
postfracture stage. However, the residual stress increases
from 9.78 to 15.16 MPa and ﬁnally to 17.77 MPa. The
fracturing frequency of the coal increases obviously in the
fracture stage with increasing conﬁning pressure. The effective stress curves exhibit serrated changes due to the
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Figure 7: Time dependences of average eﬀective stress and
permeability.

stretch of microcracks and interconnection inside the coal
body, as the increasingly numerous microcracks become
larger cracks and form cracks. Finally, the coal specimen is
broken, resulting in an exponential increase in permeability.
At a constant conﬁning pressure, the permeability ﬁrst
rapidly decreases, then slightly increases, rapidly increases,
and becomes relatively stable. Diﬀerent conﬁning pressures
yield diﬀerent permeability and dissimilar rates of decrease
and increase. The rates of change decrease with increasing
eﬀective stress.
The time from compression until the ﬁrst break in the
coal specimen is approximately 1500 s, 1700 s, and 1900 s at
conﬁning pressures of 4 MPa, 6 MPa, and 8 MPa, respectively. These times reﬂect the inverse relationship between the coal methane seepage velocity and eﬀective stress.
The greater the conﬁning pressure is, the higher the yield
strength is, and the higher the compressive strength is, the
longer the time from a quantitative change until a qualitative
change is.

of the specimen decrease 53% and 7.2% as temperature
increases from 30°C to 50°C. The initial permeability is
greater than the minimum permeability at diﬀerent temperatures, while the sensitivity decreases with increasing
temperature.
In general, the observed eﬀects of temperature on permeability are complex. First, when the thermal stress was less
than the external stress, volume expansion and thermal
stress were produced as the temperature increased, causing
inward expansion that compressed the pores and decreased
the permeability, and the diﬀerences between the porosity
and permeability curves increased. Then, the coal adsorption
capacity increased, and the adsorbed methane began to
desorb with increasing temperature, causing the coal matrix
to shrink and the eﬀective porosity to increase, resulting in
increased permeability. Finally, the methane molecule
preserved coal pores, and cracks enabled more rapid and
easier ﬂow under the same external stress with increasing
temperature. Thus, the permeability is more sensitive to
stress than temperature in coal reservoirs.
Temperature takes an important inﬂuence on mechanic’s
characteristic, methane adsorption/desorption, and methane seepage of coal containing gas. There is no a uniform
viewpoint, and still many contest about temperature is how
to eﬀect the permeability according to the diﬀerent experimental results. Some scholars believed that permeability
increase with the increasing temperature, and also others
insisted in the reverse opinion.
As shown in Figure 9, when temperature changes from
30°C to 40°C to 50°C, the elastic modulus of coal containing
gas increases to 12.9% and 5.97% and compression strength
decreases to 9.7% and 17.6%, respectively. Analyzing the
tendency towards change, it is believed that coal adsorption
capacity became larger and methane molecules moved
faster under thermal motion to produce larger gas internal
energy. This further weakened mechanics characteristic of
coal containing gas. The conclusion is basically in consonance with other studies on diﬀerent rank coal and
modeled coal.

4. Conclusions
3.4. Temperature Eﬀects on Permeability. The permeability
experimentally obtained at diﬀerent temperatures and pore
pressures of 2 MPa is presented in Figure 8. The initial
permeability decreases almost linearly with increasing
temperature, and its rate of decrease continuously decreases
as the temperature increases further (Figure 8(a)). The
variations of the minimum permeability with temperature
are similar to those of the initial permeability; however,
the rate of change of the minimum permeability decreases
more slowly than that of the initial permeability as the
conﬁning pressure increases (Figure 8(b)). The maximum
permeability exhibits the same tendency to decrease as the
conﬁning pressure increases from 4 MPa to 6 MPa to 8 MPa
(Figure 8(c)).
These changes indicate that temperature signiﬁcantly
aﬀects permeability, which displays an inverse relationship
with temperature. The initial and the minimum permeability

Six deformation-seepage tests under diﬀerent stress conﬁning conditions and temperatures were conducted. Gas
seepage eﬀect and eﬃciency were evaluated and discussed
from diﬀerent aspects. The research progress can be considered for improving the gas-drainage eﬃciency in underground colliery or in CBM ﬁeld especially in lowpermeability high gas seams. In the further research, permeability and strain of diﬀerent tectonically deformed coals
should be adapted to improve and perfect the theory of
CBM:
(1) Pore pressure, temperature, and conﬁning pressure
signiﬁcantly inﬂuence the formation and permeability of coal containing gas. At a constant conﬁning
pressure and temperature, the permeability of coal
methane increases linearly with increasing pore
pressure. However, the permeability has a parabolic
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Figure 8: Relationships between (a) initial, (b) minimum, and (c) maximum permeability and temperature at diﬀerent conﬁning pressures.
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Figure 9: Relation between (a) compression strength and temperature and between (b) elastic modulus and temperature at a conﬁning
pressure of 8 MPa and pore pressure of 2 MPa.
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relationship with the conﬁning pressure, ﬁrst decreasing rapidly and then increasing slowly, and the
initial permeability, minimum permeability, and
maximum permeability (from 0.532, 0.46, 0.4 to 0.33,
0.25, to 0.19) all change obviously.
(2) As the axial stress increases, the axial and radial
strains and compression strength increase, but the
compression strength and strain decrease clearly as
the pore pressure increases from 1 MPa to 2 MPa.
(3) Eﬀective stress controls the dynamic changes of
permeability in low-strain stage (ε1 < 1.5%), yet pore
pressure decides its changes in larger strain stage
(ε1 > 1.5%). At the same temperature and in the lowstrain stages, the eﬀective stress increases linearly as
the axial strain increases. In contrast, the permeability ﬁrst decreases rapidly and then increases
slowly. As the conﬁning pressure continues to increase, the eﬀective stress increases further and the
permeability reaches its minimum. The permeability
subsequently begins to increase, as do the fracturing
time and number of fractures. With increasing
temperature, the initial permeability decreases obviously. Meanwhile, the minimum permeability
generally becomes more consistent as the conﬁning
pressure increases, although slight changes with
temperature may still be observed.
(4) The variation of permeability induced by eﬀective
stress is greater and more sensitive than that by
temperature in gas production process.
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Emergency trench shoring design for rescue operations has no reliable standard to determine lateral earth pressures. As a result,
the ﬁrst responder community is forced either to rely predominantly on either “rule-of-thumb” methods or similarly to assume
the OSHA 29 CFR for Type C soil to determine a “worst-case scenario.” However, the use of generalized methods, i.e., the C-80, is
not oﬃcially supported by OSHA standards, which are overly conservative and do not reﬂect the observations of actual trench
surface failures. Additionally, the shoring system requirements can be unnecessarily prohibitive in short-term emergency operations. The current “rule-of-thumb” method used by ﬁrst responders underestimates braced earth pressures for weak sandy soils
and is not recommended for continued use. Therefore, a simpliﬁed soil mechanics-based lateral earth pressure framework, the “TL method,” that accurately represents actual earth pressures based on the in situ soil failure conditions, is presented. The T-L
method is validated against Coulomb earth pressure theories and braced excavation thrust pressures for Type C soils. The results
indicate a signiﬁcant reduction in estimated lateral earth pressures which are typically required for a standard construction
shoring system design, while providing an adequate and safe emergency rescue shoring standard for ﬁrst responders.

1. Introduction
First, responders accept the US Occupational Safety and
Health Administration (OSHA) Type C soil as the “worstcase” material and is deﬁned as follows [1, 2]:
(i) Cohesive soil with an unconﬁned strength of less
than 0.5 tsf (47.9 kPa)
(ii) Weak granular soil, including gravel, sand, and
loamy sand
(iii) Submerged soil or soil from which water is actively
weeping.
OSHA provides labour practice standards relating to
permanent trench shoring and deﬁnes the minimum lateral
earth pressure shoring requirements, PC-χ, for Type C soil, in
units of pounds per square foot (psf ), as follows [2]:

PC−χ � χ(H) + 72,

(1)

where H is the depth of the trench (ft) and the constant 72 is
the representative of a light 2 ft (0.6 m) surcharge load. The χ
multiplier relates H to the lateral earth-pressure at the base
of the excavation. Table C-1.3 in OSHA [2] uses χ of 80 but
does not give the derivation or the limitations of use; instead,
it requires a uniform earth pressure distribution based on the
base trench pressure. Equation (1) is typically referred to by
the soil type and the χ variable, e.g., C-80 method, and is
used herein. OSHA [3] cautioned against using Equation (1),
despite Equation (1) being the standard, stating that shoring
should be designed by a “competent person.” This left ﬁrst
responders without a simple, rapid, and accurate standard
from which earth pressures could be calculated for rapid
rescue shoring operations where time is critical and
“competent persons” may not be readily available. Consequently, “rule-of-thumb” methods, including Equation (1),
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have formed an ad hoc “local standard” emergency shoring
design guidance. The common “rule-of-thumb,” Prt, calculation, currently used is [1]
Prt � 0.33(100 pcf)(H) � 33.33(H).

(2)

The unit weight of 100 pounds per cubic foot (pcf )
(15.7 kN/m3) is unrealistic for a natural soil, e.g., typical
quartz-silica sand has an unsaturated unit weight of approximately 120 pcf (18.9 kN/m3) [4, 5]. Moreover, the
functional form is incorrect for Coulomb theory and braced
excavation design [5–9].
Coulomb theory describes the total horizontal pressure,
Ph, on a unit width of a vertical plane extending from the
surface to a depth, H, as
�� 1
1
Ph � ki cH2 ± Su H ki ≈ ki cH2 (for Type C soils),
2
2
(3)
where c is the bulk unit weight and Su is the undrained shear
strength. For Type C soils, the undrained shear strength is
assumed negligible and can be conservatively approximated
in Equation (3). The earth pressure coeﬃcient, ki, can be
expressed as at-rest, k0; active, ka; or passive, kp.
Over the width of a standard emergency trench rescue
shoring panel, 4 ft (1.2 m), the resultant active force, Qh, is
Qh � 2ki cH2 .

(4)

A retaining structure is required to resist ka conditions
where ka is
2

⎪
⎪
⎧
⎫
⎨
⎬
csc(β)sin(β − ϕ)
ka � ⎪���������� ��������������������������� ⎪ ,
⎩ sin β + ϕ  + sin ϕ + ϕ sin(ϕ − i)/sin(β − i) ⎭
w
w

(5)
where β is the inclination of the shoring panel, ϕ is the soil
friction angle, ϕw is the soil-panel friction, and i is the
ground inclination. For emergency shoring, it can be assumed that ϕw is negligible and shoring panel installation is
near vertical, β �90°.
The quantiﬁcations of ϕ, c, i, and pressure distributions
are not practical, beyond the training of most ﬁrst responders, and are grossly assumed, e.g., Equations (1) and
(2). Actual excavation failures can vary signiﬁcantly in both
size and shape depending on the heterogeneity of the soil,
presence of weak soil lenses, and degree of saturation.
Therefore, a simpliﬁed approach to trench failure earth
pressures is derived from the actual failure surface at the
operation site, i.e., the T-L method. By using the actual
failure surface, the in situ eﬀects can be implicitly accounted
for.

2. Derivation of Simplified Earth Pressures
(T-L Method)
Rescue shoring consists of panel sections with a minimum of
two shores per panel. The T-L method quantiﬁes a required
shoring strut resistance, RT-L, to a lateral earth pressure
resultant, Equation (3), that acts on the centre of a section of

the shoring panel, typically one-half of the panel area, and is
developed speciﬁcally for emergency rescue operations.
The T-L method bulk density for a saturated Type C soil,
cT-L, is derived conservatively from the following:
cd �

G s cw
,
1+e

(6)

cd �

cw S
,
ω + S/Gs 

(7)

cT-L � (1 + ω)cd ,

(8)

where cd is the dry unit weight of the soil, cw is the unit weight
of water, e is the void ratio, ω is the gravimetric water content,
S is the degree of saturation, and Gs is the speciﬁc gravity.
Taylor et al. [10, 11] determined that unconﬁned sand,
e.g., soil at or near the excavation face, fails at a degree of
saturation of approximately 73% irrespective of the soil’s
density. Therefore, it is assumed that the maximum degree of
saturation in the T-L method derivation is also 73%. Gs is
typically between 2.62 and 2.76, depending on the soil
mineralogy [5]. A typical speciﬁc gravity of quartz-feldspar
sand, 2.67, is used herein. Conservatively, the void ratio, e, is
assumed as the median minimum void ratio for granular
soils, 0.375 [12]. Solving Equations (6)–(8), cT-L, is 133.3 pcf
(20.9 kN/m3).
The soil’s ϕ ranges signiﬁcantly depending on grain size
and shape, mineralogy, conﬁnement, saturation, etc.
[5, 10, 11, 13–16]. It is not practical to estimate a potential in
situ ϕ in a rescue operation as the actual failure surface is rarely
equivalent to the theoretical failure surface suggested in design
earth pressure calculations, e.g., Coulomb [17]; OSHA [2];
Lancellotta [18]; and Paik and Salgado [19]; therefore, the
maximum lateral extent of the actual failure, L (Figure 1), is
used to determine the earth pressure geometry. In emergency
operations, speciﬁc sections of the trench face have failed with
most of the trench face still intact, i.e., quasistable and “at-rest.”
While an open excavation that is “at rest” does not exhibit
a net horizontal stress without movement, the T-L method
considers an “at rest” or k0 condition of k0 � 0.50 as a conservative measure for cohesionless soil at or near the failed
trench section. Cohesive soils can have ka values exceeding the
assumed k0 values; however, as shown in Equation (3), the
undrained shear strength reduces the net pressure compared
to a weak sandy material even for Type C clays. The assumption of k0 � 0.50 is equivalent to sandy material with
a friction angle of 30° translating to a lateral pressure 1.5 times
greater than the active case for a level ground.
Thus, the required lateral resistance is
RsT-L �

1
wdLi cT-L k0 ,
ns

(9)

where RsT-L is the resistance of a single strut acting at the
centre of one-half of the area of the shoring panel; ns is the
standard number struts per standard rescue panel, and in the
United States, there are typically two struts per shoring
panel; w and d are the standard dimensions, width, and
depth, respectively, of the rescue shoring panels; and Li is the
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Figure 1: (a) Typical trench failure proﬁle for Type C soil: (a) observed in situ with weak lenses and soil heterogeneity; (b) proﬁle of failure
shape with failure extents for derivation of the T-L method.

lateral extent of the failed mass in units of feet (ft) or meters
(m) denoted by the subscript i. In the United States,
emergency rescue shoring panels are of the same speciﬁc
standard nominal dimension as plywood sheeting, 4 ft × 8 ft.
The European standard for nominal plywood sheeting is the
SI equivalent of 125 cm × 250 cm or 1.25 m × 2.50 m.
For standard nominal rescue shoring dimension with
two struts per panel, Equation (9) reduces to
RsT-L � 1.0625 Lft ≈ 1.1 Lft (kips),
RsT-L � 16.328 Lm ≈ 16.4 Lm (kN).

(10)

In rare cases in which Li is indeterminate or the trench
rescue operation is not the result of a collapsed excavation
face, the maximum calculated resistance for a given trench
depth in Table 1 (Lmax � 0.7H corresponding to an eﬀective
friction angle of 20° material) should be used. The total
shoring system resistance is
RT-L � n RsT-L ,

(11)

where n is the number of struts for a given trench depth. It
must be noted that n is not equivalent to ns in Equation (9).
Table 1 tabulates the T-L resistance, Equations (10) and (11),
for a range of L and trench depths.
The results of Equation (11) were compared to those of
Equations (4) and (5) and are shown in Table 2. The “worstcase” soils range from a weak saturated clayey sand or sandy
loam (ϕ � 20° and c � 120 pcf or 18.9 kN/m3) to a heavy dense
sand (ϕ � 40° with c � 130 pcf or 20.4 kN/m3) [5]. The ground
behind the trench face cannot always be the assumed level;
therefore, i is included in Equation (5) and Table 2. Table 2
illustrates that the maximum Qh correlates to the weak soil
despite the lower bulk density; therefore, the maximum Li in
the T-L method (Table 1) corresponds to this condition and is
used in Table 2 for an equivalent comparison. The largest Qh
occurs when i is 30°; however, in no case was a failure
condition, RT-L < Qh, observed suggesting that Equation (11)
adequately resists the “worst-case” Coulomb earth pressures.
Emergency shoring systems more closely resemble
braced excavations, thereby requiring shoring design to use
a “reasonable” earth thrust pressure distribution [5–9, 20–24].
The actual stress distribution for braced excavations varies
signiﬁcantly compared to that of Coulomb theory and

between shallow (less than 6.1 m) and deep (greater than
6.1 m) excavations [24, 25]. The majority of the research into
braced excavation, i.e., Terzaghi and Peck [8], Peck [6],
Tschebotarioﬀ [9], Wang [22], Karlsrud and Andresen [21],
Blackburn and Finno [20], is limited to deep excavation sites
and are not necessarily applicable in emergency trench rescue
operations [24, 25]. Yokel [23], LaBaw [25], and LaBaw and
Aggour [24] are the only research eﬀorts, known to the authors, on shallow braced excavations. Yokel [23] uses a theoretical rectangular earth pressure envelope for shallow
excavations that is equivalent to Equation (3) wherein the
resulting total thrust is in excess of Peck [6]. However, recent
research has shown that the actual earth pressures acting on
shallow braced excavations are signiﬁcantly reduced when the
structural elements of the shoring system, e.g., strongbacks and
panels, are considered [24, 25]. Applying a minimum reduction
of 53% [24] to account for the thinnest possible panel, the thrust
pressures calculated by Yokel [23] are reduced to those of Peck
[6]. Furthermore, LaBaw and Aggour [24] illustrate that the
actual earth pressure distribution is nonuniform behind the
panel face. Thus, the total thrust pressure can be conservatively
approximated using the theoretical rectangular distribution of
Yokel [23] at a maximum thrust pressure calculated by Peck [6].
However, the total thrust against the excavation bracing
does not necessarily diﬀer from Equation (3) and should be
stable from a global design scale if the active Coulomb
pressures can be resisted [5]. Each structural member cannot
be designed solely based on the earth pressure distribution as
the central shores must be able to withstand thrust pressures
[5–9]. Peck [6] suggests that a maximum thrust pressure for
a sand, Ppt , is
Ppt � 0.65cka H.

(12)

Tschebotarioﬀ [9] diﬀerentiates between permanent and
temporary braced excavations where the maximum temporary excavation thrust pressure, PTt , for sand, is
PTt � 0.25cH.

(13)

It is not practical in rescue operations to calculate different strut pressures with depth; therefore, the T-L method
conservatively requires that all struts must resist the maximum thrust pressure. This assumption is similar to the
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Table 1: T-L method resistance calculations as a function of the lateral extent of the observed failure.

Furthest
lateral
extent of
observed
failure, L
ft
m
1.5
0.5
2.0
0.6
2.5
0.8
3.0
0.9
3.5
1.1
4.0
1.2
4.5
1.4
5.0
1.5
5.5
1.7
6.0
1.8
6.5
2.0
7.0
2.1
7.5
2.3
8.0
2.4
8.5
2.6
9.0
2.7
9.5
2.9
10.0
3.0
10.5
3.2
11.0
3.4
11.5
3.5
12.0
3.7
12.5
3.8
13.0
4.0
13.5
4.1
14.0
4.3

T-L method resistance calculations
RT-L (kips)

RT-L (kN)

Trench depth
4 ft
1.7
2.2
2.8
3.3
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

8 ft
3.3
4.4
5.5
6.6
7.7
8.8
9.9
11.0
12.1
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

12 ft
5.0
6.6
8.3
9.9
11.6
13.2
14.9
16.5
18.2
19.8
21.5
23.1
24.8
26.4
28.1
—
—
—
—
—
—
—
—
—
—
—

Trench depth

RsT-L
16 ft
6.6
8.8
11.0
13.2
15.4
17.6
19.8
22.0
24.2
26.4
28.6
30.8
33.0
35.2
37.4
39.6
41.8
44.0
46.2
48.4
—
—
—
—
—
—

20 ft
8.3
11.0
13.8
16.5
19.3
22.0
24.8
27.5
30.3
33.0
35.8
38.5
41.3
44.0
46.8
49.5
52.3
55.0
57.8
60.5
63.3
66.0
68.8
71.5
74.3
77.0

1.7
2.2
2.8
3.3
3.9
4.4
5.0
5.5
6.1
6.6
7.2
7.7
8.3
8.8
9.4
9.9
10.5
11.0
11.6
12.1
12.7
13.2
13.8
14.3
14.9
15.4

1.2 m
7.5
10.0
12.5
15.0
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

2.4 m
15.0
20.0
25.0
30.0
35.0
40.0
45.0
50.0
55.0
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

3.7 m
22.5
30.0
37.5
45.0
52.5
60.0
67.5
75.0
82.5
90.0
97.5
105.0
112.5
120.0
127.5
—
—
—
—
—
—
—
—
—
—
—

RsT-L
4.9 m
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
110.0
120.0
130.0
140.0
150.0
160.0
170.0
180.0
190.0
199.9
209.9
219.9
—
—
—
—
—
—

6.1 m
37.5
50.0
62.5
75.0
87.5
100.0
112.5
125.0
137.5
150.0
162.5
175.0
187.5
199.9
212.4
224.9
237.4
249.9
262.4
274.9
287.4
299.9
312.4
324.9
337.4
349.9

7.5
10.0
12.5
15.0
17.5
20.0
22.5
25.0
27.5
30.0
32.5
35.0
37.5
40.0
42.5
45.0
47.5
50.0
52.5
55.0
57.5
60.0
62.5
65.0
67.5
70.0

Note: the maximum extent of L is determined based on the Coulomb failure wedge of a soil with a friction angle of 20°.

thrust pressure distribution of Peck [6] and slightly more
conservative than that of Tschebotarioﬀ [9].

3. T-L Method Validation
The T-L method was compared to Coulomb theory, C-80,
C-60, and “rule-of-thumb” methods using the same “worstcase” soil range in Table 2. In the resistance calculations for
the T-L, C-80, and C-60 methods, a failure condition (R <
Qh) was not observed irrespective of ground slope. The “ruleof-thumb” method did result in a failure condition for the
weakest sandy soil at each i.
Table 2 illustrates that the C-80 and C-60 total shoring
resistances are approximately double the Coulomb theory
resultant and at least 1.75 and 1.33 times greater than the T-L
method, respectively. Moreover, the C-80 and C-60 methods
require resistances that can exceed the shoring capacity of
specialized emergency rescue equipment, e.g., Paratech
Rescue Shoring is rated up to 80.0 kips (355.9 kN) and are
well in excess of typical timber rescue shoring material.
Table 3 investigates Equations (12) and (13), in terms of
a maximum force per strut, compared to the calculated
resistance of Equation (10). The calculated maximum thrust
force, acting on a 4 ft (1.25 m) × 4 ft (1.25 m) section of
panelling, does not exceed the per strut resistance of the T-L,

C-80 and C-60 methods. However, both the C-60 and C-80
methods require resistances of at least 2.1 times greater than
the maximum thrust force per strut from either Peck [6] or
Tschebotarioﬀ [9]. The “rule-of-thumb” method underestimates the maximum thrust force by as much as 1.5
kips (6.7 kN) and could result in shoring failure [5, 6, 8, 9].
The number of struts per shoring panel is limited by the
maximum thrust per strut in Table 3. If ns , in Equation (9), is
increased to three struts per shoring panel, the resulting
RsT-L would be approximately 2.1 kips for a 4 ft trench depth.
This is below the maximum strut force for Peck [6] and
Tschebotarioﬀ [9], and localized strut failure could reasonably be expected. This undersizing of the strut would
continue for all trench depths presented in Table 3.
Therefore, the authors suggest the use of only two struts per
shoring panel (ns � 2 in Equation (9)).

4. Application of Surcharge Loads
When trench spoil material is located within Li, an additional
surcharge load should be added to Equation (10). The angle of
repose of dumped material creates trench spoil piles uniform
in neither shape nor weight distribution (Figure 2) and limits
the maximum potential height. Therefore, a geometrically
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Table 2: Coulomb earth-pressures versus the total shoring resistance of the T-L method and the C-80 method. Bold values denote a failure
condition where the expected resistance is less than the calculated earth-pressure force.

Trench
depth

4 ft
(1.2 m)

8 ft
(2.4 m)

12 ft
(3.7 m)

16 ft
(4.9 m)

20 ft
(6.1 m)

Friction
angle, ϕ

Ground
slope, i

Degree
20
30
40
20
30
40
30
40
20
30
40
20
30
40
30
40
20
30
40
20
30
40
30
40
20
30
40
20
30
40
30
40
20
30
40
20
30
40
30
40

Degree
0
0
0
12
12
12
30
30
0
0
0
12
12
12
30
30
0
0
0
12
12
12
30
30
0
0
0
12
12
12
30
30
0
0
0
12
12
12
30
30

Lateral earth-pressure
coeﬃcient, ka

0.49
0.33
0.22
0.60
0.38
0.24
0.75
0.32
0.49
0.33
0.22
0.60
0.38
0.24
0.75
0.32
0.49
0.33
0.22
0.60
0.38
0.24
0.75
0.32
0.49
0.33
0.22
0.60
0.38
0.24
0.75
0.32
0.49
0.33
0.22
0.60
0.38
0.24
0.75
0.32

Bulk unit
weight
pcf kN/m3
120 18.9
125 19.6
130 20.4
120 18.9
125 19.6
130 20.4
125 19.6
130 20.4
120 18.9
125 19.6
130 20.4
120 18.9
125 19.6
130 20.4
125 19.6
130 20.4
120 18.9
125 19.6
130 20.4
120 18.9
125 19.6
130 20.4
125 19.6
130 20.4
120 18.9
125 19.6
130 20.4
120 18.9
125 19.6
130 20.4
125 19.6
130 20.4
120 18.9
125 19.6
130 20.4
120 18.9
125 19.6
130 20.4
125 19.6
130 20.4

Coulomb
earthpressure
resultant,
Qh1
kips kN
1.9 8.4
1.3 5.9
0.9 4.1
2.3 10.2
1.5 6.8
1.0 4.4
3.0 13.3
1.3 5.9
7.5 33.5
5.3 23.5
3.7 16.3
9.2 41.0
6.1 27.0
4.0 17.8
12.0 53.4
5.3 23.7
16.9 75.3
11.9 52.8
8.2 36.6
20.7 92.2
13.7 60.9
9.0 40.0
27.0 120.1
12.0 53.3
30.1 133.9
21.1 93.9
14.6 65.1
36.9 164.0
24.3 108.2
16.0 71.1
48.0 213.5
21.3 94.7
47.0 209.2
33.0 146.8
22.9 101.8
57.6 256.2
38.0 169.0
25.0 111.0
75.0 333.6
33.3 148.0

Total shoring resistance
RT-L2
kips
3.3
3.3
3.3
3.3
3.3
3.3
3.3
3.3
12.1
12.1
12.1
12.1
12.1
12.1
12.1
12.1
28.1
28.1
28.1
28.1
28.1
28.1
28.1
28.1
48.4
48.4
48.4
48.4
48.4
48.4
48.4
48.4
77.0
77.0
77.0
77.0
77.0
77.0
77.0
77.0

kN
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0
55.0
55.0
55.0
55.0
55.0
55.0
55.0
55.0
127.5
127.5
127.5
127.5
127.5
127.5
127.5
127.5
219.9
219.9
219.9
219.9
219.9
219.9
219.9
219.9
349.9
349.9
349.9
349.9
349.9
349.9
349.9
349.9

RC-803
kips
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.3
22.8
22.8
22.8
22.8
22.8
22.8
22.8
22.8
49.5
49.5
49.5
49.5
49.5
49.5
49.5
49.5
86.5
86.5
86.5
86.5
86.5
86.5
86.5
86.5
133.8
133.8
133.8
133.8
133.8
133.8
133.8
133.8

kN
27.9
27.9
27.9
27.9
27.9
27.9
27.9
27.9
101.3
101.3
101.3
101.3
101.3
101.3
101.3
101.3
220.3
220.3
220.3
220.3
220.3
220.3
220.3
220.3
384.9
384.9
384.9
384.9
384.9
384.9
384.9
384.9
595.0
595.0
595.0
595.0
595.0
595.0
595.0
595.0

RC-604
kips
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
17.7
17.7
17.7
17.7
17.7
17.7
17.7
17.7
38.0
38.0
38.0
38.0
38.0
38.0
38.0
38.0
66.0
66.0
66.0
66.0
66.0
66.0
66.0
66.0
101.8
101.8
101.8
101.8
101.8
101.8
101.8
101.8

kN
22.2
22.2
22.2
22.2
22.2
22.2
22.2
22.2
78.6
78.6
78.6
78.6
78.6
78.6
78.6
78.6
169.1
169.1
169.1
169.1
169.1
169.1
169.1
169.1
293.8
293.8
293.8
293.8
293.8
293.8
293.8
293.8
452.7
452.7
452.7
452.7
452.7
452.7
452.7
452.7

Rrt5
kips
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1
8.5
8.5
8.5
8.5
8.5
8.5
8.5
8.5
19.2
19.2
19.2
19.2
19.2
19.2
19.2
19.2
34.1
34.1
34.1
34.1
34.1
34.1
34.1
34.1
53.3
53.3
53.3
53.3
53.3
53.3
53.3
53.3

kN
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
38.0
38.0
38.0
38.0
38.0
38.0
38.0
38.0
85.4
85.4
85.4
85.4
85.4
85.4
85.4
85.4
151.8
151.8
151.8
151.8
151.8
151.8
151.8
151.8
237.2
237.2
237.2
237.2
237.2
237.2
237.2
237.2

1
Coulomb resultant is calculated for the width of a standard shoring panel: 4 ft (1.2 m). 2RT-L is calculated at the maximum L to be comparable to Coulomb
earth-pressure calculations. 3The C-80 method requires that the top of the shoring support the same pressure as the bottom of the shoring, i.e., a uniform
pressure distribution based on the maximum lateral earth pressure, thereby multiplying the earth-pressure by a minimum factor of approximately 2.0. 4C-60
material is explained in Martinette [1] and in OSHA [3] where the c � 60 in Equation (2). OSHA [3] explicitly states that this material should not be used as the
“worst case” soil. 5The “rule-of-thumb,” Equation (2), is commonly used by ﬁrst responders based on Martinette [1]. Bold values denote a failure scenario.

simpliﬁed uniform equivalent surcharge height, hes , as
a function of Li (assumes an angle of repose, α � 30°) is
hes � 0.5 tan(α)Li � 0.289 Li .

(14)

Dumped sandy material will stabilize about the angle of
repose at a unit weight of between 80 pcf (12.6 kN/m3) and
100 pcf (15.7 kN/m3) and increase in volume by

approximately a third [4]. Therefore, the “worst-case” spoil
material unit weight, cs, is assumed 100 pcf (15.7 kN/m3)
based on cT-L. The surcharge force per strut, Ss, is calculated
as
⎨ 0.1L2ft , (kips),
⎧
Ss � k0 cs hes wLi � ⎩
2.7L2m , (kN).

(15)

pcf
120
125
130
120
125
130
120
125
130
120
125
130
120
125
130

kN/m3
18.9
19.6
20.4
18.9
19.6
20.4
18.9
19.6
20.4
18.9
19.6
20.4
18.9
19.6
20.4

psf
152.9
107.3
74.4
305.8
214.5
148.7
458.6
321.8
223.1
611.5
429.0
297.4
764.4
536.3
371.8

kPa
7.2
5.1
3.5
14.4
10.1
7.0
22.2
15.6
10.8
29.4
20.6
14.3
36.6
25.7
17.8

Peck [6]
psf
120.0
125.0
130.0
240.0
250.0
260.0
360.0
375.0
390.0
480.0
500.0
520.0
600.0
625.0
650.0

kPa
5.7
5.9
6.1
11.3
11.8
12.3
17.4
18.2
18.9
23.1
24.1
25.0
28.7
29.9
31.1

Tschebotarioﬀ
[9]

Maximum total trust pressure

kip
2.4
1.7
1.2
4.9
3.4
2.4
7.3
5.1
3.6
9.8
6.9
4.8
12.2
8.6
5.9

kN
10.4
7.3
5.0
20.7
14.6
10.1
32.0
22.4
15.6
42.4
29.7
20.6
52.7
37.0
25.7

Peck [6]
kip
1.9
2.0
2.1
3.8
4.0
4.2
5.8
6.0
6.2
7.7
8.0
8.3
9.6
10.0
10.4

kN
8.1
8.5
8.8
16.3
17.0
17.6
25.1
26.2
27.2
33.3
34.6
36.0
41.4
43.1
44.8

Tschebotarioﬀ
[9]

Maximum force per strut

Bold values denote a failure condition based on either Peck [6] or Tschebotarioﬀ [9] thrust forces.

1

20 ft (6.1 m)

16 ft (4.9 m)

12 ft (3.7 m)

8 ft (2.4 m)

4 ft (1.2 m)

Trench depth

Bulk unit weight
kips
3.3
3.3
3.3
6.1
6.1
6.1
9.4
9.4
9.4
12.1
12.1
12.1
15.4
15.4
15.4

kN
14.7
14.7
14.7
26.9
26.9
26.9
41.6
41.6
41.6
53.8
53.8
53.8
68.5
68.5
68.5

T-L method
kips
6.3
6.3
6.3
11.4
11.4
11.4
16.5
16.5
16.5
21.6
21.6
21.6
26.8
26.8
26.8

kN
27.9
27.9
27.9
50.7
50.7
50.7
73.4
73.4
73.4
96.2
96.2
96.2
119.0
119.0
119.0

C-80 method

kips
5.0
5.0
5.0
8.8
8.8
8.8
12.7
12.7
12.7
16.5
16.5
16.5
20.4
20.4
20.4

kN
22.2
22.2
22.2
39.3
39.3
39.3
56.4
56.4
56.4
73.4
73.4
73.4
90.5
90.5
90.5

C-60 method

Resistance per strut

kips
2.1
2.1
2.1
4.3
4.3
4.3
6.4
6.4
6.4
8.5
8.5
8.5
10.7
10.7
10.7

kN
9.5
9.5
9.5
19.0
19.0
19.0
28.5
28.5
28.5
38.0
38.0
38.0
47.4
47.4
47.4

Equation (2)1

Table 3: Maximum total thrust earth-pressure distribution for braced excavation per strut. Bold values denote a failure condition where the expected resistance is less than the calculated
earth-pressure force.
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Idealized spoil pile
geometry at the angle
of repose: T-L method

Actual spoil
pile geometry
at the angle of
repose

Depth, d

Trench
height, H

Furthest lateral extent of
the observed failure, L

Figure 2: Spoil pile geometry at the angle of repose. The idealized geometry is conservatively used in the T-L method for calculation of
surcharge loads.
Table 4: Use of the T-L method for diﬀerent failure scenarios. The clay properties bracket the range of plausible Type C clays that can exhibit
the observed failure geometry.

Relative strength classiﬁcation
Relative saturation classiﬁcation
Undrained shear stength, Su (psf )
Active earth pressure coeﬃcient, ka
Unit weight, c (pcf )
Maximum L (ft)
w (ft)
H (ft)
Coulomb earth pressure����
Pa � (1/2)cH2 ka − 2cH (ka ) (psf )
Q � wPa (kips)
T-L method:
RsT-L � 1.1 Lft (kips)
N
RT-L � nRsT-L (kips)
Maximum braced excavation pressure per
strut [6]:
Sand:
P � 0.65cHka (psf )
Clay:
cH/Su
cH/Su < 4
P � 0.3cH (psf )
cH/Su > 4
P � cH − 4Su (psf )
Qmax � P × 4 ft × 4 ft (kip per strut)

Scenario 1: Figure 3
Silty sand
Sand
Clay
Meduim
Medium
Dense
dense
stiﬀ

Clay

Sand

Soft

Dense

—
0.33
125
3
5
6

—
0.33
133
3
5
6

325
1
110
3
5
6

100
1
100
3
5
6

Moistdry
—
0.33
130
9
6
12

742.5
3.7

790.02
4.0

30
0.2

1200
6.0

3.3
4
13.2

3.3
4
13.2

3.3
4
13.2

3.3
4
13.2

160.9

171.2

Moist

Saturated Saturated Saturated

2.0

Scenario 2: Figure 4
Sand
Clay
Medium
Loose
stiﬀ

2.7

5. Use of the T-L Method in Trench
Rescue Scenarios
To illustrate the use of the T-L method, two actual failure
scenarios are given in conjunction with three possible soil
properties for the observed failure geometry, Table 4, to
illustrate the T-L method’s applicability to rescue shoring
operations where soil properties are unknown. It is noted
that other combinations of mechanical properties are

3.2

Soft

Saturated Saturated Saturated
—
0.33
125
9
6
12

650
1
110
9
6
12

200
1
100
9
6
12

3088.8
18.5

2970
17.8

120
0.7

4800
28.8

9.9
6
59.4

9.9
6
59.4

9.9
6
59.4

9.9
6
59.4

334.6

321.8
2.0

6.0

6.0

198.0

2.6

Clay

396.0
200.0
3.2

5.4

5.1

6.3

400.0
6.4

possible in theory only as such combinations are not
plausible for the observed failures or trench excavation,
e.g., a very soft cohesive material (c � 100 pcf and Su �
100 psf ) would not be plausible for a wedge failure at 12 ft
as the trench would undergo a heave failure ((cH)/c > 8.0)
as per Peck [6] at a depth of 8 ft even if braced during
excavation. To back-calculate the actual failure pressures,
H in Equations (3), (12), and (13) are taken as the depth of
the failed section. This is necessary to account for the site
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Plan view

Elevation

Cross section

5 ft

3 ft

Q = 1.1L
Q = 1.1 L
4 ft
3ft

5 ft

6 ft

Q = 1.1L
Q = 1.1 L

4 ft

Figure 3: Scenario 1: failure geometry and emergency rescue shoring layout. Note that the panel placement shown is not ideal for actual
rescue operations but demonstrates minimum necessary calculations.
Elevation view
Plan view

Q = 1.1 L

Cross section
Q = 1.1L

L
Q = 1.1L

Q = 1.1L

Failure
wedge
L1

9 ft

Q = 1.1 L

Q = 1.1L
12ft

Q = 1.1L
L2

6 ft
Q = 1.1L

Figure 4: Scenario 2: failure geometry and emergency rescue shoring layout. Note that the panel placement shown is not ideal for actual
rescue operations but demonstrates minimum necessary calculations.

heterogeneity and variability not considered within
Equations (3), (12), and (13).
Figure 3 shows the plan, elevation, and cross-sectional
views of the failure within a 10 ft trench with no surcharge
loads within 3 ft of the trench face. Unlike the predicted
Coulomb and Peck failure wedge pressure diagrams, used
for derivations of Equations (3) and (12), respectively, the
actual failure is a reduced size due to in situ soil heterogeneity. The lateral earth pressure calculations for this
scenario are tabulated in Table 4 for the T-L method and the
actual soil material (a moist, loose to medium dense, silty
sand: column 1 in Table 4). In all scenarios, the calculated
resistance for a single rescue shoring panel (where n � 4,
Figure 3), Equations (10) and (11), were greater than the
Coulomb earth pressures and the maximum excavation
thrust pressures [6].
The second scenario, Figure 4, depicts a trench corner
failure. The actual soil condition in this case is a dense dry to
moist sand (column 5 in Table 4). The maximum lateral
extent of the failure, Lft , is 9 ft, and the number of struts, n, is
taken as the number of struts on the shortest braced section,
i.e., n � 6 as the shortest braced section in Figure 4 is two
panel widths at three struts per panel width. Similar to the
previous scenario, no surcharge loads are located within Lft

of the trench. It should be noted that the undrained shear
strength used in scenario 2 is greater that in scenario 1. This
is due to a Su of 200 psf being the minimum Su that will
exhibit a wedge failure as shown in Figure 4 versus a heave
failure of the trench bottom. As with the previous scenario,
the resistance calculated via the T-L method was greater than
the Coulomb earth pressures and the maximum excavation
thrust pressures of the failed section.
Table 4 illustrates that the Peck [6] thrust pressures
govern the overall stability of the rescue shoring design. In
neither scenario was the resistance calculated by the T-L
method exceeded; however, for the worst possible cohesive
case, i.e., soft saturated clay in scenario 1, the factor of safety
is 1.03. For permanent braced excavation, this value would
be problematic; however. rescue shoring is a temporary and
continually monitored braced system. Therefore, temporary
braced excavation calculations (e.g., [9]) are more appropriate but are lower in magnitude than permanent braced
excavation pressures [6]. Tschebotarioﬀ’s [9] temporary
excavation thrust pressures for soft cohesive soil, scenario 1,
would result in an acceptable factor of safety of 1.63. Thus, if
the calculated RsT-L value, Equation (10), is greater than the
permanent braced excavation pressures [6], the system will
have an adequate factor of safety for emergency operations.

Advances in Civil Engineering

6. Conclusions
Emergency trench shoring design for rescue operations has
no reliable standard for determining lateral earth pressures.
A new simpliﬁed method, the T-L method, has been derived
to calculate the realistic “worst-case” earth pressures for
emergency rescue operations and especially for use by ﬁrst
responders who may not be qualiﬁed to assess soil types and
mechanical properties. The T-L method was validated
against the holistic Coulomb theory and for strut thrust
resistance for permanent and temporary braced excavations.
The T-L method accounts for the destabilizing eﬀects
through the use of an actual maximum lateral failure extent.
This reduces the required force per strut, thus decreasing the
material and time requirements for installing emergency
trench rescue shoring operations. Moreover, ﬁrst responders
only need to measure only one on-site property, the furthest
lateral extent of the observed failure, to quantify the resistances needed for a rescue operation.

Data Availability
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Slope deformation prediction has important signiﬁcance for slope prevention and control. Based on historical time series, the
trend of displacement variation can be predicted in advance, and according to the development trend, risk warnings and treatment
measures are proposed. The use of the mathematical model to predict slope deformation has been proved to be feasible by many
studies; therefore, the choice of the predictive model and the practicability of the model are crucial issues in the prediction of slope
deformation, and the mathematical prediction model used should be less complicated considering the practicality of the model. In
view of slope deformation prediction, a fractional-order calculus gray model based on the coupling of gray theory and the
fractional derivative method is proposed, which takes a deep foundation pit slope in Chongqing, Southwest China, as the study
object. The fractional-order gray model is compared with the traditional gray models; therefore, the results show that the accuracy
of slope deformation prediction based on the gray coupling model of cumulative displacement and fractional calculus is signiﬁcantly higher than that of the conventional gray model, and its error is in the acceptable range compared with the actual
monitoring data, which can meet the needs of engineering application. Compared with the traditional gray theory method, the
gray coupling model of fractional-order calculus only increases the fractional derivative order, which is veriﬁed to be feasible, and
can be used as a reference method for slope deformation prediction. It has a certain theoretical basis and a good application
prospect in slope deformation prediction.

1. Introduction
Slope disaster prediction and forecasting is the frontier
problem and research focus of current environmental geology research and is also one of the critical aspects for
people to understand the natural environment [1, 2], with
regard to geological balance of the surface, which has wide
practical signiﬁcance and important theoretical value. Deformation is the macroscopic and visible physical information in the process of slope evolution, and predicting
slope deformation can better understand the evolution
behavior of slope. Therefore, scholars have done a lot of
research on slope deformation prediction and model.
Generally speaking, based on the existing deformation

monitoring data, nonlinear prediction is often discussed
from the perspective of time series statistics or formation
mechanism. Nowadays, it is more popular to apply the
mathematical model for nonlinear comprehensive prediction combined with the existing data, which can further
interpret the internal mechanism of slope instability, further
predict the trend of deformation and failure, and provide
relevant measures and treatment methods for engineering.
In addition, there have been many successful cases for
guiding practical projects.
At present, the slope deformation prediction is based on
slope displacement monitoring data, reservoir water level
change, rainfall monitoring, etc., and therefore, using certain
mathematical methods or means to obtain the slope
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deformation prediction model is one of the main technical
diﬃculties in the slope engineering. The mechanical
knowledge still cannot solve the problem of slope deformation prediction properly. Therefore, mathematical
methods or approaches are adopted to predict the deformation of the slope, in order to obtain the deformation
trend. Foreign scholars started related research earlier. For
example, Jibson [3] adopted a regression model to estimate
the displacement of slope under the action of strong vibration and achieved the expected results. Kaund et al. [4]
employed the backpropagation neural network model to
predict slope displacement and groundwater height. At the
same time, Jin et al. [5], Tan et al. [6], Zhao et al. [7], Li et al.
[8], Peng et al. [9], and other domestic scholars proposed the
models of slope deformation prediction in terms of slope
instability and deformation mechanism, thus obtaining the
optimal combination weight coeﬃcients according to
forecast eﬀectiveness, residual error, and other parameters
and carried out ﬁtting to learn deformation prediction in
order to enhance the prediction accuracy; Zhang et al. [10]
and Ma [11] used the vector machine in mathematics to
predict the slope deformation of Baima River and Ancient
Tree House, which is almost the same as the actual measurement. Moreover, in respect of the prediction of landslide displacement, Huang, Cao, Zhu, Zhou, Xie, and Cai
[12–17] adopted some mathematical models and intelligent
methods to predict the landslides in Sichuan and Three
Gorges Reservoir Area in China, which provides relevant
nonengineering measures for landslide prevention and
control and achieved good results. These methods used in
slope or landslide deformation generally have their own
advantages and disadvantages, and often diﬀerent methods
get diﬀerent prediction results. The main diﬀerences lie in
terms of the selection singleness of methods, the eﬀectiveness of monitoring data, and the acceptability of error
judgment.
Using mathematical models and intelligent evaluation
methods to accurately predict slope deformation and at the
same time integrating the mechanical theory interpretation
with the deformation prediction has important theoretical
signiﬁcance and practical engineering value. The fractionalorder calculus method is an extension of the classical calculus method with memory and genetic functions, especially
in the complex system description; it boasts the advantages
of simple and fast modeling, easy to implementing, and
accurate positioning of description and has become one of
the most important tools for mathematical modeling of
complex mechanical and physical processes. There are relatively few studies in this area, and among the engineering
application foundations, there are a few reports on fractional
creep and fractional plasticity. Wang et al. [18], Chen et al.
[19], He et al. [20], and Wu et al. [21] came up with the
fractional calculus theory to propose a nonlinear creep
model for rock objects and conducted related experimental
research; Tang et al. [22] put forward the creep damage
model of loses with variable parameters based on fractional
calculus. These studies suggest that the fractional-order
calculus method can be used in geotechnical engineering
research. In addition, the gray theory has the advantages of
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moderate sample size, quantitative qualitative combination,
small computational workload, high prediction accuracy,
and high accuracy. Therefore, it is a mathematical model
commonly used in deformation prediction. Whether the
advantages of both gray theory and fractional-order calculus
can be combined and used in practical engineering prompt
the necessity of research. In this paper, the fractional-order
calculus method is used to derive the fractional calculus gray
prediction model based on the time series of deformation
data. In order to verify its rationality, taking the monitoring
data of a deep foundation pit in Chongqing, Southwest
China, as the engineering case example, the slope deformation prediction calculation and analysis are carried out
to provide technical support for the slope deformation
treatment and maintenance.

2. Principles and Methods
2.1. Derivation of Fractional-Order Calculus Gray Model
of Slope Deformation Prediction. Assume that the slope
deformation monitoring data are X∗ � (X∗ (1), X∗ (2), · · · ,
X∗ (n)), and use the appendix Lemma 1 and Lemma 2 to
establish a fractional gray diﬀerence formula:
α(1) X(1−p) (k) + aZ(0) (k) � b,

(1)

where α(1) X(1−p) (k) (k � 1, 2, · · · , n) denotes the p order
(0 ≤ p ≤ 1) diﬀerence of X(0) (k); that is, X(0) (k) is added to
1 − p ﬁrst and then, X(1−p) (k) is diﬀerentiated by the ﬁrst
order: α(1) X(1−p) (k) � X(1−p) (k) − X(1−p) (k − 1),
Z(0) (k) �

X(0) (k) + X(0) (k + 1)
.
2

(2)

Derivate parameters a and b according to the least
squares method (see Appendix Lemma 4 for details):
a
−1 T
T
  � B B B Y,
b
−Z0 (2)
⎡⎢⎢⎢ 0
⎢⎢ −Z (3)
B � ⎢⎢⎢⎢⎢
⎢⎢⎣ ⋮
−Z0 (n)
(1)

(3a)

1

⎤⎥⎥
1 ⎥⎥⎥⎥⎥
⎥⎥,
⋮ ⎥⎥⎥⎦
1

(1−p)

α X
(2)
⎤⎥⎥
⎡⎢⎢⎢ (1) (1−p)
⎢⎢⎢ α X
(3) ⎥⎥⎥⎥⎥
⎢
⎥⎥.
Y � ⎢⎢⎢
⎥⎥⎥
⎢⎢⎣
⋮
⎦
α(1) X(1−p) (n)

(3b)

The time response of the descendant into the fractional
gray model (see Appendix Lemma 5 for details) is
∞

(−a)k tk+p
,
Γ(kp + p + 1)
k�0

X(0) (t) � b 

(4)

where t is the response time and the unit is the day. The
above formula is a fractional gray model for slope deformation prediction.
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2.2. Implementation of Fractional Calculus Gray Model for
Slope Deformation Prediction. According to the above
mathematical lemma and derivation, the detailed steps of the
fractional-order calculus gray model of slope deformation
are as follows:
(1) First of all, process the original displacement data,
and subtract the initial value from the existing time
series data so that the initial value is 0. This is to
directly apply the solution formula of Lemma 5. In
this step, it should be noted that the postprocessing
time series data cannot be negative because usually
the cumulative displacement for slope deformation
prediction is adopted, and thus, it can be satisﬁed.
(2) Determine the order of the fractional order, and
apply the parameters of the lemma gray model.
(3) Substitute the parameters into the solution of the albinism diﬀerential equation of the gray model, adding
the initial values to all the simulated values, thus
obtaining the predicted value of the slope deformation.
In the above derivation, the derivative order p value
needs to be artiﬁcially given. In order to obtain a reasonable
p value, an optimization algorithm (such as the gradient
method, genetic algorithm, and particle swarm algorithm) is
used to solve the problem. Therefore, the solution of the p
value can be expressed as
��
��
min ���X(0) (t) − X(exp) (t)��� ,
1
(5)
s.t.
p ∈ [0, 1],
where X(exp) (t) is the monitoring data and ‖ ‖1 represents
ﬁrst-norm.
In order to facilitate visual reading and make it easy to
use, the Matlab toolbox is called to compile the corresponding program, and the implementation process is
shown in Figure 1.

3. Engineering Example of Slope Deformation
Prediction of a Deep Foundation Pit
3.1. Survey of Engineering Geology of the Deep Foundation Pit
Slope. The deep foundation pit slope project of an international garden in Chongqing is located in the Northern
New District of Chongqing. It covers an area of about
1,200 mu (1 mu ≈ 666.66 m2), of which the pure water
surface area of the lake is about 160 mu. The terrain falls on
the lakeside like a gentle slope, wherein Region B covers
300 mu, which is located in the central lakeside hinterland of
the project.
This region belongs to the subtropical monsoon climate
area, its annual average rainfall is 1100 mm, and the rainfall
is mostly concentrated from May to September, taking up
70% of the annual rainfall; the long-time average annual
temperature is 18.6°C, the extreme minimum temperature is
4.5°C, and the extreme maximum temperature is 42.5°C; the
long-time average annual relative humidity is 80%, and the
annual distribution is the largest in December, namely, 87%,
and the smallest in August, namely, 74%; and the frost
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Figure 1: Fractional-order calculus gray model implementation
process.

period generally lasts 10∼20 days, and fog days are up to
20∼35 days, and the number of sunshine hours is as many as
1384.2∼1542.8 hours.
The area is a type of denuded hilly landform, with no faults
passing through it. The occurrence of rock formation is
SW310°∠9° in the exposed area of the bedrock near the area,
and there are two sets of ﬁssures in the rock mass. The
structural ﬁssures are not developed, with no faults passing
through it, and the development degree of ﬁssures is simple.
The slope angle of the terrain is 2∼28°; the average slope angle
is about 22°; the topography and geomorphology are relatively
complex; the dip angle of the rock layer is gentle, with no faults
passing through it; the ﬁssures are not developed; the rock
mass takes on the shape of the medium thick to thick layer; the
lithology and soil layer combination are binary combination,
and the exposed bedrocks are the mud rocks and sand stones
of Middle Jurassic Upper Shaximiao Formation (J2s); the
quaternary soil layer includes el-dlQ (Q4el + dl), Qml (Q4ml),
and Qapl (Q4al + pl); the soil layer is 0.50 to 4.7 m thick (2.7 m
on average), and the dip angle of the geosynthetic interface is
3∼14 degrees; and the local geotechnical interface is forward
and nonemptive, and dip size is ≥20°, accounting for 28.8% of
the planning area. The relationship between the rock mass
penetrating the structural plane and the oblique (edge) is
relatively complicated, and the inﬂuence of surface water and
groundwater on the rock mass is small, the basic intensity of
earthquakes of the VI degree. Human activities that aﬀect the
geological environment are not strong. There are no bad
geological phenomena such as dangerous rock collapse,
landslide, debris ﬂow, and ground collapse, and thus, the
geological environment is complex to some degree.
According to the engineering geological conditions,
three kinds of protection methods are used to support and
protect the slope of the deep foundation pit, such as protection treatment of the lattice anchor rod or ordinary slideresistant pile or slide-resistant pile with prestressed anchor
cable by combining with the C25 shotcrete panel. In the
process of construction, monitor the horizontal and vertical
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displacements of the slope top, monitor the anchor rod and
prestressed anchor cable press, and make a macroscopic
inspection of the Earth’s surface.
3.2. Acquisition and Analysis of Deformation Monitoring
Data. The safety grade of the foundation pit slope in Region B
of an international garden in Chongqing is Grade I, the whole
excavation panorama of the deep foundation pit slope is shown
in Figure 2(a), and the monitoring plane graph is shown in
Figures 2(b) and 2(c). During the construction process, before
the foundation pit is excavated to 5 m, monitor at the frequency of once every 7 days; before the whole foundation pit is
excavated from 5 m to 10 m, monitor at the frequency of once
every 3 days; and when the excavation of the whole foundation
pit slope exceeds 10 m, monitor at the frequency of once every
day. The horizontal displacement and the displacement of the
pile top are tested with a total station instrument by means of
the photoelectrode coordinate method, and the datum point
needed to monitor the deformation observation point accords
with second-order accuracy. At the time of settlement observation, the error in the observation station’s height difference of the observation point is ≤0.5 mm and in the
observation of plane displacement, the error in the coordinates
of observation points is ≤3 mm. Two observation points are set
on Building No. Six, the Third Phase of the southern slope of
the foundation pit in this region, and they are named as JC1
and JC2. The measured deformation values of the JC1 and JC2
monitoring points are all 5 m in foundation pit depth, and the
monitoring time is concentrated from June to September,
during which the seasonal rainfall is relatively obvious.
Therefore, the change in the range of the reservoir water level
in the central lakeside hinterland is relatively large, and the
actual monitoring data are shown in Figure 3.
3.3. Analysis of Deformation Prediction Results. Select the
ﬁrst 50 time series data of the JC-1 monitoring point to build
the model, and predict the displacement changes of the
following 26 time series; and select the ﬁrst 30 time series
data of the JC-2 monitoring point to build the model, and
predict the displacement changes of the following 15 time
series. Among them, the JC-1 monitoring point is located at
the top of the deep foundation pit, and the deep foundation
pit of the JC-2 monitoring point is located at the bottom
position. The sudden change of the monitoring point JC-1 at
10∼20 days is mainly due to the local temporary loading
eﬀect at the top of the slope.
According to the measured data of JC-1 and JC-2
monitoring points, using the fractional calculus gray prediction model and gray prediction model, the p value was
obtained by the genetic algorithm in the calculation, the p
value of JC-1 was taken as 0.5, and the p value of JC-2 was
taken as 0.6, and the results are shown in Figure 4. From the
deformation prediction of JC-1 and JC-2 monitoring points,
the deformation prediction value calculated by the
fractional-order calculus gray model is smaller than the
measured value on the whole, the deformation prediction
value calculated by the gray model is larger than the measured value on the whole, the overall variation trends of the
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deformation prediction values calculated by the fractionalorder calculus gray model and gray model are the same, and
there is no apparent singularity. With the increase of the
time series of the deformation monitoring point, the absolute error value of the deformation prediction of the
fractional calculus gray model and the measured value are
gradually increased, and the absolute error value margin of
the deformation prediction of the gray model and the
measured value are getting larger and larger; the gradually
accumulated value is getting bigger and bigger. When calculating the fractional-order calculus gray model, the
minimum absolute error of the JC-1 monitoring point is
2.02 mm, appearing in the ﬁrst half of monitoring time series
prediction, the maximum absolute error of it is 3.98 mm,
appearing in the last phase of monitoring time series prediction, and the front-to-rear diﬀerence reaches 1.96 mm;
the minimum absolute error of the JC-2 monitoring point is
0.125 mm, appearing in the middle section of monitoring
time series prediction, the maximum absolute error of it is
0.709 mm, appearing in the last phase of monitoring time
series prediction, and the front-to-rear diﬀerence reaches
0.584 mm; the variation trends and laws of absolute errors of
JC-1 and JC-2 monitoring points are basically the same.
With the increase of monitoring time series, the absolute
error increases gradually, and the diﬀerence between the
maximum and minimum values of the absolute error is
gradually on the rise as well. When calculating the gray
model, the minimum absolute error of JC-1 is 3.79 mm,
appearing at the ﬁrst time series point of monitoring time
series prediction, and the maximum absolute error of it is
8.58 mm, appearing at the last time series point of monitoring time series prediction, and the front-to-rear diﬀerence reaches 4.79 mm; the minimum absolute error of JC-2
is 0.467 mm, appearing at the ﬁrst time series point of
monitoring time series prediction, the maximum absolute
error of it is 1.843 mm, appearing at the last time series point
of monitoring time series prediction, and the front-to-rear
diﬀerence reaches 1.376 mm; the variation trends and laws of
absolute errors of JC-1 and JC-2 monitoring points are
basically the same. Comparing the deformation prediction
of the fractional-order calculus gray model and gray model,
the absolute error calculated by the gray model is monotonically increasing, while the absolute error calculated by
the fractional-order calculus gray model ﬁrst increases, then
decreases, and ﬁnally increases. The absolute error of the
gray model is one time larger than that of the fractionalorder calculus gray model. In order to make a clearer
comparison, the relative errors of the measured data and the
predicted calculation data of JC-1 and JC-2 monitoring
points are calculated. As shown in Figure 5, the variation
trends and laws of relative errors of JC-1 and JC-2 monitoring points are basically the same as that of the absolute
errors which will not be elaborated here in detail.
3.4. Discussion
(1) Analysis of the inﬂuence of the p value on prediction results. The method for determining the
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(a)

(b)

(c)

Figure 2: Deep foundation pit slope, monitoring layout, and engineering geological section: (a) whole panorama of deep foundation pit
slope; (b) monitoring ﬂoor plan of foundation pit slope B district treatment project; (c) Building No. Six engineering geological section.

p value is given above. The impact of diﬀerent p
values on the model prediction results is further
analyzed. Figure 6 shows the sensitivity analysis
of diﬀerent p values for the settlement results of
the model using JC-2 monitoring points as an

example. It can be seen from Figure 6 that different p values have a greater impact on the model
prediction results. In general, as the p value increases, the overall value of the prediction result
decreases.
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Figure 3: Actual measurement data of JC-1 and JC-2 monitoring points of a deep foundation pit slope.
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Figure 4: (a) JC-1 and (b) JC-2 monitoring point deformation predictions.
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Figure 5: (a) JC-1 and (b) JC-2 monitoring point deformation prediction relative errors.
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Figure 6: Parameter p sensitivity analyses of the JC-2 monitoring
point.

(2) Diﬀerent from the traditional gray model, the
fractional-order gray model introduces the derivative
order p, which makes the traditional gray model be
a special case of the fractional-order gray model.
Therefore, the fractional-order gray model can better
ﬁt the original sequence with strong nonlinearity.
From the calculation example in this paper, the
prediction accuracy of the fractional-order gray model
is obviously improved compared with the existed gray
model, but it still has a certain gap from the real
monitoring value. In addition, the determination of
the p value requires the aid of an optimization algorithm, which requires more calculation amount of
the model than that of the traditional gray model.

4. Conclusions
(1) Slope deformation is closely related to soil properties and engineering geological environment.
Rainwater erosion and slope load may directly
accelerate slope deformation. Therefore, the analysis of the development trend of slope deformation
needs to consider the internal and external factors.
It is often combined with the existing monitoring
data to use mathematical models to carry out
nonlinear calculations and predict the trend of
change, which can provide technical support for
slope management and promote the disaster prevention and reduction.
(2) With the fractional-order calculus method, based on
the deformation monitoring data time series, from
the theoretical derivation point of view, the
fractional-order calculus gray model is proposed
after analysis and derivation, and the applicable
conditions and ranges are nonnegative sequences,
and the initial value is 0. The steps of using the
fractional-order calculus gray prediction model are
given. Using the Matlab language to compile the
corresponding program, these corresponding functions can be realized one by one.

(3) Based on the established fractional-order calculus
gray model method, the monitoring data of a deep
foundation pit slope in Chongqing, Southwest
China, was selected as an example to verify the
model. The calculation results show that the
fractional-order calculus method has better prediction eﬀect than that of the gray model, and the
latter has a maximum relative error of 37.96%, while
the former has a maximum relative error of 17.63%.
These results show that the fractional-order gray
model has a certain application prospect in the
prediction of mountain slope deformation. Compared with the measured data, the relative errors are
within the acceptable range, which can provide
reference for similar projects.

Appendix
Lemma 1. Assume that the nonnegative sequence is X∗ ,
and Xr (k) � ki�1 Xr−1 (i) is a r-order additive operator,
i
0
then, Ckr − 1 � 1, Ck+1
� 0, it is Xr (k) � ki�1 Ck−
k
k− i+r− 1 X (i). The
lemma can be proved by mathematical induction, omitted here.
Lemma 2. In Lemma 1, when r is a fraction, the result is
unchanged, and the coeﬃcient becomes
Ck−i
k − i+r − 1 �

[k − i + r − 1][k − i + r − 2] · · · [r + 1]r
.
(k − i)!

(6)

Lemma 3. The fractional calculus gray model is
α(1) X(1−p) (k) + aZ(0) (k) � b.

(7)

In the formula, α(1) X(1−p) (k) represents the corresponding
p-order (0 < p < 1) diﬀerence of X(0) (k). First, X(0) (k) is accumulated in 1 − p order, and the ﬁrst-order diﬀerence equation
is used for X(1−p) (k). Hence, α(1) X(1−p) (k) � X(1−p) (k) −
X(1−p) (k − 1); Z(0) (k) � X(0) (k)+ X(0) (k + 1)/2.
Lemma 4. The Least Squares estimate of Lemma 3 satisﬁes
a
−1 T
T
  � B B B Y,
b
−Z0 (2) 1
⎤⎥
⎡⎢⎢⎢ 0
⎢⎢⎢ −Z (3) 1 ⎥⎥⎥⎥⎥
⎥⎥⎥,
⎢
B � ⎢⎢⎢
⎢⎢⎣ ⋮
⋮ ⎥⎥⎥⎦
−Z0 (n) 1
α(1) X(1−p) (2)
⎤⎥⎥
⎡⎢⎢⎢ (1) (1−p)
(3) ⎥⎥⎥⎥⎥
⎢⎢⎢⎢ α X
Y � ⎢⎢⎢
⎥⎥⎥.
⋮
⎥⎥⎦
⎢⎢⎣
α(1) X(1−p) (n)

(8a)

(8b)
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Lemma 5. The solution of the fractional partial diﬀerential
equation dp X(0) (t)/dt + aX(0) (t) � b solution is
∞

(−a)k tk+p
.
Γ(kp + p + 1)
k�0

X(0) (t) � b 

(9)

The equation is Laplace positive transformation:
b
(10a)
Sp E(S) � +aE(S) � .
S
So,
b
E(S) �
.
S(Sp + α)

(10b)

Laplace transformation by M − L function is
α
Ltαk1 +β−1 E(k)
α,β ± αt ; s �

k1 !Sα−β
.
(Sα ∓ α)k1 +1

(11)

Comparing Formula (10a) and Formula (11), and so,
k � 0, α � p, β � p + 1.
The inverse of Equation (10b) is in the form
(−atp )k
Γ(p + 1 + kp)
k�0
∞

X0 (t) � btp 
∞

(−a)k tpk+p
Γ(p + 1 + kp)
k�0

� b

(12)

∞

(−a)k tpk+p
.
Γ(p(k + 1))p(k + 1)
k�0

� b
Proof completed.
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Building deformations are not only closely related to the distance from the building to metro-station excavation but also related to
the relative positions of the building and metro-station excavation. Building deformations can be predicted using ground surface
settlement proﬁles. Based on typical geological parameters of Nanjing metro-station excavation, ground surface settlements were
numerically simulated by auxiliary planes perpendicular and parallel to the excavation and by angled auxiliary planes at the
excavation corner. Results show that the ground surface settlement proﬁles in auxiliary planes are closely related to the relative
positions of the auxiliary planes and the metro-station excavation. Partitioning of ground surface settlements was proposed
according to the three types of ground surface settlement proﬁles; furthermore, bending deformation and torsional deformation
regularities of surrounding buildings were analyzed, and an estimation method for building settlements was developed. Finally,
ﬁeld-monitored settlement data of 21 buildings in diﬀerent zones were compared with the estimated settlement data, and the
application of the settlement estimation method to diﬀerent types of foundations was analyzed. The results of this study can serve
as reference for metro-station deep excavation construction and protection of surrounding buildings.

1. Introduction
Metro-station deep excavations are generally located in
bustling areas of a city. The excavation design should meet
not only the strength and stability requirements of the
support structure but also the deformation-control requirements of the surrounding environment [1]. Soil-mass
displacements around station excavations have complex
three-dimensional (3D) characteristics. However, previous
studies mainly focused on wall deﬂection and involved
limited considerations for ground surface settlements
[2–8]. Ground surface settlements can be studied through
auxiliary planes perpendicular and parallel to the excavation, as well as through angled auxiliary planes at the
excavation corner (Figure 1).
Ground surface settlements in the perpendicular auxiliary plane have been studied by many scholars but mainly
in the case of two-dimensional (2D) plane-strain states. For
example, researchers have proposed triangular and troughshaped ground surface settlement proﬁles in perpendicular

auxiliary planes [9, 10]. However, few studies have investigated ground surface settlements in the case of 3D
states, especially ground surface settlements in angled
auxiliary planes and in parallel auxiliary planes.
Building deformation around metro-station excavation
involves geotechnical-structural interaction, making it
a cross-disciplinary geotechnical engineering problem. Son
and Cording [11] studied the phenomenon of building
failure due to excavation in scaled models of 1 : 10 and found
that cracks in buildings can be classiﬁed as “shear + tension,”
“convex + stretch,” and “concave + stretch.” The diﬀerent
deformation forms are closely related to the ground surface
settlement proﬁle; that is, the relative position relationship
between the building and excavation determines the deformation form of the building. These conclusions are
consistent with the numerical simulation results reported by
Zheng and Li [12–14]. In addition, Bryson and ZapataMedina [15] and Sabzi and Fakher [16] studied building
deformations around excavations through ﬁeld monitoring,
theoretical analysis, and numerical simulation.
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Figure 1: Auxiliary planes around station excavation.

Li et al. [17] studied ground surface settlement proﬁles by
analyzing ﬁeld-monitoring data of 30 station excavations in
the construction of Nanjing Metro Line 3, Line 10, and Line
S8. In the present study, the modiﬁed Cam-clay model was
adopted with typical geological parameters in the Nanjing
region, and the 3D characteristics of ground surface settlements resulting from station excavation were numerically
analyzed using FLAC3D. The numerical simulation in the
present paper is a supplementary study to the report by Li
et al. [17]. Li et al. [17] reported that three types of ground
surface settlement proﬁles suitable for diﬀerent zones (zones
A, B, and C) around the excavation were obtained in the
construction of Nanjing Metro Line 3, Line 10, and Line S8.
The present study conducted further research on building
deformations. Partitioning of ground surface settlements
was proposed according to the three types of ground surface
settlement proﬁles; then, a prediction method for the type of
building deformation and an estimation method for building
settlements were developed. Finally, ﬁeld-monitored data
and estimated settlement values of building settlements were
compared, and the application of the settlement estimation
method to diﬀerent types of foundations was discussed.
It should be noted that the three surface settlement
proﬁles reported by Li et al. [17] were based on the greenﬁeld
ground settlement. Thus, the greenﬁeld ground settlement
was used to assess the building deformation, and there was
no consideration of the excavation-building interaction.

2. Preparation of Numerical Analysis
2.1. Modeling of Soil Mass. According to Xu et al. [18] and
Ding et al. [19], the settlement inﬂuence range of excavation
is generally within 4 times the excavation depth. For soft-soil
areas with poor engineering properties, the settlement inﬂuence range will not exceed 5 times the excavation depth.
Zheng and Jiao [1] showed that the inﬂuence range of
bottom uplift of deep excavation is generally 2 times the
excavation depth. Furthermore, the choice of the soil constitutive model is very important in numerical analysis.
According to analyses of diﬀerent constitutive models by Ou
et al. [20], Potts [21], António et al. [22], and Anthony et al.
[23], the modiﬁed Cam-clay model is preferred for deepexcavation analysis. To improve the calculation eﬃciency,

symmetry can be considered in rectangular excavation, and
only one-half or one-quarter model can be used for the
analysis. Boundary conditions were generally set up such
that the ground surface boundary was a free boundary, the
displacements of lateral boundaries were constrained in the
horizontal direction, and the displacement of the bottom
boundary was constrained in the vertical direction. The
initial stress equilibrium was achieved by applying a gravitational ﬁeld.
In general, the width and depth of the deep excavations
of Nanjing metro stations were approximately 20 m, while
the length was approximately 200 m [17]. To improve the
calculation eﬃciency, the middle part of the deep excavation
was considered to be in a 2D plane-strain state; therefore,
appropriate size reduction in the length direction of the
model could meet the analysis requirements. Taking the size
of the station excavation as 120 m × 20 m × 20 m, the onehalf model was established with dimensions of 200 m ×
150 m × 90 m, as shown in Figure 2. The soil mass was
modeled using 8-node 6-faceted elements.
Nanjing is located in the lower reaches of the Chang Jiang
river, belonging to the Yangtze depression fold belt in geotectonic geology. Marine strata, continental strata, and marinecontinental strata of diﬀerent eras have been alternately deposited here since the Sinian period. The ground surface
consists mostly of Quaternary alluvial clay overlying Cretaceous sandstones. Table 1 presents the clay soil parameters
used in numerical analysis, which is typical for Nanjing.
2.2. Modeling of Support Structure. The support structure of
station excavation is a combination of diaphragm walls and
strutting levels. The diaphragm walls had a reinforced
concrete structure with a thickness of 0.8 m, the insertion
ratio of the diaphragm walls was 0.5 (the excavation depth is
20 m, so the diaphragm wall depth is 30 m, 10 m of which is
under the excavation bottom, as shown in Figure 3), and
a liner lining element was used in the simulation. The excavation was carried out in 5 steps of 4 m each, and 5 layers
of horizontal support were built. A structure element beam
was adopted in the simulation. The 1st layer of strutting levels
was a reinforced concrete beam with a cross section of 0.6 m
× 0.8 m set at the surface; the 2nd to 5th layers of strutting
levels were steel pipe beams of ϕ609, with layer spacings of
4 m each (Figure 3).
For each layer of strutting levels in the middle of the
station excavation, the beams were supported in parallel
with a spacing of 4 m between them. In the corner of the
station excavation, the beams were in the form of bracing,
and the spacing between the supporting points was 4 m. The
parameters of diaphragm walls and strutting levels are listed
in Table 2.

3. Ground Surface Settlements around
the Excavation
There are two types of ground surface settlement proﬁles:
triangular and trough-shaped [10]. For the cantilever support structure without strutting levels, the ground surface
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Table 1: Parameters of the clay soil.
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Figure 3: Support structure model.
Table 2: Parameters of the support structure.
Material
C30
concrete
C30
1st strutting level
concrete
2nd to 5th strutting ϕ609steel
levels
pipe
Diaphragm walls

Poisson’s
ratio, μ

30

0.20

0.8

—

30

0.20

—

0.48

0.026 0.014

0.040

206

0.27

—

0.03

0.001 0.001

0.003

settlement proﬁle is generally triangular, while for the
support structure with strutting levels, the ground surface
settlement proﬁle is generally trough-shaped. The study of
ground surface settlements mainly focuses on important
parameters such as the maximum settlement value,

Thickness, t Cross-sectional area,
(m)
A (m2)

Moment of
inertia

Young’s modulus,
E(GPa)

Iy

Iz

—

—

Polar moment of
inertia, Ip
—

maximum settlement position, and inﬂuence range of settlement. The ground surface settlements can be analyzed
through the perpendicular auxiliary plane, parallel auxiliary
plane, and angled auxiliary plane around the station excavation (Figure 1).
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3.1. Ground Surface Settlements of the Short Side, Long Side,
and Excavation Corner at Diﬀerent Positions. When the
excavation depth H � 20 m, the perpendicular auxiliary planes
at diﬀerent positions around the station excavation were
analyzed to investigate the regularities of ground surface
settlements at diﬀerent positions around the station excavation, as shown in Figure 4. In the ﬁgure, l represents the
distance from the perpendicular auxiliary plane to the excavation corner, and the corner 30° direction auxiliary plane
indicates that the plane at the corner is at an angle of 30° with
respect to the perpendicular auxiliary plane l � 0 m. A similar
deﬁnition applies to the corner 45° direction auxiliary plane.
Figure 4(a) shows the variation regularities of the ground
surface settlements at diﬀerent positions on the short side. It
can be observed that the settlements decrease continuously
from the short-side center perpendicular auxiliary plane to
the corner 45° direction auxiliary plane; however, the positions of the maximum ground surface settlements gradually shift away from the diaphragm wall.
Figure 4(b) shows the variation regularities of the ground
surface settlements at diﬀerent positions on the long side. It
can be observed that when l > 28 m, the ground surface
settlement curves coincide, indicating that this region is in
the 2D plane-strain state. In the process of transition from
l � 28 m to l � 0 m, the ground surface settlements decrease
while the positions of the maximum surface settlement move
closer to the diaphragm wall to a certain extent owing to 3D
eﬀects. In the process of transition from l � 0 m to the corner
45° direction, the ground surface settlements decrease further, but the positions of the maximum settlements moved
farther away from the diaphragm wall, which is essentially
the same as that of the long-side center perpendicular
auxiliary plane without 3D eﬀects.
The variation regularities of vertical settlements at different positions were consistent with the results reported by
Li et al. [17].

3.2. Ground Surface Settlements within the Parallel Auxiliary
Plane. Figure 5 shows the variations of ground surface
settlements in the parallel auxiliary planes around the station
excavation, where l represents the distance from the parallel
auxiliary plane to the diaphragm wall. The position d � 0 m is
the midpoint of the diaphragm wall, while positions d � 10 m
and d � 60 m in Figures 5(a) and 5(b), respectively, correspond to the excavation corner.
Consider the parallel auxiliary planes outside the shortside support structure. It can be observed from Figure 5(a)
that the ground surface settlements in the parallel auxiliary
planes at diﬀerent distances l outside the diaphragm wall
exhibit the following characteristics:
(1) During the transition from d � 0 m to 10 m, the
ground surface settlement values δv gradually
decrease.
(2) When the parallel auxiliary planes are close to the
diaphragm wall (l � 2 m, 6 m, and 10 m), the ground
surface settlement values δv increase for d > 10 m
(position d � 10 m is the excavation corner), and the

ground surface settlement proﬁles take the troughshaped form. The maximum settlement values and
the positions of the maximum settlement values of
the trough-shaped settlement both decrease with
increase in l.
(3) When the parallel auxiliary planes are far from the
diaphragm wall (l > 10 m), the ground surface settlement values δv do not increase when d > 10 m but
instead continue to decrease; the rate of decrease
slows down, and the ground surface settlement
proﬁles take the triangular form.
Figure 5(b) shows the variations of ground surface settlements in the parallel auxiliary planes outside the long-side
support structure at diﬀerent distances from the diaphragm
wall, where the position d � 60 m is the excavation corner. On
the two sides of the demarcation plane l � 10 m, when d >
10 m, the ground surface settlements show two types of
proﬁles: trough-shaped and triangular. The settlement trend
in the parallel auxiliary planes is related to that in the perpendicular auxiliary planes around the station excavation.

4. Partitioning of Ground Surface Settlements
Based on the numerical analysis of ground surface settlements
and according to the three settlement proﬁles in the three types
of zones (zone A, B, and C) around the station excavation [17],
partitioning of ground surface settlements was proposed, as
shown in Figure 6. There are three critical positions of settlements outside the diaphragm wall: the maximum settlement
line, settlement turning line, and settlement boundary line. The
area within the settlement boundary line is referred to as the
main inﬂuence area. In this region, the inﬂuence of surface
settlements is signiﬁcant, and the buildings are subject to
signiﬁcant diﬀerential settlements. The area outside the settlement boundary line is referred to as the secondary inﬂuence
area. In this region, the statistical values of surface settlements
are generally distributed within 0–3 mm, and the surface
settlements have little inﬂuences on the buildings. For a deep
metro-station excavation, buildings in the main inﬂuence area
should be monitored and protected. Minor settlements may
also occur in the secondary inﬂuence area, but the settlement
hazard in this area is negligible.
It can be observed from Figure 6 that there are three types
of zones around the station excavation, namely, zones A, B, and
C, and each zone has three critical settlement lines: the
maximum settlement line, settlement turning line, and settlement boundary line. The variation regularities are as follows:
(1) Compared to zone A and zone C, the critical settlement lines of zone B are considerably short.
(2) The distances in zone C from the critical settlement
lines to the excavation corner are the same as those in
zone A; however, the critical settlement lines of zone
C are circular arcs with the excavation corner as the
center.
(3) The critical settlement lines of zone B are not the
settlement contour lines, and the settlement values
decrease from zone A to zone C. The critical
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Figure 5: Ground surface settlements in the parallel auxiliary planes outside the (a) short side and (b) long side.

settlement lines of other zones can be regarded as
settlement contours.

5. Prediction of Building Deformations
There are mainly two methods to predict building deformations due to excavation: the ﬁnite element method
(FEM) and simpliﬁed analysis method (SAM). The process
of FEM is complex and not easily performed by engineers.
SAM is used to predict building deformations through
ground surface settlements. This method is simple and easily
applied in practice [24–26].

Buildings located around the station excavation will
inevitably cross the critical settlement lines. The relative
position relationship between the building and excavation
will directly aﬀect the building deformations.
Buildings are generally composed of longitudinal walls,
inner longitudinal walls, transverse walls, and inner transverse
walls. The deformation regularities of buildings can be analyzed from two aspects, as shown in Figure 7: “bending deformation of wall” and “torsional deformation of building.”
5.1. Bending Deformation of Wall. Consider the building in
zone A. When the building is perpendicular to the
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excavation (α � 90°), the longitudinal walls of the building
will exhibit bending deformation. Because the transverse
wall is parallel to the diaphragm wall without diﬀerential
settlement, there will be no bending deformation. Similarly,
when the building is parallel to the excavation (α � 0°), only
the transverse walls will exhibit bending deformation. When
the building and the excavation are at angles in the range of
0° < α < 90° in zone A, or when the building is located in
zones B or C with 3D eﬀects, longitudinal and transverse
walls will cross the critical settlement lines; these longitudinal and transverse walls will exhibit bending deformation
simultaneously.
(1) As shown in Figure 8, when the building crosses the
maximum settlement line, it will be aﬀected by
concave-bending deformation. Under this condition, the main tensile strain on the longitudinal wall
is trough-shaped. Assuming that the building is
perpendicular to the diaphragm wall, bending deformation occurs on the longitudinal wall only.
(2) As the distance from the building to the diaphragm
wall d increases, when a part of the building crosses
the maximum settlement line and another part
crosses the settlement turning line, the building will
be aﬀected by both concave-bending deformation
and convex-bending deformation. The main tensile
strain on the longitudinal wall will be trough-shaped
near the excavation and crest-shaped away from the
excavation. It can be observed from Figure 8 that
although the building exhibits both concave and
convex bending deformations simultaneously, the

deﬂections of the concave and convex deformations
are small; therefore, the main tensile strains on the
wall are not signiﬁcant.
(3) As the distance from the building to the diaphragm
wall d increases further, the building mainly crosses
the settlement turning line. Under this condition, the
main tensile strain on the longitudinal wall shows
a crest-shaped distribution.
(4) If the distance from the building to the diaphragm
wall d increases further, the main tensile strain on the
longitudinal wall will be signiﬁcantly weakened
owing to the rapid decrease in the surface settlements. When the building is located outside the
surface settlement boundary line, it is no longer
aﬀected by bending deformation.
5.2. Torsional Deformation of Building. When the building
and the excavation are in the range of 0° < α < 90°, the two
parallel longitudinal walls will simultaneously cross the
critical surface settlement lines. Owing to the positions of
settlements, the critical lines crossing the two walls are
diﬀerent; therefore, in addition to the bending deformation
of each wall, the building also exhibits torsional
deformation.
(1) As shown in Figure 9, when the building crosses the
maximum settlement line, the maximum settlement
point of the back longitudinal wall is located closer to
the front transverse wall than that of the front
longitudinal wall. Consequently, the building will
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exhibit torsional deformation. The direction of the
torsional deformation of the front longitudinal wall
is clockwise, while that of the back longitudinal wall
is counterclockwise. Because the left side of the front
transverse wall is closer to the maximum settlement
line than the right side, the front transverse wall
exhibits counterclockwise rotation. In contrast, the
back transverse wall exhibits clockwise rotation since
the right side of the back transverse wall is closer to
the maximum settlement line than the left side. Note
that the clockwise direction, counterclockwise direction, left side, and right side in this context are the
relative position relationships when the observer
faces the facade.
(2) As shown in Figure 10, when the building crosses the
settlement turning line, the settlement turning point
of the back longitudinal wall is located closer to the
front transverse wall than that of the front longitudinal wall. Consequently, the building will exhibit
torsional deformation. The direction of torsional
deformation of the front longitudinal wall is counterclockwise, while that of the back longitudinal wall
is clockwise. Because the left side of the front
transverse wall is closer to the settlement turning line
than the right side, the front transverse wall exhibits

clockwise rotation. In contrast, the back transverse
wall exhibits counterclockwise rotation since the
right side of the back transverse wall is closer to the
settlement turning line than the left side.
(3) Similar analysis can be carried out for the arc-shaped
critical settlement lines in zone C, as shown in Figure 11. It can be concluded that the front longitudinal
wall exhibits counterclockwise rotation, the back longitudinal wall exhibits clockwise rotation, the front
transverse wall exhibits clockwise rotation, and the back
transverse wall exhibits counterclockwise rotation.
The above analysis of the longitudinal and transverse
walls can be carried out for the inner longitudinal and
transverse walls. The analysis above indicates that when
α � 0°, 90° or the center symmetrical line of the building in
zone C passes through the excavation corner, the positions
of the critical settlement line through the parallel walls are
the same. Consequently, the walls only exhibit bending
deformation and do not exhibit torsional deformation.

6. Estimation of Building Settlements
According to Li et al. [17], the maximum surface settlements
δVm can be directly estimated from the excavation depth H;
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then, the ground surface settlements at diﬀerent zones can be
estimated through the ground surface settlement proﬁles.
The ground surface settlements in diﬀerent zones are
regarded as the settlements of the building foundation.
Therefore, the building settlements at diﬀerent zones around
the metro-station excavation can be estimated.
However, the ground surface settlements and building
settlements may not be completely consistent with each
other. The relationship between building settlements and
ground surface settlements should be further investigated.
In this section, 21 buildings around the station excavations were selected for ﬁeld monitoring. The surroundings
of the station excavation were divided into three diﬀerent
zones, namely, zones A, B, and C, and there were seven
buildings in each zone. The building structures include the
commonly used brick-concrete structure and the frame
structure, and the type of foundations mostly includes the
strip foundation, raft foundation, and pile foundation. The
measured settlement values of the building foundations were

m

m

Figure 11: Torsional deformation of a building located outside the
excavation corner.

compared with the estimated free surface settlement values,
as shown in Figures 12–14.
The regularities between the actual foundation settlements and the estimated ground surface settlements are
summarized as follows:
(1) For strip foundations, it can be observed from Figures 12(a)–12(d), 13(a)–13(f), and 14(a)–14(d) that,
although there are deviations between the measured
settlement values of the strip foundation and the
estimated values of the ground surface settlements,
the trend is essentially the same. It should be noted
that because the strip foundation itself has a certain
resistance capacity to deformation, the actual settlement proﬁle of the building foundation at the maximum settlement position of the surface settlement
proﬁle will not indicate a sharp angle but will rather be
relatively smooth at the maximum settlement.
(2) The raft foundation has greater integral rigidity than
the strip foundation, which is helpful to adjust the
uneven settlement of the foundation. It can be observed from Figures 12(g), 13(g), and 14(g) that the
actual settlement values of the raft foundations are
generally smaller than the estimated ground surface
settlements, and it is a conservative estimation to
consider the ground surface settlements as the
building foundation settlements.
(3) Pile foundation is a type of deep foundation commonly used in high-rise buildings. The main objective of using a pile is to utilize its own stiﬀness
much more than that of the soil and to transfer the
upper structure load to the hard soil or rock around
the pile to reduce structure settlements. Therefore,
settlements of deep soil mass at the pile bottom can
directly aﬀect the pile foundation, while the inﬂuence
of ground surface settlements on the pile foundation
is relatively small. This can be veriﬁed as shown in
Figures 12(e), 12(f ), 14(e), and 14(f). The ﬁgures
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Figure 12: Building foundation settlements in zone A: (a) Xiaoshi Uptown Station: Shop Building; (b) Wuding Gate Station: Security
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Figure 13: Building foundation settlements in zone B: (a) Xiaoshi Uptown Station: Xixia Power Company; (b) Xiaoshi Uptown Station:
Xiaoshi Hospital; (c) Yuhua Gate Station: Yuhua Village Residential Building; (d) Fenghuangshan Park Station: Jiaotong Guesthouse; (e)
Confucius Temple Station: Liugongxiang Community Building 1; (f ) Confucius Temple Station: Liugongxiang Community Building 2; (g)
Jimingsi Temple Station: No. 138 Residential Building of Southeast University.
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Figure 14: Building foundation settlements in zone C: (a) Xinzhuang Uptown Station: Building of Nanjing Forestry University; (b)
Fenghuangshan Park Station: Commercial Building of Liuhe District; (c) Fenghuangshan Park Station: Residential Building of Water
Conservancy Bureau of Liuhe District; (d) Fenghuangshan Park Station: Residential Building of No. 2 Nanjing Lock Factory; (e) Daxinggong
Square Station: Chang’an International Building; (f ) Longhua Road Station: Residential Building of Agricultural Bank; (g) Longhua Road
Station: Dormitory of Tobacco Company.

show the diﬀerences between the actual settlements
of pile foundations and the estimated ground surface
settlements are large.
The above analysis indicates a speciﬁc relationship between the actual settlements of building foundation and the
estimated ground surface settlements, and the estimated
ground surface settlements can be regarded as the building
settlements. However, this estimation method is more reliable in strip foundations because raft foundations are
conservative. For pile foundations, the ground surface settlements are not appropriate for the prediction of settlements of pile foundations.

7. Conclusions
Based on the numerical simulation and analysis of surrounding building deformation presented in this paper, the
following conclusions may be drawn.
(1) For the ground surface settlements, the surface
settlement proﬁles in the perpendicular auxiliary
plane are all trough-shaped at the short-side center,

long-side center, and corner 45° direction. The
maximum settlement position of the short side is
closer to the diaphragm wall than that of the long
side and the corner 45° direction, and the maximum
settlement positions of the long side and the corner
45° direction are essentially the same. When the
distance of the parallel auxiliary plane to the diaphragm wall is within 0.5H (approximately 10 m),
the ground surface settlements in the parallel auxiliary plane increase when they cross the excavation
corner, and the settlement proﬁle is trough-shaped.
When the distance of the parallel auxiliary plane to
the diaphragm wall is greater than 0.5H, the ground
surface settlements continue to decrease when they
cross the excavation corner; however, the rates of
decrease were lower, and the settlement proﬁle was
triangular. The surface settlement phenomenon in
the parallel plane is related to the surface settlement
proﬁles in the perpendicular auxiliary plane at different zones around the station excavation.
(2) Partitioning of ground surface settlements related to
the maximum settlement line and settlement turning

Advances in Civil Engineering
line was proposed according to the three types of
surface settlement proﬁles at diﬀerent zones, and the
surrounding area of station excavation was divided
into two parts, namely, the main inﬂuence area and
the secondary inﬂuence area. Thus, bending deformation and torsional deformation of the surrounding buildings can be easily predicted.
(3) Settlement data of 21 buildings and the estimated
ground surface settlements were compared. It was
shown that settlements for a strip foundation were
consistent with the estimated ground surface settlements, while settlements with raft foundations or
pile foundations were diﬀerent from the estimated
free surface settlements.
(4) It is possible to estimate the ground surface settlements at diﬀerent zones around the station excavation according to the excavation depth H in order
to determine the settlements of the strip foundation
structure. The main processes are as follows. First,
the maximum settlement value δVm of ground surface settlements is estimated from the excavation
depth H according to the ratios H/δVm . Second, the
greenﬁeld-condition settlements at diﬀerent zones
around the station excavation are determined
according to H, δVm , and three surface settlement
proﬁles. Third, the ground surface settlements are
regarded as the settlements of the building foundation, and the settlement values of the building are
then determined.
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S. J. Almeida, “Derivation of model parameters for numerical
analysis of the Ivens shaft excavation,” Engineering Geology,
vol. 217, pp. 49–60, 2017.
[23] T. C. G. Anthony, F. Zhang, W.-G. Zhang, and Y. S. C. Otard,
“Assessment of strut forces for braced excavation in clays
from numerical analysis and ﬁeld measurements,” Computers
and Geotechnics, vol. 86, pp. 141–149, 2017.
[24] W.-D. Wang and Z.-H. Xu, “Simpliﬁed analysis method for
evaluating excavation-induced damage of adjacent buildings,”
Chinese Journal of Geotechnical Engineering, vol. 32, no. S1,
pp. 32–38, 2010, in Chinese.
[25] C.-Y. Ou and P.-G. Hsieh, “A simpliﬁed method for predicting ground settlement proﬁles induced by excavation in
soft clay,” Computers and Geotechnics, vol. 38, no. 8,
pp. 987–997, 2011.
[26] H.-R. Wang, W.-D. Wang, and Z.-H. Xu, “Simpliﬁed method
for evaluating excavation-induced impact on surrounding
environment based on numerical analysis,” Chinese Journal of
Geotechnical Engineering, vol. 34, no. S1, pp. 108–112, 2012, in
Chinese.

Advances in Civil Engineering

Hindawi
Advances in Civil Engineering
Volume 2018, Article ID 6401545, 9 pages
https://doi.org/10.1155/2018/6401545

Research Article
Directional Blasting Technology of Slit Charge for Geological
Disposal of High-Level Radioactive Waste
Ke Man ,1,2 Xiaoli Liu ,3 Ju Wang,1,2 and Xiyong Wang1,2
1

Division of Environment Engineering, Beijing Research Institute of Uranium Geology, Beijing 100029, China
Key Laboratory of China National Nuclear Corporation on High Level Radioactive Waste Geological Disposal,
Beijing 100029, China
3
State Key Laboratory of Hydroscience and Hydraulic Engineering, Tsinghua University, Beijing 100084, China
2

Correspondence should be addressed to Ke Man; man_ke@sina.cn
Received 1 August 2018; Accepted 10 September 2018; Published 3 October 2018
Guest Editor: Zhanguo Ma
Copyright © 2018 Ke Man et al. This 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.
Based on the slit charge technology, the blasting progress and the blasting theory have been studied in detail. Combined with the
high-level radioactive waste geological disposal, in which the excavation damaged zone of the surrounding rock is required as
small as possible, the testing of the Beishan exploration tunnel (BET) has been studied, and the blasting parameters have been
designed using the slit charge technology. Theoretically, the rock failure criterion has been proposed, which adopted the dynamic
mechanical parameters, such as the dynamic compress strength, dynamic tensile strength, dynamic modulus, dynamic passion
ratio, dynamic fracture toughness, and dynamic stress intensity factor. Furthermore, the blasting test has been carried out under
the same tunnel face with left and right sides simultaneously, and it can be found that the blasting eﬀect with the slit charge
technology is better than another side, which veriﬁed the useful and scientiﬁc meaning of this technology. It should be noticed that
the blasting method includes numerous blasting parameters, which interact with each other. Those blasting parameters obtained
just limited the slit charge, and the result and the theoretical knowledge could be applied to the blasting and excavation of the deep
geoengineering and HLW geodisposal.

1. Introduction
High-level radioactive waste is an inevitable product of the
nuclear industry. However, high-level radioactive waste has
been accumulated by the fast development of nuclear power
construction in China. According to National Nuclear Power
Development and Long-term Plan (2005–2020) [1] approved
by the State Council, it is expected that, by 2020, the installed
capacity of nuclear power will reach 70 million kilowatts, the
capacity of the installation is 30 million kilowatts, and there
will be 13. 8200 tHM spent fuel produced by the whole life
period of nuclear power that should be safely disposed, which
becomes a major safety problem to be solved.
According to the strategy for the geological disposal of
high-level radioactive waste, the construction of URL
(Underground Research Laboratory) for the high-level radioactive waste is required during the 13th Five-Year Plan in

China, and the URL is a necessary veriﬁcation facility for the
construction of high-level radioactive waste geological disposal. As one of the largest projects, nuclear waste disposal
has been raised to the national level. Therefore, the construction of the URL for high-level radioactive waste is
imminent, and the demand is very urgent.
At present, the deep geological disposal is the universal
acceptable solution to the disposal of high-level radioactive
waste [2–5], that is, to bury the high radioactive waste in
a geological body with a depth of about 500–1000 m from the
surface. So that it is permanently isolated from the human
living environment. Therefore, the deep geological disposal
method will be adopted in China [6–8]. How to excavate the
URL and the disposal repository and how to design the rock
blasting implementation plan during the construction
process are of vital signiﬁcance to ensure the stability and
safety of the repository.
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Drilling and blasting method or TBM mechanical excavation method is usually used for the chambers excavation
of high-level radioactive waste disposal. No matter which
excavation method is adopted, the rock breaking eﬀect and
the disturbance to the surrounding rock are two main
considerable factors in the construction and monitoring
progress, and these two factors restrict each other [7, 8]. Not
only the over excavation of the surrounding rock is required
but also the under excavation is demanded during the
construction; that is, the positive energy should be promoted, and the negative energy should be limited, which
correspond to a high excavation speed and a small rock
damaged zone separately.
How to control the excavation concisely and induce the
rock crack occurring, growing, penetrating, and generating
a prefractured surface is a main question and key problem
for the stability of rock engineering [9–15], such as the
underground engineering, mine mining, tunnel construction, and railway application.
In 1950s, the smooth blasting method has been put
forward in Sweden. Because the damage of surrounding rock
can be eﬀectively controlled by this method and it also can
eﬃciently break rock, the smooth blasting technology has
been popularized in a large amount and has been applied to
the engineering. Especially, the design and selection of
blasting parameters are very important. There are many
scholars at home and abroad who have carried out a large
number of analysis and research [16–22] based on diﬀerent
starting points of the blasting mechanism.
Among them, the blasting mechanism of the directional
fracture technology using the slit charge is analyzed [23–28],
and the diﬀerences and advantages between the directional
fracture blasting of the slit charge and the cutting hole and the
concentrated blasting are compared in detail. Furthermore,
the blasting formula of the slit charge can be used to realize
the directional fracture of the tunnel better. Meanwhile, coal
mine and other engineering have been carried out, and a good
blasting eﬀect has been achieved. This paper tries to use the slit
charge technology combined with the geological disposal of
high-level radioactive waste, to carry out the directional
blasting test of the slit charge and to compare and analyze the
blasting eﬀect, ﬁnally to give a guidance to the excavation of
the subsequent disposal engineering.

2. Engineering Background of BET
As a technical research facility for the geological disposal of
high-level radioactive waste in China, the BET (Beishan exploration tunnel) facility has carried out various construction
skills related to the excavation engineering, such as the blasting
test, rock deformation monitoring, EDZ monitoring, advanced
detection, and grouting test. The main diﬀerence between BET
project and the other underground projects is that it demands
the EDZ value as small as possible. As the underground repository facilities need to be safe for thousands of years, it
means that the nuclides must be ensured that they could not
migrate from the surrounding rock to the nature.
In view of the actual working conditions of the BET facility, the blasting parameters of the slit charge used in the
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drilling and blasting test are designed, and the directional
blasting test of the slit charge is emphasized. The cutting and
slit charge blasting technology of the granite rock in this area
is analyzed and discussed.
BET facility is located in Gobi, Gansu Province, about
80 km northeast of Yumen City. The main project of BET
facilities includes the tunnel door, inclined shaft, alley, water
storehouse, test chamber, shelter, ventilation hole, and the
water supply, power supply, and ventilation system. The
surrounding rock of the project is mainly granite, and its static
compressive strength is 150 MPa, while the tensile strength is
13 MPa. The fracture (F18) moved toward 60°, which tended
to be NW or SE, with a dip angle of 75∼85°. The tectonic
fracture zone is fragmented and fractured, especially in the
center of the tectonic belt. The blasting parameters are
quantiﬁed by theoretical calculation and semiempirical
analysis, respectively. The longitudinal wave velocity of the
rock is 3500 m/s. The emulsion explosive is used in the
surrounding blasting holes to be cut into several segments on
average, using air spacing with uncoupled charge.
The blasting excavation test and the other tests are
carried out, as shown in Figure 1.
It is located in the monitoring chamber at the bottom site
of the inclined shaft, which is close to the test chamber for
drilling and blasting, and each blasting cycle footage is 2 m.
A millisecond delay with a nonelectric detonator is used to
detonate; the cutting holes adopt continuous coupling charge,
the auxiliary holes and the bottom holes adopt continuous
noncoupling charge, and the surrounding holes adopt the air
interval with noncoupling charge to bind the interval of the
explosive to the detonator and then attach the bamboo sheet
to the bottom of the hole. The blockage length of the blasting
hole is as follows: the surrounding hole, auxiliary hole is not
less than 20 cm, and the cutting hole is not less than 40 cm.
At the same time, in order to ensure the blasting eﬀect
during construction, the quality of the drilling holes need to
be controlled, so as to achieve a standard of parallelism,
straightness, neatness, and accuracy.
Firstly, parallel means that the drilling holes are parallel to
each other and parallel to the roadway heading direction.
Secondly, straight means that the blasting hole must be perpendicular to the blasting face. Thirdly, neat means that the
drilling holes are on the same bottom, which can guarantee the
fracture of the tunnel at the same position. Fourthly, accurate
means that the holes are drilled concisely, the hole arrangement
is accurate, and the contour line cannot be deviated much.
The location of the drilling holes should be on the
predesigned contour line of the roadway. The bottom of the
hole should be controlled within 100 mm of the contour line,
and the inclination angle should be controlled within 3°.
During the drilling implementation process, we can measure and record the hole parameters by means of the angle
gauge, steel ruler, and straight stick to ensure the drilling quality.

3. Rock Failure Mechanism of Directional
Blasting Using Slit Charge
The directional blasting technology of slit charge is mainly
based on the principle of shaped charge blasting. The slit
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Figure 1: Site for the blasting test.

pipe can be made of diﬀerent materials such as the PVC tube
or copper tube, and its wave impedance is diﬀerent from that
of rock. The size of the slit pipe is determined by the diameter and length of ordinary rock emulsion explosive and
the inside and outside diameters of the slit pipe. At the same
time, the slit pipe with diﬀerent cutting widths and diﬀerent
cutting angles can be machined.
As shown in Figure 2, the left side is the slit pipe, and its
longitudinal section is along the diameter direction, and the
right side is the detailed description of the slit pipe’s cross
section, where A is the longitudinal side view of the slit pipe
with a certain width of the cutting seam, and B is the cross
section of the slit pipe, while 1 is the loading part, 2 is the air
medium, 3 is the slit pipe, 4 is the hole wall, and 5 is the rock
particle with a distance R away from the center of the explosive bag. The distance R can also be described by the axis
angle θ and the distance from the hole wall r. r1 is the radius
of the explosive, r2 is the radius of the slit pipe, and b is the
gap between slit pipe and borehole wall. Obviously, there
exists a relationship between those parameters; that is
R � r + r2 + b.
When the explosive is detonated, the explosion shock
wave is generated instantaneously. The shock wave acts on
the surface of the slit pipe. Between them, some of the shock
waves acting on the cutting seam will continue to propagate
along the slit, and some of the shock waves acting on the slit
pipe’s surface will produce the transmission and reﬂection
waves, in which the impact of the transmissive wave entering
the gap will be acted on the hole wall. And the reﬂected
tension wave coupled with the shock wave inside the slit
pipe, which is also mixed with exploding gas, has a certain
period, resulting in the energy cumulative eﬀect.
The impact wave at the cutting seam propagates
directionally along the slit due to the energy cumulative
eﬀect, until it acts on the rock wall. Then, the rock is
transmitted and broken. The subsequent exploding gas
continues to expand and extend along the blasting induced

A

1

5

3

2
B

r θ b

r2

4

r1

R

Figure 2: Schematic of the slot blasting principle.

crack until the rupture in the blasting area. Therefore, the
energy cumulative eﬀect and directional blasting of the
explosive could be realized by the slit charge technology, and
it also has a certain protective eﬀect on the wall surface of the
noncutting direction. Above all, it is of great signiﬁcance to
the rational use of explosives and the damage control of rock
engineering.
From the point of the blasting mechanism, because of the
existence of the slit seam, the stress condition between the
slit seam holes is not the common eﬀect of compression by
the shock wave and the exploding gas, but the tensile stress
forced on the rock, which changes the rock failure mechanism. Rock, as a quasibrittle material, it is known that its
compressive strength is far greater than its tensile strength,
and the diﬀerence is at least one order of magnitude. Usually,
its compressive strength is several hundred MPa, but its
tensile strength is generally several MPa. According to those
factors, if we want to crush the rock eﬃciently, it needs to be
stretched in the tensile stress state as more as possible.
No matter which testing methods are used, such as
uniaxial compression, three axial compression, and direct or
indirect tensile tests, from the mesoangle, the failure
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mechanism is analyzed either to be tensile failure or to be
tensile-shear failure. Mainly, it is a pure compressive stress
carried out on the rock by the shock wave and the stress wave
under blasting. Only when the wave propagates to the free
surface, the wave reﬂection occurs, and the tensile unloading
wave is produced. Therefore, the rock is subjected to tensile
stress, which is beneﬁcial to the rock cracking. But the
compression failure is produced on the rock wall very near
the charge hole, and the rock wall is directly damaged into
rock powder by the explosion wave.
Precisely, because of the existence of the slit charge
blasting hole, the compression and tensile shock waves along
the slit direction are more strongly inﬂuenced than that in
the other directions. Especially, the crack surface which has
been caused by the early shock wave has been largely impacted by the subsequent shock wave, causing the rock mass
in the slit direction to be more easily unloaded, spalling and
crushing. At the same time, explosive gas is more likely to
expand along these cracks, and the role of explosive gas in
the slit is more intense than that originated by ordinary
cartridge. Deﬁnitely, because of the slit charge, the rock mass
surrounding the cutting seam is much easier to produce
tensile fracture and easier to be broken out.
Furthermore, the role of slit charge for the single blasting
hole can be divided into the following aspects. Firstly, the
cutting seam plays a good role in accumulating the explosive
wave after blasting. Most of the explosive energy is propagated along the cutting seam to the rock wall of the blasting
hole, and the tangential stress produced by the blasting
causes the radial crack around the blasting hole, and the
crack is extended forward by the subsequent explosive gas.
Secondly, the slit pipe has a negligible eﬀect on the explosive
energy. Because of the slit pipe, explosive energy and detonating gas are limited to the slit pipe for a certain period,
which is a little longer than that of the nonslit pipe.
Therefore, the energy will be released for a longer time,
and the residence time of the explosive gas in the charge space
is prolonged. Moreover, the slit pipe has a good guiding eﬀect
on blasting energy. Most of the energy is released along the slit
direction, which is more fully blasted, and the deformation is
much more than the direction vertical to the slit or other
directions. Finally, the slit charge technology has a certain
protective eﬀect on the blasting hole wall. Due to the wave
resistance diﬀerence between the slit pipe and the rock
medium, in addition to the transmission wave of the slit pipe,
the reﬂection wave will also occur, which could be limited in
the slit pipe and wait for the energy to be released again. And
the released energy is still more transmitted from the slit.
During this process, the rock blasting hole which is not along
the slit direction is protected.
As for the blasting engineering, the cutting seam package
and the slit charge technology are used in the surrounding
blasting hole, which can fully play the protective eﬀect on the
rock wall, and also lead to the directional and concentrated
eﬀects.
It should be noted that, due to the existence of the slit
hole, a free surface is produced in the rock mass, and the
stress concentration occurs. It means that the stress here is
far greater than the stress in other places, and the rock
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between the slit holes is subjected to not only the impact
pressure but also the tensile stress. Especially, the connected
direction of the slit hole is the place where the maximum
tensile stress is generated, and the rock failure caused by
tensile stress is more likely to occur. In the case of simultaneous initiation of a double slit charge way, the stress wave
is ﬁrstly propagated along the slit direction, resulting in the
initial crack. Then, with the opposite propagation of the
stress waves between the two holes, the peak stress of the
blasting can reach a number of several GPa in the center. So,
the initial crack can propagate through each other under
such high stress.
At the same time, from the point of the superposition of
the stress wave, the crack formation should be analyzed. It is
found that the penetrating crack can be formed between the
two holes through the reasonable design of the blasting hole
diameter, the slit pipe diameter, the slit charge size, and so on.
To sum up, the slit hole can lead to the rock failure more
easily along the line between the slit holes, and the slit charge
plays a good guidance role in the failure process, which is
more conducive to the performance of the explosive.

4. Directional Blasting Technology Using
Slit Charge
Deﬁnitely, the characteristics of the high-level radioactive
waste geological disposal demand a higher safety grade for
the buried nuclear waste. Rock permeability increases by the
formation of new cracks in the damaged area and the expansion of the original ﬁssure in the rock. Therefore, the
potential channel for the nuclide migration is provided. In
addition, the mechanical properties of the rock and the
operation period of the disposal repository are highly
inﬂuenced by the excavation damage. No matter which
excavation method is adopted, the rock breaking eﬀect and
the disturbance to the surrounding rock are two main
considerable factors in the construction and monitoring
progress, and these two factors restrict each other.
For the geological disposal of high-level radioactive
waste, it is very important to recognize the relationship
between the elastic modulus, deformation, permeability
coeﬃcient, heat conduction coeﬃcient, and solute diﬀusion
coeﬃcient of the excavation zone.
At the same time, the blasting design and damage
veriﬁcation for rock mass are still a hot topic in blasting
engineering. Especially for the geological disposal of highlevel radioactive waste, how to carry out the blasting design
of engineering rock mass is a challenge.
The geological disposal facilities of high-level radioactive
waste extend from the surface to a certain depth in the deep
underground, which requires that the surrounding rock
damage caused by the excavation is as small as possible
because the fracture of the surrounding rock will continue to
initiate, expand, or even interconnect in the rock mass,
resulting in the loss of the disposed nuclear waste in a certain
period of time, which is absolutely not allowed. No matter
blasting or mechanical excavation method is used, the
surrounding rock will be damaged, and this damage is
unavoidable.
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Therefore, it is very important to adopt a suitable method
to reduce the rock damage. Through the above description, it
can be seen that accurate blasting could be achieved by the
slit charge directional blasting technology, which can play
the role of directional blasting, energy gathering blasting,
and the protection of surrounding rock. And it can lead to
a small damage range and can ensure the long-term safety of
the geological disposal of high-level radioactive waste.
The essence of directional fracture blasting of the slit
charge is that the cutting slit with diﬀerent angles, shapes,
and numbers on the certain density and strength explosive
shell is formed. Then, the charge mode with a certain accumulation of explosive energy is generated between the slit
charge and the blasting hole. The design blasting parameters
and the failure criteria of directional blasting using the slit
charge are discussed below.
4.1. Design of the Blasting Parameters. The hole spacing is
quantiﬁed by the theoretical calculation and semiempirical
analysis. The strength coeﬃcient of the rock in the experimental tunnel is 8, and the wave velocity is 3500 m/s. The
emulsion explosive is used, and the air uncoupled charge
way is adopted. Explosive density is 1000 kg/m3, and the
velocity of the explosive is 4000 m/s. The diameter of the
explosive is 3.2 × 10−2 m, the diameter of the blasting hole is
4.2 × 10−2 m, and the length of the hole is 2.0 m.
According to the blasting principle, the radial stress and
tangential stress of rock mass at a distance r away from the
center of the borehole are, respectively,
σ r � P2 

Tb a
 ,
T

(1)

4.2. Criterion of the Directional Blasting Technology.
Under the action of tangential tensile stress, the criterion
condition of breaking fracture is
σ θ ≥ Std ,

where Std is the dynamic tensile strength of the rock.
Moreover, the relationship between tangential stress and
radial stress is
μσ r
σθ �
,
(5)
(1 − μ)
Std � C + σ θ tan φ,

where σ r is the radial stress; σ θ is the shear stress; b is the
ratio of the tangential stress to the radial stress, and
b � μ/(1 − μ); a is the attenuation index of the stress wave,
and a � 2 − b; Tb is the radius of the blasting hole; T is the
radius of the explosive; and P2 is the impact stress on the
blasting hole wall surface.
The impact pressure on the hole wall as using the
uncoupling charge is as follows:
6

1
d
P2 � ρ0 D2  c  n,
db
8

(2)

(6)

where C is the dynamic cohesion and φ is the dynamic
friction angle of rock.
According to Formulas (4)–(6), under the condition of
the single hole, when the crack is formed by the tangential
tensile stress, the radial stress σ r should be satisﬁed:
(1 − μ)Std
σr ≥
.
(7)
μ
At the same time, at the crack tip under the blasting
stress wave action, it is
√��
(8)
KdI � πrP2 Y∗min ,
where KdI is the dynamic fracture toughness and Y∗min is
a dimensionless stress intensity factor at the crack tip, which
reﬂects the size and shape of the crack, and it is an inherent
index of the rock material.
Under the continuous action of the explosive stress wave,
the crack continues to expand and should be satisﬁed as
follows at the crack tip:
KId > KdI ,

σ θ � bσ r ,

(4)

(9)

where KId is the dynamic stress intensity factor at the crack
tip, which varies with the crack propagation.
It can be seen that Formula (7) is the criterion condition
of initial crack formation during slit charge blasting, and
Formula (9) is the criterion condition of crack propagation
and extension under the blasting progress.

5. Directional Blasting Experiment Using
Slit Charge

(3)

According to the actual engineering geology, the blasting test
using the slit charge technology was carried out at the same
free face with the left and right positions separately. Among
them, the surrounding hole of the left side uses the ordinary
charge structure, and the surrounding hole of the right side
adopts a slit charge structure. Therefore, it can make a more
accurate comparison and analysis for the slit charge technique. The blasting eﬀect can be measured by parameters
such as the over excavation amount and the half hole ratio
after blasting. The speciﬁc test is described as follows.

where La is the length of the air column interval and Lc is the
length of the explosive charged.

5.1. Production of the Slit Pipe. The slit pipe is made of the
PVC tube with an outer diameter of 32 mm and an inner

where ρ0 is the explosives density; D is the explosive velocity,
while dc and db are the diameter of the explosive and the
blasting hole; and n is the pressure increasing coeﬃcient of
the detonation impacting on the hole wall.
However, when the air uncoupled charge is adopted, the
impact pressure on the hole wall is as follows:
6

1
d
Lc
P2 � ρ0 D2  c  
n,
db
Lc + La
8

6
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Figure 3: Slit pipe.

(a)

(b)

Figure 4: Borehole distribution.

diameter of 30 mm. With an emulsion explosive inside, the
diameter of the explosive is 32 mm, and the slit width of the
slit pipe is 2 mm, as shown in Figure 3.
It must be noticed that in the process of charging, the
direction of the slit must be consistent with the direction of
the contour of the tunnel cross section. Otherwise, the
explosive energy will burst more along the other directions
but induce the tunnel forming worse.
It is a key point that must be paid attention before the
preparation of the slit charge, and it is also the inherent
attribute determined by the directional fracture blasting
principle of the slit charge.
5.2. Arrangement of the Blasting Hole. The distances of the
surrounding hole both in the left side and the right side were
300 mm. As for the left side, the ordinary explosive charge
was installed, with three intervals, and each length was
550 mm. At the bottom of the hole, it was charged with 0.5
volume explosive, and the other 0.25 volumes were installed
at each section. However, the surrounding hole in the right
side was charged using the slit charge with the same installed
way and explosive quantity.
The blasting cutting method is straight parallel cutting
way. The layout of the blasting hole before and after drilling
is shown in Figure 4.

5.3. Blasting Scheme. Based on the above theory of directional fracture technology of slit charge, the blasting

scheme is designed. The blasting scheme for the slit charge is
shown in Figure 5.
The blasting sequence is divided into 9 segments, which
starts from the cutting hole, auxiliary hole, to the surrounding hole, and in the end to the bottom hole.
The length of blockage in the cutting hole is 600 mm, and
that in the other holes is 300 mm.
The number of explosives and detonator segments in
each hole is shown in Table 1, and the section area is
12.15 m2, and the speciﬁc charge is 2.51 kg/m3.
5.4. Blasting Eﬀect. The designed footage driving cycle is 2
meters, while the penetration of blasting has reached 1.7 m
in the left and 1.95 m in the right, which corresponds to the
ordinary and slit charge separately. Meanwhile, the utilization ratio of blasting hole in the right is higher.
The right side using the slit charge has more than 90% of
the half hole rate, and the blasting eﬀect is smooth and even.
However, the eﬀect of the smooth blasting in the left side is
not so good. As can be seen from Figure 6, the rock concave
and convex exist a lot, and the half-hole ratio is low.
Image process of the proﬁle after blasting and the ratio of
over excavation or under excavation are calculated by the
proportional image. It is found that over excavation quantity
of the right side using the slit charge is small than that in the
left side. And it shows a better blasting eﬀect using the slit
charge. Those phenomenon and descriptions illuminate that
the surrounding holes using the slit charge could make the
cross section contour of the tunnel better and smooth after
blasting.
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Figure 5: Blasting scheme of the slit charge technology.

Table 1: Blasting parameters table for the scheme.
Hole name
Empty hole
Cutting hole
Auxiliary hole
Auxiliary hole
Auxiliary hole
Auxiliary hole
Auxiliary hole
Peripheral hole
Bottom hole
Bottom hole
Total

Hole number

Number of holes

1
2–7
8–10
11–12
13–21
22–32
33–46
47–72
74–79
73,80

1
6
3
2
9
11
14
26
6
2
80

Furthermore, the variety between the charge composition and the charge structure is the main reason for the
diﬀerence of the blasting eﬀect.

Each hole
0
5
5
5
3.5
2.5
2.5
1.5
3
3

Charge quantity
Total weight (kg)
0.0
9.0
4.5
3.0
9.45
8.25
10.5
9.0
5.4
1.8
60.9

Detonator order
1
3
5
7
9
11
15
17
19

According to the blasting principle described above, it
can be found that, as the surrounding hole adopts the slit
charge way, it can be easier to achieve directional fracture.
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Convex
Concave

directional fracture blasting technology in the geological
disposal of high-level radioactive waste. It can provide the
experimental data and theoretical support for the blasting
excavation of the high-level radioactive waste geological
disposal, and it also has a certain guiding signiﬁcance for the
blasting excavation of the deep underground engineering.

Data Availability
Figure 6: Blasting eﬀect.

Rock around the surrounding hole is destroyed strictly along
the cutting direction under blasting.
The explosive gas is triggered through the crack caused
by the shock wave (just started in dozens of microseconds)
and wedged into the internal microcracks in the surrounding rock. The energy accumulated in the crack tip
more and more, and the stress concentration is more obvious, which leads to a greater dynamic stress intensity
factor. It is much easier to extend and expand along the
direction of the initial crack, which is more beneﬁcial to the
eﬀect of the subsequent explosion stress wave, and it has
played a good guidance role.
Correspondingly, there is less phenomenon of over
excavation around the tunnel, and the smooth blasting eﬀect
is improved. It can be seen that the reasonable directional
fracture technology using the slit charge is very important to
smooth blasting.

6. Conclusions
(1) Based on the directional blasting technology of the
slit charge, the explosive process and the failure
principle are thoroughly explored. Combined with
the blasting engineering for high-level radioactive
waste geological disposal, the parameters of directional blasting in the BET exploration facility has
been designed and discussed.
(2) The initiation and failure criteria of directional
fracture blasting are analyzed deeply. The dynamic
compressive strength, dynamic tensile strength,
dynamic elasticity modulus, dynamic Poisson’s ratio,
dynamic fracture toughness, and dynamic stress
intensity factor and other parameters are used to
describe the criterion.
(3) Moreover, the blasting experiment of slit charge at
diﬀerent positions but the same tunnel face was
carried out. It is found that the blasting eﬀect is good
at the right side using the slit charge, which proved
that the blasting parameters calculated are reasonable. It is suitable to apply the directional fracture
blasting technology using the slit charge to the highlevel radioactive waste geological disposal.
It should be pointed out that the drilling and blasting
method covers many kinds of blasting parameters. The data
obtained are only the preliminary exploration of the

The data used to support the ﬁndings of this study are
available from the corresponding author upon request.
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A heterogeneous equivalent beam model (HEB model) of the shield tunnel segment structure is proposed based on a systematical
analysis on the stress state of the cross section of segment joints. This model treats a noncontinuous segment structure as
a continuous heterogeneous structure, on the basis of the principle of equivalent stress state on a section and equivalent
conversion of the mechanical parameters. For a comprehensive demonstration of the proposed HEB model, an interpretative
solution of equivalent mechanical parameters of the joint section is obtained through theoretical derivation, and a speciﬁc iterative
computation ﬂow is provided in accordance. Model validation and comparative analysis are also conducted for two industrial
applications. It is found that the iterative process of calculation has good convergence, leading to reliable numerical results for all
cases under consideration. Resulting simulations reveal that the proposed HEB model can reﬂect the eﬀect of joints on overall
rigidity of a segment structure. Compared with the computation results obtained using other models presented in the literature,
there are smaller axial force deviation and larger bending moment deviation (up to 20% or higher), demonstrating that the model
selection is important in design and computation of a segment structure of shield tunnels. The proposed model and analysis for
model performance may provide useful reference for engineers in shield tunnel community.

1. Introduction
Shield technique has been widely applied in the construction
of urban subway and underwater tunnels owing to its high
level of mechanization, rapid construction, and minimal
environmental impact [1, 2]. The design of the segment
structure is of critical importance for the application of
shield technique and project construction, in terms of both
the safety of tunnel structure and construction cost. Numerous engineering reports show that segmental lining
accounts for 30% to 50% of the total cost of a tunnel
constructed by shield technique [3].
Unlike traditional monolithic tunnel lining structures,
segmental lining is a noncontinuous structure with vertical
and transverse joints. The mechanical behavior of each
segment is aﬀected by structural and mechanical characteristics of joints [4]. Therefore, segmental lining is more
complex, as both calculation and analysis of the stress state is

much more diﬃcult than monolithic lining. In the open
literature, comprehensive studies on the calculation model
for shield segment structure have been conducted.
In 1978, International Tunneling Association (ITA)
established a specialized team for collecting calculation
models for shield tunnel segments. ITA supplemented
updated data according to the industrial development. The
published summary in 1988 shows that the design model for
tunnel structure at that time covers continuum or noncontinuum models, elastic foundation beam models,
convergence-constraint models, and empirical methods
[5, 6].
In recent decades, along with the massive development
of urban rail transportation, studies on the calculation model
of shield tunnel segment have made a great progress.
Multiple structural calculation models, including uniform
rigidity ring model (UR model), modiﬁed uniform rigidity ring model (MUR model), free hinge ring model,

2
beam-spring model, and beam-joint model, have been
proposed [7], as shown in Figure 1.
Ye et al. [8] comprehensively analyzed the performance
of these calculation models for the shield tunnel segment.
They found that the UR model completely ignores the eﬀect
of segmental joint, which is obviously diﬀerent from the
actual situation. This model results in higher internal force of
the hard formation and relatively less deformation of the
weak formation, leading to increased security risks [8]. The
MUR model is carried out by reducing the segment stiﬀness
and increasing bending moment coeﬃcients, resulting in
greater randomness and uncertainty [9–12]. The free hinge
ring model takes the segment joint as a single-hinge
structure and thus does not reﬂect the properties of force
transfer on the joint section. In addition, this model is
a nonstatic system, although it can provide a static solution
with the support of a tunnel surrounding rock, the ground
resistance of tunnel surrounding rock cannot be calculated,
and therefore, this model is characterized by certain levels of
limitations and uncertainty [13]. In fact, the beam-spring
model and the beam-joint model can better reﬂect the eﬀect
of segment joint on the stiﬀness of the whole ring structure.
However, the theoretical basis for selecting the spring coeﬃcient has not been well investigated; thus the spring
coeﬃcient is estimated based on the model test or engineering experience, leading to a certain level of randomness
in modelling results [12, 14, 15].
Although the design, calculation, and modelling of
shield tunnel segment structures have attracted considerable attentions, a variety of problems still need further
investigation. Based on comprehensive analysis on the
stress characteristics and the properties of force transfer on
the joint between shield tunnel segments, the current study
converts a noncontinuous segment structure into a continuous heterogeneous equivalent beam structure through
equivalent conversion of mechanical parameters of the
joint section. Mechanical parameters of the joint section
are also deduced under diﬀerent working conditions to
establish a new calculation model for the shield tunnel
segment. This model is signiﬁcant, as it treats the noncontinuous shield segment joint as an equivalent continuous structure with only tiny changes on the
mechanical and deformation characteristics; and most
importantly, it is capable to capture the stress characteristics and the properties of force transfer on the joint
comprehensively. The performance of this model has been
demonstrated through two industrial applications from
the literature. The proposed HEB model and the comprehensive analysis presented for the HEB model may
provide useful reference for engineers and scholars in the
community of shield tunnel construction.

2. Establishment and Basic Idea of HEB Model
Engineering practice and theoretical studies show that the
section of a segment joint is used to maintain the balance of
internal force and transfer forces, which is similar to the
force-transferring property of reinforced concrete cross
section [1]. Therefore, the segment joints and the partial
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structures in their local range can be regarded as a beam
element. However, the cross-sectional parameters of a beam
element (i.e., elastic modulus and geometrical parameters)
are diﬀerent from those of a segment section. Based on this
idea, the HEB model with segment ring composed of the
beam element is established, as shown in Figure 2. In this
model, parameters of the section in the local range of joint
are converted equivalently according to the actual stress state
on the section of joint.

3. Analysis on Mechanical Properties of
Equivalent Beam Element of Joint
3.1. Basic Assumptions. In the mechanical calculation of the
shield segment structure, a shield segment is always taken as
a bending element; that is, only its bending moment and
axial force are considered. The ﬁnite element method is
normally applied to calculate the distribution of internal
forces on each cross section. Then, the damage phase method
in which the shear properties are neglected is employed to
check its bearing capacity. Studies on the beam-spring model
showed that if the shear stiﬀness of a circular joint is set to be
smaller, the bending moment of its main cross section turns
out to be smaller accordingly. Therefore, for security considerations, the shear stiﬀness of circular joints is usually set
to be inﬁnite [16]. This means that mechanical properties of
a joint equivalent beam element only rely on the crosssectional parameter of its longitudinal joint. As such, the
following hypotheses are applied:
(1) Shearing stiﬀness of bolt and friction of section can
eﬀectively resist shear force at the joint; that is, no
obvious deformation is generated in both sides of the
joint [17].
(2) Based on structural mechanics, only the eﬀect of
axial force and bending moment on the displacement
of arch structure is considered (i.e., the eﬀect of shear
stiﬀness is ignored).
(3) The deformation of joint section complies with the
plane section assumption in all planes and meets the
deformation compatibility.
(4) The stress of the concrete at the end of a joint is
distributed linearly in the form of trapezoid and
triangle shapes, respectively, corresponding to fully
contact (original joint section) and opening states
(partial loss of contact) of a joint connection during
service life.
(5) Compressive deformation δ0 of the compressed
concrete at segment joint obeys the following
equation [18–20]:
δ0 �

σx
,
Ec

(1)

where Ec is the elastic modulus of concrete, σ is the
maximum compressive stress at the edge of concrete,
and x is the eﬀective height of compressed area of
a joint section.
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Figure 1: Structural models of the shield segment [7]. (a) UR model. (b) MUR model. (c) Free hinge ring model. (d) Beam-spring model. (e)
Beam-joint model.

3.2. Positive Bending Moment and Small
Eccentric Compression
3.2.1. Stress Characteristics of the Original Section. A segment joint force diagram under positive bending moment
and small eccentric compression is shown in Figure 3(a);
assuming the stress in the diagram is positive, the
following equations can be obtained based on static
equilibrium:
 F � 0, N �

bh
+ σ c,min  − nTb ,
σ
2 c,max

bh2
h
−σ
 M � 0, M �
σ
 + nTb  − h0 ,
2
12 c,max c,min

where N and M are the axial force and bending moment of the
section, respectively; σ c,max and σ c,min refer to the compressive
stress outside and inside the joint section, respectively; h
and b refer to the thickness and width of the segment,
respectively; n is the number of bolts in this segment; Tb
is the pulling force of a single bolt; and h0 is the distance
from the centroid of bolt to the internal edge. The deformation compatibility and plane cross-sectional assumption can be applied to solve the strain at bolt:
εb � εc,min +

(2)

h0
−ε
ε
,
h c,max c,min

(3)

where εb is the strain at bolt in the joint section and εc,max
and εc,min refer to the inside and outside edge strains of
concrete in the joint section, respectively.
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Figure 2: Structural calculation model of shield tunnel segment with HEB model: (a) Structural calculation model; (b) Equivalent beam
element of joint.

A joint section consists of concrete, sealing rubber
stripe, and force transferring cushion. Therefore, the
elastic modulus of this composite section needs to be
calculated based on the principle of equivalence. As
shown in Figure 4, its compressive deformation properties are
N l1 + l2  Nl1 Nl2
�
+
,
(4)
Ec A Ep A
Eeq A
where Eeq is the equivalent compressive elastic modulus of
the joint beam element; A is the cross-sectional area; l1 is the
length of the concrete section for joint section calculation,
and it takes twice the cover thickness of concrete for protection, which depends on the working environment and
structure type; l2 is the thickness of the sealing rubber strip
and force transferring cushion, and it can be taken as 5 mm
in most circumstances; and Ep is the elastic modulus of the
sealing rubber strip and force transferring cushion. Thus, the
equivalent elastic modulus of the joint section can be
obtained:
Ec Ep l 1 + l 2 
Eeq �
.
Ec l1 + Ep l2

εc,max �
εc,min

σ
� c,min .
Eeq

(6)

With further initial pretightening force of bolt, there is
T0 − Tb � εb K,

(7)

where K is the tensile stiﬀness of bolt, K � Es As in which Es
is the elastic modulus of bolt and As is the sectional area of
a single bolt, and T0 is the initial pretightening force of the
bolt.
Solving (3), (6), and (7) simultaneously,
Tb � T0 −

K
h
σ c,min + 0 σ c,max − σ c,min .
h
Eeq

(8)

Then, considering (2) and (8)
σ c,max �

(5)

Therefore, in (3), εc,max and εc,min can be expressed as

σ c,max
,
Eeq

σ c,min

λ2 λ4 + λ1 λ6
,
λ3 λ6 + λ2 λ5

λ λ −λ λ
� 1 5 3 4,
λ3 λ6 + λ2 λ5

(9)
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Figure 3: Mechanical characteristic of the joint section under positive bending moment and small eccentricity pressing condition. (a)
Original joint section. (b) Equivalent joint section.

where

N′ � N,
λ1 � nT0 + N,

M′ � M,

hb nK
h
λ2 � +
1 − 0 ,
h
2 Eeq
λ3 �

σ c,max − σ c,min  σ ′c,max − σ ′c,min 
�
,
Eeq
E′eq

hb nKh0
,
+
2 Eeq h

h
λ4 � M − nT0  − h0 ,
2
λ5 �

bh2
h
nKh0
−  − h0 
,
12
Eeq h
2

λ6 �

bh2
h
h nK
+  − h 0  1 − 0  .
12
h Eeq
2

(10)

2

where E′eq is the equivalent elastic modulus under positive
bending moment and small eccentric compression of
equivalent beam element.
For the total cross section compression, the height and
width of the compressive area of an equivalent cross section
are the same as those of the original cross section, that is,
b′ � b and h′ � h. By solving (11) and (12) simultaneously,
the following relationship is obtained:
E′eq �

3.2.2. Stress Characteristics of the Equivalent Section. A
stress analysis chart of the equivalent section under positive
bending moment and small eccentric compression can be
established based on the equivalent principle of the stress
state of cross section, as shown in Figure 3(b). Based on the
equilibrium relationship of force, there is
b′ h′
N′ �
σ ′c,max + σ ′c,min ,
2

(12)

(11)

b′ h′
M′ �
σ ′c,max − σ ′c,min ,
12
where N′ and M′ refer to the axial force and bending moment
of the section of an equivalent beam element, respectively;
σ ′c,max and σ ′c,min are outside and inside compressive stresses,
respectively; and h′ and b′ , respectively, refer to the height and
calculation width of the equivalent beam section.
Based on the equivalent principle of the stress state of
cross section, the internal force and rotation of the equivalent beam section are the same as those of the original
section:

12MEeq
bh2 σ

c,max

− σ c,min 

,

(13)

where E′eq is the elastic modulus of an equivalent beam, and
it can be calculated from (9) and (13).
3.3. Positive Bending Moment and Large
Eccentric Compression
3.3.1. Stress Characteristics of the Original Section. A segment joint force diagram under positive bending moment and
large eccentric compression is shown in Figure 5(a). The axial
force and bending moment can be expressed as
1
N � σ c,max bx − nTb ,
2
(14)
1
h x
h
M � σ c,max bx −  + nTb  − h0 .
12
2 3
2
According to the assumption (4), the deformation at the
edge of concrete is δc,max � x · θ. Similarly, the deformation
at the bolt can be δb � (h − h0 − x) · θ. Here, θ is the opening
angle of the joint.
Considering the initial pretightening force of bolt, axial
force of bolt should meet the following relationship:

6
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δb
K,
L

Length of equivalent
beam element for joint

(15)

l1

where L is the eﬀective calculation length of the bolt.
From the assumption (5), the deformation at the edge of
the segment can be obtained:
δc,max �

σ c,max
· x.
Eeq

Concrete

(16)

Solving (14) and (16) simultaneously,
C1 x2 + C2 x + C3 � 0,

(17)

where

l1

Rubber and cushion

Tb − T0 �

N

Bolt

Figure 4: Analysis of the equivalent elastic modulus on the joint
section.

C1 � λ2 λ5 ,
shown in Figure 5(b), which can be obtained from static
equilibrium:
1
1
N′ � σ ′c,max b′ x′ − σ ′c,min b′ h′ − x′ ,
2
2

C2 � λ3 λ5 − λ1 λ6 ,
C3 � λ4 λ5 − λ1 λ7 ,

1
h ′ x′
1
h ′ x′
M′ � σ ′c,max b′ x′  −  + σ ′c,min b′ h′ − x′  + .
2 3
6 3
2
2

h
λ1 � M − nT0  − h0 ,
2

(20)

b
λ2 � − ,
6
λ3 �

λ4 �

bh nK h
−
 − h ,
4 Eeq L 2 0

(18)

M′ � M,

nK h
 − h  h − h0 ,
Eeq L 2 0

b nK
λ6 � +
,
2 Eeq L
nK
h − h0 .
Eeq L

Equation (17) shows the function of the height of the
compressed area x. The height of the compressed area x
under corresponding force can be obtained by substituting
the relative parameter with the range of x, that is, x ∈ [0, h].
Then, the maximum compression at the edge of segment
σ c,max can be obtained
σ c,max �
or σ c,max

λ1
,
λ 2 x2 + λ 3 x + λ 4

(21)

σ ′c,max
σ ′c,min
.
�
E′eq x′ E′eq h′ − x′ 

λ5 � N + nT0 ,

λ7 � −

Given that the stress property of the equivalent section is
the same as that of the original section:
N′ � N,

(19)

λ5
�
.
λ6 x + λ7

Two conditions should be added to solve the equation
system consisting of (20) and (21) They are (1) composition
of forces in the tensile zone of the equivalent section is the
same as the pulling force of bolt in the original section and
(2) the width of the equivalent section is obtained according
to the ratio of the area of bolt to the area of the internal
reinforcement of segmental lining αcs . Thus,
1
nTb � σ ′c,min b′ h′ − x′ ,
2
(22)
b′ � αcs b.
By solving (20), (21), and (22) simultaneously, the
mechanical parameters of the equivalent section under
positive bending moment and large eccentric compression
can be obtained:
M
x′ �
,
λ1 λ2 −(N/3)
h ′ � λ 1 x′ ,

3.3.2. Stress Characteristics of the Equivalent Section. A
stress analysis diagram of the equivalent section under
positive bending moment and large eccentric compression is

E′eq �

2nEeq Tb x
αcs bσ c,max h′ − x′ 

(23)
2,
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where

�������
nTb
+ 1,
λ1 �
N + nTb

7

(24)

N 2nTb
λ2 � +
.
3
2

3.4.2. Stress Characteristics of the Equivalent Section.
Stress characteristics of the equivalent section under negative bending moment and small eccentric compression is
shown in Figure 6(b). From static equilibrium and equivalent principle, we obtain
N′ �

b ′ h′
σ ′c,max + σ ′c,min ,
2
(29)

3.4. Negative Bending Moment and Small
Eccentric Compression

2

b ′ h′
M′ �
σ ′c,max − σ ′c,min ,
12

3.4.1. Stress Characteristics of the Original Section. A stress
analysis diagram of the segment joint section under negative
bending moment and small eccentric compression is shown
in Figure 6(a). It can be obtained from the following static
equilibrium:
bh
N � σ c,max + σ c,min  − nTb ,
2
(25)
bh2
h
M�−
− σ c,min  + nTb  − h0 .
σ
12 c,max
2
According to deformation compatibility, the bolt
strain is
h − h0
(26)
εb � εc,min +
εc,max − εc,min .
h
Solving (25) and (26) simultaneously, the following
equation can be obtained:
σ c,min �
σ c,max

λ1 λ5 − λ2 λ4
,
λ2 λ6 + λ3 λ5

(27)

λ λ + λ4 λ3
� 1 6
,
λ2 λ6 + λ3 λ5

λ1 � nT0 + N,

λ6 �

1 2 nKh0 h
bh −
 − h .
Eeq h 2 0
12

In addition, considering the width and height of the
equivalent section b′ � b and h′ � h, the following relationship can be obtained through (29) and (30):
E′eq �

12MEeq

.
bh2 σ c,max − σ c,min 

(31)

3.5. Negative Bending Moment and Large
Eccentric Compression
3.5.1. Stress Characteristics of the Original Section. Stress
characteristics of the original section under negative bending
moment and large eccentric compression can be further
divided into two circumstances, as shown in Figures 7(a) and
7(b), according to the size of eccentricity.

1
h x
h
M � − σ c,max bx −  + nTb  − h0 .
2
2 3
2

1
h nK
λ3 � bh + 0 ,
2
Eeq h

1 2 nK
h
h
bh +
1 − 0  − h0 ,
h
12
Eeq
2

(30)

1
N � σ c,max bx − nTb ,
2

1
nK
h
λ2 � bh +
1 − 0 ,
h
2
Eeq

λ5 �

σ c,max − σ c,min  σ ′c,max − σ ′c,min 
�
.
Eeq
E′eq

(1) The 1st Circumstance. As shown in Figure 7(a), based on
static equilibrium, we know that

where

h
λ4 � nT0  − h0  − M,
2

N′ � N,
M′ � M,

(28)

(32)

From the plane section assumption, the deformation at
bolt can be obtained as
εb �

x − h0
.
ε
x c,max

(33)

By solving (32) and (33) simultaneously, the following
can be obtained:
λ 3 x2 − λ 4 x −

λ5
+ λ2 � 0,
x

(34)
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Figure 5: Mechanical characteristic of the joint section under positive bending moment and large eccentricity pressing condition. (a)
Original joint section. (b) Equivalent joint section.

where
λ1 �

N + nT0
,
nT0 (h/2) − h0 − M

λ2 �

nK
h
λ  − h  − 1,
Eeq 1 2 0

λ3 �

bλ1
,
6

(2) The 2nd Circumstance. The corresponding stress analysis
diagram is shown in Figure 7(b). Its static equilibrium
conditions meet (32) and the deformation compatibility,
that is,
δc,max � x · θ,
(37)
δb � h0 − x · θ.
(35)

λ3 x2 − λ4 x + λ5 � 0,

b bhλ1
,
λ4 � +
4
2

Therefore, considering the range of x, that is, x ∈ [0, h],
from (34), the height x, σ c,max , and Tb of the compressed area
of the internal concrete of a segment under negative bending
moment and large eccentric compression can be obtained:
N + nT0
,
(1/2)bx + nK/Eeq  1 − h0 /x
(36)
Tb � T0 −

σ c,max K
h
1 − 0 .
Eeq
x

(38)

where

λ5 � λ2 h0 .

σ c,max �

Solving (32) and (37) simultaneously, we obtain

λ1 �

N + nT0
,
M − nT0 (h/2) − h0 

λ2 �

nK
h
λ  − h  + 1,
Eeq 1 2 0
(39)

λ3 � bλ1 ,
b bhλ1
λ4 � λ2 + +
,
4
2
λ5 � λ2 h0 .
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h0

N

h′

N′

nTb
Bolt
σc,max

′
σc,max

(a)

(b)

Figure 6: Mechanical characteristic of the joint section under positive bending moment and small eccentricity pressing condition. (a)
Original joint section. (b) Equivalent joint section.

Therefore, considering the range of x, that is, x ∈ [0, h0 ],
the height x, σ c,max , and Tb of the compressed area of the
internal concrete of a segment under negative bending
moment and large eccentric compression can be obtained
using (38).
3.5.2. Stress Characteristics of the Equivalent Section. A
diagram of the stress characteristics of the equivalent section
under negative bending moment and large eccentric compression is shown in Figure 7(c). Based on static equilibrium
and equivalent principle, we obtain
σ c,min �

N′ 6M′
+
,
b′ h′ b′ h′ 2
(40)

σ c,max

N′ 6M′
�
−
,
b′ h′ b′ h′ 2

M′ � M,
σ c,max σ ′c,max + σ ′c,min 
.
�
Eeq x
E′eq h′

(41)

Similarly, solving (40) and (41) simultaneously, the
following is obtained:
2NEeq x
2
E′eq h′ �
.
(42)
αcs bσ c,max
The height of the equivalent section under positive
bending moment and large eccentric conditions can be used
to calculate the height h′ of the equivalent section under
negative bending moment and large eccentric compression,
as shown in (23). Thus, the elastic modulus of the equivalent
beam under negative bending moment and large eccentric
conditions can be obtained:
2NEeq x
αcs bσ c,max h′

The derivation in Section 3 shows that the key idea of the
HEB model is that the stress characteristics of a segment
joint is analyzed through equating a joint section to a continuous beam element. That is, a noncontinuous segment
structure is changed into a continuous heterogeneous beam
structure. Also, section parameters of the equivalent beam at
the joint should be obtained through equivalent conversion.
The internal force of a joint section and initial physical and
mechanical parameters should be obtained before any
structural calculation. In this study, the UR model is used to
estimate the internal force, and iterative calculation is applied to achieve accurate solution, with calculation ﬂow
being shown in Figure 8.

5. Model Validation and Applications

N′ � N,

E′eq �

4. Calculation Flow of HEB Model for Shield
Tunnel Segment

2.

(43)

5.1. Case 1. To verify the reliability of the proposed model,
a comparative analysis is conducted by comparing model
simulation with the result from the literature [21]. In this
case, a certain interval of the shield tunnel, that is, number 3
Guangzhou subway in China, is used as an example. The
segment structure of this interval of shield is designed as
a “3 + 2 + 1” block mode. The external diameter of the segment
is 6.0 m, and its thickness is 0.3 m. The segment rings are
connected through 2 high-tensile bolts (Class 8.8 M24) with
initial pretightening force of 200 kN and C50 concrete. The
stratum is a weathered stratum in the red beds of Cretaceous
System; the depth of tunnel is 22.14 m, and the water level is
18.94 m. The main parameters are shown in Figure 9(a).
5.1.1. Calculation Process
(1) First, with basic model parameters, applying the UR
model (Figure 9(b)) to obtain the internal force of
each joint section (Table 1). The load calculation
takes both geological conditions and ground surcharge p0 � 20 kPa into consideration.

10

Advances in Civil Engineering

M
h

N

M

h

N

x
h0

nTb

Bolt

h0

nTb

Bolt

x
σc,max

σc,max
(a)

(b)

σc,min
′

M′
h′

N′
x′

σc,max
′
(c)

Figure 7: Mechanical characteristic of the joint section under hogging bending moment and large eccentricity pressing condition. (a)
Original joint section with the ﬁrst circumstance. (b) Original joint section with the second circumstance. (c) Equivalent joint section.

(2) The mechanical equivalent parameter solution of
a joint section deduced according to Section 3 is used
to solve the equivalent mechanical parameters of
each section, as shown in Table 1.
(3) The equivalent mechanical parameters obtained in
Step 2 is used to update those in Step 1. Then, repeating Steps 1–3 to obtain accurate results of the
equivalent mechanical parameters. Accordingly, the
internal force of the segment produced by the HEB
model is obtained ﬁnally.
The ﬁnal result of each joint section calculated is shown
in Table 2. A very small diﬀerence in the calculation result of
axial force is found between two models. However, the
diﬀerence in bending moment is relatively large, with the
maximum relative diﬀerence being about 8%.

5.1.2. Comparative Analysis. The internal force on the vault
section is used for comparative analysis, with results from
the literature [21] and model simulation by this study being
shown in Table 3. According to the principle of statistics, all
kinds of methods for calculation are random events, and the
mean value is closer to the true one. Thus, the mean values of
simulation results and relative errors given by various
methods are applied for comparative analysis.
The following results can be seen:
(1) For both bending moment and axial force, gaps
between the HEB model results and the mean values
are smaller than those of other methods, indicating

that the HEB model may produce results closer to the
true ones.
(2) The bending moment calculated using various
methods are considerably diﬀerent, whereas the
change in axial force is relatively small. This means
all models listed in Table 3 can meet the accuracy
requirements of engineering applications in terms of
axial force.
(3) Tables 1 and 3 show that the presence of a joint
section lowers the stiﬀness of the joint section, thus
resulting in a lower bearing bending moment in
a joint compared with that of the UR model. By
contrast, this value in the segment section is higher
than that of the UR model, which is consistent with
previous theoretical studies and engineering practice
[8]. Therefore, the current model can better reﬂect
the eﬀect of joints on the stiﬀness of segment
structure, and the model result is reliable.
5.2. Case 2. Lei et al. [22] introduced the construction of
a shield tunnel in Guangzhou metro line 3, China. The
diameter of this tunnel is 5.4 m, constructed by earth
pressure balance TBM, using precast reinforced concrete
segments as inner lining (the diameter is 6 m). The main
geological conditions of tunnel section are ﬁlled soil, mucky
soil, ﬁne sand layer, diluvium and alluvium layer, and intense weathering mud rock. The stratum condition and
parameters for calculation are listed in Table 4 and Figure 10,
respectively.
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Structure parameter:
(i) concrete's strength rank, C
(ii) segment division
(iii) segment thickness, h
(iv) segment width, b
(v) parameters of bolt L, Es, and As
(vi) reinforcement parameters of segment
(vii) segment diameter, D
Geologic parameter:
(i) mechanical parameters c, φ, and E
(ii) thickness of each stratum, H
(iii) burial depth, Hq

Establishing the heterogeneous
equivalent beam model and calculating
Extracting the inner force of the
equivalent beam elements and
calculating the equivalent parameters

Updating the equivalent
parameters on cross
proﬁle of joints

Preparing the basic computing
data of structure
Comparing the input and
output equivalent parameters and checking
whether the diﬀerence valve satisﬁes the
accuracy requirement
or not

Establishing the uniform rigidity ring
model of shield tunnel and calculating
Extracting the inner force on joints
cross proﬁle

No

Yes
Calculating the equivalent parameters
on cross proﬁle of joints according to
the properties of force of the original
joints

End and output results

Figure 8: Calculation ﬂow of the HEB model.
p0 = 20 kPa
Ground surface

p1

q1
Hw = 18.94 m

B

Moderate weathered
rock of cretaceous
γ = 25.0 kN/m3
k = 500MPa/m
c = 8.0 MPa
φ = 33°

Joint
C
X

r=

2.7

m

H = 22.14 m

Underground water table

Z
Tunnel

D
q2

(a)

(b)

Figure 9: Calculation model. (a) Geological condition. (b) Structural calculation model.

The relative literature and codes used in calculating the
model parameters are shown in Table 5. The calculated
parameters are then applied to establish a load-structure

calculation model, as shown in Figure 9(b). For comparative
analysis, the internal forces of the structure are calculated by
the UR model, MUR model (stiﬀness reduction coeﬃcient is
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Table 1: Equivalent parameters on joints section.

Joints

Inner force evaluated by
UR model
M (kN·m)

Equivalent parameters

Force-bearing types

N (kN)

B

67.99

1354.51

C

−76.74

1566.17

D

31.94

2070.37

Positive bending moment and small eccentricity
pressing
Hogging bending moment and small eccentricity
pressing
Positive bending moment and small eccentricity
pressing

h′ (m)

b′ (m)

Eeq (GPa)

0.3

1.5

7.36

0.3

1.5

13.05

0.3

1.5

9.71

Table 2: Calculation results of inner force on joints section.
UR model

Joints

HEB model

M (kN·m)
67.99
−76.74
31.94

B
C
D

N (kN)
1354.51
1566.17
2070.37

M (kN·m)
62.99
−79.26
32.50

N (kN)
1355.62
1566.39
2045.25

Relative diﬀerence
value (%)
M
N
7.94
0.08
3.28
0.01
1.75
1.23

Table 3: Results comparison of inner force on crown section.
Calculation models

M (kN·m)

UR model
MUR model
Multihinge ring mode
HEB model

Mean value

N (kN)

76.94
77.10
38.40
71.89

1344.35
1344.22
1357.10
1345.48

M (kN·m)

N (kN)

66.08

1347.79

Relative diﬀerence
value (%)
M
N
16.43
0.26
16.68
0.26
41.89
0.69
8.79
0.17

Note: the reduction coeﬃcient in modiﬁed uniform rigidity model was selected as η � 0.7.

Table 4: Calculation parameters of surrounding rock.
−3

Layer name
Filled soil
Mucky soil, ﬁne sand layer
Diluvium and alluvium layer
Intense weathering mud rock

c (kN·m )
17.3
18.5
19.5
21.6

(° )

φ
28
18
20
24

c (kPa)
12
6
1
200

0m
1.4 m

Filled soil

Mucky soil, fine sand layer

r=

Diluvium and
alluvium

3m

9m

15 m

Intense weathering mud rock

Figure 10: Tunnel depth and strata distribution for calculating.

0.7), and the proposed HEB model. For the HEB model, the
calculation ﬂow chart in Figure 8 is used for iterative calculation. The initial values are the same as those for a segment section. The iterative and convergence curves of the
equivalent elastic modulus of all joints are shown as
Figure 11. Results show that the proposed HEB model has
good convergence in terms of the internal force calculation
for shield segment structure. In addition, the proposed model
can produce higher accuracy after 2-3 steps of iteration.
5.3. Analysis on Results. Figures 12 and 13 show the iteration
process of the HEB model and the internal force distribution
curve ﬂuctuates associated with the update in mechanical
parameters of a joint. With the increase of the iteration step,
the simulation results approach a stable level gradually.
Thus, this method has good convergence. The distribution
laws of the ﬁnal calculation results by three models are
similar, coinciding with the theoretical studies and practical
experience [8]. This indicates that the proposed HEB model
is reliable.
The internal forces of joints are shown in Table 6 and
Figure 14. Note that the values of bending moment produced
by the HEB model fall in between those calculated by the
other two methods. In addition, the existing research shows
that the UR model ignores the eﬀect of joint and artiﬁcially
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Table 5: Summary of calculation parameters.

increases the stiﬀness of structure; thus, the calculation
result of bending moment is slightly high. By contrast, the
MUR model may result in lower values as expected [8].
Therefore, the HEB model can better reﬂect the eﬀect of
joint on the stiﬀness of lining structure than the other two
models.
Further analysis shows that the presence of joints has
the greatest impact on the distribution of bending moment. The maximum diﬀerence can be as high as 24%. Its
impact on axial force is relatively small, with 5% diﬀerence, which is consistent with the practical situation
[12, 14, 15].

Value
223.32
111.66
170.16
100
1.5
0.3
2.06 × 10
46.0
1017.88
5.0

Starting from-force transferring properties of segment joint,
this paper converts a noncontinuous segment structure into
a continuous heterogeneous structure through equivalent
conversion of mechanical parameters of a joint section.
The solution of equivalent mechanical parameters of joint
section is deduced and obtained according to material
mechanics, thus avoiding the uncertainty and complexity
of segment calculation induced by joint. An iterative
calculation ﬂow of the proposed HEB model is also
provided.
Model validation and applications show that the axial
forces of a segment structure obtained by all models are
slightly diﬀerent, and all models can meet the accuracy

Lateral pressure coeﬃcient is 0.5
[23]

/
5

Grade 8.8 M36
/

3770.4

12Φ20

2
34.5 × 103
0.17
0.4 × 103

/
C50
C50
/

12.0

/

0.1
2.1 × 105

/
/

0.54

/

6.82 × 103

/

200

Grade 8.8 M36

40
35
30
25
20
15
10
5
0

6. Conclusions

Illustrate
Whole earth-pillar load

5.0

Eeq (GPa)

Parameters
Vertical load, p1 (kPa)
Horizontal load on the top of the tunnel, q1 (kPa)
Horizontal load on the bottom of the tunnel, q2 (kPa)
Rock resistant coeﬃcient, k (MPa·m−1)
Segment width, b (m)
Segment thickness, h (m)
Thickness of the reinforcement protective layer of
segment, hc (cm)
Elastic modulus of bolt, Es (MPa)
Eﬀective length of bolt, L (cm)
Cross-sectional area of bolt, Ag (mm2)
Thickness of transferring cushion, l2 (mm)
Total cross-sectional area of steel bar inner side of the
segment, As (mm2)
Number of circular bolt on each joint, n
Elastic modulus of segment concrete, Ec (MPa)
Poisson’s ratio of segment concrete, μ
Elastic modulus of transferring cushion, Ep (MPa)
Distance from the bolt centroid to the segment inner
side, h0 (cm)
Eﬀective length of equivalent beam element, l (m)
Tensile stiﬀness of bolt, K (N)
The ratio between the cross-sectional area of bolt and
the cross section of steel bar inner side the segment,
αcs
Equivalent elastic modulus of equivalent beam
element under axial compressive condition, Eeq
(MPa)
Initial pretightening force of bolt, T0 (kN)

0

1

2
3
Iteration (time)

4

5

B joint
C joint
D joint

Figure 11: Iteration process of the equivalent elastic modulus on
joint elements.

requirement of engineering application. However, for
bending moment, simulation results are considerably
diﬀerent; particularly in the joint section, where the
maximum deviation of bending moment obtained by the
proposed HEB model can be up to 20% and more.
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Figure 12: Iteration results of the HEB model. (a) Bending moment. (b) Axial force.

A
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B
60

M (kN·m)

–40
–80
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(b)
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0
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A
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B
15
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1000
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–75
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80

(a)

250
500
750
1000

HEB model
UR model
MUR model

Figure 13: Calculation results by three models. (a) Bending moment. (b) Axial force.

Therefore, the selection of calculation model is very important in design analysis. Comparative analysis of different segment structure calculation models shows that
the proposed heterogeneous equivalent model can better
reﬂect the eﬀects of joint on the stiﬀness of a segment.
The proposed model provides reliable results with better

convergence. Thus, the proposed model may provide
useful suggestions for designers, engineers, and scholars
who focus on the designing of shield tunnel, assessment
of segment joints’ stability and durability, maintenance of
shield tunnel subway, and investment estimation of
subway operation.
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Table 6: Final calculation results of inner force on joint sections calculated by the 3 models.
Models

Inner force

Joints

M (kN·m)
80.03
67.12
19.78
72.96
56.95
15.95
71.79
61.32
19.11

B
C
D
B
C
D
B
C
D

UR model

MUR model

HEB model

1000

100
80

800

60

600

N (kN)

M (kN·m)

N (kN)
477.34
692.69
831.50
485.87
695.20
838.90
484.00
694.42
835.54

40

400
200

20
0

B

C
Joint

0

D

UR model
MUR model
HEB model

B

C
Joint

D

UR model
MUR model
HEB model
(a)

(b)

Figure 14: Comparison of inner force on joint sections. (a) Bending moment. (b) Axial force.

Nomenclature
UR model:
MUR
model:
HEB
model:
Ec , μ:
σ:
x:
N, M:
σ c,max ,
σ c,min :
h, b:
n:

Uniform rigidity ring model
Modiﬁed uniform rigidity ring model
Heterogeneous equivalent beam model
Elastic modulus and Poisson’s ratio of segment
concrete
Stress of the edge of concrete
Eﬀective height of compressed area of concrete
of a joint section
Axial force and bending moment of a section of
segment joint
Compressive stress outside and inside of joint
section
Thickness and width of segment
Number of bolts in the calculation width of
segment

Tb , T0 :
h0 :
εb :
εc,max ,
εc,min :
Eeq :
A, l:
l1 :
l2 , E p :
K, Es , As :
N ′ , M′ :

Pulling force and initial pretightening force of
single bolt
Distance from the centroid of bolt to the inside
edge of segment
Strain at bolt in joint section
Inside and outside edge strains of concrete of
joint section
Equivalent compressive elastic modulus of joint
beam element
Cross-sectional area and eﬀective length of
equivalent beam element
Length of concrete in the range of joint beam
element
Thickness and elastic modulus of sealing rubber
strip and transferring cushion
Tensile stiﬀness, elastic modulus, and
cross-sectional area of bolt
Axial force and bending moment of the section
of an equivalent beam element

16
σ ′c, max ,
σ ′c, min :
h′ , b′ :
E′eq :
θ:
αcs :
p0 , p1 :
q1 , q 2 :
L, Ag :
η:
c, φ, c, k:
δ0 :
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Outside and inside compressive stresses of
a section of an equivalent beam
Height and calculation width of equivalent
beam section
Equivalent elastic modulus of equivalent beam
element
Open angle of the joint
Ratio of the area of bolt to the area of the inside
reinforcement of segment
Ground overload and ground overload
Horizontal load on the top and bottom of
tunnel
Eﬀective length and cross-sectional area of bolt
Reduction coeﬃcient in the MUR model
Volume-weight, internal friction angle,
cohesion, and resistant coeﬃcient of rock mass
Compressive deformation of compressed
concrete at segment joint.
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