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Taking two typical stopes with variable length of working face inclined length from small to large and from large to small as the
research object, the stope overburden structure model under di�erent face length conditions is constructed through laboratory
similar material simulation test, and the dynamic evolution laws of overburden instability deformation, unloading expansion, and
collapse failure of forward and reverse knife handle stopes are analyzed. �e three-dimensional perspective technology of parallel
network electrical method is used to study the spatial distribution range and fracture development characteristics of overburden
internal failure. �e research shows that the overburden fracture of stope with variable length has the “time-pace-scale” evolution
e�ect of short-time sudden change, zoning load transfer, and continuous extension.�e evolution of roof fracture has experienced
the development process of unloading expansion, tensile fracture instability, shrinkage deformation, and closure stability.�e rise
and fall of resistivity during mining in stope with variable length is closely related to the mining time step. When mining 40 cm, it
is the position where the resistivity value changes suddenly. �e rise of resistivity in the vertical direction makes the electric �eld
show the transient response characteristics of dynamic expansion and rapid evolution. �e development height of water
conducting fracture zone of the reverse knife handle working face with the inclined length changing from large to small is slightly
larger, the degree of overburden damage is high, and the fracture development is relatively su�cient.

1. Introduction

�e activity of the surrounding rock in the stope is the
source of the formation of mine pressure, and the ap-
pearance of the mine pressure is the speci�c manifestation
of the activity of the surrounding rock in the stope.�e root
of all strata behavior in stope is the movement of upper
strata caused by the mining �eld. Due to the di�erences in
the surrounding rock properties, bedding structure,
strength thickness, joint structure, and layer relationship of
the overlying strata, the roof activity shows a variety of
movement forms, and the structural characteristics of the
roof determine the movement characteristics of the roof.
�e prevention and control concept and decision-making
play a key factor [1–3], in view of the complexity and
diversity of erosion rock movement, in order to

comprehensively and systematically grasp the spatial fail-
ure pattern of the roof, the instability and deformation
characteristics of the surrounding rock, the migration law
of overlaying rock, and the characteristics of strata behavior
in stope with variable length. It is necessary to conduct real-
time observation and analysis on the whole process of roof
fracture, roof breaking, and fracture development and
evolution on the basis of profound analysis of roof spatial
structure and surrounding rock characteristics [4–7]. �is
is important to obtain the spatial-temporal evolution law of
overlying fracture �eld, roof displacement �eld, and sur-
rounding rock fracture �eld, which lays a solid theoretical
foundation for the study of surrounding rock control
system [8–10].

Mining scholars have studied the deformation failure
characteristics and dynamic response mechanism of
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surrounding rock in stope with variable length. Based on
the relationship between the overburden structure and the
influence of large-scale breaking motion on the failure of
coal and rock mass, Zhu et al. [11] studied the induced
scouring mechanism of the combination mode of dynamic
and static loads of the isolated island coal pillar in the
irregular working face with large burial depth. Pan [12]
took the occurrence principle of rock burst on the floor of
all-coal roadway in the semi-isolated island working face
as the research goal, established a structural model to
induce underground impact pressure in the roadway, and
proposed the shock initiation theory of dynamic damage
of the surrounding rock of the roadway. Yang et al. [13]
used the theory of overburden rock’s space structure to
analyze the potential area and degree of impact danger of
the working face for the deeply buried irregular isolated
island working face and established the use of stress online
monitoring system to predict the outburst proneness of
coal rock. Li et al. [7] analyzed the movement law and
stress evolution characteristics of the overburden struc-
ture in the step area of the variable-length working face of
Yangcheng Coal Mine. Hao et al. [14] studied the con-
straints and mechanical origins of dynamic disasters
triggered by mining surrounding rock in the island
working face with variable length and put forward the
evaluation criteria for the prevention and control of shock
disasters and safe and efficient mining. Around the failure
characteristics of the roof surrounding rock of the coal
face under different working conditions, the evolution law
of the microstructure of the coal and rock mass, the
distribution characteristics of the in situ stress field, and
the stability control technology of the roof surrounding
rock, relevant scholars have also carried out systematic
research, revealing the internal mechanism of the de-
formation and failure of the surrounding rock of the deep
stope [15–18].

To sum up, the research on the deformation, failure,
and stress evolution law of surrounding rock in stope with
variable length is more focused on theoretical analysis and
numerical simulation, and the engineering research under
experimental conditions can be used to verify the theo-
retical results. Laboratory similar material simulation test is
a model test technology based on similarity theory. It is an
important method to study natural law and solve complex
engineering problems by using similarity and similar
characteristics between things or phenomena. It can make
up for the shortcomings of on-site monitoring and reveal
the mechanical and kinematic characteristics of the sim-
ulated prototype [19–21]. Similar material simulation test is
an important method to study the movement and defor-
mation law and stress distribution characteristics of sur-
rounding rock in the process of coal mining. With the help
of physical mechanics and material science research theory,
through the observation and analysis of displacement
deformation, load failure, and stress-strain of the model, it
can fully grasp the spatial fracture form and mechanical
evolution law of stope surrounding rock [22, 23] and
provide important reference value for field practice and
engineering application.

2. Test Purpose and Object

2.1. Test Purpose. With the diversification of coal mining
methods and the complexity of the mining environment, the
working face is often affected by geological structure, folded
faults, rock formation, mining conditions, and other factors,
resulting in the increase or shortening of the oblique length of
the working face, and mining has increased. Since most of the
working faces with variable length in coalmines aremutation-
type working faces, and the change mode is single, and the
mining methods of multivariable working faces are relatively
few. Two types of “knife-handle-style” changing face long
stopes are analyzed and discussed. )rough quantitative
observation and qualitative research on the roof fracture
shape, overlying rock migration characteristics, and crack
evolution process during the mining of forward and reverse
knife handle coal seams, the law of overburden deformation
and failure of long stope with variable face and long stope are
obtained.)e evolution characteristics of fractures provide an
important reference for roof management and surrounding
rock prevention and control in stope with variable length.

2.2. Test Object. )is similar material simulation test took
the geological conditions of a stope with variable length in
Huainan mining area as the research background and
simulated the mining conditions of two stopes with variable
length, including the forward knife handle working face and
the reverse knife handle working face. )e variable-length
working face is 1200m long in direction and 120–240m long
in inclination. )e small plane with an inclined length of
120m is 400m long, and the large plane with an inclined
length of 240m is 800m long. )e advance of the working
face starts from the small face to the large face, and the
transition interval is the key docking area. )e coal seam on
this face was dominated by 13-1 coal, the total thickness of
the coal seam is 3.1–5.0m, and the average coal thickness is
3.9m.)e dip angle of the coal seam is 2–15°, the average dip
angle is 7°, and the occurrence is stable.)e direct roof of the
working face is a composite roof composed of mudstone and
13-2 coal, with an average thickness of 3.7m; the old roof is
made of fine sandstone, with an average thickness of 10.6m.
Local fractures are developed, the connectivity and water-
richness are weak, and the static storage is the main factor.
)e sandstone fracture aquifer on the roof of the 13-1 coal
seam is the main water filling factor for this face, and it
mainly enters the working face in the form of dripping water,
which has little effect on the recovery. By drilling cores on
the roof of the coal seam along the track 13-1 of the test
working face and carrying out physic-mechanical property
experiments on the rock samples taken, the mechanical
parameters of the rock layers in each layer are obtained,
which provides a basis for the design of model parameters.

3. Test Model Design and Monitoring Method

3.1. Design ofModel Test System. )is test was carried out on
a three-dimensional model test platform. )e three-di-
mensional test platform is a similar material simulation
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device independently developed by the mining laboratory of
Anhui University of Science and Technology, which can
simulate the failure of overlying rocks in three-dimensional
space. )e geometric dimensions of the test platform are
length×width× height� 2m× 1m× 2m, and high-strength
multilayer iron blocks are used to apply the load vertically.
)e geometric similarity ratio of the test model is 1 :150, and
the geometric size of the model is designed as
length×width× height� 2m× 1m× 1m, which is equiva-
lent to the simulated stratum thickness of 150m. Since the
similar model test of the irregular stope needs to simulate the
two variable-length working faces of forward knife handle,
considering the size limitation of the test platform and the
influence of boundary effect, the forward knife handle
working face is selected. )e oblique length was designed to
be 80 to 160 cm, which was equivalent to the oblique length
of the on-site working face of 120 to 240m. )e oblique
length of the reverse knife handle working face was designed
to be 80∼160 cm, which was equivalent to the oblique length
of the on-site working face of 120m to 240m. )e length
direction of the test platform was the oblique length di-
rection of working face, and the width direction of the test
platform was regarded as the direction of working face. )e
working face was pushed forward and parallel along the
width direction of the platform, and 10 cm boundary coal
pillars were left on both sides of the front and rear of the
model to eliminate the boundary effect during mining.
Protect the coal pillars to ensure normal advancement
during mining at the face. )e three-dimensional mining
model of “knife-handle-style” variable-length working face
is shown in Figure 1, and the schematic diagram of the plane
model is shown in Figure 2.

According to the similarity principle and dimensional
analysis requirements, combined with the lithology, bulk
density, strength, and other field conditions of the roof-floor
of coal seam, the similar parameters in the model are
converted, and the corresponding ratio is determined.
Similar materials use fine sand as aggregate, and lime and
gypsum as cement. In order to accurately determine the ratio
of similar materials to obtain the required parameters, a
large number of standard specimens were specially selected
for physical and mechanical tests, and the material ratio is
adjusted through repeated tests. And finally the best ratio
table of similar materials for each layer is obtained, as shown
in Table 1. According to the requirements of the optimal
proportion table, determine the material proportion, bulk
density, layer thickness, and model size to calculate the
dosage and then make a model according to the dosage
requirements and sprinkle mica powder between each layer
to play a layering role. In the actual model making process,
because the coal seam mining of the three-dimensional
model was more complicated, the coal seam can be replaced
by thin wood strips of similar thickness. According to the
test requirements, 8 short wood strips with a length of 80 cm,
a width of 5 cm, and a thickness of 2.6 cm can be processed
and made, and at the same time, 8 long wood strips with a
length of 160 cm, a width of 5 cm, and a thickness of 2.6 cm
can be processed and made, a total of 16 wood strips. )e
surrounding of the wooden strips was wrapped with

transparent tape to reduce friction. During the test process,
when laying on the coal seam, all thin wooden strips were
used instead. At the same time, the wooden strips are slowly
pulled out to implement isometric advancement, and each
time a wooden strip is pulled out is equivalent to advancing
5 cm on the working face.)e coal seam of the forward knife
handle working face was along the model trend (i.e., width
direction), which first lay 8 short wooden strips with a length
of 80 cm and then lay 8 long wooden strips with a length of
160 cm. While the laying sequence of the reverse knife
handle working face was on the contrary, in the coal-bearing
rock layer, 8 long wooden strips with a length of 160 cmwere
first laid along the model direction, and then 8 short wooden
strips with a length of 80 cm were laid. )e position of the
eighth wooden strip was the position where the oblique
length of the working face changes.

3.2. Test Monitoring Method. )e self-developed parallel
direct current method was used to detect the abnormal
space of the overlying rock damage in the forward and
reverse knife handle stope, and the three-dimensional space
perspective technology of the parallel electric method was
used to study the spatial distribution range and fracture
development status of the internal damage of the overlying
rock.

)e advantage of the parallel network electrical mea-
suring instrument is that any electrode was powered, and the
potential measurement can be performed on all the other
electrodes at the same time, which can clearly reflect the
natural potential of the detection area and the change of the
primary power field potential, and the data acquisition ef-
ficiency is greatly improved. According to the different
forms of power supply, the data acquisition methods of
parallel electrical method are divided into monopole pow-
ered AM method and dipole powered ABM method. )e
layout of AM method is the same as that of the secondary
method, and the potential is collected as a single point.
When one electrode supplies power, the electrode is a pole,
and the remaining electrode is m pole for potential data
collection. For the data collected by this method, the re-
sistivity data of two pole and three pole devices can be
extracted for inversion through postprocessing, and at the
same time, high-density electrical detection can be realized.
ABM electrical data acquisition is powered by dipoles; that
is, two electrodes A and B are powered at the same time,
without using infinite electrodes, and only a reference
electrode n is set near the instrument. )e data collected by
this method include all the data required by all quadrupole
devices. It can obtain the data measured by all kinds of
quadrupole arrangement devices through one measurement,
which greatly improves the collection efficiency, and the data
measured by the electrodes are synchronous, which reduces
the error of the collection system. For example, when 64
electrodes were arranged on the measuring line, when the
AM method was used for acquisition, during the power
supply of any electrode, the remaining 63 electrodes si-
multaneously collected the potential, so that the data ac-
quisition efficiency was at least 63 times higher than that of
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the series acquisition. Moreover, the AM method and ABM
method were used to automatically switch the electrodes in
order to obtain a large number of electrical data, which can
not only decompile all the data detected by the current DC
high-density resistivity method but also realize the inversion
of high resolution resistivity method, and good monitoring
results were achieved. During observation period, the AM
method data acquisition was performed using the electrode
system in a single borehole, and the electrode current data
were used for inversion. In order to highlight the change
effect, a unified icon was used for the current ratio result
image, and cold and warm tones of different colors are used
to represent the degree of current change.

)e experiment adopts the method of laying two layers
of electrodes to collect and analyze the three-dimensional
electric field spatial data. )e electrode of the first layer was
laid 15 cm above the coal seam of the test model, and the
actual control failure height of the overlying rock was 22.5m.
)en a total of 48 electrodes were arranged, and the distance
between adjacent electrodes was 3 cm. It was divided into
two sides, and 24 electrodes are arranged on each side. )e

specific size layout was shown in Figure 3(a). )e electrode
of the second layer was laid at a position 40 cm above the coal
seam of the test model, and the actual control failure height
of the overlying rock was 60 m. A total of 64 electrodes are
arranged on the second layer, and the electrode spacing was
3 cm. It was also divided into two sides, and 32 electrodes are
arranged on each side. )e specific size layout was shown in
Figure 3(b).

)e two tests were conducted over a total of 10 days, with
each test lasting for 5 days, including the installation of the
test system, background value testing, data acquisition
during mining, postmining stability observations, and dis-
mantling of the observation system. )e data were
decompiled, dedistorted, and exported using AGI’s Earth-
Imager 3D software. )e electrode position 1# of the 2 layers
above the coal seam was taken as the coordinate origin (0, 0,
0), and the model was taken to the right as the positive x-axis
direction, inwards as the positive z-axis direction and
downwards as the positive z-axis direction to establish a 3D
three-dimensional spatial coordinate system, as shown in
Figure 4.

(a) (b)

Figure 1: )e three-dimensional mining model of working face with variable length. (a) Forward knife handle working face. (b) Reverse
knife handle working face.
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Figure 2: Plane model diagram of working face with variable length (unit: cm). (a) Forward knife handle working face. (b) Reverse knife
handle working face.
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4. Characteristics of External Damage and
Fracture Distribution in the Overburden of
Long Variable Face Quarries

By analyzing the evolution of overburden caving failure
during the mining process of the forward and reverse knife
handle working face, the potential law of roof breaking and
fracture development distribution characteristics of stope
with variable length can be obtained. Figures 5 and 6 spe-
ci�cally re�ected the external forms of rock failure in two
types of stope with knife handle. �e working face starts to
move forward from the opening of incision, and when it
advanced to about 30m, some of the rock formations col-
lapsed and collapsed instantaneously after the �rst pressure
directly on the top, and the shape of the rock formations
after the collapse is relatively broken (Figure 6(a)). When the
working face is continued to advance to 60m, the immediate

roof completely collapsed, forming an irregular caving zone.
�e main roof began to break and collapsed in a step-down
manner. During this period, cracks began to derive and
develop, breaking cracks appeared above the caving zone
and continued to develop to the deep level, and separated
cracks formed between the strata sinking in the stage
(Figures 5(b) and 6(b)). �en with the progress of coal seam
mining activities, when the working face is advanced to
90m, the main roof continued to fall in stages from bottom
to top, and its fracture characteristics showed staged fea-
tures. �e ruptured fractures developed rapidly, and the
abscission fractures expand gradually and dynamically
forward, and the two fractures form fracture derivative zone
in the upper space of the overlying rock (Figures 5(c) and
6(c)). �en, when the working face is advanced to 120m, the
main roof is broken periodically, part of the rock layers
below the goaf is recompacted, and the fracture development

Table 1: �e comparison table of the �eld conditions of working face and simulation parameter.

Prototype parameters Model parameter

Rock name �ickness
(m)

Compressive
strength (MPa)

Volumetric
weight (kg/m3)

�ickness
(cm)

Compressive
strength (MPa)

Volumetric
weight (kg/m3)

Material
ratio

Water
ratio

Gravel stratum 16.3 140.13 2894 10.9 0.78 1608 9 : 0.5 : 0.5 1/10
Sandy mudstone 21.9 21.06 2538 14.6 0.12 1410 8 : 0.7 : 0.3 1/10
Medium
sandstone 2.1 137.68 3390 1.4 0.76 1883 5 : 0.6 : 0.4 1/10

Spotted mudstone 10.2 34.72 2568 6.8 0.19 1427 9 : 0.7 : 0.3 1/10
Medium
sandstone 3.2 129.60 3410 2.1 0.72 1894 5 : 0.6 : 0.4 1/10

Sandy mudstone 14.7 20.89 2507 9.8 0.12 1393 8 : 0.7 : 0.3 1/10
Fine sandstone 9.2 113.85 3143 6.1 0.63 1746 6 : 0.6 : 0.4 1/10
Sandy mudstone 9.4 27.53 2564 6.3 0.15 1425 8 : 0.7 : 0.3 1/10
Fine sandstone 10.3 108.62 2920 6.9 0.60 1622 6 : 0.6 : 0.4 1/10
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Figure 3: �e physical model of electrical test system layout. (a) 15 cm above the coal seam and (b) 40 cm above the coal seam.

Advances in Civil Engineering 5



space is extended to the high level. Nearby interlayer fissures
are clearly developed (Figures 5(d) and 6(d)).

Looking at the process of the external overburden de-
struction of the two types of “knife-handle-type” stope with
variable length, it can be found that the damage degree of the
roof during the mining period of the forward knife handle
working face was lower than that of the reverse knife handle
working face. )e failure strength of weathered rock
weakened, and the roof-caving form is relatively regular.)e
development time of weathered rock fissures is slightly
lagging behind, and the expansion space of transverse

fissures is relatively small. According to the comprehensive
analysis, the deformation and failure of surrounding rock
continuously develop forward and upward in the process of
the two types of variable-length working faces, and there are
periodic fractures and collapses. )e roof fracture has the
temporal and spatial characteristics of instantaneous sud-
denly change, subsection extension, and subregional mi-
gration. )e overlying rock fracture field has undergone a
dynamic evolution process of pressure relief and instability,
tension fracture failure, shrinking, and fitting and sealing. Its
expansion space is trapezoidal to the depth developing.

X

Z

0.50

0.17
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Figure 4: )e three-dimensional space coordinate system in the different layers of the model. (a) 15 cm above the coal seam and (b) 40 cm
above the coal seam.

(a) (b)

(c) (d)

Figure 5: External failure form of overlying rock in forward knife handle working face. (a) Mining 30m. (b) Mining 60m. (c) Mining 90m.
(d) Mining 120m.
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5. Internal Failure and Crack Evolution
Characteristics of Overlying Rock in
Stope with Variable Length

In order to analyze and judge the damage law of the over-
laying rock and temporal evolution of the fracture develop-
ment in the internal three-dimensional space of the forward
and reverse knife handle of two types of stope with variable
length, the parallel electrical test technology is used on the site
to test the various coal seam mining. Dynamic evolution
characteristics of the distribution of fractures in the overlying
rock are revealed through specific graphs such as resistivity
three-dimensional inversion map, resistivity dynamic cross
section map, resistivity slice map, and resistivity slice ratio
map. )e resistivity change is affected by many factors, such
as hydrogeological conditions, the layered characteristics of
surrounding rock, lithological characteristics, excavation
disturbance and damage characteristics, stress distribution
changes, displacement and deformation, and fracture evo-
lution. It has the characteristics of sensitive response, high
accuracy, timely detection response, and so on. With the help
of the effective results of resistivity data monitoring, the two
zone failure height in the three-dimensional space inside the
overburden can be accurately determined and comprehen-
sively evaluated.

5.1. /e Internal Destruction and Fracture Development
Characteristics of theOverlying Rock in the ForwardKnife
Handle Stope

5.1.1. Stereo Inversion Image of Resistivity. Figure 7 reflects
the variation trend of the three-dimensional spatial resis-
tivity of the overlying rock 15 cm above the coal seam of the
forward knife handle working face. It can be found in the
figure that the coal seam is in the mining interval of
20∼60 cm, and the resistivity changes obviously. When the
coal seam is advanced to 40 cm, the resistivity changed
abruptly, and the increasing trend of resistivity showed a
large difference in the z-axis direction. )e difference in
resistivity is the specific manifestation of different damage
degrees inside the overlying rock, and the rise and fall of the
resistivity affect the development and distribution space of
the overlying fissures. )erefore, the distribution boundary
of the two zones of overlying rock can be judged according to
the difference of resistivity. According to the image analysis,
the height of the caving zone is about −0.05m.

Figure 8 is three-dimensional spatial resistivity inversion
image of overlying rock at a position 40 cm above the coal
seam of the forward knife handle working face, reflecting the
electrical variability characteristics of the overlying sur-
rounding rocks at internal rock mass space in multiple

(a) (b)

(c) (d)

Figure 6: External failure form of overlying rock in reverse knife handle working face. (a) Mining 30m. (b) Mining 60m. (c) Mining 90m.
(d) Mining 120m.
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mining stages under the test of the second layer observation
system. �e change of resistivity can be seen directly from
the �gure, and the resistivity of the three-dimensional space
surface background value before working face mining is
relatively low. With the gradual increase of the mining
degree of the working face, the resistivity increases, and the
increase trend is fast. When the working face is advanced to
40 cm and enters the working face contact area, the high
resistivity range expands and the cracks develop obviously,
indicating that the overlying rock collapses at this stage. At
the end of the working face mining, the height of the increase
in resistivity in the observation space reaches −0.11m.

Judged from the comprehensive evolution process of re-
sistivity, the coal seam mining has an obvious change trend
of resistivity in the range of 15–20 cm before and after the
but joint, and this range is also the main active interval for
overlying rock damage and fracture development.

5.1.2. Dynamic Evolution Process of Resistivity. Figures 9 and
10 are the internal multiangle cross-sectional views of the
electric �eld in the three-dimensional space of the overlying
rock at di�erent layers above the coal seam of the forward
knife handle working face, which can clearly re�ect the
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Figure 7: �ree-dimensional resistivity inversion map of strata at 15 cm above the coal seam.
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electric �eld response characteristics of each mining stage in
the rock formation space inside the model.

According to the analysis in Figures 9 and 10, the re-
sistivity value was small before the test starts, and the
maximum resistivity reached 200Ω·m at the end of the test.

�e 40 cm stage of coal seam mining is the time point
when the electric �eld �uctuates the most. At this time, the
resistivity value changes greatly after the coal seam mining,
and the resistivity value also changes to varying degrees in
the space around the mining. When the working face is
advanced to 60 cm, due to the expansion of the length, the
overburden resistivity of increase area of 15 cm above the
coal seam is extended to the position at 69 cm in the x-axis
direction. �e overburden resistivity of increase area of

40 cm above the coal seam is extended to the spatial position
at 90 cm in the x-axis direction. �e location where the
resistivity value changes abruptly is the rapidly developing
section of abscission fractures. �e derivative development
of vertical interlayer fractures accelerates the morphological
evolution of the resistivity from irregular scattered points to
strip-shaped blocks, showing a dynamic expansion spatio-
temporal response features.

5.1.3. Resistivity Slice Map. Figures 11 and 12 are the slice
images of the resistivity of the overlying rock at di�erent
layers above the coal seam in the forward knife handle stope
at 7 di�erent positions along the x-axis direction, and the
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Figure 9: �e resistivity section diagram of dynamic at 15 cm above the coal seam.
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damage height and dynamic changes of the overlying rock in
di�erent mining stages of the coal seam can be visually
observed feature. It can be seen from the resistivity slice
diagrams in Figures 11 and 12 that the area where the re-
sistivity �rst changes is in the part with a smaller scale value
in the y-axis direction, and the overlying rock failure height
also follows this law, which fully conforms to the charac-
teristics of rock failure resistivity increase caused by coal
seam mining. �e change interval of the rapid increase of
resistivity is located in the mining stage of 20∼60 cm, and the
change of electrical characteristics is an intuitive re�ection of
the rupture of the internal structure of the rock stratum.

5.1.4. Resistivity Slice Ratio Diagram. Figures 13 and 14 are
the ratios of the x-z plane resistivity of y � 26 cm to the
background before mining in multiple mining stages of
the forward knife handle working face. It can be found
that from the �gure that when the working face is ad-
vanced to 20 cm, the resistivity of x-z plane remains
unchanged. When the working face is advanced to 40 cm,
the resistivity above 0.2∼0.42m in the x direction in-
creases signi�cantly.

When the working face is advanced to 60 cm, the
overlaying rock above the position of 0.5∼0.65m in the x-
axis direction is damaged greatly. After the mining of the
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Figure 11: �e resistivity section diagram along the x-axis direction at 15 cm above the coal seam.
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working face is completed, the overburden failure height is
roughly in the range of –0.1m.

5.2. �e Internal Damage and Fracture Development
Characteristics of Overlying Rock in the Reverse Knife
Handle Stope

5.2.1. Stereoscopic Inversion Image of Resistivity.
Figures 15 and 16 are three-dimensional spatial resistivity
stereo inversion images of the overlying rock at 15 cm and
40 cm above the coal seam of the reverse knife handle
working face, which intuitively re�ect the three-dimensional
resistivity variation characteristics of the roof in eachmining
stage. �e resistivity of the background value in the inner
three-dimensional space of the working face before mining
was relatively low, the resistivity value began to increase after
the mining of 20 cm, and the surface electric �eld in the
three-dimensional space showed cloud-like distribution
characteristics. When the working face is advanced to 40 cm,

the range of resistivity elevation zone increases, the electrical
properties of the rock formation show great di�erences in
the z-axis direction, and the distribution space of the electric
�eld in the three-dimensional space expands accordingly.
After working face is advanced to 60 cm, the resistivity still
maintains a rapid growth momentum, and the interlayer
fractures develop and expand to a great extent. When the
working face is advanced to 80 cm, the height of the increase
of resistivity in the observation space reaches −0.12m, and
the failure height of the overlying caving zone is −0.07m. In
the range of 20 cm before and after the butt-joint mining, the
resistivity changes obviously, and this range is also the key
activity range for overlying rock damage and fracture
development.

5.2.2. Dynamic Evolution Process of Resistivity.
Figures 17 and 18 show the internal multiangle cross-sec-
tional views of the three-dimensional electric �eld of the
overlying rock at di�erent layers above the coal seam of the
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Figure 13: �e resistivity section ratio chart in the x-z plane at 15 cm above the coal seam (y� 26 cm).
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reverse knife handle working face, which better reveals the
electric �eld response characteristics of the rock space in the
model at di�erent mining stages. Figures 17 and 18, which
better reveal the electric �eld response characteristics of the
rock formation space inside the model at di�erent mining
stages. �e resistivity value of coal seam before mining is
relatively small, and the maximum resistivity after mining is
as high as 220Ω·m, an increase of nearly 5 times. �e
30∼50 cm range of working face mining is the time period
when the electric �eld �uctuates the most. At this time, the
space resistivity values behind and around the coal seam
mining were changed to a great extent. After 60 cm of
working face mining, the increased resistivity of overlying
rock in the �rst horizon above the coal seam extends to
65 cm in the x-axis direction, and the increased resistivity of
overlying rock in the second horizon extends to 93 cm in the

x-axis direction. During the mining process of working face,
the location where the resistivity value changes abruptly is
usually the hardest hit area of overlying rock damage. �e
layer damage of overlying rock leads to the rapid devel-
opment of interlayer cracks, which makes the electric �eld
show the characteristics of dynamic expansion and rapid
evolution of transient response.

5.2.3. Resistivity Slice Diagram. Figures 19 and 20 are slice
images of resistivity at 15 cm and 40 cm above the coal seam
of reverse knife handle working face at seven di�erent
positions along the x-axis, which can intuitively re�ect the
development height of two zones of failure �eld and the
dynamic evolution characteristics of roof fracture �eld in
di�erent mining stages. Similar to the electric �eld evolution
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Figure 15: �ree-dimensional resistivity inversion map of strata at 15 cm above the coal seam.
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Figure 16: �ree-dimensional resistivity inversion map of strata at 40 cm above the coal seam.
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process of the forward knife handle working face, the area
where the resistivity �rst changes is located in the area where
the scale value is small in the y-axis direction, and the
electrical characteristics in this change range have changed.
�e change of resistivity is correlated with the mining time
step, which fully conforms to the law of the increase of
resistivity caused by the destruction of strata caused by coal
seammining. �e drastic change period of resistivity growth
is located in the mining interval of about 20 cm before and
after the contact area of working face. �e change of elec-
trical characteristics in this stage will induce the deforma-
tion, dislocation, and concentrated fracture of the internal
structure of the rock stratum.

5.2.4. Resistivity Slice Ratio Diagram. Figures 21 and 22
show the ratios of the x-z plane resistivity of y� 26 cm to
the background before mining in multiple mining stages of
the reverse knife handle working face. When the working
face is advanced to 20 cm, the resistivity value of the x-z
planes changes locally, but the overall change is not obvious.
When the working face is advanced to 40 cm, the resistivity
of the position above 0.26–0.52m in the x-axis direction
increases signi�cantly; after the working face is advanced to
60 cm, the overlying rock above the position 0.45–0.63m in
the x-axis direction is damaged greatly. After the mining of
the working face is completed, the overburden failure height
is roughly in the range of −0.15m. Judging from the ratio of
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Figure 17: �e resistivity section diagram of dynamic at 15 cm above the coal seam.
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Figure 18: �e resistivity section diagram of dynamic at 40 cm above the coal seam.
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Figure 19: �e resistivity section diagram along the x-axis direction at 15 cm above the coal seam.
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Figure 20: �e resistivity section diagram along the x-axis direction at 40 cm above the coal seam.
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Figure 21: �e resistivity section ratio chart in the x-z plane at 15 cm above the coal seam (y� 26 cm).
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resistivity slices at 15 cm and 40 cm above the coal seam of
the working face, the resistivity variation area of the second
horizon is signi�cantly higher than that of the �rst horizon.
�e electrical characteristics are more signi�cant, and the
expansion space of the electric �eld dynamic response is
more extensive.

6. Conclusions

(1) Roof fracture during the mining of stope with var-
iable length has the characteristics of mutation,
regionality, and ductility. �e evolution of the
overlying �ssure �eld is from pressure relief insta-
bility to tension fracture failure, then shrinking and
�nally �tting and sealing. �e fracture expansion
space is trapezoidal, from shallow to deep and from
near to far. Roof damage degree of the forward knife
handle stope during mining is lower than that of the
reverse knife handle stope, the damage strength of
the overlying rock is weakened, and roof-caving
pattern is relatively regular; the development time of
the overlying cracks is slightly delayed, and the
expansion space of transverse cracks is relatively
small.

(2) �e rise and fall of resistivity during the advancing
process of “knife-handle-style” working face are
closely related to the mining time step. �e sharp
change period of the resistivity growth of the two
types of stope is located in the mining interval within
20 cm of contact area before and after working face.
�e change of electrical characteristics in this stage
will induce the deformation, dislocation, and con-
centrated fracture of the internal structure of the
rock stratum. At 40 cm, the resistivity value changed
abruptly. �e increasing trend of resistivity shows a

big di�erence in the z-axis direction, which prompt
the electric �eld to show the transient response
characteristics of dynamic expansion and rapid
evolution.

(3) Compared with the reverse knife handle working
face, the height of caving zone of the former is about
10 cm, corresponding to the actual height of 15m.
�e height of the �ssure zone is about 30 cm,
corresponding to the actual height of 45m. �e
height of the later is about 12 cm, corresponding to
the actual height of 18m. Height of the �ssure zone
is 35 cm, corresponding to the actual height of
52.5m. �e development height of the two zones of
the forward knife handle working face is slightly
larger, the degree of damage to the overlying rock is
higher, and the development of �ssures is relatively
su�cient.

(4) In this paper, the mechanical evolution character-
istics of roof deformation and instability, load
transfer, stress evolution, and collapse failure of two
typical variable face length stopes with variable face
length from small to large and from large to small are
studied by using laboratory similar material simu-
lation test and parallel network electrical method
three-dimensional perspective technology. In the
later stage, the engineering veri�cation will be car-
ried out in combination with the existing theoretical
analysis and model test results to further deepen the
research on relevant topics.

Data Availability

�e data used to support the �ndings of this study are in-
cluded within the article.
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�e downward layered cemented �lling method, which is generally used in the mining of high-value metal mines with poor
surrounding rock quality, is widely believed to not cause large-scale instability of the roof strata in the mining area. However, a
nonferrous metal mine in northern China, which has been using the downward cemented �lling method, suddenly su�ered a
violent collapse accident of the stope roof, and the surface is accompanied by signi�cant subsidence on a large scale. �e accident
revealed that the roof collapse mechanism still needed further research. In this paper, �eld investigation and numerical simulation
were combined to study the mechanism of roof collapse. Based on the input data including in-situ stress state, geological
occurrence pattern, andmining steps, the particle �ow code (PFC) was used to simulate the stress and displacement changes of the
rock mass under mining disturbance. �ese results indicate that the failure process of the overlying rock mass can be divided into
four stages due to the special geological conditions of the mine: pillar stability stage, pillar chain failure stage, roof �lling caving
stage, and gneiss plug settlement stage. In the early stage of mining, the pillars between the mined-out drifts could e�ectively
support the overlying rock mass due to the small exposed roof. As more drifts were mined, the vertical pressure on the pillars was
added. When the number of mining drifts reached �ve, one of the pillars was �rstly destroyed due to overloading, and then the
pressure of the overlying strata was transferred to the surrounding pillars, leading to the subsequent failure of other pillars. When
pillars were damaged, arch caving appeared inside the roof �lling material. Finally, the vertical shear resistance capacity of the
gneiss mass above is insu�cient, owing to the steeply dipping joints. Finally, the gneiss above was subject to sudden plug
settlement along the vertical joints. It should be noted that the stope mining management of the mine has a signi�cant impact on
production safety. In order to ensure the stability of the stope formed by cemented �lling method, the dense distribution of
simultaneous mining drifts should be avoided and the mine-out areas should be back�lled in time.

1. Introduction

Underground mining would destroy the equilibrium state of
the rock mass and eventually lead to surface deformation,
which threatens the safety of people and surface structures.
�e study of this complex process is not only of great
practical signi�cance but also of great interest. It is widely
believed that the caving method causes the most severe
surface subsidence [1–3]. In the process of overlying rock
mass caving caused by the goaf, the caving failure will

develop upward according to the arch shape, due to the
stress arch. Surface damage caused by caving failure is also a
progressive process. When the caving failure is transmitted
to the surface, a small collapse pit will be formed at �rst, then
the cracks will loosen under the action of tensile stress, and
�nally, the collapse pit will gradually expand due to the
lateral collapse of the surrounding rock mass [4–7].

Engineering geological conditions (joints, faults, and
surface morphology, etc.) also a�ect the development form,
process, and scope of surface collapse. Joints will a�ect the
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development direction of caving failure and the range of
surface failure will change accordingly. Faults near mining
areas also inhibit the spread of surface damage. /e various
and complex topography can also lead to multiple failure
modes, such as landslides caused by underground mining
under mountains [8–10].

In contrast, the filling method can effectively suppress
surface deformation. Backfilling goaf with cement dry
material can effectively restrain further deformation of the
surrounding rock. Meanwhile, cementing materials applied
to backfill goaf such as cement slurry can significantly reduce
the displacement of rock strata [11, 12]. By constantly
backfilling the goaf, the existing goaf is small and scattered.
/is improves the stress state of the surrounding rock, and
the narrow mined-out area also inhibits the failure expan-
sion of the surrounding rock mass, so the filling method
generally does not cause severe surface failure. Even when
the surface deforms, it is slight and slow subsidence.

Many studies have been carried out by researchers to
study the deformation mechanism of surface subsidence
through theoretical analysis, physical modelling, field ob-
servation, and numerical simulation. In terms of theoretical
research, Ding et al. analyzed the mechanism of surface
deformation caused by underground mining in the
Hemushan Iron Mine through the elastic mechanics
method, predicted the damage range of the surrounding
rock of the cylindrical caved space, and revealed the impact
of the gravel on the stability of the caved space [13].
However, there have been only a few theoretical studies due
to the complexity of the problem. Moreover, most theo-
retical models are based on many simplifications. /erefore,
it is difficult to explain the rock mass failure mechanism
caused by mining under complex conditions through the-
oretical formulas.

As for physical modelling, Ghabraie used physical
modelling to investigate the surface subsidence mechanism
and substrata movement characteristics [14]. Ren con-
structed a physical model to simulate the deformation and
failure of ground surface and rock mass around the mined-
out area [15]. Due to the use of similar materials that can
reproduce the similar characteristics of the in-situ rock mass
characteristics, the simulation results are intuitive and re-
lated to the actual situation. However, for the operability of
the experiment, some artificial uncertainties are often in-
troduced, so the physical model cannot fully reproduce the
surface subsidence and rock failure process in the field.

Field monitoring is the most direct method of surface
deformation research, and the monitoring data can truly
reflect the surface displacement law. Surface monitoring
methods including theodolite, total station, and global po-
sitioning system (GPS). For example, GPS is applied to
monitor the surface deformation of many metal mines, such
as Kiirunavaara mine, Jinchuan Nickel mine, and Cheng-
chao Iron Mine, and the detailed monitoring data obtained
are used to analyze the surface deformation characteristics
and formation movement mechanism caused by under-
ground mining [16–18]. /e deformation of deep strata can
be monitored by microseismic and extensometer [19, 20].
However, these field monitoring methods are limited to

recording ground deformation, and mechanical mechanism
analysis is lacking. /erefore, stress redistribution and
fracture initiation and propagation caused by underground
mining cannot be revealed only by the monitoring data.

In recent years, the development of computer technology
has made numerical simulation a low-cost and efficient
research method. Much simulation software based on dif-
ferent principles has been used to study surface subsidence
and rock movement caused by mining. According to the
calculation principle, these pieces of simulation software can
be divided into three categories: (1) continuous medium
method, namely, FLAC3D, RFPA2D, ABAQUS, etc.
[7, 21, 22]; (2) discontinuous medium method, namely,
UDEC, 3DEC, DDA, PFC2D, etc. [23–30]; and (3) Mixed
methods, namely, ELFEN [8, 31, 32].

/e continuum method considers the model as a con-
tinuous and inseparable object. /e continuum method can
reveal the stress distribution characteristics of the sur-
rounding rock caused by underground mining and obtain
the final surface damage range [33]. Because the elements in
the continuum method cannot be separated, it is naturally
difficult to simulate the collapse separation process of the
surrounding rock. For the discontinuous medium method,
the numerical model consists of many discontinuous ele-
ments, which are connected by bond elements. Once some
limit conditions are met, the bond element is broken so that
the discrete element is separated. In this way, the large
deformation of the rock mass can be simulated and the
collapse process of the rock mass can be reproduced
[24, 26–30].

One of the key factors for reliable numerical simulation
is the correct selection of parameters. /e mechanical pa-
rameters of small intact rock can be measured through
laboratory experiments. However, for the engineering scale,
the mechanical response characteristics of large rock mass
with random geological features such as joints are different
from those of small intact rock./eHoek–Brown criterion is
widely regarded as an effective method to obtain the cal-
culated parameters of rock mass in engineering scale. Due to
the subjective judgment involved in this evaluation method,
the back analysis of the parameters should be carried out
based on the existing failure phenomenon [33].

/e filling method is effective in inhibiting the defor-
mation of the surrounding rock and maintaining the sta-
bility of the stope and surface. However, the surface collapse
accident at a nonferrous metal mine in north China deserves
more attention.

Due to the poor quality of the rockmass, the mine adopts
the downward layered cemented filling method. In the long-
term mining process, the surface can maintain a stable state.
However, in March 2016, the roof strata of the goaf located
120m underground suddenly collapsed, and then the surface
collapsed violently. /e surface area of the collapse pit ex-
ceeds 10000 square meters. Severe surface deformation poses
a great threat to the safety of surface personnel and struc-
tures, and seriously interferes with normal mining. Due to
the filling mining method, the mine did not form a large-
scale goaf, but several narrow mined-out areas located at the
depth of 120m underground caused sudden caving of the
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overlying strata and rapid surface collapse. /is failure
mechanism and rock movement law are worthy of further
study in order to provide the reference for the safety of
mining in the next step.

In this paper, we investigate the field damage of themine,
then establish a two-dimensional numerical model using
PFC2D./e calculated parameters are obtained by trial-and-
error tests referring to field damage. Finally, the whole
process from pillar destruction to surface collapse is
reproduced. /rough field investigation and numerical
simulation, the mechanism of instantaneous large-scale
surface collapse in a nonferrous mine is studied.

2. Engineering Background

2.1. Ore Body Layout and Mining Situation. /e nonferrous
metal mine is a nickel mine located in north China and has
multiple ore bodies. /e 1# ore body is the main industrial
ore body, and the plane shape of the ore body is gourd-
shaped (Figure 1). /e ore body strikes NW30° and dips
50°–80° toward SW, which is mainly located between ex-
ploration lines 4 and 12 and is 400m long.

As shown in Figure 2, the overlying rock layer of the ore
body consists of two lithological groups, the surface layer is
Quaternary sediments with a thickness of 50m, and the
lower part is gneiss with a thickness of 50m. Tectonic joint
groups exist in gneiss, which is smooth and has weak fillings.
/ere is a fault in this area, which strikes NW and dips
80°–85° toward SW.

/e mining area was completed and put into operation
in 2010, with a designed annual output of 165 t. Due to the
poor rock mass quality and high-value ore, downward
cemented filling method was adopted to maintain stope
stability and reduce loss and dilution, which is shown in
Figure 3./ere are two sublevels at 1642m and 1546m level.
As of March 2016, the working face in the upper mining area
has reached 1614m level, forming a 30m thick cemented
filling body. And the working face in the lower mining area
has reached 1504m level, forming a 42.5m thick cemented
filling body. At this time, the stop at the 1613m level was
damaged, resulting in surface collapse. Figure 4 shows the
mining status at this time.

2.2. Rock Mass Properties and In Situ Stress. In order to
obtain the mechanical properties of the surrounding rock
mass and ore body, some relatively complete rock blocks are
extracted from the mine and made into standard samples
with the diameter of 50mm and the height of 100mm./en,
the mechanical properties of the intact rock are obtained by
an unconfined uniaxial compression test in the laboratory.
/e geological strength index (GSI) of rock mass is calcu-
lated according to rock quality designation (RQD) values
[34]. Finally, the mechanical parameters of rock mass are
obtained through the generalized Hoek–Brown criterion
[35], as shown in Table 1.

Many in-situ stress measurements have been carried out
in the long-term mining process of the mine. /e measured
value of in-situ stress in the drift near the 5# exploration line

at 1610m level is selected to construct the in-situ stress state
of the study area.

/e magnitudes and directions of in-situ stress are
obtained from the measurement results. /e maximum
principal stress is 4.2MPa, of which the dip is 10° and the dip
direction is 325°. /e middle principal stress is 3.2MPa, of
which the dip is 80° and the dip direction is 145°. And, the
minimum principal stress is 0.8MPa, of which the dip is 3°
and the dip direction is 48°.

3. Investigation of Surface and
Underground Stope

After long-term mining with the filling method, the non-
ferrous metal mine has formed the stratum status as shown
in Figure 4. /e surface remained stable after years of
mining. In March 2016, when the 1613m sublevel was
mined, the stope pillars were suddenly destroyed, causing
the roof to collapse. At this time, most of the mined-out
areas in the mine had been filled, only a few of the mined-out
drifts at the level of 1613m had not been filled yet. However,
the destruction of the overlying strata was still developing
rapidly and then the surface collapsed violently. In order to
reveal the mechanism of rock failure, detailed field inves-
tigations were carried out from the underground stope at
1613m level to the surface.

/e investigation starts from the 1613m level where the
damage first occurred. According to the mining plan, there
would be several unfilled drifts at this level before filling
together. /e height of a single drift is generally only 3–5m
and the width is only 4–6m. /e failure first occurred in
these narrow drifts. According to the survey, the damaged
area is mainly concentrated between 5# and 7# exploration
lines.

As shown in Figure 5, the roof of the drifts between the
5# and 7# exploration lines collapsed, and the collapsed
broken rock filled the drifts. Due to the expansion char-
acteristics, the gravel falling from the roof quickly filled the
narrow space, so as to restrain the deformation of the
surrounding rock.

/erefore, the damage range of the overlying rock mass
caused by the deep underground narrow and scattered goaf
is limited, and the damage of roof rock mass is difficult to be
transmitted to the surface. However, in this case, the
overburden of the stope was greatly deformed and the
surface collapsed.

In order to study the failure characteristics of the
overlying rock mass, field investigations were also carried
out at the 1630m and 1650m levels. As shown in Figure 6,
the drifts at the 1630m level near the 7# exploration line had
an overall staggered settlement of 3m.

As shown in Figure 7, the drifts between the 5# and 7#
exploration line at the 1650m level had overall subsidence.

/e roof of the drift near the 5# exploration line had
0.4m subsidence, the damage extended about 70m along the
drift, and the bottom of the drift had a subsidence of 2m
(Figure 7(a)). /e damage near the 7# exploration line was
60m along the drift. /e roof had obvious fracture damage
and staggered subsidence of 0.3m. /e bottom plate had
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greater subsidence, with a settlement of about 1m
(Figure 7(b)). /e north side wall of the drift near the 6#
exploration line was broken along the drift, with dislocation
at the fracture and floor uplift of about 1m (Figure 7(c)).

Compared with the failure between 5# ∼ 7# exploration
lines, the rock mass near the 9 # exploration line had no
obvious damage, and the roadway could still maintain
stability (Figure 7(d)). It can be seen that the rock mass
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Figure 1: /e plane projection map of the 1 # ore body at the 1650m level.
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failure caused by stope instability has an obvious influence
range, and the expansion of failure in rock mass was mainly
in the vertical direction.

Although the overburden is 80 m thick and the rock
mass at this level moves only 1-2 m downward, the
movement of the rock stratum is still rapidly transmitted
to the surface and causes surface collapse. /e collapse pit
is still distributed between 5# and 7# exploration line,
with an area of more than 10 thousand square meters
(Figure 8).

4. Analysis on the Collapse Mode of the
Stope Roof

According to a large number of cases, the instability of
underground stope may lead to two failure modes of
overburden, progressive arch caving failure and sudden plug
subsidence [7, 36].

As shown in Figure 9, the arch failure of the rock mass is
more common. /e roof rock stratum is affected by tension,
and the failure surface expands upward in an arch shape.
/is failure development is gradual, and the collapsed gravel
mostly presents a loose state.

Due to the expansion characteristics of loose gravel, if
the goaf is small, it will be quickly filled with expanded
gravel. Without compensation space, further deforma-
tion and failure of surrounding rock are restrained.

/erefore, for the deeply buried goaf, only a large
enough goaf can provide enough space to transfer the
damage of the roof to the surface. Even if the damage
develops to the surface, the surface damage process is
gradual. First, cracks appear on the surface, then small
collapse pits appear, and finally, the rock mass on the pit
wall falls to expand the collapse pit.

Another common failure is plug settlement. After the
goaf is formed, the overburden loses its lower support,
and the steep weak surface reduces the shear resistance of
the roof rock mass. After the through shear surface is
formed, the overburden settles rapidly. /is kind of
damage is rapid, and the roof of the goaf tends to sink as a
whole rather than break and collapse (Figure 10).

According to the damage investigation in the previous
section, the roof failure mechanism of the nonferrous
metal mine is relatively complex. A large number of loose
gravels are observed at the 1613m level, which shows that
the roof of the goaf has collapsed. While at the 1630m

41730 m
F8

W E

1642 m
1613 m

1546 m

1496 m

filling mining area

Ore body
Quaternary sediments

Gneiss

12 11 10 9 8 7 6 5

Figure 4: /e vertical projection map of mining status.

Table 1: Mechanical parameters of the rock mass.

Rock type Bulk density
(kg/m3)

Compressive strength
(MPa)

Tensile strength
(MPa)

Elastic modulus
(GPa)

Internal friction angle
(°)

Gneiss 2700 17.2 1.7 37.2 27
Quaternary 2000 1.7 0.31 8.2 21
Ore body 2800 14.3 1.8 28.1 28
Filling body 2200 6.5 0.8 9.2 23
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level, about 20 m above the roof, the drift has only sunk as
a whole, which shows that the lower caving failure has not
developed to this level.

Although, due to inaccessibility, it is impossible to directly
observe the height of the caving failure of the roof, the de-
velopment height of the failure can be estimated by theoretical
calculation. Assuming that the height of the initial goaf is H1,
the height of the roof failure is H2.

/e crushing expansion coefficient is η; then, the height of
the crushed rock pile is η · H2; the height of the gap between the

top of the crushed rock pile and the goaf is Δ; and the spatial
relationship is shown in Figure 11.

/en, the gap can be calculated according to the fol-
lowing formula:

Δ � H2 + H1 − ηH2. (1)

When H1 � H2(η − 1), Δ � 0.
At this time, the falling loose bodies will fill the

mined-out area, and there is not enough space to

(a)

(c)(b)

5678

ABC

investigation site

fault

Figure 5: /e location of the investigation and the filed destructions at the 1613m level.

567891011

investigation site

fault

(a)

number of exploratory lines

A

Figure 6: /e location of the investigation and the filed destructions at the 1630m level.
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accommodate the broken roof rock mass. When the
falling debris is full of the mined-out area, the falling
height of the roof can be calculated as follows:

H2 �
H1

(η − 1)
. (2)

/e looseness coefficient is the ratio of the volume of
gravel to the volume of intact rock mass. So, it has no units.
/e height of the mine-out area is the layered height of 5m.
Substituting the above data into equation (2), it can be got
that,

H2 �
H1

η − 1
�

5
1.5 − 1

� 10m. (3)

It can be seen that the caving failure of the roof stops when
it develops to the level of 1628m. At this time, the goaf is filled
with gravels. Gneiss is located above the 1642m level. Due to
the steep dominant joint surface of the gneiss, the shear
resistance of overlying strata can only be provided by the
shear strength and friction between joints. However,
according to the geological data and field investigation, there

are weak interlayers between the joints in gneiss, and the shear
resistance is poor. Although the arch caving failure did not
develop into gneiss, the failure of the lower filling material led
to the decline of support capacity. When the supporting force
of the lower part and the shear resistance of the lateral joint
cannot bear the gravity of the overlying strata, the gneiss will
sink along the joint in a piston manner. /e overall staggered
subsidence of the roadway shown in Figures 6 and 7 is fa-
vorable to prove that the gneiss has overall plug subsidence.

/erefore, the stope instability of the nonferrous metal
mine leads to a composite failure mode of the overlying
strata. In this mode, the lower filling body has arched caving,
and the upper gneiss has instantaneous plug settlement as
shown in Figure 12.

5. Study on the Mechanism of Stope Instability

Because this accident involves rock mass collapse and large
surface deformation, it is more necessary to reveal the whole
process from the initial fracture to the large-scale instability
of the overlying strata.

567891011

fault

(a) (b)

(c) (d)

AB

C

D

investigation site

Figure 7: /e location of the investigation and the filed destructions at the 1650m level.
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Compared with the continuous medium method, the
discrete element method is more suitable for the case study.
Based on the discrete element method (DEM), the particle
flow code (PFC) uses an assembly of cemented particles to
simulate the intact material. /e PFC can simulate the whole
process of the rock mass from crack initiation to disinte-
gration depending on its particle flow characteristics. /e
contact between particles makes the development process of

material failure more realistic. /erefore, the PFC has been
successfully applied to the research in the field of mining
engineering [37–39].

Diego used the PFC to study synthetic rock mass (SRM)
modelling techniques, successfully simulating the mechan-
ical behavior of jointed rock masses, and obtained predic-
tions of rock mass scale effects, anisotropy, and brittleness
[40]. Svartsjaern studied the gradual collapse process of the

11# profile

A

B

N

0 50

5#

6#

7#

(a)

(b)

subsidence area 200 mm

1600 mm

100 m

100 mm

Figure 8: /e location of the investigation and the damage at the site on the surface.

(a) (b)

Figure 9: /e process of arched caving in the roof strata. (a) Initial caving of the roof strata. (b) Natural termination of rock strata fall.
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ground surface induced by sublevel caving at the Kiir-
unavaaraMine with the PFC, and the simulation results were
consistent with the actual situation [28]. Li studied the
mechanical mechanism of surface subsidence and filling
material movement caused by underground mining in
Hongling lead-zinc mine through the PFC [41]. It is revealed
that the collapsed waste rock in the mined-out area can
provide support force for the surrounding rock and restrict
the further collapse of the hanging wall.

5.1. Microscopic Parameter Calibration and NumericalModel
Setup. In this study, the two-dimensional particle flow code
(PFC2D) was used to investigate the mechanism of strata
movement and surface subsidence induced by underground
mining. /e basic contact model between particles is gen-
erally the contact bond model (CBM) or the parallel bond
model (PBM). /e contact bond can only transmit the force,
while the parallel bond can transmit both force and moment
between particles. /e PBM is a more realistic bond model
for modelling the rock-like material and has been suc-
cessfully used in previous studies, which was therefore
adopted in this study [37–39, 41].

Parallel bonds break when the maximum tensile stress of
parallel bonds between particles exceeds their tensile
strength or the maximum shear stress of parallel bonds
exceeds their shear strength under external forces. /is
results in the formation of micro-tension or shear cracks.
When many adjacent micro-cracks occur, they connect with

each other and form large cracks, which lead to the failure of
the complete material. Finally, the bond behavior is replaced
by the loose behavior.

In addition to the above two contact models, the PFC
also contains a smooth joint model (SJM) which can ef-
fectively simulate the mechanical response of joints in the
rock mass. /e smooth-joint model simulates the behavior
of a planar interface with dilation regardless of the local
particle contact orientations along the interface. In this
model, particles are allowed to slide past one another
without over-riding one another. It is a major breakthrough
to represent discontinuities as planar surfaces associated to a
realistic behavior for structural defects [42–44].

/erefore, the PFC model using the parallel bond and
smooth joint model is suitable for simulating the whole
process of cracking and breaking of rock mass.

/e PFC uses an assembly of bonded particles to sim-
ulate the mechanical response of rock mass, of which the
model parameters are to describe the mechanical properties
between particles, such as the normal stiffness and shear
stiffness of the contacts. /ese microscopic parameters are
not directly and necessarily related to the macroscopic
mechanical parameters of the rock mass simulated by the
particle assembly. /erefore, a series of numerical simula-
tion experiments (uniaxial compression, tensile strength
test, biaxial compression test, etc.) are required to conduct
trial-and-error tests to obtain the mechanical parameters of
the microscopic particles that match the actual rock mass

Figure 10: /e plug subsidence of the overlying strata.

H2

H1

Δ

Figure 11: Schematic diagram of roof caving.
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Figure 12: /e failure process of overburden rock formation caused by underground mining. (a) Step 1: Arched caving of the roof filling
body. (b) Step 2: Plug-subsidence of the upper gneiss.
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parameters [41]. According to the rock mass parameters
shown in Table 1, the corresponding microscopic parame-
ters are shown in Table 2.

/e mechanical parameters of joints are often difficult
to obtain, which usually need to be judged by experience
according to the field conditions. Because additional
parameter matching process is needed in the PFC model,
it is too complex to obtain the micro parameters corre-
sponding to the actual joints in PFC simulation. It is
widely recognized that the strength of joints is much lower
than that of rocks. /erefore, the reduction of the strength
parameters of the smooth joint model can also effectively
reflect the mechanical response characteristics of joints in
the model, and the final effect of this simulation also
proves this feasibility. /e joint parameters shown in
Table 3 are used in this paper.

/e 11 # profile in Figure 8 is selected as the research
object. Due to the complex geological conditions, the profile
is moderately simplified on the premise of retaining the
main engineering geological elements, as shown in Fig-
ure 13. According to this profile, a two-dimensional nu-
merical model including 122087 particles is established in
the PFC to simulate the rock strata movement caused by
underground mining (Figure 14).

In this mine, filling mining has been carried out simulta-
neously at both levels, forming the engineering geological status
as shown in Figure 4. /e failure occurred in the upper mining
area, so the model only included the strata above the 1613m
level. Four rock strata are successively distributed in the model
from top to bottom, which are 50m thick Quaternary strata,
50m thick gneiss, 30m thick cemented filling body, and 15m
thick ore body, respectively, as shown in Figure 14. /ere are
two groups of dominant joints in the gneiss, the projection of
which in this section is horizontal (dip 3°) and vertical (dip 88°),
respectively. Geological data show that the joints in gneiss have
good continuity, so the joints in the model are assumed to be
consecutive joints. To simplify the model, the joint spacing is
enlarged by integer multiples. Although this change will reduce
the authenticity of simulation results in some aspects, it can still
explain the failure mechanism of the roof in essence. At the
same time, due to the filling process, there is a hexagonal contact
surface of the filling body in the filling body, which is also
considered as a kind of joint. Finally, considering the simulation
accuracy and simulation efficiency, the particle radius is
0.25m–0.38m.

5.2. Model Boundary Conditions. In-situ stress should be
applied to the model prior to numerical simulation of un-
derground mining. /e vertical stress is set as gravity, while
the direction of horizontal stress is not in the same plane as
the strike direction of the 11 # profile. /erefore, before
being applied to the model, the horizontal stress should be
first converted to the inclination direction of the profile, and
the horizontal stress of the profile is 4.2MPa.

/e initial stress is applied to the PFCmodel through the
following procedure. In the first stage, the top of the PFC
model was unconstrained to maintain the natural state, and
the wall boundary constraints were adopted at the bottom
and both sides. /e displacements of both sides and the
bottom boundary were fixed; then gravity was applied to
each particle of the model. Finally, the model was run to
balance. In the second stage, the horizontal displacement of
the left and right walls was released to adjust the horizontal
pressure on the model. /e FISH language built in the PFC
was used to compile the servo program, which could adjust
the position of the walls to make the actual horizontal in-situ
stress of 4.2MPa on the model according to the monitored
pressure on the wall. In the third stage, sufficient time steps
were run to make the model reach the equilibrium state.

5.3. Simulation Schemes and Measurement Schemes. In this
study, the PFC2D is used to simulate the surface collapse
accident caused by underground mining in a nonferrous
metal mine, and the process and mechanism of the move-
ment of overburden strata ultimately caused by the insta-
bility of several narrow mined-out areas are studied.

/e downward layered cemented filling method has
always been adopted in this mine. First, it was mined along
the drifts and cemented filling was carried out after the
mining was completed. After the filling body was cured, the
adjacent drifts were exploited again. In order to improve the
mining efficiency, cemented filling was usually only carried
out once after 5 drifts had been exploited. /e damage
happened just after the five drifts were mined and before the
filling was completed. /erefore, in this simulation, 6 drifts
were planned to be exploited sequentially from the middle to
both sides. As shown in Figure 15, the drifts were numbered
from 1 # to 6# according to the mining sequence.

In order to record the stress evolution of roof and pillar
during excavation, a set of stress measuring circles was set up

Table 2: Microscopic parameters of the rock.

Parameters
Value

Gneiss Ore body Filling body Quaternary soil
Density (kg/m3) 2700 2800 2200 2000
Contact bond modulus (GPa) 17.94 14.35 4.36 4.36
Contact bond stiffness ratio 1.57 1.57 1.57 1.57
Friction coefficient 0.25 0.25 0.25 0.25
Parallel bond tensile strength (MPa) 5.79 4.63 2.07 0.56
Parallel bond cohesion (MPa) 4.83 3.86 1.73 0.47
Parallel bond friction angle (°) 40 42 39 38
Parallel bond modulus (GPa) 17.94 14.35 4.36 4.36
Parallel bond stiffness ratio 1.57 1.57 1.57 1.57
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in the model as shown in Figure 15. /e radius of the stress
measuring circle in pillars is 3m (from 1 to 5), and that in the
roof is 4m (from 6 to 8).

5.4. Numerical Results and Analysis. In this section, the
mechanical mechanism of the strata movement and surface
collapse caused by undergroundmining is studied. Figure 16

shows the failure process and corresponding stress evolution
of rock mass during excavation simulation. /e left figure
shows the failure process of rock mass during simulation, in
which the red mark is the location of particle bond fracture
to characterize the failure cracks of the rock mass. /e right
figure shows the distribution of contact force, which reflects
the transfer path of force inside the model. Blue lines

Table 3: Microscopic parameters of the joints.

Joint type Normal stiffness
(GPa)

Shear stiffness
(GPa)

Friction
coefficient

Cohesion
(Pa)

Tensile strength
(Pa)

Dominant joint of the gneiss 15.0 10.0 0.1 2.50E+ 04 1.00E+ 04
Boundary surface of the filling body
approach 15.0 10.0 0.1 6.00E+ 03 4.00E+ 03

400 m

proposed excavation approach

50 m
(gneiss)

30 m
(cemented filler)

15 m (ore)

J1 (dip-88°)

J2 (dip-3°)
Boundary surface of 
the filling body approach

dominant joint 
surface of gneiss

50 m
(quaternary soil)

1# 2# 3# 4# 5# 6#

Figure 13: Schematic diagram of the simplified 11# profile.

Quaternary soil
Gneiss
Cemented filler
Ore
Dominant joint of the gneiss
Boundary surface of the
filling body approach 

Figure 14: /e PFC numerical model of the simplified 11# profile.
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indicate compressive force, red indicates tensile force, and
line thickness indicates the magnitude of force.

As shown in Figures 16(a) and 16(b), after excavation of
the 1 # drift, the surrounding rock can be maintained stable
with only a few cracks in the roof. Excavation results in a
stress state change of the surrounding rock. Tensile stress
occurs in the roof, where compressive stress decreases. And,
the concentration of compressive stress occurs on both sides
of the drift.

As shown in Figures 16(c) and 16(d), the roofs remain
stable and the pressure of the intermediate pillar is signif-
icantly concentrated after excavation of the two approaches.

After excavation of three drifts, the stope remains stable
despite the increase of cracks in the roof of the 1# drift.
Figure 16(f) shows that a smaller stress arch occurs in the
roof at this time, which is a sign of further roof failure, with
pressure apparently concentrated towards both pillars.
When four drifts are excavated, the pressure of the pillars
increases further, but the stability can be maintained.

When five adjacent drifts are mined, the vertical stress
on the pillars exceeds their strength limit and cracks are
found throughout the pillars. /e force chain inside the
four pillars disappears, indicating that the pillars have lost
their bearing capacity at this time. A lot of tension cracks
and stress arching appear in the roof filling body. /e
vertical pressure can only be transmitted to both sides
along the stress arch, and the compressive stress con-
centration occurs in the surrounding rock outside of the
5# and 4 # drifts. Horizontal joints make gneiss present
horizontal layered structure. Under the compression of
horizontal in-situ stress exceeding vertical in-situ stress,
the layered structure just maintains stability, but this
stability is very fragile.

When the number of drifts mined reaches 6, the ore
pillar between drift of 4 # and 6# is rapidly destroyed, which
further expands the span of the collapsed goaf. Meanwhile,
the stress arch in the backfill body is destroyed, the backfill
body is broken as a whole and cannot bear the vertical
pressure. Cracks develop upward in the overlying gneiss and
are widely distributed in the model, developing upward only
along vertical joints. As shown in Figure 16(l), the original
arch stress in the filling body disappears, and the newly
formed random stress chain is the contact force formed by
the collapse of the scattered body.

/e original horizontal layered force chain in gneiss is
destroyed. /ere are obvious vertical force chains on the left
and right sides of the overlying gneiss, while the middle part

still maintains the original stress state. It can be seen that
vertical shear failure occurs at both sides of the rock mass,
while the middle of the gneiss remains intact, that is, plug
subsidence occurs. /is indicates that the gneiss has un-
dergone plug settlement.

When the number of drifts mined reaches six, as shown
in Figures 16(k) and 16(l), the pillar between 4 # route and 6#
route is destroyed rapidly, which further expands the span of
the goaf. /en, the roof filling body is broken, and the stress
arch is completely destroyed, which loses its support
capacity.

/e cracks only develop upward along the vertical joints
in the gneiss above, where they are not widely distributed as
in the filling body. As shown in Figure 16(l), after the stress
arch in the filling body disappears, the newly formed ran-
dom force chain shows the contact force generated by the
collapse gravels accumulation.

/e original horizontal layered force chain in gneiss is
destroyed. /ere are obvious vertical force chains on the left
and right sides of the overlying gneiss, while the middle part
still maintains the original stress. It can be seen that vertical
shear failure occurs at both sides of the gneiss, while that of
the middle remains intact. /is indicates that the gneiss has
undergone plug settlement.

As shown in Figure 17, the evolution of the vertical dis-
placement cloud diagram of the model during mining also
clearly reflects the failure process of the rock mass. When four
drifts are exploited, the roof strata can still maintain stability.
When five drifts are mined, the roof filling body has arched
caving; after six drifts are mined, the arched caving damage of
the backfill body continues to develop upward, and when it
develops to the overlying gneiss, it causes plug subsidence of the
gneiss along the vertical joints.

In order to monitor the stress evolution process of the
surrounding rock and pillar of the stope roof, as shown in
Figure 15, several stress measurement circles are arranged in the
model. Figure 18 shows the evolution of vertical stress in the
pillar and roof strata, respectively, during the mining process.
When the first drift is excavated, the vertical stress will be
transferred to both sides, and the compressive stress concen-
tration will occur in the surrounding rock on the side wall of the
drift. Whenmultiple drifts are excavated, the compressive stress
will be redistributed in the formed pillars, and the farther away
from the middle drift, the smaller the increased stress. When
more than 5 drifts are excavated, the redistributed vertical stress
in the ore pillar exceeds the acceptable limit, the chain failure
occurs in a short period of time, and the bearing capacity is lost.

5# 3# 1# 2# 4# 6#
12345

678

Figure 15: Layout of stress measurement circles and drifts mining sequence (Circles 1–8 are stress measurement circles; the mining
sequence of the drifts is from 1 # to 6 #).
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(c)

(d)
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the unstable piller

(e) (f )

5# 3# 1# 2# 4# 6#
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the unstable piller

the stable piller

(g) (h)
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Cracks in the roof strata
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(j)

5# 3# 1# 2# 4# 6#

Cracks in the gneiss

(k) (l)

Figure 16: Illustrations of instability process of the pillars and roof. Left: /e failure and fracture development of the model. Right: /e
contact force chain of the model (blue represents pressure and red represents tension). (a)–(b)/e 1 # drift is excavated; (c)–(d)/e 2 # drift
is excavated; (e)–(f ) /e 3 # drift is excavated; (g)–(h) /e 4 # drift is excavated; (i)–(j) /e 5 # drift is excavated; (k)–(l) /e 6# drift is
excavated.
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Figure 17: Continued.
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Figure 17: Displacement cloud diagram of the model duringmining process. (a) Steady state of the roof. (b) Arch caving of roof filling body.
(c) Initial stage of plug subsidence of overlying gneiss. (d) Late stage of plug subsidence of overlying gneiss.
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Figure 18: Vertical stress of rock mass during mining. (a) Vertical stress of the pillar during mining. (b) Vertical stress of roof filling body
during mining.
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It can be seen that the numerical simulation results are
very consistent with the field, indicating that the established
numerical model can be used to study the mechanism of
overburden stratum damage and surface subsidence caused
by underground mining in this mine.

6. Conclusions

Field investigation, engineering geological analysis, and the PFC
numerical simulation were carried out on the surface collapse
accident of a nonferrous mine in northern China using the
cemented filling mining method. /e mechanism of violent
failure of overlying composite strata caused bymultiple adjacent
narrow goaf was researched. /e following conclusions are
drawn:

(1) From the field investigation results, it can be seen
that the starting position of the underground failure
is at the 1613m level, where the pillar is unstable and
damaged, and the roof backfill body is broken and
caved./e caving damage caused by the backfill body
does not develop to the surface but is terminated
below the 1630m level. Above the 1630m level, the
overall plug subsidence occurred in the rock mass.

(2) /e failure process of the overlying rock mass can be
divided into four stages due to the special geological
conditions of the mine: pillar stability stage, pillar chain
failure stage, roof filling caving stage, and gneiss plug
settlement stage. According to the method of interval
mining, when no more than 4 drifts are mined, the
stope can be in a stable state. When more than 4 drifts
are mined and cannot be filled in time, the pillars are
damaged successively in a short interval. After the chain
failure of pillars, the fillingmaterial of the roof collapses,
and the caving arch develops upward. As the collapsed
gravels fill the narrowmine-out areas, the caving failure
of the filling body develops to the level of 1625m and
stops. Horizontal joints (dip 3°) make gneiss present a
horizontal layered structure, while horizontal in-situ
stress is greater than vertical in-situ stress. After the
lower filling body loses its bearing capacity, the com-
pression of horizontal in-situ stress keeps the layered
gneiss stable for a short time. Under the mining dis-
turbance, this stability is quickly destroyed, and the
gneiss above the stope produces overall shear slip along
the vertical joints (dip 88°), which eventually leads to the
plug subsidence of gneiss.

(3) According to the field investigation, engineering
geological analysis and numerical simulation, the
roof instability of the narrow goaf deeply buried
underground in the mine finally leads to the failure
accident of large-scale instantaneous settlement of
the surface, which is determined by many factors.
Among them, the unique geological condition is the
internal cause, and the underground mining activ-
ities are the inducement. In the process of surface
collapse, the combination of internal and external
factors leads to the mechanism of rock stratum
movement and the phenomenon of surface damage.

/erefore, in order to prevent such damage accident,
during mining, the number of continuous mining
drifts in any mining area is suggested not to exceed 4,
and the next group of drifts should not be exploited
before filling the last group.
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Prefabricated assembled integrated pipe corridor has the significant advantages of fast assembly, controlled quality of factory
prefabricated forming, short construction period, energy saving and environmental protection compared with on-site casting. In
this paper, a shallow plate load field test was carried out to test the bearing capacity of the natural foundation of the assembled pipe
corridor and a numerical simulation analysis of the settlement of the substrate was carried out in combination with the typical
local soft soil geological conditions, using the JXSG-6 beam making site in Gu’an South of the Beijing-Xiong Intercity Railway in
Xiong’an New Area as the test site. *e results of the study show that: during the vertical loading to 320 kPa, the overall
displacement settlement of the foundation soil of each experimental group is small, mainly elastic deformation, and the final
settlement of each test group is 6.68mm, 10.89mm and 5.38mm respectively, with no cracks and no damage to the foundation
soil. According to the calculation of the straight line section of the load settlement data, the average value of the foundation soil
bearing capacity deformation modulus is 43.1MPa, and the average value of the foundation stiffness of the 0.8m diameter circular
bearing plate is 78.2MPa/m, which can provide a parameter basis for the structural design of the pipe corridor and the subsequent
superstructure test calculation. However, due to the large stiffness difference between the structure of the pipe gallery and the soil,
the soil settlement deformation process and the pipe gallery relative displacement, the shear effect on both sides of the pipe gallery;
differential settlement under the influence of the local surface of the pipe gallery may occur tensile damage, the maximum
displacement concentrated on both sides of the pit reached 0.6mm, in the acceptable range. *erefore, the lower base of the pipe
corridor has good bearing capacity and can meet the construction requirements of the installation stage of the integrated pipe
corridor sections.

1. Introduction

*e Xiongan New Area is another new area of national
significance, following the Shenzhen Special Economic Zone
and Shanghai Pudong NewArea. As an important part of the
urban infrastructure construction in the Xiongan New Area,
the construction of an underground integrated pipe corridor
is of great significance in ensuring the safety of municipal
pipelines, improving the utilisation of underground space,
beautifying the urban environment and avoiding repeated
excavations on the road surface [1–3]. *e typical assembled
pipe corridor structure designed by China Communications

Construction Group is 15.9m in width, 4.9m in height and
6m in length for a single longitudinal section, which is the
largest cross-section and the largest lifting tonnage in China
[4, 5]. At present, the research on the support structure
deformation, pit bottom uplift and surface settlement in the
process of foundation excavation is more mature, but for the
integrated pipe corridor project not only needs to focus on
the safety of foundation excavation, but also needs to study
in depth the settlement of the integrated pipe corridor in the
foundation pit itself [6–10].

With the construction of integrated pipe corridors in full
swing in recent years, especially prefabricated pipe corridors
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after installation, settlement at the joints due to differences
in foundation bearing capacity, resulting in incidents such as
leakage of integrated pipe corridors are common [11, 12].
Huang and Fan [13] studied the influence of the depth of
foundation reinforcement on the force performance of the
integrated pipe corridor structure on soft ground, and the
vertical displacement of the integrated pipe corridor
structure and the vertical displacement of the surface soil
within the width were influenced by the depth of foundation
reinforcement; Hu et al. [14] studied the influence of the
elastic modulus of the weak soil layer on the force perfor-
mance of the prefabricated assembled integrated pipe cor-
ridor, and the results showed that the reduction of the elastic
modulus of the weak soil layer would *e results show that
the reduction of the elastic modulus of the weak soil layer
will aggravate the uneven settlement of the corridor, and the
weak soil layer has a greater influence on the longitudinal
and transverse internal forces of the corridor structure;
Wang studied the load deformation law of the prefabricated
integrated corridor structure under uneven settlement
conditions with the [15] help of Midas Gen finite element
simulation software.

In this paper, a shallow plate load field test was carried
out on the bedding layer in the construction area of the
pipe corridor, using the JXSG-6 beam making site in
Gu’an South of the Xiongan New Area Beijing-Xiongan
Intercity Railway as the test site, and the test results were
obtained. *e COMSOL software was used to establish a
numerical model to monitor the stress and displacement
of the foundation pit to obtain the overall map and slice
map of the stress and displacement distribution char-
acteristics respectively, which were analysed to obtain the
settlement characteristics of the foundation pit. *is
study can effectively guarantee the safe and rapid con-
struction of the integrated pipe corridor section instal-
lation stage and provide practical guidance for the
integrated pipe corridor project.

2. Project Overview

*e project site is located in NA8 Road, the start-up area of
XionganNewArea, Hebei Province.*is test is mainly in the
NA8 line NA8K1+ 564 to NA8K2+ 380 section of the pipe
corridor section installation of the whole process of key
technology test research. *e excavation base of the as-
sembled integrated pipe corridor pit is in-situ soil with
bedding treatment on it. *erefore, the bearing performance
of the original soil of the pit is directly related to the
treatment measures of the upper bedding layer, and whether
the assembled integrated pipe corridor meets the settlement
control standard [16, 17]. According to the preliminary
survey site, the base elevation -2.085m, the original ground
elevation 7.911m (as shown in Figure 1), three groups of test
site are to powder clay, powder soil for the bearing layer,
according to the survey design specification, powder clay,
powder ground foundation bearing capacity characteristic
value for 130 kPa, the test choose the bearing capacity
characteristic value of 2.5 times, that is, 320 kPa as the
loading limit value.

3. Shallow Plate Load Test

*e shallow plate load test is an in-situ test method [18] to
measure the pressure and deformation characteristics of the
foundation soil by applying a load to the foundation soil step
by step on a certain area of bearing plate, which can reflect
the comprehensive characteristics of the strength and de-
formation of the foundation soil in the range of 1.5 to 2.0
times the diameter or width of the bearing plate under the
bearing plate. *e test was carried [19] out on the site of the
integrated corridor. *e test was carried out on the in-situ
soil of the excavated pit in the construction area of the
integrated pipe corridor, and the shallow plate load test was
carried out.

3.1. Basic Principle of Test. *e pressure-settlement curve (P-
S curve) obtained from the typical plate load test can be
divided into three stages:

(1) Linear deformation stage: when the pressure is less
than the proportional limit pressure p0, P−S shows a
linear relationship. At this time, the shear stress
generated at any point in the loaded soil is less than
the shear strength of the soil. *e deformation of the
soil is mainly caused by the decrease of the void in
the soil, and the deformation of the soil is mainly
vertical compression.

(2) Shear deformation stage: when the pressure is greater
than p0 and less than the limit pressure pu, the P-S
relationship changes from a straight line to a curve
relationship. *e slope of the P-S relationship curve
increases with the increase of pressure p, and the soil
is in addition to vertical compression. In the edge of
the plate has a small range of soil shear stress reached
or exceeded the shear strength of soil, and began to
develop to the surrounding soil. *e deformation is
caused by both vertical compression and shear de-
formation of soil particles.

(3) Failure stage: when the pressure is greater than the
ultimate pressure pu, the settlement increases
sharply. Even if the pressure is no longer increased,
the bearing plate is still sinking. *e continuous
sliding surface is formed inside the soil, and the uplift
and annular or radial cracks occur around the
bearing plate. *e shear stress at each point in the
sliding soil reaches or exceeds the shear strength of
the soil.

3.2. Test Technical Requirements
(1) Load test should adopt circular rigid bearing plate,

according to the soft and hard soil or rock fracture
density to choose the appropriate size; the area of
bearing plate in shallow plate loading test of soil
should be greater than 0.25m2.

(2) *e test pit can be square and circular, and its width
is greater than three times the width of the bearing
plate, so is its diameter. *e measured object should
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avoid disturbance and keep the original state as far as
possible. *e sand cushion with thickness less than
20mm should be laid at the bottom of the test pit to
leveling and quickly install the equipment. *e
settlement measuring instrument is uniformly
installed.

(3) *e maximum loading should not be less than twice
of the design requirements, and the loading classi-
fication should be greater than 7. Generally, the equal
incremental load applied is about 1/10 of the pre-
dicted ultimate load, and the measurement accuracy
of the load should be at the maximum load of ±1%.

(4) *e loading methods include conventional slow
method, fast method and equal settlement rate
method. *is paper only introduces the slow
method. When the test object is soil, the settlement is
measured at intervals of 10, 10, 10, 15 and 15 after
each load is applied, and then the settlement is
measured at intervals of 30min. When the settle-
ment is less than or equal to 0.1mm per hour after
continuous reading for two hours, it can be con-
sidered that the settlement has reached the relatively
stable standard and the next load is applied. When
the test object is rock mass, the settlement is mea-
sured once at intervals of 1, 2, 5min, and then every
30min. When the reading difference of three

consecutive times is less than or equal to 0.01mm, it
can be considered that the settlement has reached the
relatively stable standard and the next load is applied.

(5) When one of the following cases occurs, the test can be
terminated, and the load at the termination is the pilot
limit load. When the soil around the bearing plate is
obviously lateral extrusion, the surrounding rock and
soil appear obvious uplift or radial cracks continue to
develop; the settlement of the load at this level increases
sharply, which is five times larger than that of the load at
the upper level, that is, there is a sharp drop in the P-S
curve; when a certain load does not meet the
stability standard for 24 hours; when the ratio of
the total settlement to the diameter of the bearing
plate s/b > 0.06.

3.3. Test Scheme and Equipment. *e rock and soil at the
bottom of the test pit or test well should be avoided from
disturbance and kept in its original structure and natural
moisture, and a medium or coarse sand bedding layer of not
more than 20mm should be laid under the pressure plate to
level it and make uniform contact with the soil, and test
equipment should be installed as soon as possible, as shown
in Figure 2.

*e equipment arrangement mainly includes: loading
and pressure stabilisation system, counterforce platform

(a) (b)

(c) (d)

Figure 1: Site survey map.
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system and observation system. *e loading method adopts
the slow maintenance load method, using the four vertical
bearing plates installed in the bearing plate edge length
direction percentage table or displacement meter to observe
and record the settlement, to determine the load added at
each level by the oil pressure gauge on the jack. *e load is
applied by means of jack ballast test equipment, through
high pressure oil pump, ballast platform as a counterforce
device, the pressure is steadily transferred to the bearing
plate, the equipment consists of the following three parts: (a)
loading and pressure stabilisation system: by the bearing
plate, loading jack, column, pressure stabiliser and tripod to
support the pressure stabiliser. *e loading jack, pressure
stabiliser, oil storage tank and high pressure oil pump are
connected by high pressure hoses to form an oil circuit
system. (b) Counter force platform system: including two
parts: truss and ballast test block, the truss consists of central
column sleeve, depth adjusting screw, inclined support tube,
etc. (c) Observation system: four displacement meters are
arranged at each corner of the straight side of the loading
plate for settlement observation with an accuracy of not less
than ±0.01mm.

3.4. Loading and Observation Scheme. *e test was carried
out using the existing assembled pavement concrete piles
on-site, with a prepressure load of 5% of the maximum load
and a prepressure time of 5min. After completion of the
prepressure, the piles were unloaded to zero and the initial
readings of the displacement measuring instruments were
readjusted to zero.

According to the Technical Specification for Building
Foundation Inspection JGJ 340-2015, the total loading of the
load test is generally not less than 2 times the design bearing
capacity, and this test is loaded [19] according to 3 times the
design bearing capacity. *e ultimate load in the test was
400 kPa as the front leg pad of the corridor machine was
designed and controlled in accordance with the dimension
of the base pressure not exceeding 130 kPa. *e load was
loaded in 10 equal steps using stacking blocks, each in 40 kPa
increments, and the accuracy of the load measurement was
not less than ±1% of the maximum load.

After each level of loading is completed, three settlement
measurements are taken at 10min intervals, then two
readings are taken at 15min intervals and thereafter every
30min until the settlement is less than 0.1mm per hour
continuously, then the settlement is considered to have
reached a relatively stable standard and the next level of
loading is applied. *e conditions for termination of the test
include: significant lateral extrusion of the soil around the
bearing plate, significant uplift of the surrounding rock and
soil or continued development of radial cracks; a sharp
increase in settlement, the appearance of landfall sections on
the load-settlement curve and settlement at this level of
loading greater than five times the settlement at the previous
level of loading; the settlement rate does not reach the
relative stability standard for 24 hours under a particular
level of loading; the ratio of the total settlement to the di-
ameter (or width) of the bearing plate exceeds 0.06. If one of
the above conditions is met, the corresponding previous
level of load is the ultimate load. After the test has been
completed, the unloading is carried out in three equal stages.
After each stage of unloading, the rebound value is read at
15min intervals, and after two readings, the next stage of
loading is read at 30min intervals. After all unloading, the
rebound value is read again at 3 h intervals.

3.5. Analysis of Experimental Data. For the determination of
the characteristic value of foundation bearing capacity, when
there is a proportional limit on the curve, take the load value
corresponding to the proportional limit; when the ultimate
load is less than twice the load value corresponding to the
proportional limit, take half of the ultimate load value; when
it cannot be determined according to the requirements of the
above two paragraphs, take the load corresponding to s/
b� 0.01, but its value should not be greater than half of the
maximum loading; when the measured values of the three
test points When the extreme difference between the
measured values of the three test points does not exceed 30%
of their average value, the average value is taken as the
characteristic value of the foundation bearing capacity of the
soil layer. *e modulus of deformation E0 for the shallow

(a) (b)

Figure 2: Positioning (a) with medium coarse sand leveling (b).
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plate load test is calculated according to the following
formula [20–22].

E0 � I0 1 − v
2

􏼐 􏼑
pd

s
, (1)

where, I0—shape factor of the rigid bearing plate;
v—Poisson’s ratio of the soil; d—edge length of the bearing
plate, m; p—load for linear section of P-S curve, kPa;
s—settlement corresponding to p, mm.

3.6. Main Test Results. *e load test of the foundation
bearing capacity of the assembled integrated pipe cor-
ridor, the cumulative loading time on-site were 35 h, 49 h,
26.5 h. According to the calculation of the difference of
the test data, the settlement of the three groups of tests
was 1.37, 2.34 mm, 2.34 mm and 2.34 mm respectively for
the load value of 130 kPa.1.37 mm, 2.34 mmWhen loaded
to 320 kPa, the cumulative settlement of the foundation
was 6.68 mm, 10.89 mm and 5.38 mm respectively, with a
small total settlement. *e modulus of mat deformation
was calculated according to equation (1) above, where
I0 � 0.785, v � 0.35, d � 0.8 m, p � 120 kPa, s � 4.23 mm,
8.43 mm, 4.32 mm, and the calculated modulus of mat
deformation E0 � 51.7MPa, 33.2MPa, 44.4MPa, with the
mean value of 43.1 MPa. *e foundation stiffness p/s of
the 0.8 m diameter circular bearing plate are 94MPa/m,
60MPa/m and 81MPa/m respectively, and the average
value is 78.2MPa/m.

*e first set of test data and P-S diagram are shown in
Figure 3. According to the test data (As shown in Table 1), it
can be seen that when the load reaches 320 kPa, the

settlement of this stage is five times that of the upper stage.
*e termination of loading can be regarded as the occur-
rence of ultimate failure. *e upper stage 280 kPa is taken as
the ultimate load, and 1/2 is the eigenvalue of ultimate
bearing capacity, namely 140 kPa.

*e second group of test data and P-S diagram, as shown
in Figure 4, according to the test data (As shown in Table 2),
it can be seen that when the loading to 320 kPa, there is no
termination of loading conditions, to achieve a relatively
stable standard termination of loading, the bearing capacity
of the test point reached the survey design value of 160 kPa.

*e third group of test data and P-S diagram, as shown in
Figure 5, according to the test data(As shown in Table 3), it can
be seen that when the loading to320kPa, there is no termination
of loading conditions, to achieve a relatively stable standard
termination of loading, the bearing capacity of the test point
reached the survey design value of 160kPa.Take three groups of
data average value as foundation bearing capacity characteristic
value of 153kPa.

4. Numerical Simulation Study of
Foundation Settlement

4.1. Numerical Model and Boundary Conditions. *e inte-
grated pipe corridor stage size single section is 4 compartment
pipe corridor, the width of this simulation is selected as 4m
small prefabricated pipe corridor, the section length is 13.0m,
the height is 4.2m, the dead weight is 201 t. In the field con-
struction, themain structure of the pipe corridor usingC45 high
performance concrete, the pipe corridor model in this nu-
merical simulation using nonvariable type material for reduc-
tion. Also in the modelling process the mattress bedding and
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Figure 3: Pictures of test loading process.

Table 1: Load settlement data curve.

Loading (kPa) 0 80 120 160 200 240 280 320
Level settlement (mm) 0.00 1.01 0.27 0.34 0.37 1.75 0.49 2.45
Accumulated settlement (mm) 0.00 1.01 1.28 1.62 1.99 3.74 4.23 6.68
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subgrade were reasonably simplified due to the small size of
only 10 cm–20 cm. According to the analysis of the borehole
sampling, the powdered clay and powdered soil are the bearing
layer, therefore this simulation will be set up according to the
parameters of powdered clay for the stratum underneath the
pipe corridor, with the dimensions of length x width x height,
20× 6× 3. *e numerical model was established using COM-
SOL software as shown in Figure 6. According to the ground
investigation data, test data, combined with the experience of
similar projects and reference literature, thematerial parameters
were determined comprehensively.

4.2. Numerical Simulation Results and Analysis

4.2.1. Pit Stress Analysis. By monitoring the stresses, a
characteristic map of the stress distribution is obtained, as
shown in Figure 7.

It can be seen from Figure 7 that the downward
tangential stress is mainly generated at the interface
between the two sides of the pipe gallery. *e positive and
negative signs of the stress are mainly caused by the
different local coordinate systems of the interface ele-
ment. When the direction of the tangential stress is
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Figure 4: Pictures of test loading process.

Table 2: Load settlement data curve.

Loading (kPa) 0 40 80 120 160 200 240 280 320
Level settlement (mm) 0.00 1.38 0.23 0.38 1.39 2.70 1.12 1.23 2.46
Accumulated settlement (mm) 0.00 1.38 1.61 1.99 3.38 6.08 7.20 8.43 10.89
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Figure 5: Pictures of test loading process.
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Figure 6: Numerical modelling.

Table 3: Load settlement data curve.

Loading (kPa) 0 40 80 120 160 200 240 280 320
Level settlement (mm) 0.00 0.00 0.80 0.69 0.51 0.62 1.04 0.66 1.06
Accumulated settlement (mm) 0.00 0.00 0.80 1.49 2.00 2.62 3.66 4.32 5.38
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Figure 7: Continued.
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Figure 7: Stress distribution characteristics. (a) Overall view. (b) Slice map.
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consistent with the direction of the local coordinate axis,
it is positive, and vice versa. *erefore, although the
tangential stress is positive on the left and negative on the
right, it is actually downward. *e stress of the side wall
near the intersection of the two sides of the pipe gallery
and the rock layer is large. From the stress slice diagram
in Figure 7(b), it can be seen that taking the interface at
the right wall of the first section of the pipe gallery as an
example, the bottom stress of the side wall is
25 kPa–45 kPa, which is positive and the direction is
upward. *e tangential stress at the top of the sidewall is
−30 kPa∼−60 kPa, negative and downward. It can be
speculated from the stress diagram that the stress of the
two sides and the four corners of the contact between the
pipe gallery and the base is relatively concentrated, which
may cause large displacement. *e bearing capacity of the
undisturbed soil of the foundation pit is directly related
to the treatment measures of the upper cushion. *ere-
fore, it is necessary to strengthen the cushion treatment of
this part.

4.2.2. Foundation Pit Displacement Analysis. By monitoring
the displacements, a map of the displacement distribution
characteristics was obtained, as shown in Figure 8.

Due to the stiffness difference between the pipe gallery
structure and the surrounding soil, the pipe gallery
structure also plays a certain role in limiting the settle-
ment of the surrounding soil. *e maximum surface
settlement below the segmental pipe gallery is about
0.2 mm, which is smaller than that of the surrounding
soil. Figure 8(b) Slice diagram shows that the vertical
displacement of the soil below the elevation of the pipe
gallery bottom plate, from the cross-sectional direction of

the pipe gallery (z axis direction), the settlement of the
soil on both sides of the bottom plate at the end of the
segmental pipe gallery is the largest, up to 0.6 mm, by
contrast, the settlement of the soil at the bottom plate of
the center of the pipe gallery is smaller, about 0.2 mm;
that is, because of the laying of the segmental pipe gallery,
the land on both sides of the base has been squeezed,
resulting in displacement, and larger than the land under
the pipe gallery. In conclusion, the overall displacement is
in a stable state, and the main displacement occurs in the
corners and on both sides. It is necessary to pay attention
to the treatment of the foundation in this part. *e
settlement of the bottom and foundation of different pipe
gallery will directly affect the overall mechanical per-
formance of the pipe gallery. If there is a certain range of
cushion separation will lead to uneven stress of the pipe
gallery, affecting the performance of the use, serious
concrete cracking, affecting the normal use and safety of
the structure [23].

5. Conclusion

(1) Combined with the existing ground survey report
and on-site observation, the current test pit of CCCC
(construction pit of integrated pipe corridor) and
CCCC is located in the same area of Rongdong, and
the two are close to each other, and the elevation is
roughly in the same range (test site elevation
−2.085m; original ground elevation 7.911m), and
most of the soils are powder and powder clay. *e
results are a guide to the design of the bedding layer
for the assembled integrated pipe corridor.

(2) According to the ground survey, it is known that the
characteristic value of foundation bearing capacity of
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Figure 8: Map of displacement distribution characteristics. (a) Overall view. (b) Slice map.
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powder soil and powder clay is 130 kPa, according to
the specification, the total loading amount is gen-
erally not less than 2 times of the design bearing
capacity, this test is considered according to 2.5 times
of the design bearing capacity, i.e. 320 kPa (diameter
of bearing plate 0.8m). Test results show that the
vertical loading to 320 kPa process, each experi-
mental group foundation soil overall displacement
settlement is small, mainly for the elastic deforma-
tion, foundation soil no cracks, no damage phe-
nomenon, take three groups of data average value as
foundation bearing capacity characteristic value of
153 kPa.

(3) According to the calculation of the straight line
section of the load settlement data, the foundation
soil bearing capacity deformation modulus is
E� 51.7MPa, 33.2MPa, 44.4MPa, and the average
value of deformation modulus is 43.1MPa, and the
foundation stiffness of 0.8m diameter circular
bearing plate is 94MPa/m, 60MPa/m, 81MPa/m,
and the average value is 78.2MPa/m. *e mean
values of 78.2MPa/m can be used as a basis for the
structural design of the corridor and the subsequent
superstructure test calculations.

*rough numerical simulation research found that the
soil settlement deformation process and the pipe corridor
relative displacement, the shear effect on both sides of the
pipe corridor; differential settlement under the influence of
the local surface of the pipe corridor may occur tensile
damage, the maximum displacement concentrated in both
sides of the pit reached 0.6mm, in the acceptable range.
*erefore, the lower base of the pipe corridor has good
bearing capacity and can meet the construction require-
ments of the installation stage of the integrated pipe corridor
sections. It is possible to avoid structural misalignment
points and prevent*e study will help similar projects in the
future. *is study will be useful for similar projects in the
future. *e study will be useful for similar projects in the
future.

Data Availability

All data, models, and code generated or used during the
study appear in the submitted article.
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)e self-bearing capacity of the rock masses has been a hot pot in the research of supporting technology in underground
engineering.)e pressure arch has been considered the main hypothesis to explain the self-bearing capacity of the rock masses. In
this paper, the engineering of the twin-parallel openings in the jointed rock masses was selected as the background of the research.
)e characteristics of the deformation or the movement of the rock masses above the openings were studied based on the pressure
arch theory. )e difference between the single opening and the twin-parallel openings has been revealed, and the mechanism has
also been illustrated. Besides, the joints’ strength, the in situ stress ratio, the distance between the two openings, and the excavation
sequence were selected as the variable parameters, and their influences have also been illustrated by the DEM method.

1. Introduction

With the development of underground engineering, the
engineering of the twin-parallel openings has been gradually
more and more frequently encountered in mining or tunnel
engineering. )e more complicated regularity of the de-
formation and movement of the rock masses shall be in-
duced by the neighbor opening, especially in the joint rock
masses. It has brought new challenges to design the eco-
nomic support to control the deformation and movement of
rock masses under this engineering condition.

In underground engineering, the initial equilibrium
within the rock masses will be disturbed when the opening is
excavated, and the stress of the rock masses in the vicinity of
the opening will be redistributed correspondingly and im-
mediately. )e rock masses around the opening will start to
deform or move towards the excavation space until the
supporting structure can bear the additional stress induced
by the deformation or movement of the rock masses [1–6].
Formerly, the supporting structure only referred to the man-
made construction, including the steel support, the concrete
wall. With the going deep of the research work, the self-
bearing capacity of rock masses has been revealed and been

gradually considered as the primary factor to maintain the
stability of the rock masses. )e formation process of this
understanding could be divided into three phases. Firstly,
the self-bearing structure of rock masses was revealed, es-
pecially the concept of the pressure arch was formed. Sec-
ondly, the corresponding support design method, which was
based on the concept that the main purpose of the sup-
porting was to enhance the self-bearing capacity of the rock
masses, was used for real engineering. )is phase could be
represented by the proposing and applying of the “New
Austrian tunnelling method” [7–11]. And finally, this phi-
losophy of the support design has been accepted by most
scholars and engineers in the world, and how to improve the
bearing capacity of the self-bearing structure of the rock
masses and assist the rock masses in stabilizing itself have
become a hot spot in the study of the underground engi-
neering [12].

)e arch effect is a common phenomenon in nature.)is
effect could help long-span structure remain stable and has
usually been used to construct the bridge, the gymnasium,
and other large space buildings. As a rule-of-thumb, the
pressure arch of rock masses, which has a similar stress
characteristic with the ordinary arch, has been considered as
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the main type of the self-bearing structure of rock masses.
When the opening is excavated, the weight of the over-
burden has mainly been converted into compressive stress
and transferred to the abutments through the pressure arch.
)e direction of the principal stress of the rock masses
within the arch area has been deflected, and the stress value
has elevated, while the stress of the rock masses below the
arch area has decreased significantly. )e overlying weight
has been resisted by the pressure arch finally. )e formation
of a pressure arch could prevent the further deformation or
movement of the rock masses [13–16].

Various relevant factors for the arch formation have
been selected as the study objects.)e cover depth and the in
situ stress ratio have been considered as the most important
factor which could influence the formation and the char-
acteristics of the pressure arch [15, 17, 18]. As a rule-of-
thumb, the greater depth and the greater in situ press ratio
have a significant positive impact on the formation of the
pressure arch and the stability of the opening, especially
when the in situ stress ratio and the arching degree are lower.
Besides that, the strength of the rock masses, the excavation
roof rise-to-span ratio, and so on have also been considered
and could be beneficial or adverse to the formation of the
pressure arch in different engineering conditions. However,
the influence has been slightly weak.

)e method used to study the pressure arch of the rock
masses has beenmainly focused on the numerical simulation
method or the simplified mechanical model. )e in situ
observation method has been seldom used due to economic
and technical restrictions. )e mechanical model has been
built based on the Voussoir beam or the arch theory
[13, 19–21].)e thrust line could be used to evaluate the arch
behavior of the rock masses [22]. Due to the complexity of
underground engineering, the mechanical model has only
assisted researchers in finding the relevant factors of the
formation or the failure modes of the rock pressure arch. To
further reveal the mechanism of the pressure arch, labo-
ratory experiments, which mainly refer to the physical
simulation experiment, have been employed [14, 20, 23]. To
a certain extent, the physical simulation experiment could
reflect the real regularity. However, the deeper mechanism
of the pressure arch could not be revealed due to the
monitoring methods and economic considerations. Hence
the numerical simulation method has gradually become the
priority method to research the pressure arch. )e finite
differencemethod (FDM, e.g., FLAC, FlAC3D) and the finite
element method (FEM, e.g., ABAQUS, ANSYS), which are
based on the continuous medium, have been widely used to
reflect the redistribution of the stress and the development of
the pressure arch under the various parameters or the
different engineering conditions [15-18], [24-27]. However,
the continuous medium method could not well reflect the
regularity of the movement of the rock masses. )e dis-
continuous faces, e.g., joints, faults, have a nonnegligible
impact on the deformation of the rock masses. Hence, the
numerical method which is based on the discontinuous
theory has been gradually adopted to research the problem
in underground engineering. )e representative method
includes the discrete element method (DEM, e.g., UDEC

[19], PFC3D [28]) and the discrete element discontinuous
deformation analysis (DDA) [13, 21].

Previous studies have obtained the profound compre-
hension of the pressure arch in the surrounding rock masses
of the opening. However, accurate evaluation of the char-
acteristics of the arch distribution above the twin-parallel
openings in the jointed rock masses is still a challenging task.
)e joint leads to the anisotropic deformation of the rock
masses and weakens the strength of the rock masses and has
a nonnegligible influence on the deformation of the rock
masses. In addition, the neighbor opening shall inevitably
influence the movement or the deformation of the sur-
rounding rock masses of the other opening.

)is paper aimed to gain an in-depth understanding of
the characteristics of the pressure arch above the twin-parallel
openings in the jointed rock masses. )e difference of the
pressure arch between the twin-parallel openings and the
single opening was discussed. )e friction angle of the joints
(φ), the in situ stress ratio (K0), and the distance between the
twin-parallel openings (L) were selected as the study pa-
rameters. )eir effect was obtained by the numerical simu-
lation method, respectively. With 20 groups of the numerical
simulation, the characteristics of the pressure arch above the
twin-parallel openings and the influence of the study pa-
rameters were analyzed in detail and clearly revealed.

2. The DEM Model

)e chief stumbling block to research the pressure arch in
the rock masses is that the pressure arch has been hard to
investigate, and this difficulty has also limited the previous
progress of understanding the pressure arch. With the
numerical simulation method development, it becomes
possible to observe the formation and the distribution of
pressure arch directly and thoroughly. )e discrete element
method (DEM) is a discontinuous-based method, which
treats the analysis domain as an assemblage of discrete
blocks and is very suitable to the studies of jointed rock
masses or blocky systems. It could well evaluate the influence
of the discontinuous faces on the deformation or the
movement of the rock masses by directly constructing the
discontinuous faces (such as joints, faults) in the model. To
achieve a clear understanding of the characteristics of
pressure arch above the twin-parallel openings in the jointed
rock mass, five series of numerical experiment were
employed with the DEM method.

)e laminated rock mass, which usually belongs to the
sedimentary rock mass, was considered in this study. )e
laminated rock mass usually exhibits a geological structure
known as “mechanical layering” where the joints are
bounded by the bedding plane boundaries and usually nearly
perpendicular to the bedding planes [13]. )e laminated
rock mass is frequently encountered in underground ex-
cavations in metro construction, the tunneling engineering,
and coal or metal mining. Based on the structural features in
the laminated rock mass, two sets of orthogonal discon-
tinuous faces were constructed in the model, which simu-
lated the vertical joints and the horizontal stratum faces,
respectively.
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)e numerical model was illustrated in Figure 1. )e
height of the research domain was 100m, and the width was
200m. )e thickness of each rock layer was 1m, and the
spacing between joints was also 1m. Both openings’ span
were set as 10m, and the distance between them was set as L.

)e rock material was regarded as linearly elastic with
ρ � 2700 kg/m3, Young’s modulus E � 10GPa, and Pois-
son’s ratio v � 0.25. )e joints’ deformation and movement
were assumed to follow the Coulomb-Slip model, with the
tensile and cohesion strength set as zero to simplify the
computation, and the friction angle of the joints (φ) was
selected as a variable in this study. )e gravitational ac-
celeration g was set as 10m/s2, and the in situ (horizontal/
vertical) stress ratio (K0) changed in the range from 0.3 to
1.2 in this paper. Besides, the sequence of the excavation of
the two openings was also considered in the simulation.

)e two lateral sides of the model were fixed in the
horizontal direction, and the bottom boundary of the model
was fixed in the vertical direction.

)e computation was divided into two stages. At the first
stage, the vertical in situ stress ρgh and horizontal in situ
stressK0ρgh were added to the analysis domain, where hwas
the overburden depth and K0 was the in situ (horizontal/
vertical) stress ratio that was also called the lateral pressure
ratio. An in situ stress equilibrium in the analysis domain
could be achieved after tens of thousands of iterations. At the
second stage, the displacement constraint where the two
openings were located were removed simultaneously or
successively to simulate the different excavation sequences.

)e detailed studied parameter design of the numerical
experiments was shown in Table 1.

Series a was aimed to compare the difference of the
characteristics of the pressure arch between the twin-parallel
openings and the single opening. )e numerical model of
case a1 was only designed with one opening, and the other
settings were the same as case a2.

Series b was designed to reveal the effect of joint’s
strength. To simplify the analyzing process, only the friction
angle of the joints (φ) was selected as the representative
parameter to reflect the strength of the joints. )e friction
angel in this series varied as 5°, 10°, 15°, 20°, 25°, 30°, and the
other parameters were kept constant.

Series c was employed to reflect the influence of the in
situ stress ratio (K0). )e values of the in situ stress ratio
were chosen as 0.3, 0.5, 0.7, 1, 1.2, and the other parameters
were fixed. )e cases were numbered as c1-c5 in Table 1.

Series d focused on the effect of the distance between the
two openings (L). )e distance value varied as 5m, 10m,
15m, 20m, 30m, 40m, 50m. )e other parameters
remained unchanged. )e cases were designated as d1-d7,
which are shown in Table 1.

Series e were conducted to examine the influence of the
excavation sequence. )ere were two excavation situations
considered in this study. In the first situation, two openings
were excavated at the same time. In the second situation, one
opening was excavated firstly, and after achieving the stress
equilibrium, the other opening started to be excavated. )e
other parameters remained fixed. )e cases were labeled by
e1–e4.

3. Results and Discussions

To reveal the regularity related to the pressure arch above the
twin-parallel openings of the jointed rock masses, the results
of the numerical experiments mentioned above were ana-
lyzed in this section. )e analysis domain was selected as
100m width and 50m height, which could speed up the data
processing with ensuring the accuracy of the analysis. )e
middle rock wall was one of the characteristic structures of
the engineering of the twin-parallel openings. )e magni-
tude of the vertical stress in the middle rock wall was an-
alyzed to reveal the difference among the cases in one series
due to the main direction of the maximum principal stress in
the middle rock wall being vertical. )e directions of the
maximum principal stresses in the rock masses above the
opening were deflected greatly; hence the direction of the
maximum principal stress of the rock masses upper the
middle of the opening was analyzed to reflect the influence of
the different conditions.

3.1. .e Characteristics of the Stress Distribution. A repre-
sentative model case (case: a2) of the twin-parallel openings
was compared with the model of the single opening (case: a1).
All the conditions were the same except the openings number
in the two comparative cases.

)e distribution of the maximum principal stress
(σmax−principal) vectors after excavation is shown in Figure 2.
Before the excavation, the maximum principal stress was
mainly in the vertical direction, while the minimum prin-
cipal stress was in the horizontal direction when the in situ
ratio (K0) was less than 1. )e magnitude of the maximum
principal stress and the minimum principal stress increased
linearly with depth increasing. Following the excavation, the
maximum principal stress in the vicinity of the opening was
redistributed immediately. )e closer to the opening, the
greater the direction of the maximum principal stress de-
viated from the vertical direction. )e characteristics of the
distribution of the maximum principal stress could be
discussed from the following two aspects.

3.1.1. .e Partition of Rock Masses. Whether the single
opening or the twin-parallel openings, according to the
characteristics of the maximum principal stress vectors, the
surrounding rock masses above the opening could be di-
vided into three areas. )e three areas are the local pressure
arch area, the global pressure arch area, and the uninflu-
enced area, respectively, from the roof of the opening to the
ground.

)e local pressure arch area has been characterized by
the obvious deflection of the maximum principal stress,
especially the nearly horizontal maximum principal stress
appearing. )e local pressure arch could be further divided
into two zones according to nearly horizontal maximum
principal stress. One zone refers to the margin of this area,
where the stress has significantly deflected an arch-shaped
structure formed according to the arch-similar shape of the
maximum principal stresses trace in this zone. )e weight of
the overburden has been sustained by this arch-shaped
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structure and has been transferred to the abutments. Be-
neath this structure is the other zone; the maximum prin-
cipal stress of the rock mass has changed from the vertical to
the almost horizontal direction. )e stress state of this zone
is like a beam and presents the rock masses that only support
its own weight, and this zone could also be named the
loosened zone. In this zone, the rock masses have no longer
resisted the overlying pressure, and two common failure
modes of the rock masses could be generated under their
own weight, including sliding failure along the joints and the
snap-through failure, as shown in Figure 3.

)e mechanism of the sliding failure of the rock masses
under the arch structure in the local pressure arch area is
illustrated in Figure 4. )e beam concept in mechanics is
used in the following analysis. )e stability of the beam

highly depends on the shear resistance provided by the
joints. )e maximum shear stress τmax in the beam is as
follows:

τmax �
bq

2h
, (1)

where b was the wide of the opening, q was the pressure of
the overburden weight, h was the thickness of the beam.

Supposing that the shear strength of the joints was τf,
and according to the Mohr-Coulomb model,

τf � σfk, (2)

where σ referred to the normal stress in the joints’ face and
could be computed by σ � K0q, K0 was the in situ stress
ratio. fk was expressed by fk � c/σ + tanφ, and c was the
cohesion, φ was the friction angle. )e stability condition
could be obtained as follows:

h �
0.5b

K0fk

. (3)

It could be seen that the magnitude of the K0 was a key
factor to ensure the beam sustainable.

)e other possible failure mode is a snap-through failure.
)e theory of the thrust line based on the arch structure
could be used to assess the possibility of this type of failure
[21, 22]. )e thrust line is a curve representing the equi-
librium of the beam under the vertical loading. )e snap-
through failure shall happen when the thrust line exceeds the
beam upper boundary, as shown in Figure 3.)emechanical
calculation model is shown in Figure 4. )e position of the
thrust line could be computed as follow.

Assume one point i (x, y) located on the thrust line, the
bending moment (M) of this point could be given by the
following:

M �
qx

2
(b − x) − Hy. (4)

Let M � 0, the position of the thrust line could be ob-
tained as follows:

y �
qx

2H
(b − x). (5)
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Figure 1: Numerical models used in the simulation.

Table 1: Design of the numerical experiment.

Series Case φ (°) K0 L Excavation sequence

a a1 20 0.7 One opening —
a2 20 0.7 5 One time

b

b1 5 0.7 10 One time
b2 10 0.7 10 One time
b3 15 0.7 10 One time
b4 20 0.7 10 One time
b5 25 0.7 10 One time
b6 30 0.7 10 One time

c

c1 20 0.3 10 One time
c2 20 0.5 10 One time

c3 (b4) 20 0.7 10 One time
c4 20 1 10 One time
c5 20 1.2 10 One time

d

d1 (a2) 20 0.7 5 One time
d2 (b4) 20 0.7 10 One time

d3 20 0.7 15 One time
d4 20 0.7 20 One time
d5 20 0.7 30 One time
d6 20 0.7 40 One time
d7 20 0.7 50 One time

e

e1 (b4) 20 0.7 10 One time
e2 20 0.7 10 Two times
e3 5 0.5 10 One time
e4 5 0.5 10 Two times
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It could be seen that the horizontal force H has a sig-
nificant influence on the position of the thrust line. Fur-
thermore, the in situ ratio has determined the possibility of
the occurrence of the snap-failure.

)e global pressure arch area is above the local pressure
arch area, and the extent of the maximum principal stress
deflection is much less than the local pressure arch area.
)ere is no horizontal stress. )e maximum principal
stresses in the middle of this area are almost vertical. )e
rockmasses in this area havemainly acted as a stress-transfer

role, and it could be considered as a transition area of the
stress redistribution.

Over the global arch area, the stress state of rock masses
has no obvious variation. )e maximum principal stress has
remained in the vertical direction and linearly increased with
the depth.

It must be noted that the separation of the middle rock
wall around the opening is relative complexity. )e middle
rock wall should not be totally contained in the local
pressure arch. Only the part in which the direction of the
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Figure 2: )e maximum principal stress vector after excavation. (a) Case a1, single opening; (b) Case a2, twin-parallel opening.

Slip Slip

Weight
Abutment Abutment

(a)

Unstable thrust line
Stable thrust line

Weight
Abutment Abutment

(b)

Figure 3: )e failure modes of the loosened zone. (a) )e slip failure; (b) )e snap failure.
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principal stress has been significantly shifted could be
considered in the area of the local pressure arch. And the
middle part of the middle rock wall could not be classified as
any separation due to the principal stress being still vertical.
)e area of the middle rock wall which is above the local
pressure arch, could be considered as part of the global arch
area, following the partition principle described in this
paper.

3.1.2. .e Differences between the Single Opening and the
Twin-Parallel Openings. In the single opening condition, the
stress distribution is symmetric around themiddle line of the
opening, whereas the axis of symmetry changes to the
middle line of the middle rock wall, and the stress in the
vicinity of one opening has not been symmetry around the
middle line of the opening in the condition of the twin-
parallel opening.

On the single opening condition, the directions of the
maximum principal stress of the rock masses on the left of
the symmetry axis shift to the left, and the right points to the
right. However, under the condition of the twin-parallel
openings, although the directions of the maximum principal
stress have been symmetry about the middle line of the
middle rock wall, the directions of rock masses on the one
side of the symmetry axis are not unanimous. )ree areas
could be divided based on the direction of the maximum
principal stress, as shown in Figure 5. )e formation

mechanism of this phenomenon could be illustrated as
follow.

Assuming one single opening, the direction of the
maximum principal stress is symmetrical around the middle
line of the opening: the stress on the left of the symmetry axis
shifts to the left, and the right stress points to the right.
Consider the twin-parallel openings, when the distance of
the two openings is small. )e resultant stress could be
computed as Figure 5. )e magnitudes of the stresses in-
duced by the two openings at the same position in area 1 are
nearly equal, and the directions of the stresses are almost
symmetrical; hence the directions of the resultant stress in
area 1 are almost vertical. In area 2, the directions of the
resultant stress are different between the upper and lower
section. To illustrate the reason for the difference, the left half
of the model is taken as an example. In the upper of area 2,
the stresses induced by the left opening (the stress vector
coloured by green in Figure 5) slightly deflects and points to
the right side. )e stresses induced by the right opening (the
stress vector colored by red in Figure 5) mainly point to the
left side. )e horizontal components of the red stress vectors
are bigger than the green stress vectors. It results in the
resultant stress (the resultant stress vector colored by black
in Figure 5) pointing to the left. Following the depth in-
creases, the direction of the red stress vectors gradually
changes to the vertical direction, and the horizontal com-
ponent of the red stress is inadequate to offset the horizontal
component of the green stress; hence the resultant stress

b

h

q

q1q1

(a)

Point i (x,y)

thrust line

b

y

xH H

q

q1q1

(b)

Figure 4: )e mechanical model of the loosened zone. (a) )e slip failure; (b) )e snap-through failure.

6 Advances in Civil Engineering



gradually points to the right again. )e direction of the
maximum principal stresses in area 3 is consistent with the
stress distribution of the single opening condition due to the
directions of stress induced by two openings being similar.

3.2. Effect of the Joints’ Strength. To examine the effect of the
joint’s strength on the formation of the pressure arch, six
cases with the friction angle (φ) of the joints from 5° to 30°
were designed and simulated (case: b1-b6). Cohesion was
not considered in this paper because it could simplify the
process of computing and result in analysis using one pa-
rameter to evaluate the joint’s strength.

3.2.1. .e Stress in the Middle Rock Wall. As mentioned
above, the maximum principal stresses of the middle rock
wall have mainly pointed to the vertical direction.)erefore,
the differences between the cases in series b have mainly
concentrated on the magnitude of the vertical stress. A
survey line is set along the middle of the middle rock wall;
the stress of the points located on or near this line could be
obtained. )e curves of the vertical stress versus the distance
to the opening are shown in Figure 6.

)ere are two distinctly different parts of the change of
the stress along the middle line of the middle rock wall. In
the first part, the stresses have exceeded the origin in situ
stress and increased with the decreasing of the distance to
the opening (the red area in Figure 6). It indicates that the
pressure arch delivers the overlaying stress to the middle
rock wall. )e increment of the stress has induced the
additional strain, and the additional strain of the rock
masses of this area has offered the deformation space for

the upper rock masses. )e stress relief shall occur in the
upper of the middle rock wall immediately, and then the
stresses of the upper rock masses have fallen below the in
situ origin stress, as shown in the green area in Figure 6.
)e curves in the green area are the second part men-
tioned above. )e in situ stress could be computed by the
formula “ρgh”. )is process has been illustrated in
Figure 7.
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Area 1Area 2 Area 3
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Global arch area
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the opening the opening the opening
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Figure 5: )e mechanical analysis of the direction of the maximum principal stress of the rock masses.
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With the increasing of the friction angle (φ) of the joints,
the magnitude of the stresses is different at the same distance
to the opening. When closing to the opening, the smaller
friction angle (φ) of the joints leads to the greater stress. It
means that the greater overlying pressure, which is applied
on the local pressure arch, could be formed in the rock
masses with the lower joint’s strength. In other words, the
local pressure arch shall transfer the greater overlying stress
to the middle rock wall when the strength of joints is lower.
)e greater stress results in the greater strain of the lower
part of the middle rock wall and the greater release space for
the upper rock masses, and then the stress decrease of the
upper rock masses is increased. Hence, the stress is lower
when the friction angle (φ) is lower at a far distance to the
opening, as shown in the green area in Figure 6.

3.2.2. .e Stress above the Opening. )e direction of the
maximum principal stress of the rock masses above the
opening was selected as an indicator to reveal the influence
of different friction angle (φ) of joints. )e curves of the
direction of the maximum principal stress, which is defined
by the angle between the stress and the horizontal direction
versus the distance to the opening, are shown in Figure 8.

When the distance to the opening is large, the stress
vector mainly points to the vertical, and the amplitude of
direction change is small (Section 1 in Figure 8). And then,
the vector changes to horizontal quickly until nearly
approaching the horizontal direction (Section 2 in Fig-
ure 8). Finally, the stress was mainly along the horizontal

direction and almost no longer changed with the distance
decreasing (Section 3 in Figure 8). A typical point, as shown
as the boundary point in Figure 8, could be noticed. Below
this point, the maximum principal stress has begun to shift
to the horizontal, which means that the area below this
point is the local pressure arch, according to the definition
of the local pressure arch in this paper. In other words, this
point could be regarded as the upper boundary of the local
arch.

opening

σ maximum principal stress

opening

Deformation space
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Figure 7: )e illustration of the stress change in the middle rock wall.
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)e greater the friction angle (φ) of the joints, the smaller
the distance between the boundary point and the opening. It
shows that the local pressure arch position has a close re-
lationship with the strength of joints, and the higher strength
rock masses could lead to the lower local arch. )e ap-
proximate distance between the boundary point and the
opening is 23m in case a1, whereas only 15m in case a2 with
the friction angle (φ) of the joints has been only improved 5°.
From case a2 to case a6, the increment of the friction angle of
the joints is 20°. However, the distance between the
boundary point and the opening has been changed to 5 m.
)e upper boundary of the local arch has an obvious change
with the variation of the joint’ s strength when the joint’s
strength is relatively small, to put it differently, the position
of the local pressure arch has been more sensitive to the
changes of the joints’ strength when joints’ strength is small.

3.3. Effect of the In Situ Stress Ratio

3.3.1. .e Stress in the Middle Rock Wall. )e curves of the
magnitude of the vertical stress versus the distance to the
opening are shown in Figure 9. )e vertical stress in the
middle rock wall could not be significantly affected by the
change of the in situ ratio (K0). )e vertical stress of the
upper rock masses of the middle rock wall has been released
due to the compression deformation of the lower rock
masses, and the value of vertical stress of the upper rock
masses in the middle rock wall has decreased to below the in
situ vertical stress, whereas the lower has increased to exceed
the in situ stress, as mentioned above.

3.3.2. .e Stress above the Openings. )e curves of the angle
between the maximum stress and the horizontal direction
versus the distance to the opening have been plotted in
Figure 10. )e curves of the cases with different in situ stress
ratios have presented two typical shapes, which means there
are two different characteristics of the stress distribution
while the in situ ratio is bigger than 1 or less than 1. When
the in situ ratio is less than 1 and the distance to the opening
is large, the maximum principal stress has mainly pointed to
the vertical direction and is slightly deflected. Following the
distance decreases, the direction of the stress has rapidly
changed to the horizontal in the several meters. And then,
the stress has mainly pointed to the horizontal direction.
However, when the in situ ratio is greater than 1, the origin
maximum principal stress has pointed to the horizontal
direction before the opening excavating. After the excava-
tion, the stress has been redistributed, and the direction of
the stress of the rockmasses, which are relatively far from the
opening, have slightly shifted to the vertical. And with the
distance to the opening decreasing, the direction of the stress
has gradually recovered the horizontal direction.

When the in situ ration is larger than 1, the arch
structure would no longer mainly transfer the overlying
pressure to the abutments. )e overlying pressure is gen-
erally considered to be induced by the weight of the over-
lying rock masses. )e lateral pressure would be the main
force that the arch should bear. )e mechanism of the arch

formation and deformation should be thoroughly
reanalyzed.

3.4. Effect of the Distance of the Twin-Parallel Openings.
Seven cases with varies L (the distance between the two
openings, or the width of the middle rock wall) of 5m, 10m,
15m, 20m, 25m, 30m, 40m, 50m were considered to reveal
the effect of the distance between the two openings. )e
vertical stress of the middle rock wall and the direction of the
maximum principal stress has been analyzed in this section.

3.4.1. .e Stress in the Middle Rock Wall. Similar to the
previous series, a survey line is set along the middle of the
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10 20 30 40 50 60 70 80 900

The angle between the maximum principal stress and the horizontal direction (°)

0

10

20

30

40

50

Th
e d

ist
an

ce
 to

 th
e o

pe
ni

ng
 (m

)

case c1
case c2
case c3

case c4
case c5

Figure 10:)e relationship between the direction of the maximum
principal stress and the distance to the opening.

Advances in Civil Engineering 9



middle rock wall, and the stress of the points located on or
near this line has been extracted. )e curves of the vertical
stress versus the distance to the opening are shown in
Figure 11.

As shown in Figure 11, the larger the distance between
the two openings (L), the closer the vertical stress curves and
the in situ stress line are to each other. Especially, in case d6
(L � 40m) and case d7 ((L � 50m), the stress curves have
almost coincided with the in situ stress line. It shows that the
neighbor opening has nearly no effect on the other opening
when their distance is greater than 40∼50m in the model of
this paper.

Besides, the shape characteristic of the curves of the
different cases has been mainly consistent. As analyzed
above, the vertical stress has exceeded the in situ origin stress
in the rock masses closing to the opening, and the com-
pression deformation of the lower rock masses induces the
stress relief of the upper rock masses in the middle rock wall.
)is shape characteristic could not change with various
distances between the two openings (L).

3.4.2. .e Stress above the Openings. )e curves of the angle
between the maximum principal stress and the horizontal
direction versus the distance to the opening with various L

have been shown in Figure 12.
)e results have presented a certain fluctuation among

the different cases in the series d; however, it could still
reflect some regularity with the change of the distance be-
tween the two openings (L). )e main characteristic of the
curves of the different cases has remained unanimous with
the previously analyzed. In the upper of the rock masses
above the opening (approximately h> 15m in this paper),
the deflection angle of the direction of the stress has
gradually decreased with the L (the distance between the two

openings) increasing at the same distance to the opening.
)e influence of the neighbor opening on the other opening
has been obviously weakened with the L increasing. )e
position of the boundary point, which is considered as the
upper boundary of the local arch in this paper, has decreased
from case c1 (L � 5m) to case c7 (L � 50m). It shows that
the pressure acting on the local pressure arch has decreased
with the L (distance between the two openings) increasing.
In other words, the neighbor opening has induced the
weakening of the rock masses strength and the increment of
the overlying pressure. )e influence would be weakened
with the L (the distance between the two openings)
increasing.

3.5. Effect of the Excavation Sequence. To investigate the
influence of the excavation sequence, the series e was
designed. Firstly, cases e1 and e2, which had the same pa-
rameter values, were compared. However, there were no
obvious differences between cases e1 and e2, according to the
magnitude of the vertical stress in the middle rock wall and
the direction of the maximum principal stress above the
opening.

Considering that the reason for no obvious difference
between case e1 and e2 was that there was no collapse in
these two cases, and the stress in case e2 could be recovered
after the neighbor opening excavating. Case e3 and case e4,
in which the collapse could occur, were employed to further
research. However, it is still not significantly changed be-
tween cases e3 and e4. Hence, it could be concluded that the
sequence of the excavation has only a slight impact on the
deformation of the rock masses above the opening.

)e curves of the magnitude of the vertical stress in the
middle rock wall and the direction deflection of the maxi-
mum principal stress versus the distance to the opening have
been shown in Figures 13 and 14, respectively. And the curve
of case e1 has been almost covered by case e2 in Figure 13.
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4. Conclusion

In this paper, the characteristics of pressure arch above the
twin-parallel openings in the jointed rock masses were
studied using the DEM method. Five series of numerical
experiments were conducted with different research pa-
rameters. )e joint’s strength (φ), the in situ ratio (K0), the
distance between the two openings (L), and the excavation
sequence were considered as the examined variables, re-
spectively. )e followings are mainly conclusions obtained
in this paper.

(1) Whether single opening or the twin-parallel open-
ings, the rock masses above the opening could be
divided into three areas based on the direction of the
maximum principal stress after excavation. )e local
arch area, which is closed to the opening, is char-
acterized by the heavy deflection of the maximum
principal stress and the appearance of the horizontal
maximum principal stress. )e local arch area could
be further divided into two zones, including the zone
of the margin of this area where the heavy deflection
of the maximum principal stress has been distrib-
uted, and the zone of the loosened rockmasses where
the horizontal maximum principal stress has been
mainly appearance. )e global arch area, which is
above the local area, is generally symmetric of the
middle line of the opening (the single opening
condition) or the middle line of the middle rock wall
(the twin-parallel opening condition). )e uninflu-
enced area, which is located above the global area, is
the area that the maximum principal stress remains
vertical as before excavating.

(2) )ere are two modes of failure which could occur in
the loosened zone of the local arch area, including
the sliding failure and the snap-through failure. )e
mechanical analysis of the two modes has been given
in this paper, respectively.

(3) )e differences in the distribution of the maximum
principal stress above the opening between the single
opening and the twin-parallel openings are mainly
focused on the stress distribution around the area of
the middle rock wall. In the twin-parallel openings
situation, although the maximum principal stresses
are still symmetrical about the middle line of the
middle rock wall, the stresses around the opening are
no longer symmetrical about the middle line of the
opening. Besides that, the directions of the maxi-
mum principal stresses around the middle rock wall
are not unique. )e mechanism of this phenomenon
has been illustrated using the superposition of
stresses.

(4) )e lower friction angle (φ) leads to the lower
strength of the joints, and the lower strength of joints
could result in the greater overlying pressure and the
higher position of the local arch. )e stress change is
more sensitive to the friction angle (φ) when the
friction angle (φ) is lower, including the magnitude
of the vertical stress in the middle rock wall and the
direction of the maximum principal stress above the
opening.

(5) )e in situ stress ratio (K0) has a key impact on the
failure modes of the loosened zone, according to the
mechanical analysis. Besides, the directions of the
maximum principal stresses above the opening have
also been strongly influenced by the in situ stress
ratio (K0). At the same distance to the opening, the
greater the in situ stress ratio (K0), the greater the
maximum principal stresses are deflected. However,
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the magnitude of the vertical stress in the middle
rock wall has been slightly impacted with the in situ
stress ratio changing. It is worth noting that the
distribution of the in situ maximum principal stress
has been distinctly different when the in situ stress
ratio is bigger than 1 or less than 1, and this could
result in the different deformation mechanisms of
the rock arch. When the in situ stress ratio is bigger
than 1, all the conclusions should be reanalyzed
thoroughly.

(6) )e influence of the neighbor opening has been
decreased with the increasing of the distance be-
tween the two openings (L), according to the
magnitude of the vertical stress in the middle rock
wall and the direction of the maximum principal
stress above the opening. In this paper, when
L≥ 40 ∼ 50m, the influence has been weak. Besides,
the pressure of the local arch bearing has also been
decreased with the increase of the L, which could be
reflected by the change of the upper boundary of the
local arch.

(7) )ere is no obvious difference between the once
excavation and the twice excavation in the models of
this paper, whether the collapses occur or not. )e
excavation sequence has a slight influence on the
deformation or the movement of the rock masses
above the opening.
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,e upper corner gas overrun caused by goaf gas gushing in the high-gas mine can be mitigated by roof positioning of long
boreholes in the goaf fracture zone, creating an artificial gas migration channel and achieving safe comining of coal and gas. ,is
study numerically simulated the fracture evolution in the coal rock overlying goaf in workface #2-104 of the Detong Mine, China.
Using the O-shaped circle theory and the FLAC3D commercial software package, the range parameters of goaf fracture zone gas-
concentrated areas were obtained by defining the pressure relief coefficient, which provided a basis for the arrangement of holes in
the goaf located at 15m from the workface goaf collapse zone to the workface floor and 15–60m from the structure zone to the
workface. According to the obtained goaf parameters, the distribution andmigration law in the goaf under the conditions of initial
state and extraction with different roof borehole parameters were simulated by the FLUENT software. ,e optimal borehole
location was 30m from the floor and 25m from the return airway. ,e field experiment with three boreholes arranged in the
optimal extraction position provided the extraction concentration in the borehole above 30%, the gas extraction volume of
12m3·min−1, and the concentration at the upper corner below 1%, which ensured safe coal and gas comining.

1. Introduction

While coal mining intensity and depth keep growing an-
nually with increased coal demand, mine productivity is
restricted by gas outburst risks. Since mining gas is also a
clean energy resource, the realization of coal and gas
comining is conducive to improving the utilization rate of
resources and reducing greenhouse gas emissions [1].
Influenced by the mining and overburden, the fracture zone
generated by the bending and separation of the goaf roof
becomes a high-concentration gas area, which is the key area
to control goaf gas and prevent the overrun of the upper
corner gas of the mining face [2]. A recent theoretical study
comprehensively integrated the O-shaped circle theory,
pressure relief mining and pumping, and coal and gas
comining [3]. Based on the subsidence of a coal mine in

Britain, Fang et al. [4] reported that the compaction and
stress recovery of rock mass in goaf were mainly related to
mining height, buried depth, and other parameters. ,ey
performed the numerical regression analysis of the goaf
compaction mechanical properties via the FLAC3D software.
Cheng et al. [5] concluded that the mining fracture of the
overburden had the characteristics of ∩-shaped high cap.
Qian and Xu [6] revealed a circular fault zone developed
above the goaf, constituting a gas accumulation zone and
migration channel. Yavuz [7] analyzed the elliptical para-
boloid zone’s pressure relief gas extraction mechanism and
proposed the corresponding coal and methane comining
technology. Karacan et al. [8] investigated the effect of the
coal mining fracture field on mining stress distribution and
coal seam gas pressure. Guo et al [9] coupled the perme-
ability field with the results of the mechanical model and
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proposed a comprehensive “dynamic” gas reservoir model to
simulate the effect of gas gushing and extraction on goaf gas
production. Li et al. [10] analyzed the evolution and de-
velopment law of the goaf gas macroflow channel based on
the scale and time effect of the rock mass. Although the
above studies provide a theoretical basis for gas accumu-
lation in the goaf and the realization of coal and gas
comining, no practical control measures have been pro-
posed. ,e method proposed in Li et al. [10] can solve the
problem of gas accumulation and lacks operability in
practical applications. According to the evolution of goaf
overburden fracture under mining, the extraction height of
roof HLB and its optimal extraction parameters were de-
termined through numerical simulation.

2. Fracture Development of Overburden and
Gas Accumulation in the Upper
Corner in Goaf

After mining the coal seam, the coal rock mass accumulates
in goaf. According to the evolution of coal rock mass, ac-
cumulation state, and gas flow characteristics, the mining
space can be subdivided into collapse zone, fracture zone,
and bending subsidence zone [11]. ,e coal seam mining
reduces the goaf support, triggering numerous secondary
fractures in the collapse and fracture zones, which turn into
the main migration channel for the gas. With the workface
advance, macrocracks developed in the overburden in the
middle of goaf are gradually compacted and closed by the
ground pressure. ,e porosity in goaf exhibits nonuniform
and continuous distribution patterns, resulting in an
O-shaped structure zone [12]. ,e gas in goaf floats up and
accumulates in the O-shaped structure zone due to the
buoyancy, forming gas concentration areas. ,e schematic
diagram of the three-band distribution has been shown in
Figure 1. Due to goaf air leakage, gas flows into the upper
corner, resulting in gas overrun [13].

Under U-shaped ventilation conditions, the air flow in
the goaf flows from the transportation lane of the working
face to the cut-off hole of the working face, a small part of
which flows to the goaf, and most of the working face flows.
,e air leakage in the goaf presents a parabolic shape, which
brings out the gas in the deep part of the goaf, where the
upper corners of the working surface meet, so that the upper
corner of the working surface has a higher gas concentration.
At the same time, because the upper corner of the coal
mining face is close to the coal wall and the goaf, when the
wind flow passes the end of the working face, the wind speed
near the coal wall is reduced due to the sudden vertical turn
of the roadway, and vortex phenomenon appears in the
upper corner of the working face. ,ere is a phenomenon of
air circulation in the vicinity, so that the gas in the goaf and
working face is not easily taken away by the wind, and the
gas in the upper corner is prone to accumulate.

,erefore, besides controlling the air leakage in goaf, one
has to provide the goaf gas control and upper corner gas
overrun prevention. To this end, a continuous artificial
negative pressure channel should be set in the gas

concentration area in the fracture zone, overlying the goaf to
drain the gas in goaf by the pressure gradient to prevent
gushing out of high-concentration gas.

3. Determination of the High-Efficiency
Pumping Area of Goaf Gas

3.1. Evolution of Goaf Overburden Simulated by FLAC3D.
To investigate the evolution of overburden in goaf after coal
seam mining and determine the optimal position of roof
HLB, this study used the FLAC3D software package for
simulating the plastic stress variation and distribution of
overburden after coal seam mining, which provided a basis
for studying goaf gas movement law and determining the
optimal extraction parameters.

Detong Coal Mine is located in Linfen City, Shanxi
Province, and the mine field is located in the north of
Hedong Coal Field, the coal mining method of the working
face has adopted the strike longwall mining method, the
average thickness of the coal seam is 5m, the mining height
is 4m, and the coal seam is buried at a depth of about 390m.
,e “U” type ventilation method is used and the roof li-
thology is sandy mudstone and mudstone, and the floor
lithology is mudstone and sandy mudstone. Based on
workface 20104 of the Detong Mine, distance a model with a
length of 430m, a width of 295m, and a height of 382.3m
was established in this paper. According to the field mea-
surement results, the model’s vertical and horizontal stresses
(σz and σx) were 20 and 18MPa, respectively. ,e main
mechanical parameters of numerical simulation were ob-
tained based on the geological data and geological histo-
gram. ,e Mohr–Coulomb criterion was adopted for
stresses in the simulation [14]. ,e particular strata of the
coal rock mass are described in Table 1, and the established
model is shown in Figure 2(a).

,e length of a unit square in Figure 2 in the direction of
the coal seam advance was 5m. When the excavation length
reached 120m, the plastic failure area continued to expand
along the advancement direction but remained stable and
unchanged in the vertical direction. ,e range of the plastic
failure area was 60m from the floor, and its upper limit
could be considered the upper bound of the fracture zone
[15], which was consistent with the calculation results. ,us,

A
B

C

Workingface
Coal

(A) Collapse zone
(B) Fracture zone
(C) Bending subsidence zone

Figure 1: Distributions of three fracture development zones of
overburden in the goaf. (A) Collapse zone. (B) Fracture zone. (C)
Bending subsidence zone.
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it could be concluded that the upper limit of the fracture
zone was 60m.

,e goaf collapse zone could be determined according to
the value and direction of the maximum and minimum
horizontal principal stresses σH and σh after mining. At
σH> 0 and σh> 0, it was a bidirectional tensile stress zone
mainly distributed in the goaf collapse zone rock mass [15].

In this way, the distributions of the maximum and
minimum horizontal principal stresses were obtained
through FLAC3D numerical simulation, as shown in
Figure 3.

According to the simulation results, coal seam mining
led to stress redistribution in the surrounding rock mass. In
the process of stress balancing, a series of mechanical effects
such as overburden caving, collapse, separation, and dis-
placement of the overlying coal seam strongly manifested
themselves. With the workface advance, the goaf behind the
workface was gradually compacted under the overburden
weight. As observed, the goaf caving zone was mainly dis-
tributed within 15m from the floor，so the distance from
the collapse zone to the floor in further calculations was
taken as 15m.

3.2. Distribution of Gas Infiltration Zone in Goaf
Undermining. In the process of gas adsorption-desorption
dynamic equilibrium, if the gas is in a saturated adsorption
state, the adsorbed gas will be desorbed as the coal body is
unloaded; if the gas is in an unsaturated adsorption state, the

coal body needs to reach a certain value when the pressure is
relieved. ,e pore gas pressure is reduced to the critical gas
desorption pressure and the gas is desorbed. ,is pressure
relief value can be called the effective pressure relief coef-
ficient for gas desorption and drainage. In other words, the
lower the saturation of gas adsorption, the higher the degree
of pressure relief required for large-scale gas desorption. To
observe the coal rock mass evolution after coal seam ex-
cavation, the pressure relief coefficient r was defined as

c � 1 −
σZ

σ0
, (1)

where σZ is the vertical pressure after coal seam excavation
and σ0 is the initial pressure.

A previous study [16] revealed that the effective ex-
traction range of gas required a great pressure relief degree of
coal rock. Based on the research results, the effective
pressure relief coefficient can be preset at 0.8 (i.e., σz � 0.2σ0),
which corresponds to the efficient extraction range. ,e
numerical simulation performed via FLAC3D software
predicted the distribution of workface vertical pressure. ,e
simulation results were sliced according to the distribution
range of the collapse and fracture zones, yielding the stress
distributions in goaf at different heights, as shown in
Figure 4.

According to the pressure relief distribution of the
vertical slice, the O-shaped compaction stress rising area was
observed in the overlying strata of the workface, and a
“vertical stress relief ring” was observed near the O-shaped

Table 1: Physical and mechanical properties of rock strata.

Stratum Buried
depth, m

,ickness,
m

Density,
kg·m−3

Bulk
modulus,

GPa

Shear
modulus, GPa

Internal
friction angle

Cohesion,
MPa

Tensile
strength, MPa

Argillaceous
sandstone 0 100 2790 8.6 4.65 34 4.31 1.8

Coarse sandstone −100 178 2860 2.9 2.5 32 2.1 2.1
Siltstone −278 54 2540 5.38 2.74 35 2.23 0.6
Medium grained
sandstone −332 35 2650 7.2 3.53 35 3.26 2

Conglomerate rock −367 10 2610 4.55 2.58 32 2 2.4
Coal −377 5.3 1400 1.19 0.37 23 0.8 0.5
Siltstone −382.3 3.4 2580 5.61 2.35 36 2.15 0.7

(a)

Zone
Colorby: State -Average

None
shear-n shear-p
shear-n shear-p tension-p
shear-p
shear-p tension-p

(b)

Figure 2: Numerical calculation model (a) and stress state distribution map (b) of the goaf.
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Figure 4: Vertical stress distribution at various horizontal distances from the floor: (a) 0m; (b) 10m; (c) 30m; (d) 45m; (e) 60m; (f ) 75m.
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compaction stress rising area. With an increase in the slice
height, the stress in the pressure relief area of the overburden
increased gradually and returned to the initial rock stress
value; the stress variation rate in the surrounding rock
gradually decreased, which was in line with the O-shaped
circle theory [3]. As observed, a large pressure relief area was
observed near the back of the workface. With an increase in
goaf height, the range of the pressure relief area gradually
reduced, and this area should be avoided in the extraction
drilling arrangement to prevent the borehole cut-off, which
would deteriorate the gas extraction efficiency.

,e simulation results revealed that the area with an
initial vertical pressure of 20MPa and pressure relief co-
efficient of 0.8 was within the range of 0–45m from the floor
height. To avoid the drilling being cut off, the drilling should
avoid the area with the pressure relief coefficient >0.8. ,e
optimal height range of the pressure relief channel was
15–45m. According to the distribution range of pressure
relief coefficient and trigonometric function, the effective
pressure relief angle of gas efficient extraction range was 76°
in the strike and 85° in the dip directions. ,e area with a
pressure relief coefficient of 0.2 was a low-permeability gas
area, which could be used as a compaction area. According
to the simulation results, the distance between the boundary
of the compaction area and the workface was 20m.

4. Gas Migration Law in Goaf Pressure
Relief Area

,e migration of gas mixture in goaf was comprehensively
affected by air leakage, emission amount of workface gas,
and the pressure of coal rock mass in goaf. A further nu-
merical simulation was performed for the case study of
workface #2-104 of the Detong Mine, China.

4.1. Goaf Gas Migration Control Equation and Assumptions.
For the convenience of calculation, the go extraction area
(goaf) was simplified as follows:

(1) ,e influence of shearer, hydraulic prop, and elec-
tromechanical equipment on the fluid in coal mining
workface was ignored

(2) ,e mining workface, intake airway, return airway,
and goaf areas were assumed to be cuboids, and the
gas was treated as an incompressible ideal gas

(3) ,e goaf was assumed to be porous and isotropic [17]
(4) ,e gas flow was regarded as isothermal motion, and

the influence of water vapor and other gases in goaf
was ignored

According to the above assumptions, the goaf can be
geometrically modeled and meshed, as shown in Figure 5.

According to the above assumptions, the gas mixture
flow in goaf satisfied the mass and momentum equations
[18].

,e fluid flow in the goaf followed Darcy’s law, which
could be expressed as

si � −
μ
α
]j, (2)

where si is the source term of the ith momentum equation; μ
is the viscous resistance coefficient, Pa·s; α is the perme-
ability coefficient of porous media, m2; ]j is the velocity
component.

,e flowmodel that could deal with the turbulent state of
gas flow was k− ε turbulent model, derived by a rigorous
statistical technique, and the equations of turbulent kinetic
energy k and dissipation rate ε were as follows [19]:

z(ρk)

zt
+

z ρμik( 􏼁

zxi

�
z μ + μt/σk( 􏼁( 􏼁 zk/zxj􏼐 􏼑􏽨 􏽩

zxj

+ Gk + Gb − ρε − YM + Sk,

z(ρε)
zt

+
z ρμiε( 􏼁

zxi

�
z μ + μt/σε( 􏼁( 􏼁 zk/zxj􏼐 􏼑􏽨 􏽩

zxj

+ C1ε ×
ε
k

Gk + C3εGb( 􏼁 − Gb − C2ερ
ε2

k
+ Sε,

(3)

where μt is the turbulent viscosity, μi is the average velocity, ρ
is the density, Gk is the turbulent kinetic energy generation
term caused by velocity gradient, Sε/Sk are the custom source
terms, and C1ε/C2ε/C3ε are the empirical coefficients.

4.2. Gas Sources in Goaf Analysis and Calculation. ,e gas
sources of goaf mainly included the gas gushing out of
workface (q1), of adjacent layer (q2), and out of goaf (q3).
Under the action of buoyancy and air leakage, part of the gas
gushed out with airflow, and the other part floated up and
was stored into the cracks induced by mining.

,ese processes are expressed as follows [20]:

q1 � λ ·
m

H
W0 − Wc( 􏼁,

q2 � 􏽘
n

i�1
W0i − Wci( 􏼁 ·

mi

H
,

q3 � l · q0 · v0 exp −

���
l1

v0t

􏽳

⎛⎝ ⎞⎠ + exp −

���
l2

v0t

􏽳

⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦,

(4)

where q1 is the amount of gas gushing from the mining layer,
q2 is the amount of gas gushing from the adjacent layer, q3 is
the amount of gas gushing from the residual coal in the goaf,
λ is the gas gushing coefficient,W0 andWc are the initial and
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residual gas contents, respectively, m is the mining layer
thickness, i is the parameter of the ith adjacent coal seam, V0
is the mining velocity of workface, t is the coal seam ex-
posure time, l is the perimeter of roadway section, l1 is the
workface length, l2 is the strike length of goaf, and q0 is the
gas gushing intensity of the coal wall.

4.3. CFD Numerical Simulation of Mixture Gas Flow in Goaf.
,e parameter values of each calculation formula shown in
Table 2 were obtained based on the field measured data and
the empirical formula.

,erefore, parameters q1, q1, and q3 were taken as
2.97×10−5, 1.85×10−9, and 2.6×10−8 kg·(m3·s) −1,
respectively.

4.3.1. Geometric Model. According to the actual dimensions
of the site and used scale, the geometric model was set as
follows:

(1) ,e coal mining face’s length, width, and height
dimensions were 185× 5× 4m, and the space type
was fluid

(2) ,e scale of the intake and return airway was
10× 4× 4m, and the space type was fluid

(3) ,e scale of goaf was 185× 200× 60m, the fracture
and collapse zones were 45 and15m from the floor,
respectively, and the space type was porous media

4.3.2. Boundary Conditions. ,e return airway was set as
“Out-flow” in the simulations, while the intake airway was
assigned a “Velocity-in” value of 2.5m·s−1.

Since the goaf was regarded as porous media, its per-
meability was required for calculations. ,erefore, the fol-
lowing permeability model based on sigmoid function was
used to simulate the permeability parameter evolution [21].

κ � κmin +
κz

1 + e
α1x−5 +

κz

1 + e
α2x−5

􏼐 􏼑 1 + e
α1x−5

􏼐 􏼑
y≤

ly

2
􏼠 􏼡, (5)

κz �

κmax − κmin, z, atcolapse,

κmax − κmin

1 + e
z−Zc( ) − 10

, z, atfracture,

⎧⎪⎪⎨

⎪⎪⎩
(6)

where α1 � (10/x0), x0 is the strike compaction boundary
(preset at 70m); α2 � (10/y0), y0 is the inclination com-
paction boundary (preset at 20m); ly is the workface incline
length; kmin is the porosity of crushed rock mass after
compaction, ranging from 0.1∼0.17 [19]; kmax is the maxi-
mum porosity at the workface, which could be obtained by
measurement and is commonly ranged from 0.31∼0.4 [22].

Substituting equations (5) and (6) into the Koze-
ny–Carman function [23], one can obtain the goaf per-
meability distribution [24]:

z �
Dp

2

180
·

k
3

(1 − k)
2,

(7)

where z is permeability at maximum porosity, k is porosity,
and Dp is the average particle size, ranging from 0.014 to
0.016m.

,e permeability was compiled with User Defined
Functions (UDF) and Renormalization Group (RNG) k− ε
model [25] was adopted to simulate the mixture gas flow in
stope considering the turbulence. ,e distribution of gas in
goaf was obtained.

Figure 6 shows the gas concentration distribution in the
return airway side section and the goaf plan at different
heights. As observed, the gas concentration distributions of
the intake and return airways were quite different. ,e gas
concentration of the intake airway was lower, and the low-
concentration area was larger than that of the return airway.
In the vertical direction, significant stratification of gas was
observed near the workface due to air leakage. ,e closer it

Fracture zone

Air inlet Lane
Working face

Collapse zone

185

Return air lane

200

15
45

(a) (b)

Figure 5: Numerical simulation model. (a) Geometric model of working face. (b) Mesh generation of working face.
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was to the mining area, the lower the gas concentration was.
,e upper and deep parts of the goaf were high-concen-
tration gas accumulation areas. Meanwhile, the vortex was
developed near the return airway in the workface under the
action of negative pressure and coal wall, and the airflow
velocity decreased, resulting in gas accumulation and
overrun, jeopardizing production safety. ,e specific dis-
tribution was as follows.

Along the strike direction of goaf, the gas concentration
in the intake airway was nearly zero due to the influence of
fresh airflow. However, the amount of fresh air entering the
goaf decreased with the deepening of goaf, and the gas
concentration grew from 1 to 60%. ,e gas concentration
near the workface on the return air side was no less than 6%,
with a large gradient and high concentration. In the vertical

direction, the gas concentration in the return airway was
high, with up to 30% being concentrated in the range of
0–30m in the vertical height and 0–20m behind the
workface.

With no countermeasures, the gas in goaf would get into
the return airway under air leakage in the workface. At the
same time, due to the action of negative pressure and coal
wall, the vortex develops near the upper corner, resulting in
the gas overrun in the upper corner, jeopardizing production
safety in goaf under HLBs.

For the optimal extraction position obtained above, i.e.,
15–45m in the vertical direction, with the respective
support of coal wall and overburden pressure, the optimal
position in the horizontal direction can be determined as
follows [26]:

Table 2: Calculation formula parameter value.

Symbol Parameter Value Unit
H Mining height 5 m
λ Gas gushing coefficient 1.2
W0 Initial gas content of coal seam 11.7 m3·t−1

Wc Residual gas content 3.95 m3·t−1

m Mining layer thickness 5 m
v0 Mining velocity of workface 4.1× 10−3 m·min−1

q0 Gas gushing intensity of the coal wall 0.0401 m3·(m2·min) −1

l1 Workface length 185 m
l1 Strike length of goaf 200 m
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Figure 6: Cloud maps of gas distribution in goaf: (a) 2D scheme; (b) plane map; (c) profile; (d) at a 2m height.
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S � h cos(α − β) +
c L − Lb( 􏼁

2
, (8)

where α is the collapse angle of fault zone on the return
airway side, set at 85°; β is the dip angle of the coal seam, set
at 0°; L is the advancing distance of the workface, set at
200m; c is the modification coefficient, set at 1. ,e com-
paction area width was preset at 20m, while a 21.3m
horizontal distance from the return airway was adopted.

,e borehole type of the roof’s HLB diameter extraction
was defined as “Velocity-in,” the velocity was −5m·s−1, and
the diameter was 203mm.

Figure 7 shows the gas concentration distribution of goaf
for the HLB (borehole) located 15m from the floor and
21.3m from the return airway. As observed, the HLB played
a key role in gas drainage in the goaf; the gas in the goaf was
discharged by the negative pressure of the HLB and the
ventilation airflow. ,e HLB presence changed the gas flow
field at the return air side and the fracture zone. ,e gas
converged to the HLB. ,e gas concentration at the return
air side was lower than that without extraction.

Cloud diagrams of the plane distribution of gas con-
centration in the goaf, as shown in Figure 8, indicate that the
gas concentration in the upper corner decreased to 4%
(which was significantly lower than that without extraction),
while the low-concentration area at the return air side in-
creased. A negative pressure zone was developed between
the gas near the extraction port and the fracture zone, which
forced the high-concentration (up to 30%) gas extraction
from the fracture zone.

To further study the HLB location effect on the gas
distribution in goaf, the gas concentration distribution and
extraction volume with the HLBs in different positions were
simulated. ,e preset HLB distances from the floor were 20,
30, and 40m, respectively, and those from the return airway
were 25, 30, and 35, respectively. ,e results are listed in
Table 3.

As observed in Table 3, the optimal extraction pa-
rameter corresponded to the borehole located 30m from
the roof and 25m from the return airway. At this HLB
location, the high-concentration gas in the fracture zone
could be extracted without affecting the original venti-
lation airflow. ,e gas concentration at the upper corner
was significantly reduced, and the extraction concentra-
tion reached the maximum value. However, simulation
results implied that a single borehole could not control the
gas concentration at the upper corner within the safe
range (>1%).

According to the data in Table 4, the relationship be-
tween the HLB parameters and the gas concentration in the
drainage pipeline and the gas concentration in the upper
corner is obtained through data fitting.

,e relationship between the HLB and the gas con-
centration of the drainage pipeline [27]:

Wc � 20.6 + 1.12x + 0.00086xh
2

− 0.0163h
2

− 0.00101h
2
. (9)

,e relationship between the HLB and upper corner gas
concentration:

Wu � 6.95 + 0.03h + 0.0045x
2

− 0.275x, (10)

where Wc is the gas concentration in the drainage borehole,
Wu is the gas concentration in the upper corner, x is the
distance from the return air tunnel, and h is the height from
the floor.

Hence, the number of boreholes should be increased to
the number determined by the following equation:

N �
4K QJ − Qf􏼐 􏼑

VCπD
2 , (11)

where Qj and Qf are the absolute gas emissions of the
workface and air row, respectively, K is the disbalance co-
efficient ranging between 1.2 and 1.76, V is the gas flow rate
in the sealed pipe, and C is the gas volume fraction in the
extraction pipe (%). ,e actual values of the respective
parameters were substituted into equation (11), yielding the
required number of boreholes N� 3.

According to observation Figures 9 and 10, gas in the
fracture zone was accumulated in the borehole under the
negative pressure of the borehole; a large amount of high-
concentration gas was extracted, and as the high-concen-
tration gas in the goaf moved to the deep part of the goaf as a
whole, the gas emission amount was reduced. ,e gas
concentration slice of Z� 2m in the goaf showed that the gas
brought out by the airflow entering the goaf was reduced; the
upper corner gas concentration was less than 1%, the
production safety was ensured, and the safe comining of coal
and gas could be realized.

5. Analysis of Drilling and Extraction Effect in
Roof Strike

5.1. HLB Application Site Design. According to the simu-
lation results, three directional HLBs were drilled in the roof
of workface # 2–104 of the Detong Mine; the drilling yard
was located at the paralleled return airway (see Table 4 and
Figure 11).

After the completion of drilling construction, continu-
ous observation was performed on the variation of pa-
rameters in the process of the workface advance to 200m,
the variation laws of gas concentration in the upper corner
and HLB, and the extraction volume with the advance of
workface during mining.

5.2. FieldApplicationAnalysis. As observed in Figure 12, the
variation of gas concentration in the HLB borehole could be
subdivided into three stages. In the first stage, the workface
advanced by 20m in the initial mining; fissures above the
goaf were rarely developed, and there was no gas concen-
tration area in the goaf. In this case, the gas concentration
and net gas extraction amount were almost zero. In the
second stage, the workface advanced by 30–75m; the goaf
roof began to collapse under the overburden pressure, the
“three-zone” of goaf began to emerge, and the fractures in
the fracture zone formed a gas migration channel. At this
stage, the gas concentration and volume in the boreholes
increased. In particular, gas concentrations in the three
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boreholes exceeded 35%, and the gas extraction volume was
10m3·min−3. At the third stage, when the workface was
advanced to 75m, the fracture zone above the goaf remained

stable and shifted with the advancement of the workface.,e
residual coal and gas desorbed by the coal wall in the goaf
continued to accumulate in the goaf, resulting in gas
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Figure 7: Cloud maps of gas concentration distribution during goaf drainage: (a) in 2D model; (b) in the vertical direction (dip); (c) in the
longitudinal (strike) direction.

Table 3: Gas concentrations at nine different HLB locations.

HLB location Gas concentration, % at the
extraction port in the upper

cornerDistance from the roof, m Distance from the return airway, m

20 25 33.5 4
20 35 30.3 4.3
20 45 26.8 4.6
30 25 37.5 3.4
30 35 34.5 3.8
30 45 32.8 4.1
40 25 36.4 3.9
40 35 31.5 4.2
40 45 29.5 4.5
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Figure 8: Cloud diagrams of the plane distribution of gas concentration in the goaf: (a) 2m from the floor; (b) 15m from the floor.

Table 4: Construction parameters of roof HLBs.

Hole Drilling
depth/m

Drilling diameter/
mm

,e horizontal distance between the final hole
and roadway/m

,e vertical distance between the final hole
to the roof/m

1 763 203 30 30
2 782 203 25 30
3 800 203 20 30
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concentration areas in the deep part of the goaf. ,en, the
gas floated up to the fracture zone, and the gas concentration
in the borehole had a stable and high level. Additionally, a
periodic pressure variation of goaf was observed; the gas
concentration of the three boreholes was 30–38%, and the
gas extraction volume was maintained at 12m3·min−3.

In the first and second stages, gas concentration in the
upper corner was consistent with the gas extraction volume
of the borehole. In a rising trend, the maximum gas con-
centration in the upper corner reached 0.8%. In the third

stage, when the gas concentration and gas extraction volume
in the borehole reached a high level, the gas concentration at
the upper corner was relatively low, and vice versa. ,e gas
concentration in the upper corner was maintained within
the safe range of 0.5–0.6%, and roof HLB parameters ob-
tained by the numerical simulation were quite reliable.

Comparing the actual results on site with the numerical
simulation results, the changes in borehole concentration
and the upper corner gas concentration were basically
consistent with the simulation results. ,e actual field data is
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higher than the simulation result. In the following research,
the numerical model should be further optimized to avoid
errors.

6. Conclusions

Coal mining induces deformation and damage of goaf
overburden, resulting in many secondary fractures and gas
concentration areas. ,e gushing of high-concentration gas
seriously restricts mining production safety. ,erefore, the
roof-drilled highly located boreholes (HLBs) are constructed
to create an artificial channel to drain the high-concentra-
tion gas stored in the fracture zone and improve the pro-
duction safety with coal and gas comining. ,eoretical
analysis and FLAC3D numerical simulation were applied to
the case study of workface #2-104 of the Detong Mine
(China), yielding the goaf overburden stress evolution
pattern.,rough analysis, it was found that the range of goaf
collapse zone was located 15m from the floor, and the range
of fracture zone was 15–60m from the floor. By defining the
pressure relief coefficient, the optimal extraction range of the
fracture zone was assessed as 15–45m; the effective pressure
relief angles were 76° in the strike and 85° in the dip.
FLUENT software was used to provide the numerical sim-
ulation of gas migration law in goaf under initial and dif-
ferent extraction parameters. ,e results showed that the
optimal position of roof-drilled HLB was 30m from the floor
and 25m from the return airway. It was verified that the
problem of the upper corner gas overrun could be mitigated
by drilling three directional HLBs. Engineering practice
revealed that when three roof-drilled HLBs were located
30m from the workface floor and 25m from the return
airway, the gas concentration in the boreholes exceeded 30%,
while the gas concentration in the upper corner did not

exceed 0.8%. ,e accuracy of the simulation results was
verified, which provided a reference for solving gas overrun
problems in similar coal mines and realizing effective coal
and gas comining.
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,e data that support the findings of this study are available
from the corresponding author upon reasonable request.
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*e nanoindentation (NI) experiment is an effective method to evaluate the micromechanical property of materials. *e substrate
effect is a nonnegligible factor which could influence the accuracy of the NI experiment result. Large numbers of previous studies
have focused on the substrate effect based on the coating/substrate model, whereas the substrate effect in the testing of the hybrid
material was rarely involved. *e real NI experiment and the numerical simulation method were adopted to reveal the char-
acteristics of the substrate effect in the NI experiment of the hybrid material in this paper, such as the rock or cement material. *e
peak displacement hpeak and the residual displacement hresidual of the indenter, which could obtain directly from the NI experiment
and were usually considered as key basic variables to calculated other parameters, were selected as evaluation indexes of the
substrate effect. *e results indicated that there was a significant difference of the NI experiment result between the coating/
substrate and the hybridmaterial under the same condition.*e lateral boundary stiffness and discontinuous face were considered
as main factors that induced this difference, and their effect were analysed, respectively. Young’s modulus Es and Poisson’s ratio μs

of the substrate were selected as the variables in the parametric study, and the relationship between them and the NI experiment
result were discussed.

1. Introduction

*e nanoindentation experiment (NI experiment) is one of
the most powerful techniques for evaluating the micro-
mechanical behaviour of materials related to the mining
engineering, such as the rock or the cement material [1–8].
*is method records the applied load and the indentation
depth during the indenter contacting the target object, such
as the thin films and the small volumes of materials, and then
the hardness, the elastic modulus, and other mechanical
parameters of the material could be computed based on the
Oliver–Pharr’s method or other methods.

However, the substrate effect is a nonnegligible factor
which could seriously affect the NI experiment accuracy
[2, 5, 9–17]. For instance, this effect was dramatically shown
in one of our experiments. During this experiment, the
indentation depths of unhydrated cement granular were
extremely different in various substrate materials in the same

experiment conditions (the indenter, loading, etc.). *e
indentation depths in different substrate materials ranged
from 71 to 500 nm under 1mN load. *e detail of this
experiment was introduced in Section 2.

*is huge difference reveals the dramatically substrate
effect in the NI experiment, and some studies have already
focused on this inevitable influence of the substrate. Various
potentially relevant factors have been selected as study
objects. *e indentation depth is considered as a directly
factor which is closely related to substrate effect, because the
indentation depth could be obtained in NI experiment di-
rectly [3, 13, 18]. As a rule of thumb, deep indentation depth
could induce strong substrate effect, and the substrate effect
could be ignored when the relative indentation depth (RID,
the penetration divided by the coating thickness) is less than
0.1 [3, 13]. *is RID value is not stringent enough under
different coating/substrate combinations, indenter shape,
indenter size, surface roughness, and so on [3, 13, 19, 20].
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*e yield stress and the elastic modulus ratio between the
coating and substrate, that is, Ec/Es, are considered as prime
parameters, which could influence the RID values [13, 15].
When σyc/σys < 10, the RID <10% could be applicable, and
RID value should be less than 5% when σyc/σys ≥ 10 and
Ec/Es > 0.1 [15].

Previous studies have obtained profound comprehen-
sion of substrate effect; however, accurate evaluation of
substrate effect in the hybrid material, that is, the rock or the
cement material, is still a challenging task. *e previous
studies mainly focused on coating/substrate model, in which
the testing object (coating) covers the substrate material.
*is model could be credible in laminated composites or
coating materials, but it should not be suited in the hybrid
material. In the hybrid material, the testing object is usually
embedded in the mixed material, and the mechanic response
is inevitably influenced by surrounding materials.

*is paper aimed to gain an in-depth understanding of
the substrate effect in the NI experiment of the hybrid
material. *e basic mechanical properties (Young’s modulus
and Poisson’s ratio) of substrate, which were usually con-
sidered as prime effect factors [13, 15], were selected as study
parameters, and the numerical simulation method was se-
lected. With 27 groups of numerical experiments, the
substrate properties’ influence in hybrid material on the NI
experiment was illustrated by analysing the peak displace-
ment (hpeak) and residual displacement (hresidual) of the in-
denter under the same loading, which were usually
considered as key direct data of NI experiment results
[3, 10, 19, 21, 22].

2. Experiment

To reveal the substrate effect in the hybrid material, a series
of experiments were conducted with the NI technology. *e
hybrid material was selected as the hardening cement, and
the tested object was selected as the unhydrated cement
granular, which was unavoidable and existed in the hard-
ening cement. Besides, an epoxy resin sample, which con-
tained unhydrated cement granular, was also conducted as
the limiting case.

*e hardening cement was made up of the Portland ce-
ment P.II 42.5 in this experiment, and its chemical constitu-
tions are listed in Table 1. *e water-cement ratio of cement
was set as 0.4 in all cement samples. *e adhesive strength of
epoxy resin is 6Mpa. *e detailed test process is as follows.

2.1. %e Sample preparation. *e epoxy sample is prepared
as follows. *e cement particles greater than 80μm were
selected using cement sifter and then dealt with the drying
oven for 2 hours at 105°C. *e dried selected cement par-
ticles were mixed with epoxy resin on amass ratio of 3 :1 and
then curing this mixture for 10 days before test.

*e cement samples are prepared as follows. *e cement
with a water-to-cement ratio of 0.4 was cast into cylinder
specimens (10mm diameter) and then was cured in a sealed
and saturated moisture environment at 20± 2°C for 1 day, 28
days, and 60 days, respectively.

2.2. Polishing Procedures. Firstly, samples used in this
experiment were cut to 10mm height. Secondly, samples
were polished on silicon carbide papers down till 4000
grades and then polished using charoset or flannel pol-
ishing pad to obtain a smooth surface at both ends. *e tilt
angle of two ends of planes is less than on degree, mea-
sured by vernier. *e ethanol is used to clean the samples
during polishing process.

2.3. ExperimentalMethods. *e type of indenter adopted the
common Berkovich indenter in all experiments. *e NI
depth and load were recorded during the test.*emaximum
load is set as 1Mn( Pmax � 1mN), and the loading shape is set
as trapezoidal defined by 10 s loading time, 5 s holding time,
and 10 s unloading time.

Following the experiment procedure mentioned above,
the typical load-depth curves for respective test conditions
are shown in Figure 1. Two key points of curves were se-
lected as study indicators: the peak depth hpeak (peak in-
denter displacement) and the residual displacement hresidual
of indenter after unloading. *is is because hpeak and hresidual
were generally considered as the key parameters, which
could be obtained directly in the NI experiment, to calculate
mechanical parameters of material according to Oliver–
Pharr’s model or other methods. In other words, hpeak and
hresidual would differ under different substrates if the sub-
strate effect existed under the same loading.

*e strength of various substrates and the corresponding
NI results is presented in Table 2. *e strength of cement
cases referred to the compressive strength, and the bonding
strength was used in the epoxy resin case.

*e results show the peak indenter displacement in tests
ranges from 71 to 94 nm in substrate of cement and more
than 500 nm in substrate of epoxy resin. *e substrate’s
property has a significant effect on the test result. *e higher
the strength of the substrate, the smaller the peak indenter
displacement at the same peaking load. In other words, the
softer substrate results in higher peak indenter displacement.
*e residual displacement has more complex relationship
with the substrate strength. When the substrate strength is
lower (i.e., epoxy resin), the residual displacement is much
greater than the higher strength substrate cases. When the
substrate strength increases, the residual displacement be-
comes smaller and seems to present a fluctuating tendency
(58.60 nm⟶65.18 nm⟶30.88 nm). It could be referred
that the overall relationship between the residual displace-
ment and the strength is negative correlation, but when the
strength is relatively higher, fluctuation will appear.

3. Numerical Simulation

*e conclusion, which has been obtained in Section 2, is
relatively rough and unconvincing limiting to the NI ex-
periment number. To obtain a clear understanding of the
substrate effect in the hybrid material, numerical investi-
gations were conducted with FEM by considering various
substrates with different Young’s modules and Poisson’s
rations in numerical models of the hybrid material or
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coating/substrate combination, respectively. As a widely
used method, the FEM method could well reflect the de-
formation and mechanical law of various type of materials
and structure, with lower economic and time costing. In this
paper, a general-purpose FEM package ABAQUS was used.

*e substrate effect was reflected by the difference of
indentation depth (hpeak and hresidual) under the same load
[12, 15]. *ree series of numerical experiments were
designed to investigate substrate effect on the NI experiment,
as shown in Table 3. Series 1 and series 2 focused on the
influence of Young’s modules and Poisson’s rations of the
substrate in the hybrid material. Series 3 considered to reveal

the difference between the hybrid material and the coating/
substrate combination using a coating/substrate model.

A simplified plane model, using the necessary axial sym-
metry conditions, was adopted, in both themodel of the hybrid
material and coating/substrate combination, to avoid long time
costing and decrease convergence difficulties [3, 11, 15, 19,
21, 23, 24]. Previous studies show that the result difference
between the 2Dmodel and 3Dmodel is within a few percent in
the nanoindentation simulation, and this simplification usually
has an accurately indication of the reality [13].

*e analysis domain consisted of three parts, the in-
denter, the testing material, and the substrate (see Figure 2).
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Figure 1: Typical load-depth curves of cement particles.

Table 2: NI results of cement particles under different embedded conditions.

Embedded condition 1-day HCP 28-day HCP 60-day HCP Epoxy resin
Strength (MPa) 11.44 67.73 68.54 6
hpeak (nm) 94.38 93.14 71.83 589.14
hresidual (nm) 58.60 65.18 30.88 424.21

Table 1: Chemical compositions of cement (in mass percent).

Na2O MgO Al2O SiO2 SO3 K2O CaO TiO2 MnO Fe2O3 SrO
0.29 1.09 3.91 21.4 1.85 0.64 66.5 0.18 0.08 2.75 0.06
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In the hybrid material model, the substrate was
30 μm× 30 μm, and the testing target was 5 μm× 5 μm. In
the model of coat/combination, the substrate was
25 μm× 30 μm, and the testing target was 5 μm× 30 μm.
*e testing material (or the coating) was assumed to be
elastic plastic, with Young’s modulus Et � 50GPa, Pois-
son’s ratio μt � 0.2, and plastic yield strength
σs � 300MPa. *e substrate was assumed to be linearly
elastic with different Young’s modulus and Poisson’s ratio
(see Table 3).

Although a Berkovich indenter was used in real tests,
previous studies have rarely constructed the indenter model
as the Berkovich shape due to the complicated element mesh
division and stress concentration. Referring to the relevant
literatures [5, 9, 11, 13, 15, 21, 24], the indenter was modeled
as a cone with a rounded tip in this paper. *e half-included
angle of the cone (α) was 70.3°, whereas the tip radius (R) was
100 nm. *e indenter was assumed as a rigid body, since
otherwise it would be difficult to distinguish the influence of
the indenter and the substrate material on the simulation
result [5, 11, 19, 21]. An investigating point was set on the
rigid reference point of indenter, which could monitor the

indentation depth and corresponding force.*is point could
output the force and displacement of indenter of every
computing increment in the simulation.

*e contact between the indenter and the testing ma-
terial, and the contact between testing material and substrate
were both modeled using the “frictionless” contact option.
*is option allowed frictionless sliding between two sur-
faces, and this simplification could satisfy the simulation’s
accuracy [3].*e bottom boundary of the model was fixed in
the vertical direction, and the left side boundary of themodel
was fixed in the horizontal direction.

*e mesh elements near the contact area were refined so
that the deformation and stress gradients could be accurately
described. *e mesh became progressively coarser at dis-
tances further away from the main deformation area.*e 2D
numerical mesh and boundary conditions are illustrated in
Figure 2.

*e computation process was divided into two stages. At
the first stage, a vertical load of 500μN was gradually applied
on the rigid reference point of indenter. During this process,
the testing material (or the coating) deformation transferred
from elastic to plastic, and the substrate significantly

Table 3: Design of the numerical experiment and computation results.

Series Case
Substrate

hpeak (nm) hresidual (nm)
Es (GPa) μs

1 (the hybrid material model)

a1 1 0.2 1257.99 218.67
a2 2 0.2 735.36 174.80
a3 3 0.2 556.39 167.40
a4 4 0.2 465.67 159.62
a5 5 0.2 410.71 155.22
a6 6 0.2 373.81 152.45
a7 7 0.2 347.28 150.94
a8 8 0.2 327.26 146.66
a9 9 0.2 311.91 149.94↑
a10 10 0.2 299.05 146.08↓
a11 20 0.2 241.55 149.59↑
a12 30 0.2 221.86 154.30
a13 40 0.2 211.85 153.24↓
a14 50 0.2 205.77 157.12
a15 60 0.2 201.72 150.29
a16 70 0.2 198.81 153.45↑
a17 80 0.2 196.61 154.91
a18 90 0.2 194.89 153.92↓
a19 100 0.2 193.51 156.09↑

2 (the hybrid material model)

b1 50 0.05 204.594 150.480
b2 50 0.10 204.999 150.649
b3 50 0.15 205.389 155.587
b4 50 0.20 205.765 157.122
b5 50 0.25 206.129 156.584↓
b6 50 0.30 206.479 151.733
b7 50 0.35 206.815 152.096↑
b8 50 0.40 207.138 152.114

3 (the coating/substrate model)

c1 (vs a1) 1 0.2 1171.84 164.906
c2 (vs a14) 50 0.2 210.702 158.043
c3 (vs a19) 100 0.2 197.13 158.862
c4 (vs b1) 50 0.05 210.693 158.286
c5 (vs b8) 50 0.4 210.721 153.688
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deformed correspondingly. With dozens of iterations, a
strict equilibrium was achieved. In the second stage, the load
which was applied on the rigid reference point was designed
to decrease to zero. In this process, the elastic deformation of
the system gradually recovered, whereas the plastic defor-
mation was retained.

4. Results and Discussion

4.1. Characteristics of the Hybrid Material Substrate Effect.
Series 3 and relevant cases of series 1 and 2 (cases a1, a14,
a19, b1, and b8) are selected to be analysed in this section.
*e substrate’s property of cases in series 3 is the same as
relevant cases in series 1 and 2, but the numerical model was
different. *e characteristics of the hybrid material are
revealed by contrastive analysing of the difference between
them.*rough the cases comparison, two conclusions could
be observed.

4.1.1. %e Difference of the NI Experiment Results. *ere is a
significant difference of experiment results between the hybrid
material and the coating/substrate combination when the
substrate has a similar property. In the comparative group of c1
versus a1, hpeak and hresidual obtained by the hybrid material
model are both bigger than the results obtained by the coating/
substrate combinationmodel, whereas the conclusion is reverse
in other comparative groups.

*e numerical model’s difference between series 3 and
relevant cases of series 1 and 2 is mainly the lateral boundary
condition of the testing area. In series 3 (coating/substrate
combination model), the testing area is actually surrounded
by the same material and under the lateral stress derived
from the deformation of the same material. In case c1, the
lateral stress is derived from the coating material with
Young’s modulus Et � 50GPa, whereas the lateral stress is
provided by the substrate with Young’s modulus Es � 1GPa
in the comparative case a1. *e low lateral stiffness leads to
the bigger strain in the lateral direction and the bigger
displacement in the loading direction. As the strength of the
substrate increases, the lateral substrate of relevant cases in
series 2 and 3 could provide a “harder” boundary than the
coating/substrate combination cases in series 3 (Es ≥ 50GPa
in cases a14, a19, b1, and b8), and the indenter displacement
is smaller correspondingly in hybrid material models. Only
Young’s modulus of the substrate Es is considered in the
above analysis; that is because Poisson’s ratio μs has a little
effect on the experiment result from series 2, and the NI
experiment result difference mainly comes from Young’s
modulus in this paper study.

4.1.2. %e Characteristic of Stress Distribution. *e discon-
tinuous face existed in themodel results in the discontinuous
of stress distribution and induces stress concentration
around the junction of discontinuous faces in the hybrid
material model.

In order to reveal the Mises stress distribution pattern
around the discontinuous face, 22 measurement points were
designed near the interface. *e positions of points are

shown in Figure 3, and the Mises stress of each point could
be seen in Table 4. Generally speaking, the stress of the
testing area is higher than the near position of substrate (the
stress difference value is positive), excluding the area of
bottom corner of the testing area where the stress con-
centration occurs. *e discontinuous face decreases the
stress transfer significantly. Besides that, an interesting
finding was revealed. *e stress difference between both
sides of the discontinuous is generally gradually decreased in
the horizontal direction along with the distance to the in-
denter increasing, whereas it fluctuated in the vertical di-
rection, excluding the area of stress concentration.

4.2. Effect of Substrate Young’s Modulus in the Hybrid
Material. To examine the effect of Young’s modulus on the
NI experiment, 19 cases with Young’s modulus ranging from
1GPa to 100GPa were designed and simulated (cases
a1–a19). *e calculated curves of force versus indentation
depth are shown in Figure 4, and the curve shape is similar to
the testing result in Section 2. *e peak displacement (hpeak)
and the residual displacement (hresidual) of the indenter were
selected as study indicators. hpeak and hresidual of each group
are list in Table 3, and the curve of indenter displacement
versus substrate Young’s modulus is presented in Figure 5.

As shown in Table 3 and Figure 5, the hpeak value varies
from 1257.99 nm to 193.51 nm, with Es increasing from
1GPa to 100GPa. *e decreasing trend of hpeak is markedly
different before and after a critical point where Es is ap-
proximately equal to 15GPa. Before the critical point, hpeak
drops substantially from 1257.99 nm (case a1) to 299.05 nm
(case a10), with Es just increasing from 1GPa to 10GPa,
only increment of 9GPa, whereas the decreasing value is
only 105.54 nm, with Es rising from 10GPa to 100GPa. *e
decreasing trend of the curve is significantly slowed down.
*e bigger Es, the smaller decreasing rate. It could be
concluded that hpeak will be nearly constant when Es is large
enough. In other words, the indentation experiment result
has a more sensitive to the lower Es.

Furthermore, the residual displacement curve shown in
Figure 5 is relatively flatter. *e hresidual value varies from
218.67 nm (maximum value, case a1) to 146.08 nm (mini-
mum value, case a10), while Es is less than 8GPa (case a8),
and hresidual is decreasing from 218.67 nm to 146.66 nm,
correspondingly. *en, the curve starts to fluctuate with
general increasing trend, following Es further increase, but
the increment is only 9.43 nm (compare case a8 to a19).
Based on the observation, the relatively lower Es has a
nonnegligible impact on hresidual, when the plastic property
of testing material is considered. *e influence of the higher
Es is slightly poor regularity but generally enlarges the re-
sidual displacement.

*e conclusion obtained by numerical experiment is
much similar to the phenomenon reflected by experiments
in Section 2.

4.3. Effect of Substrate Poisson’s Ratio. Eight cases with
various μs (Poisson’s ratio of the substrate) of 0.05, 0.1, 0.15,
0.2, 0.25, 0.3, 0.35, and 0.4 (cases b1–b8) were considered to
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examine the effect of Poisson’s ratio of the substrate on the
NI experiment. hpeak and hresidual for eight cases are com-
pared in Table 3, and the calculated curves of the force versus
indentation depth are shown in Figure 6. *e relationship
between the indenter displacement and μs are shown in
Figure 7.

It is obvious that with the increasing of μs, hpeak increases
correspondingly. hpeak has grown from 204.594 nm to
207.138 nm, along with μs increasing from 0.05 to 0.4. *e
increment of 2.544 nm is much less compared with the
variation induced by Young’s modulus change.

Compared to the positive correlation between μs and
hpeak, the relationship of μs and hresidual is relatively complex.

When μs is less than 0.2, the hresidual increases along with μs

increasing, and the growth rate is rather slow at the initial
stage and then grows rapidly but finally slows down, whereas
μs is bigger than 0.2, along with μs increasing; hresidual de-
creases slowly firstly, then the descent speed increases, and
finally fluctuating rises. It is interesting that the maximum
hresidual of eight cases is obtained when the substrate Pois-
son’s ratio μs is equal to the testingmaterial, 0.2 in this paper.

Based on the analysis above, it indicates that the sen-
sitivity of the NI experiment results in the substrate Young’s
modulus Es being much stronger than the substrate Pois-
son’s ratio μs in the NI experiment. hresidual is much more
influenced by the substrate Poisson’s ratio Es than hpeak.
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Case a1: E
s
 = 1 GPa, s = 0.2. 
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Table 4: Mises stress difference for interface.

Case Interface Point 1 Mises stress 1 (MPa) Point 2 Mises stress 2 (MPa) Stress difference (MPa)

a1

Vertical face

V11 47.308 V21 35.089 12.219
V12 36.909 V22 32.581 4.328↓
V13 44.173 V23 29.035 15.138↑
V14 107.237 V24 38.401 68.836
V15 194.566 V25 74.681 119.885

Horizontal face

H11 269.114 H21 57.006 212.109
H12 203.616 H22 59.392 144.224
H13 139.720 H23 66.652 73.068
H14 111.393 H24 90.475 20.918
H15 188.662 H25 134.802 53.860↑

a14

Vertical face

V11 18.991 V21 12.434 6.557
V12 28.005 V22 20.834 7.171
V13 45.095 V23 33.645 11.450
V14 75.659 V24 52.698 22.961
V15 124.927 V25 106.439 18.488↓

Horizontal face

H11 163.602 H21 103.427 60.175
H12 117.762 H22 89.125 28.637
H13 78.770 H23 76.849 1.921
H14 79.559 H24 79.814 −0.255
H15 106.298 H25 107.846 −1.548

a19

Vertical face

V11 17.054 V21 10.097 6.958
V12 29.651 V22 21.459 8.1924↑
V13 42.620 V23 36.959 5.661↓
V14 61.786 V24 54.905 6.881↑
V15 97.813 V25 98.184 −0.371↓

Horizontal face

H11 159.945 H21 113.038 46.907
H12 115.197 H22 94.686 20.511
H13 75.231 H23 76.929 −1.698
H14 70.179 H24 75.810 −5.631
H15 85.837 H25 100.116 −14.279
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5. Conclusion

In this paper, a NI experiment was introduced firstly; this
experiment shows the substrate effect in the hybrid ma-
terial. *en the series of numerical experiments were
carried out to explore the substrate effect in the nano-
indentation experiment of the hybrid material. *e results
shows that the numerical experiments present are con-
sistent with experiments. *e following are mainly con-
clusions obtained in this paper.

It was a clear difference of the NI experiment result
between the coating/substrate combination and hybrid
material under the same experiment condition. *e dif-
ference is mainly derived from two factors: the lateral
stiffness and the discontinuous face. In the coating/sub-
strate model, the lateral stress is actually provided by the
coating material in which the mechanical property is
identical, whereas the substrate material offers the lateral
boundary in the hybrid material model. When Young’s
modulus of substrate Es is greater than the testing ma-
terial, the boundary would be “harder,” and the indenter
displacement would be smaller correspondingly.

*e influence of the discontinuous interface between the
testing area and the substrate was also observed through the
stress contour. *e discontinuous face could distinctly
weaken the stress transfer; that is, the Mises stress of the
testing material is generally greater than the neighbor point
in the substrate. *e discontinuous face also causes stress
concentration, which always occurs near the bottom corner
of the testing material where two interfaces are intersected.
Furthermore, the stress difference of the interface generally
gradually decreases in the horizontal direction, whereas it
fluctuates in the vertical direction, excluding the area of
stress concentration.

Detailed parametric studies regarding Young’s modulus
Es and Poisson’s ratio μs of the substrate were conducted.
Based on the results, Young’s modulus of the substrate Es

has a substantial influence on the NI experiment. In general,
the indenter peak displacement hpeak decreases with Es

increasing, but the decreasing rate is different. When Es is
small, less than 10GPa in this paper, hpeak descends rapidly.
When Es further increases, hpeak curve gradually tends to flat.

As Es is less than 8GPa, the residual displacement
hresidual decreases along with the substrate Young’s modulus
increasing, similar to hpeak, but reduced value is only
72.01 nm, which is far less than the hpeak change. As Es

further increased, the curve starts to increase in fluctuation,
but the increment is very small.

It could be concluded that the NI experiment result is
more sensitive to smaller Es, including hpeak and hresidual.

Comparatively, Poisson’s ration of substrate μs has less
impact on the NI experiment. hpeak and hresidual only vary in
5 nm when μs increases from 0.05 to 0.4. By further analysis,
hpeak is positively associated with μs, but there is no obvious
correlation between hresidual and μs. *e closer μs is to the
testing materials, the greater hresidual is. When μs is equal to
the testing materials, hresidual reaches its maximum value.
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In situ stress is one of the most important factors affecting surrounding rock stability classification of coal roadway. Most
surrounding rock stability classification methods do not fully consider the influence of in situ stress. In this paper, the author
applied a fuzzy clustering method to the classification of surrounding rock stability of coal roadway. Taking into account the
complexity of the classification of surrounding rock, some factors such as the strength of surrounding rock, in situ stress, the main
roof first weighting interval, the size of the chain pillar, and the immediate roof backfilled ratio are selected as the evaluation
indexes. )e weight coefficients of these evaluation indexes are determined by unary regression and multiple regression methods.
Using fuzzy clustering and empirical evaluation method, the classification model of surrounding rock stability of coal roadway is
proposed, which is applied to 37 coal roadways of Zibo Mining Group Ltd., China. )e result is in good agreement with practical
situation of surrounding rock, which proves that the fuzzy clustering method used to classify the surrounding rock in coal
roadway is reasonable and effective.)e present model has important guiding significance for reasonably determining the stability
category of surrounding rock and supporting design of coal roadway.

1. Introduction

Coal mines are dominated by underground mining in
China. )e total length of new driving roadways in coal
mines is up to thousands of kilometres per year in China, of
which more than 80% are coal roadways and coal-rock
roadways [1]. After excavation, if there is no timely support,
surrounding rock of coal roadway is likely to instable failure.
Due to the complexity of mining activities, the design of the
support for the coal roadway must be based more on the
evaluation and classification of the stability of the sur-
rounding rock stability. As a basis for the control of the
surrounding rock on the roadway, the stability of the
evaluation of the surrounding rock stability has been widely
studied by scholars.

It is of great significance to determine a simple and
accurate method for classifying surrounding rock; many
classification methods for surrounding rock have been
proposed, including single factor classification (RQD [2–4])

and multifactor classification (RMR [5, 6], GSI [7], and
Q-system [8, 9]). In recent years, the most widely studied
classification methods are based on fuzzy mathematics,
analytic hierarchy process (AHP), artificial neural networks
(ANN), and support vector machines (SVM), etc. Shi et al.
[10] adopted comprehensive assigning method to determine
the weights of evaluation indexes based on fuzzy analytic
hierarchy process (FAHP), and the FAHP model is estab-
lished for optimized classification of surround rock. Hase-
gawa et al. [11] used ANN to classify the surrounding rock of
mountain tunnels by collecting geophysical datasets at a
tunnel face and surrounding rock, but complete sur-
rounding rock data were difficult to obtain. Deng et al. [12]
established a BP-ANN classification model for surrounding
rock stability of coal roadway in MATLAB environment and
applied the model to 13 coal roadway data samples for
testing. Li et al. [13] established a highway tunnel classifi-
cation model based on the SVM theory of particle swarm
optimization, and the surrounding rock mass of the tunnel
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was divided into five grades. Zheng et al. [14] presented a
new reliability rock mass classification method based on a
least squares support vector machine (LSSVM) optimized by
a bacterial foraging optimization algorithm (BFOA), which
can improve the classification accuracy of surrounding rock
exhibiting randomness. Furthermore, Wang et al. [15] ap-
plied the ideal point method to the classification of sur-
rounding rock stability and considered the influence of
groundwater of the tunnel surrounding rock. Wang et al.
[16] proposed a novel model to analyse the surrounding rock
stability based on set pair analysis (SPA). Based on uncer-
tainty measure theory, He et al. [17] established a stability
classification and order-arranging model of surrounding
rock. Based on D-S evidence theory and error-eliminating
theory, Wu et al. [18] proposed a model for evaluation of
underground engineering surrounding rock stability and
used four kinds of weighting methods to avoid the difference
of single weighting method in calculating index weight.

Although these methods have enabled numerous
achievements in the classification of surrounding rock, some
shortcomings still exist. In dealing with uncertain problems,
the analytic hierarchy process is greatly affected by personal
subjective factors, it is difficult to artificial neural networks to
find suitable learning algorithms, and support vector ma-
chines are inefficient when processing a large number of
samples. )e stability of the surrounding rock of the
roadway is a complex problem that is affected by many
factors, and the influence of various factors on the stability of
the surrounding rock has a considerable degree of ran-
domness and fuzziness, so the boundary between the sta-
bility categories of the surrounding rock is often not clear.
Since the classification of the stability on the surrounding
rock of the roadway is a fuzzy concept, it is quite effective to
choose fuzzy clustering when dealing with the classification
of the stability of the surrounding rock on the roadway,
which has many influencing factors and strong ambiguity.

In the selection of classification evaluation indexes, most
classification methods consider the influence of rock mass
structure, the degree of development of joints and cracks,
and their properties on the stability of surrounding rock, but
it is difficult to determine parameters such as the degree of
joints and cracks on-site, and the operability is poor. When
considering the influence of in situ stress on the stability
classification of surrounding rock, the depth of the roadway
is mostly used to represent the influence of in situ stress, or
according to the relationship between the weight of the
overlying strata and the strength of the rock mass [19, 20],
the in situ stress is divided into high stress zone and low
stress zone, and then a stress state influence correction factor
is considered. Some researchers consider the influence of the
initial in situ stress and use a converted in situ stress to
represent the initial. )e converted stress is only an average
of the three principal stresses. )e value does not consider
the influence of the angle between the horizontal in situ
stress and the direction of the roadway on the stability of the
surrounding rock. )e application of initial in situ stress in
the surrounding rock stability classification of roadway is
not reasonable and complete; in particular there is no ef-
fective method to determine the magnitude and direction of

vertical and maximum (or minimum) horizontal in situ
stress near the roadway. In particular, the influence of
horizontal in situ stress on the stability of the surrounding
rock of the roadway should be studied. When the long axis
direction of roadway is parallel to the maximum horizontal
in situ stress, the influence is the smallest, which is the most
favorable for the stability of roof and floor. When the long
axis direction of roadway is perpendicular to the maximum
horizontal in situ stress, it is most unfavorable to the stability
of roof and floor. In the roadway oblique to the maximum
horizontal principal stress at a certain angle, the stress
concentration occurs on one rib of the roadway and the
stress release occurs on the other rib, so the deformation and
failure of the roof (or floor) will be biased towards one rib of
the roadway.

It can be seen from the above analysis that the influence
of in situ stress on the stability of the surrounding rock of the
roadway must be considered, especially the influence of the
horizontal in situ stress on the stability of the surrounding
rock of the coal roadway. Combined with the fuzzy clus-
tering, the author proposes a SIM-based classification
method for surrounding rock stability of coal roadway: SIM,
i.e., the strength of surrounding rock, in situ stress, and
mining indexes. )is method uses site monitoring or lab-
oratory tests to determine the values of evaluation indexes,
and the weights of each evaluation index are determined by
regression analysis and fitting methods, which are more
reliable and accurate. Furthermore, the fuzzy clustering is
adopted to classify the coal roadways to determine the
surrounding rock grade.

2. Determination of the Evaluation Indexes of
the Surrounding Rock Stability in
Coal Roadway

)e stability of the surrounding rock of a coal roadway
depends on the internal stress, the physical and mechanical
properties, and the interaction between the two.)e internal
stress of the surrounding rock depends on the in situ stress,
the shape and size of the roadway, the influence of exca-
vation and mining, the support strategy, and others. )e
physical and mechanical properties of the surrounding rock
refer to the strength and physical characteristics of the
surrounding rock, including the physical and mechanical
parameters of the roof, floor, and rib, and the parameters of
the rock blocks, the structure of the rock mass, and the
bedding joints and fractures. In addition, the influence of
groundwater and time must also be considered. )e main
factors that affect the stability of the surrounding rock on the
coal roadway are shown in Table 1.

)e surrounding rock stability classification of coal
roadway is supposed to be based on the characteristics of
sedimentary rock (and local igneous rock) in coal mine,
which requires clear physical meaning of evaluation index,
easy access to parameters, simple classification method, and
strong practicability. )erefore, the biggest factors affecting
the stability of the roadway surrounding rock in Table 1 are
screened out, and the factors that have no significant effect
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on the stability are ignored. )e initial selected evaluation
indexes include the comprehensive strength of surrounding
rock, in situ stress, the immediate roof backfilled ratio, the
main roof first weighting interval, and the chain pillar size of
coal roadway. Among them, the comprehensive strength of
surrounding rock is divided into the strength of roof, floor,
and rib. In situ stress is divided into vertical and horizontal
in situ stress. )e immediate roof backfilled ratio, the main
roof first weighting interval, and the chain pillar size of coal
roadway are called mining index.

2.1. Comprehensive Strength of Surrounding Rock. )e sur-
rounding rock of the roadway includes the roof, floor, and rib,
and the roof includes the immediate roof and the main roof,
and under some conditions there is a false roof, and the floor
includes the immediate floor and the main floor. For the coal
roadway, the ribs are coal seam, but when the coal seam is
thin, the ribs also cover part of the rock strata. To reasonably
characterize the strength of surrounding rock, the concept of
comprehensive strength of surrounding rock is proposed,
which covers the comprehensive strength of the roof, floor,
and rib. )e thickness of each rock stratum, the thickness of
the coal seam, and the strength of the coal and rock in each
stratum are comprehensively considered. When calculating
the comprehensive strength of surrounding rock, the strength
of rock block is determined first, then the strength of rock
mass is calculated, and finally the comprehensive strength is
calculated. Since the strength of the rock block can usually be
obtained directly through the laboratory test, the calculation
of the rock mass strength and the comprehensive strength is
introduced only introduced in the following.

)e strength and the structural parameters of the rock
mass (i.e., layered thickness, joint fracture spacing, etc.) are
considered when calculating the rock mass strength. )e

rock mass strength is obtained from laboratory experiments,
while the structural parameters of the rock mass can be
expressed by the rock mass strength coefficient Krm
(equation (1)) [21].

Krm �
Rrm

Rrb

, (1)

where Rrm represents the uniaxial compressive strength of
the rock mass, MPa. Rrb represents the uniaxial compressive
strength of rock block, MPa.

)erefore, it is easy to obtain the rock mass strength when
the rock block strength and the rock mass strength coefficient
are known. Owing to the influence of the thickness, structure,
bedding, joint, and fracture spacing of the rock mass, the
parameters of the rock mass strength index are difficult to
obtain, so it is difficult to apply on site. He et al. [22–24]
proposed an improved discontinuous deformation analysis
(DDARF) method to achieve the simulation of the joint
distribution by performing a numerical simulation of the
deformation and fracture processes of the surrounding rock.
However, this method requires special petrographic mea-
surement techniques and image processing methods.
)erefore, a method to estimate the rock mass strength index
based on the stratigraphy column is proposed, which is
corrected by numerical simulation and on-site testing, so that
the rock mass strength index is more accurate and convenient
to use. According to the characteristics of the description of
the rock mass structure characteristics in the stratigraphy
column, the weight of each factor (degree of joint fracture,
bedding, filling, and cementation) is determined using the
analytic hierarchy process (equation (2)), so the rock mass
strength index can be obtained.

Krm � αJn + βBn + cJf, (2)

Table 1: )e factors affecting surrounding rock stability of coal roadway.

No. Type Factor
1

Strength

Strength of main roof
2 Strength of immediate roof
3 Strength of coal seam
4 Strength of immediate floor
5 Coal mining method
6 In situ stress Magnitude
7 Angle
8 Width of coal pillar in roadway
9

Roadway characteristics
Height

10 Width
11 Buried depth
12 Coal seam geological characteristics )ickness
13 Dip angle
14 Buried depth
15 )ickness of roof and floor Main roof
16 Immediate roof
17 Immediate floor
18 Abutment pressure characteristics Immediate roof first caving interval
19 Main roof first weighting interval
20 Main roof periodic weighting interval
21 Groundwater
22 Time
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where Krm is the rock mass strength coefficient. Jn is the
development degree of joints. Bn is the development degree
of beddings. Jf is the development degree of cemented filling.
α is the weight of joints. β is the weight of beddings. c is the
weight of cemented filling.

After determining the rock strength of each rock strata,
the comprehensive strength of surrounding rock of roadway
can be calculated by weighted average (equation (3))
according to rock thickness. )e comprehensive strength of
the roof is weighted average according to the strength of each
rock strata in the range of two times the height of the
roadway, the floor is weighted average in the range of one
time the height of the roadway, and the comprehensive
strength of the rib is weighted average according to the
strength of each coal and rock strata in the height of the
roadway.

R �
􏽐

n
i�1 Mi · ri

􏽐
n
i�1 Mi

, (3)

where R represents the comprehensive strength of the
surrounding rock. Mi represents the thickness of the i-th
layer of surrounding rock. ri represents the rock strength of
the i-th layer of surrounding rock.

2.2. In Situ Stress Index. )e initial in situ stress is the main
factor to be considered in the classification of the stability of
the surrounding rock of the roadway. However, due to the
large workload of in situ stress measurement, high technical
requirements, and high testing costs, only a limited number
of representative locations can be selected for testing
according to the geological structure characteristics of the
mine area, and it is difficult to infer the magnitude and
direction of the in situ stress near each roadway from the
data of a limited number of in situ stress measurement
points in the mine area.

)erefore, based on the results of many initial in situ
stress measurements, the relationship between the buried
depth of the measuring point and the vertical in situ stress
and the maximum (minimum) horizontal in situ stress is
established (Figure 1), so that the magnitude of the three
initial in situ stresses can be preliminarily determined from
the buried depth. )en according to the measured in situ
stress, combined with the geological structure and move-
ment law of the mine, determine the horizontal in situ stress
direction, and then consider the angle between the hori-
zontal in situ stress and the long axis direction and the
buried depth of the roadway to determine the vertical and
horizontal in situ stress. )e classification results of sur-
rounding rock stability are more scientific and reliable by
considering vertical stress and horizontal stress of rib in
roadway classification.

According to the relevant knowledge of geology, the
direction of horizontal in situ stress is relatively stable in a
large tectonic area. )erefore, the maximum and mini-
mum horizontal in situ stress directions at various stress
measurement points can be used to indicate the direction
of the maximum and minimum horizontal in situ stresses
of the nearby roadway. )en, according to the direction of

the angle between the roadway heading direction and the
horizontal stress direction, the horizontal stress of the rib
of roadway can be calculated.

2.3. Mining Index. For the roadway, it will inevitably be
affected by the abutment pressure produced by the mining of
the coal face, and in some cases, mining activity is the main
factor that affects the stability of the surrounding rock of the
roadway. )e width of the coal pillar of the roadway, the
main roof first weighting interval, and immediate roof
backfilled ratio are selected as the main factors affecting the
mining and at the same time as the evaluation indexes of the
stability of the surrounding rock of the roadway.

2.3.1. 3e Chain Pillar of the Roadway. Depending on the
width of the chain pillar and the layout of the roadway, the
chain pillar can be divided into four categories: the gob-side
entry retained coal pillar, the gob-side entry coal pillar, the
wide coal pillar, and the strip coal pillar [25, 26]. Because the
working face of 37 sample entries is mostly coal mining
under buildings, strip-mining stopping is used. )e chain
pillars are mostly strip coal pillars, so gob-side retained entry
(and gob-side entry) is rarely used, and statistical laws
cannot be formed.)erefore, in the working face of gob-side
retained entry (and gob-side entry), the surrounding rock
category is degraded by 1-2 categories.

2.3.2. 3e Immediate Roof Backfilled Ratio N. )e imme-
diate roof backfilled ratio N reflects the filling degree of gob
after immediate roof breaking. )e larger the immediate
roof backfilled ratio is, the smaller the subsidence of the
main roof is, and the slower the stope abutment pressure
appears, and on the contrary, the stronger the stope abut-
ment pressure appears. )erefore, it is selected as one of the
classification indexes of roadway surrounding rock stability.

2.3.3. 3e Main Roof First Weighting Interval C0. )e main
roof first weighting interval C0 reflects the intensity of the
abutment pressure behaviour of the stope. )e larger the main
roof first weighting interval is, the stronger the abutment
pressure behaviour of the stope is, and the greater the impact on
the stability of the surrounding rock of the roadway is. In
contrast, the smaller themain roof first weighting interval is, the
weaker the abutment pressure behaviour of the stope is, and the
less obvious the impact on the stability of the surrounding rock
of the roadway is.

3. Determination of the Weight of the
Classification Index

)e surface displacement of surrounding rock is one of the
important factors to reflect the stability, which includes roof-
to-floor displacement and rib-to-rib displacement. In order
to eliminate the influence of roadway size, the author uses
the displacement convergence to reflect the surrounding
rock stability, which also includes the roof-to-floor and rib-
to-rib displacement convergence. )e eight surrounding
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rock stability evaluation indexes have different degrees of
influence on the overall stability. )ere are primary and
secondary distinctions. Because the evaluation index of
chain pillar type cannot be characterized by numerical value,
when determining the influence of this index on the sur-
rounding rock stability, the strength of surrounding rock
should be degraded (or not degraded) according to the chain
pillar type and then classified according to the strength of
surrounding rock after change. )erefore, only the weights
of the remaining seven indicators need to be determined.
According to the statistical data of on-site ground pressure
of roadway, the regression analysis of each classification
index is carried out by using the unary nonlinear regression
method, and the relationship curve between each evaluation
index and the roof-to-floor (rib-to-rib) displacement con-
vergence is obtained, so as to determine the quantitative
relationship between each evaluation index and the sur-
rounding rock stability.

3.1. Unary Regression. )e deformation of the roadway
during the roadway excavation is affected by the physical
and mechanical properties of the surrounding rock, the
magnitude of the in situ stress, the shape and size of the
roadway section, the excavation technology, and support
scheme, but it is not affected by mining. Firstly, the func-
tional relationship between the displacement convergence in
surrounding rock of roadway and each index during ex-
cavating is established, and then the relationship between the
displacement convergence in surrounding rock of roadway
and each index during the mining is established.

3.1.1. 3e Functional Relationship between the Displacement
Convergence in Surrounding Rock of Roadway and Each
Index during Excavating

(1) )e functional relationship between the displace-
ment convergence in surrounding rock of roadway
and the comprehensive strength of surrounding rock
during excavating:
According to field measured data and nonlinear
regression, the relationship between the roof-to-floor

convergence (rib-to-rib convergence) of roadway
and the comprehensive strength of surrounding rock
is established, as shown in Figure 2.
εv represents the roof-to-floor displacement con-
vergence of the roadway. εh represents the rib-to-rib
displacement convergence of the roadway. Rrz rep-
resents the comprehensive strength of the roof, MPa.
brz represents the comprehensive strength of rib,
MPa. Rrz represents the comprehensive strength of
the floor, MPa. σv represents the vertical in situ
stress, MPa. σh represents the horizontal in situ
stress, MPa.

(2) )e functional relationship between the displace-
ment convergence in surrounding rock of roadway
and the in situ stress during excavating
Based on field measurement, the relationship be-
tween the displacement convergence in surrounding
rock of roadway and the in situ stress is established,
as shown in Figures 3 and 4.

3.1.2. 3e Functional Relationship between the Convergence
in Surrounding Rock of Roadway and Each Index during
Mining. )e surrounding rock of the roadway is affected by
the front abutment pressure caused by mining. )e con-
fining pressure of roadway increases which exceeds the
deformation of the roadway during excavating. Similarly,
based on field measurement, unary regression is used to
establish the relationship between the displacement con-
vergence in surrounding rock of the roadway and each
index; the result is shown in Table 2.

3.2. Multiple Regression. )e deformation of the roadway is
composed of the deformation during excavation and during
mining, so the total deformation of the roadway is the sum of
these two deformations, and the total displacement con-
vergence in surrounding of roadway is also the sum of these
two displacement convergences.

)erefore, the fitting equation for the roof-to-floor
displacement convergence of the roadway is obtained as
follows:
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Figure 1: Statistical relationship between in situ stress and buried depth.

Advances in Civil Engineering 5



8
7
6
5

ε v 
(%

)

εv = - 0.0441ln (Rrz) + 0.1945
R2 = 0.9631

4
3
2
1
0
18 26 34

Rrz (MPa)

42 50 58 66

(a)

10

6

ε h
 (%

)

εh = - 0.0632ln (Rrz) + 0.2729
R2 = 0.9012

4

2

0
18 26 34

Rrz (MPa)

42 50 58 66

8

(b)

8

7

6

5

ε v
 (%

)

εv = - 0.0644ln (Rbrz) + 0.1880
R2 = 0.9462

4

3

2
5 6 7

Rbrz (MPa)

8 9 10 11 12 13 14

(c)

9

7
6
5

ε h
 (%

)

εh = - 0.0910ln (Rbrz) + 0.2605
R2 = 0.9009

4
3

0
1
2

7 8 9

Rbrz (MPa)

10 11 12 13 14 15 16

8

(d)

8
7
6
5

ε v
 (%

)
εv = - 0.0687ln (Rfz) + 0.2517
R2 = 0.9704

4
3

0
1
2

16 18 20

Rfz (MPa)

22 24 26 28 30 34 3632

(e)

9

7
6
5

ε h
 (%

)

εh = - 0.1018ln(Rfz) + 0.3737
R2 = 0.9181

4
3

0
1
2

16 18 20

Rfz (MPa)

22 24 26 28 30 34 36

8

32

(f )

Figure 2: Statistical relationship between comprehensive strength and displacement convergence of coal roadway.
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Figure 3: Statistical relationship between in situ stress and roof-to-floor displacement convergence of roadway.
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6 Advances in Civil Engineering



εv � −0.12 ln Rrz( 􏼁 + 0.02 ln Rbrz( 􏼁 − 0.09 ln Rfz􏼐 􏼑

+ 0.01σh − 0.01σv − 0.14 ln C0( 􏼁 − 0.03N + 1.28.

(4)

Similarly, the fitting formula of rib-to-rib displacement
convergence of roadway is obtained as follows:

εh � −0.02 ln Rrz( 􏼁 + 0.10 ln Rbrz( 􏼁 − 0.08 ln Rfz􏼐 􏼑

+ 0.02σh − 0.01σv − 0.06 ln C0( 􏼁 − 0.02N + 0.30.

(5)

With the fitting equation of displacement convergence in
surrounding rock of roadway, it is possible to predict the
deformation of the surrounding rock of roadway based on
the comprehensive strength of surrounding rock, in situ
stress, the immediate roof backfilled ratio, and the main roof
first weighting interval, combined with the size of roadway.

4. Surrounding Rock Stability Classification of
Coal Roadway Based on Fuzzy Clustering

4.1. Determination of the Optimal Classification Number.
)e fuzzy clustering process of surrounding rock stability
classification is shown in Figure 5. After fuzzy clustering, it is
necessary to determine the optimal number of coal roadway
classification.

Transforming each classification index into a compre-
hensive index according to the weight is expressed by the
displacement convergence of surrounding rock. According
to the basic principle of fuzzy clustering [26], with the
different values of λ, the classification results are also dif-
ferent; the optimal classification results can be selected
according to F-statistics. )e calculation formula of F-sta-
tistics is

F �
􏽐

r
i�1 yi0 − y00( 􏼁

2/(r − 1)

􏽐
r
i�1 􏽐

n
j�1 yij − yi0􏼐 􏼑

2
/(n − r)

. (6)

For the fuzzy clustering process, when the classification
result changes from 2 to 12, each F value and its F0.05 value
(under 0.05 confidence) level are shown in Tables 3 and 4.
According to mathematical statistics analysis, if F> F0.05, the
difference between classes is significant; that is, the classi-
fication result is reasonable.

It can be seen in Tables 3 and 4 that when λ� 0.75,
F–F0.05 is the maximum of all classifications, so the fuzzy
clustering result of λ� 0.75 is the best; that is, the coal seam
roadway samples are clustered into four categories.

4.2. Surrounding Rock Stability Classification Results of Coal
Roadway. Based on the results of fuzzy cluster analysis and
empirical evaluation, the surrounding rock of 37 coal
roadways is divided into four categories, which are very
stable (I), relatively stable (II), medium stable (III), and
unstable (IV). )e displacement convergence in sur-
rounding rock of each type of roadway is predicted, and the
final classification results of surrounding rock stability are
shown in Table 5.

4.3. Field Application: Taking Class IV Surrounding Rock for
Example. According to the SIM surrounding rock stability
classification results of the above 37-roadway sample data,
the No.3302 roadway with typical geological and mining
conditions was selected for the industrial test in the class IV
unstable surrounding rock, and the support effect of the
No.2306 roadway under similar geological conditions was
compared to verify the rationality of the SIM surrounding
rock stability classification results based on the in situ stress.

According to the geological conditions of the roadway
No.3302, through laboratory test and field test, the results of
each evaluation index determination are shown in Table 6.

According to the results of the SIM surrounding rock
stability classification (Table 5), the surrounding rock of the
No.3302 roadway belongs to the class IV unstable sur-
rounding rock.

Table 2: Fitting equations between each index and displacement convergence of the coal roadway.

Displacement convergence Classification index Fitting relation Correlation coefficient

εv

Rrz εv � −0.12 ln(Rrz) + 0.49 R2 � 0.93
Rbrz εv � −0.13 ln(Rbz) + 0.40 R2 � 0.95
Rfz εv � −0.09 ln(Rfz) + 0.39 R2 � 0.91
σv εv � 0.01σv − 0.01 R2 � 0.95
σh εv � 0.01σh + 0.02 R2 � 0.91
N εv � 0.05N + 0.04 R2 � 0.90
C0 εv � −0.19 ln(C0) + 0.04 R2 � 0.92

εh

Rrz εh � −0.15 ln(Rrz) + 0.60 R2 � 0.90
Rbrz εh � −0.17 ln(Rbrz) + 0.51 R2 � 0.94
Rfz εh � −0.13 ln(Rfz) + 0.51 R2 � 0.91
σv εh � 0.01σv − 0.05 R2 � 0.92
σh εh � 0.01σh + 0.01 R2 � 0.93
N εv � 0.06N + 0.04 R2 � 0.90
C0 εv � −0.20 ln(C0) + 0.76 R2 � 0.93

N represents the immediate roof backfilled ratio. C0 represents the main roof first weighting interval.
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Figure 5: Fuzzy clustering process of surrounding rock stability classification.

Table 3: Selection comparison table of λ (according to roof-to-floor convergence).

Items 2 3 4 5 6 7 12
λ 0.65 0.70 0.75 0.77 0.80 0.85 0.89
F 3.89 2.99 3.79 2.87 3.18 2.86 2.70
F0.05 4.14 3.25 2.86 2.67 2.50 2.39 2.25
F–F0.05 −0.26 −0.25 0.93 0.20 0.68 0.47 0.45

Table 4: Selection comparison table of λ (according to rib-to-rib displacement convergence).

Items 2 3 4 6 7 10
λ 0.70 0.74 0.75 0.80 0.85 0.87
F 2.27 3.43 13.72 3.01 2.87 2.11
F0.05 4.14 3.25 2.86 2.50 2.39 2.28
F–F0.05 −1.87 0.18 10.86 0.51 0.48 −0.17

Table 5: Classification results of surrounding rock stability of coal roadway.

Grade
Strength of surrounding rock In situ stress

N C0

Displacement convergence
prediction

Roof Rib Floor σv σh Roof-to-floor Rib-to-rib
(MPa) (MPa) (MPa) (MPa) (MPa) (M) (%) (%) (%)

I, very stable >50.5 >15.3 >38.5 <8.9 <9.6 <0.6 >34 <6.0 <5.6

II, relatively stable 31.8∼50.5 10.4∼15.3 25.4∼38.5 8.9∼15.6 9.6∼20.0 0.6∼
1.4 27.2∼34.0 6.0∼13.5 5.6∼15.4

III, medium stable 18.3∼31.8 6.8∼10.4 14.6∼25.4 15.6∼27.8 20.0∼32.4 1.4∼
2.4 21.0∼27.2 13.5∼19.5 15.4∼25

IV, unstable <18.3 <6.8 <14.6 >27.8 >32.4 >2.4 <21.0 >19.5 >25.0
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4.3.1. Optimization of the Support Scheme. )e original
support parameters of No.3302 roadway were determined by
engineering analogy method, namely, the support param-
eters of No.2306 roadway under similar geological condi-
tions. However, the test results show that the in situ stress of
the two roadways is quite different. At this time, the roadway
support scheme No.3302 using the engineering analogy
method is unreasonable and unscientific. )erefore,
according to the classification results of surrounding rock
stability of SIM based on in situ stress, the support scheme of
the No.3302 roadway was optimized, and the support
scheme of No.3302 roadway before and after optimization is
shown in Table 7.

4.3.2. On-Site Monitoring. To verify the SIM reasonableness
of the classification results of the SIM surrounding rock
stability and the effectiveness of the optimized support

scheme, we conducted on-site monitoring of the No.3302
roadway surrounding rock deformation with 10 measure-
ment points, among which the monitoring results of 1#
measuring point and 3# measuring point are shown in
Figure 6.

From Figure 6, the deformation of the surrounding rocks
in No.3302 roadway gradually increases, and displacement
convergence gradually decreases, with the maximum con-
vergence of 85mm for the rib-to-rib and 165mm for the
roof-to-floor, which is smaller than the maximum conver-
gence of the surrounding rocks in No.2306 roadway
(236mm for the rib-to-rib and 452mm for the roof-to-
floor).)e abovemonitoring results show that the optimized
roadway support scheme effectively controls the sur-
rounding rock deformation and proves the reasonableness
of the SIM surrounding rock stability classification method
based on the in situ stress.

Table 6: Determination results of surrounding rock stability evaluation index of No.3302 roadway.

Evaluation index Rrz Rbrz Rfz σv σh N C0
(MPa) (MPa) (MPa) (MPa) (MPa) (m)

Value 18.9 7.2 12.3 26.3 29.1 2.7 16.3

Table 7: Support scheme before and after optimization of No.3302 roadway.

Type of surrounding rock Support way Support parameters
Primary support Reinforced support

Roof Anchor bolt
Diameter/mm 20 20
Length/mm 2400 2200
Spacing/mm 800×1000 700× 700

Rib

Anchor bolt
Diameter/mm 20 20
Length/mm 2200 2200
Spacing/mm 800×1000 700× 700

Anchor cable
Diameter/mm 17.8 17.8
Length/mm 7000 7000
Spacing/mm 1000 1000
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Figure 6: Surrounding rock deformation of No.3302 coal roadway. (a) 1# measuring point. (b) 3# measuring point.
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5. Conclusion

(1) Among the many factors that affect the stability of
the surrounding rock, the evaluation indexes of coal
roadway are determined, including comprehensive
strength of surrounding rock (roof, rib, floor), in situ
stress (σv, σh), and mining index (the immediate roof
backfilled ratio N, the main roof first weighting
interval C0, and the type of chain pillar).

(2) Amethod for calculating the strength of surrounding
rock is proposed, which combines the strength of the
rock block, the rock mass strength coefficient, the
thickness of roof coal seam, and floor.)e strength of
roof (and rib and floor) of coal roadway is deter-
mined by thickness weighted average method, which
solves the problem of selection of strength index in
surrounding rock classification of roadway.

(3) )e fitting equation between each evaluation index
and the displacement convergence in surrounding
rock of coal roadway was determined by unary re-
gression and multiple regression, and the weight of
each classification index was determined. On the
basis of this fitting equations, the deformation of the
surrounding rock of coal roadway can be predicted.

(4) Based on the principle of fuzzy clustering, the fuzzy
clustering model of surrounding rock stability
classification of coal roadway is established. 37
typical coal roadways to be classified are reasonably
divided into four categories: very stable, relatively
stable, medium stable, and unstable.
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-e key problem of mass concrete temperature control is to effectively control the maximum temperature inside concrete, the
temperature difference between inside and outside concrete, and the temperature difference between surface and environment.
-e size of the main tower cap of No. 3 Jinsha River Bridge is 37m× 23.5m× 5.5m, and the cubic volume of concrete reaches
4782.3m3, which is poured in two times. In order to ensure construction quality of mass concrete structure, prevent the large mass
concrete temperature stress, through the numerical simulation of the temperature control and optimization scheme, by opti-
mizing the mixture ratio design, reducing the temperature of concrete pouring into the mold, cooling water cycling, insulation
keeping in good health and a series of measures to effectively achieve the control goal, and eliminating the temperature cracks.-e
measured data show that the maximum temperature inside concrete, the temperature difference between inside and outside, and
the temperature difference between surface and environment are qualified, but the temperature difference control of cooling water
inlet and outlet has hysteresis effect, and the temperature difference between inlet and outlet will be greater than 10°C, which
should be noticed.

1. Introduction

Concrete has been widely used in all kinds of buildings, such
as bridges, dams, and other structures. In the construction of
large bridges, especially bridges across rivers, seas, and
valleys, the size records of concrete structures have been
constantly refreshed. However, due to the poor thermal
conductivity of concrete, a lot of heat that the cement hy-
dration reaction produced is not easy to dissipate. -e heat
accumulation within structure causes the internal structure
of concrete rapid heating up, the uneven temperature field
both inside and outside the structure, and the temperature
stress in the structure. Excessive temperature stress easily
causes structural cracks affecting the structure durability.
Structural cracks caused by temperature stress will have
serious consequences on structural damage especially for
mass concrete. According to the Construction Code for
Mass Concrete (GB 50496-2018) [1,2], mass concrete with
the minimum size of concrete structure entity not less than
1 m, or concrete that is expected to cause harmful cracks due

to temperature change and shrinkage caused by hydration of
cementing materials in concrete, is regarded as mass con-
crete. -erefore, temperature control is an urgent problem
to be solved in mass concrete construction, and reasonable
and effective technical measures must be taken to deal with it
properly. Domestic and foreign scholars and engineers have
carried out a lot of research work on temperature control
during the construction of mass concrete and obtained a lot
of research results.

Wan et al. [3] studied the crack prevention construction
technology of mass concrete for the main bridge cap of
South Dongting Bridge and pointed out many technical
measures: the optimized design of concrete cofferdam re-
duces the total quantity of heat of hydration, thinning
layered casting thickness increases concrete cooling capacity,
improving the heat dissipation efficiency of the internal and
external heat, reducing temperature rise of concrete, con-
trolling the temperature of concrete casting into the mold,
lowering temperature peak of caps concrete, adopting the
water storage curing meet the requirements of large volume

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 3452167, 14 pages
https://doi.org/10.1155/2021/3452167

mailto:821748687@qq.com
https://orcid.org/0000-0002-9016-9437
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/3452167


concrete heat preservation and heat insulation method, and
so on. Yuan et al. [4] used the measured temperature field of
hydration heat in No. 0 block of a continuous box girder and
established a cooling pipe water circulation model by using
finite element analysis method under the condition that the
noncooling pipe water circulation model was consistent with
the measured temperature field and analyzed the cooling
effect and crack control effect of the cooling pipe water
circulation model. He et al. [5] analyzed the casting thickness
effect on the internal temperature and stress of mass concrete
and cooling water and and selected the suitable casting and
temperature control scheme for Rongjiang Bridge project. Jin
et al. [6,7] studied the concrete temperature field and stress
field of concrete by simulating the concrete pouring process of
the cap in a low-temperature environment, proposed the
temperature control standard and measures, and verified the
numerical analysis conclusion of the study based on the
monitoring results of the temperature field. Qiao [8] put
forward the measures when adding fly ash into the concrete
and taking measures to reduce the temperature of concrete
entering the mold and monitored the temperature of a large
bridge cap in the construction. Yang et al. [9,10] took targeted
temperature control measures for the temperature control of
the cap based on the field measured data and finite element
calculation model, analyzed the concrete temperature of the
cap, the steel stress, and the water temperature of the inlet and
outlet of the cooling pipe, drew a conclusion that the tem-
perature control measures for mass concrete are necessary
and effective.Wang et al. [11] analyzed the actual anticracking
effect of the temperature control different construction
schemes and temperature control measures, such as the whole
gating, layer pouring, cooling water pipe, and so on. Zhang
et al. [12] obtained the specific cooling effect of spatial three-
dimensional cooling net on the basis of the gravity anchorage
of a suspension bridge as the research object, theMIDAS/civil
finite element software simulation of mass concrete con-
struction is a three-dimensional network and only layout
cooling pipe cooling, one-time casting thickness of single-
layer thickness and double-layer thickness of layered casting
process, and comparative analysis of these four conditions of
temperature field and temperature stress field. Li et al. [13] put
forward the “curing” dynamic design method, with the mass
concrete temperature control scheme design for main pier
pile caps of a Yangtze River Bridge, calculation of big-volume
concrete internal temperature field and stress field simulation,
and developed the temperature control standard of harmful
temperature crack and the corresponding temperature con-
trol measures according to the calculated results.

According to the theoretical calculation, the maximum
internal temperature of concrete and the allowable stress
corresponding to each age of concrete can be obtained, but
the occurrence time of the maximum temperature and the
change curve of temperature with time cannot be determined.
-e numerical simulation method can overcome the defi-
ciency of theoretical calculation effectively, get the time-
history curve of concrete temperature and stress, and intu-
itively display the temperature field and stress field inside
concrete at each time point. Midas software is well used to
calculation of the temperature field. Boundary conditions and

construction process simulation are the key problems, which
are directly related to the accuracy of calculation results.

In this paper, the No. 3 main tower cap of Jinsha River
Bridge is taken as the research object, and a series of
temperature control measures, such as optimizing the mix
ratio design, reducing the temperature of concrete pouring
into the mold, cooling water circulation, heat preservation,
and health preservation, are studied to explore the effective
means to achieve the temperature control target effectively
and eliminate temperature cracks; at the same time, the
measured data and simulation data are compared and an-
alyzed to provide reference for temperature control of mass
concrete construction.

2. Project Overview

Jinsha River Bridge with the main bridge
340m+ 72m+ 48m+32m single-tower cable-stayed
bridge, the starting pile number is K96 + 279, and the ending
pile number is K96 + 844. -e side spans of the super-
structure are prestressed concrete box beams, and the
middle spans are P-K steel box beams. -e approach bridge
adopts 2× 35m composite beams. -e substructure adopts
box pier, door frame pier, column pier, column abutment,
and the foundation is bored pile foundation. -e concrete
grade is C40, in which the cap size of No. 3 main tower is
37m× 23.5m× 5.5m, and the concrete square volume
reaches 4782.3m3, which is poured twice. -e bridge layout
is shown in Figure 1.

3. Design of Temperature Control Scheme for
Mass Concrete Cap

3.1. Technical Route of TemperatureControl Scheme. In order
to ensure the construction quality of mass concrete structure
and avoid the harmful temperature crack of mass concrete, it
is necessary to accurately predict and analyze the temper-
ature field and temperature stress of mass concrete. How to
design a reasonable temperature control scheme and ensure
that the change of temperature field inside concrete is in a
safe and controllable range are considered; the general idea is
as follows:

(1) -e adiabatic temperature rise and peak temperature
of concrete can be reduced through raw material
selection and mix ratio test

(2) According to the theoretical calculation of temper-
ature control and construction environmental con-
ditions, choose the surface insulation measures
suitable for the construction season, reduce the
temperature difference between inside and outside of
concrete, make the distribution of temperature field
in concrete as uniform as possible, and reduce the
temperature gradient

(3) -rough the internal cooling water circulation sys-
tem, reduce the internal temperature peak of con-
crete, control the internal cooling rate, real-time
monitoring of temperature, and intelligent control
according to the monitoring data
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(4) Control the temperature difference between upper
and lower layers, shorten the interlayer age differ-
ence as far as possible, and prevent the possible
interlayer cracks

-e specific process is shown in Figure 2.

3.2. Selection of Concrete Raw Materials and Mixing Ratio

3.2.1. Selection Raw Materials of Concrete

Cement: for cap C40 and tower base C50 concrete, in
order to slow down the hydration reaction speed of
cement and the growth rate of early strength of
concrete, reduce the temperature appreciation of
concrete; 42.5 ordinary Portland cement from
Shuicheng Conch Panjiang Cement Company is
selected.
Admixture: polycarboxylic acid high-efficiency water
reducing agent with stable performance and high water
reducing rate is preferred, which can effectively reduce
the amount of cement per square meter of concrete,
thus reducing the temperature rise of hydration heat of
concrete. -rough the adaptability test of water re-
ducing agent and cement, the composition of water
reducing agent is adjusted to ensure the effective initial
setting time of concrete and meet the construction time
of concrete pouring on-site.
Fly ash: in order to reduce the water consumption per
unit of concrete, reduce the cement hydration heat of
concrete and ensure the working performance of
concrete; grade 1 fly ash is used.

Fine aggregate and coarse aggregate: the mud content
of fine aggregate should be less than or equal to 3.0%,
fineness modulus ≥2.5. Coarse aggregate is 5∼25mm
continuous graded gravel with mud content ≤1.0% and
should be washed in advance.-e concrete is tested on-
site and deducted from the total water consumption
according to the measured water ratio of coarse ag-
gregate and fine aggregate to ensure the accuracy of the
actual water-cement ratio.

3.2.2. Concrete Mix Design. -e raw materials and mixing
ratio of C40 concrete for the main pier cap of Jinsha River
Bridge are shown in Table 1.

3.3. Layout of Cooling Water Pipes. Cooling water pipe
layout of cap and tower is shown in Figure 3. Cooling water
pipes are all 40mm in diameter with the horizontal spacing
1.0m. -e thickness of the first cap is 3.0m and the second
one 2.5m, while the thickness of the tower is 2.0m. -e
height spacing between the cooling water pipe and the top
surface is 0.5m+ 2×1.0m+ 0.5m, 0.75m+ 1.0m+ 0.75m,
and 0.5m+ 1.0m+ 0.5m.

4. Numerical Simulation of
Temperature Control

4.1. Calculation Parameters and Calculation Model

4.1.1. .ermal Parameters and Mechanical Parameters.
-e values of thermal and mechanical parameters of con-
crete for cap C40 and tower C50 are shown in Table 2. -e

Duyun City
Shangri-La

On ramp bridgeHigh speed main line of Pan-Yi

Clear height
17550

Maximum navigable water level (+601.1 m)

20000
Riverbank protection

Water level (+570 m)Limit water level in flood season (+560 m)

Lowest navigable water level (+540 m)

Figure 1: -e layout of Jinsha River Bridge.
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Table 1: -e lithology parameters of the 3D model.

Project name Main pier cap of Jinsha River Bridge
Project C40 concrete mix design

Raw materials

Material name Material
specification Manufacture factory

Cement 42.5 ordinary
Portland cement Water city conch pan river

Flyash — —
Sand — Mingsheng of Jinyang
Gravel — Mingsheng of Jinyang

Admixture — Changan of Shijiazhuang
Mixing water Tap water —

Proportions of C40 concrete
mix

Materials Cement Flyash Sand Gravel Water Admixture Water-binder
ratio

Consumption for concrete (m3/
kg) 285 154 761 1129 158 4.39 0.36

Preset temperature control
measures Environmental conditions Structural features Concrete properties

Boundary conditions �ermal parameters Mechanical parameters

Fem simulative analysis

Calculation of the temperature field

Whether the temperature
control requirements of the specification

are met

Stress check

f/σ ≥ 1.4

Temperature control standard

Intelligent temperature
control measures

Temperature crack
monitoring

Temperature and other
parameters collection

Split tensile strength test

Yes

No (adjustment)

No (adjustment)

Figure 2: Temperature control flowchart.
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adiabatic temperature of ordinary Portland cement is the
actual value (modified according to the temperature peak
measured by No. 8 cap).

-e mechanical parameters of concrete, for Portland
cement concrete mix ratio, used the standard value. Con-
crete shrinkage and creep is calculated according to “Code
for Design of Highway Reinforced Concrete and Prestressed
Concrete Bridges” JTG D62-2015 in Midas/Civil. Ambient
temperature is selected according to the temperature and
casting temperature of concrete, and the preliminary se-
lected ambient temperature is calculated to be 24°C. In this
calculation, the temperature of concrete entering mold is

50
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Á
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The first layer cooling water pipe
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The third layer cooling water pipe

The fourth layer cooling water pipe
The fifth layer cooling water pipe

The sixth layer cooling water pipe
The seventh layer cooling water pipe
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Water outlet
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Water outlet
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Figure 3: Cooling water pipe layout of cap and tower. (a) Elevation layout of cooling water pipes for cap and tower. (b) Cooling water pipe
layout of cap. (c) Tower cooling water pipe layout.

Table 2: Summary of calculation parameters of cap concrete.

Physical properties Silicate concrete
Density (kg/m3) 2491
Coefficient of linear expansion (1/T) 1× 10−5

Poisson’s ratio 0.2
Specific heat capacity (kJ/(kg°C)) 0.96
Pyroconductivity (kJ/(m·hr·T)) 10.6
Construction season 3∼5 months
Average temperature during construction (°C) 22∼28
Temperature of concrete entering mold (°C) 24∼26
Adiabatic temperature rise (°C) 40/46
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temporarily set at 24°C∼26°C. In the construction process of
cap and tower, the temperature control is calculated
according to the actual casting temperature of concrete. -e
water temperature of the cooling pipe shall be considered as
the river water, the river water temperature shall be 24°C,
and the flow shall be 3m3/h in the heating stage and 1.0m3/h
in the cooling stage. In the process of temperature control,
the inlet flow rate or inlet temperature should be adjusted
according to the inlet temperature of cooling water and the
monitoring of the internal temperature field of the cap
tower.

4.1.2. Boundary Conditions. -e 3Dmodels in Figures 4 and
5 are established by MIDAS/civil finite element software.

(1) Convective Boundary. -e insulation measures proposed
for the top surface of the cap and tower are as follows: the
first layer of plastic film+ the second layer of geotextile + the
third layer of rain cloth, and its equivalent heat transfer
coefficient is 20 kJ/(h·°C); the side of the cap is as follows: the
first layer of geotextile + the second layer of rain cloth, and its
equivalent heat transfer coefficient is 15 kJ/(h·°C). In the
actual construction, the insulation measures can be adjusted
according to the actual environmental conditions and the
measured temperature field.

(2) Constraint Boundary. Consolidation is adopted at the
bottom of cushion of cap and tower. In accordance with the
sequence of pouring and construction, the 1∼2 layers of the
cap are activated successively, and the actual age difference is
considered for simulation calculation [14–16].

(3) Pouring Interval. -e pouring interval is 10 days. It
should be shortened as far as possible in the actual con-
struction [17,18].

4.2. Calculation Results of Temperature Control

4.2.1. Temperature Simulation Results. According to the
relevant parameters of Portland cement concrete mix ratio,
the overall calculation results of cap and tower temperature
are shown in Table 3.

According to the results of temperature calculation, the
peak temperature of the first layer-concrete of the cap is
54.1°C under the condition of 24°C of the temperature of
concrete entering mold, and the temperature difference of
the inner surface is less than 20°C. Figure 6 shows the
calculation results of maximum temperature field, and
Figure 7 shows the temperature time-history curve.

-e peak temperature of the second-layer concrete of the
cap is 55.4°C under the condition of 24°C the temperature of
concrete entering mold, and the temperature difference
between inside and outside surface is less than 20°C. Figure 8
shows the calculation results of the maximum temperature
field, and Figure 9 shows the temperature time-history
curve.

-e peak temperature of the tower base concrete is
61.8°C under the condition of 26°C of the concrete entering

mold, and the temperature difference between inside and
outside surface is less than 20°C. Figure 10 shows the cal-
culation results of the maximum temperature field, and
Figure 11 shows the temperature time-history curve.

4.2.2. Stress Simulation Results. -e overall stress calcula-
tion results of cap and tower base are shown in Table 4.

In the process of temperature change of concrete, the
general change law of stress is as follows: in the stage of
temperature rise, the surface tensile stress is the largest
around the temperature peak time inside concrete; in the
cooling stage, the internal stress gradually changes from
compressive stress to tensile stress.

According to the stress calculation results, the maximum
principal tensile stress of the first layer concrete of cap is
between 1.33MPa and 2.02MPa. -e calculation results of
the maximum principal tensile stress distribution are shown
in Figure 12, and the stress time-history curve is shown in
Figure 13.

-e maximum principal tensile stress of the second layer
concrete of cap is between 1.86MPa and 2.01MPa. -e
calculation results of the maximum principal tensile stress
distribution are shown in Figure 14, and the stress time-
history curve is shown in Figure 15.

-e maximum principal tensile stress of tower concrete
is between 1.77MPa and 2.29MPa.-e calculation results of
the maximum principal tensile stress distribution are shown
in Figure 16, and the stress time-history curve is shown in
Figure 17 (SIG-maximum principal tensile stress).

4.2.3. Numerical Simulation Conclusion

(i) When the temperature of concrete entering mold is
24°C∼26°C, the theoretical peak temperature of the
concrete in each layer of cap and tower is
54.1°C∼61.8°C.

Figure 4: Cap model drawing.

Figure 5: Tower base model diagram.
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(ii) According to the stress calculation results, the theo-
retical principal tensile stress of each layer of concrete
is 1.86MPa∼2.29MPa during the heating period, and
1.33MPa∼2.01MPa after the cooling stage at the
temperature of 24°C∼26°C. -e maximum principal
tensile stress of each layer of concrete is less than the
allowable stress in the heating and cooling stages,
which meets the relevant requirements.

(iii) In the construction process, the temperature of
concrete entering mold should be reduced as far as
possible to reduce the temperature peak, to reduce
the total temperature contraction deformation in
the cooling stage. At the same time, pay attention to
heat preservation in the maintenance process of the
cap, reduce the temperature difference between
inside and outside.

Table 3: Temperature calculation results.

Position Layer Temperature of
casting concrete (°C)

Peak
temperature

(°C)

Time of peak
temperature (h)

Temperature rise
value (°C)

Temperature difference
between inside and outside

(°C)

Cap

First-layer
concrete 24 54.1 48 30.1 16.1

Second-layer
concrete 24 55.4 48 31.4 17.4

Tower
base

First-layer
concrete 26 61.8 48 35.8 18.5

Temperature (°C)
54.1
51.3
48.6
45.9
43.1
40.4
37.7
34.9
32.2
29.5
26.7
24.0

Figure 6: Distribution of the maximum temperature field on the
first floor of cap (unit: °C).

Temperature (°C)
55.4
52.8
50.2
47.6
45.1
42.5
39.9
37.3
34.8
32.2
29.6
27.0

Figure 7: Time-history curve of concrete temperature in the first
layer of cap.

Temperature (°C)
61.8
58.9
56.0
53.0
50.1
47.1
44.2
41.2
38.3
35.4
32.4
29.5

Figure 8: Distribution of maximum temperature field on the
second floor of cap (unit: °C).
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Figure 9: Time-history curve of concrete temperature of the
second layer of cap.
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Figure 10: Distribution of the maximum temperature field of the
tower (unit: °C).
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(iv) Try to reduce the construction interval between
each layer of cap and tower base, so as to reduce the
constraint between each layer of concrete. In order
to avoid interlayer cracks caused by excessive

binding force of the first layer concrete on the
second layer, the temperature difference between
the two layers of the cap must be controlled, so the
interlayer age difference should be reduced as far as
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64
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Time (h)
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N13004 (maximum)
N6198 (maximum)

Figure 11: Concrete temperature time-history curve of tower.

Table 4: Stress calculation results.

Position Layer
Maximum principal tensile stress at heating stage Maximum principal tensile stress at cooling stage

Stress value
(MPa)

Concrete
age (d)

Allowable
stress (MPa)

Safety
factor

Stress value
(MPa)

Concrete
age (d)

Allowable
stress (MPa)

Safety
factor

Cap

First-layer
concrete 2.02 2.5 2.44 1.21 1.33 10 3.16 2.38

Second-layer
concrete 1.86 2.5 2.44 1.31 2.01 10 3.16 1.57

Tower
base

First-layer
concrete 2.29 2.5 2.71 1.18 1.77 10 3.45 1.95

SIG (MPa)
2.02
1.72
1.43
1.14
0.85
0.56
0.27
0.00
-0.32
-0.61
-0.90
-1.19

(a)

SIG (MPa)
1.33
1.08
1.43
1.14
0.85
0.56
0.27
0.00
-0.32
-0.61
-0.90
-1.19

(b)

Figure 12: Cloud diagram of main tensile stress in the first layer of cap (unit: MPa). (a) Heating stage. (b) Cooling stage.

SIG (MPa)
1.86
1.58
1.30
1.01
0.73
0.45
0.17
0.00
-0.40
-0.68
-0.96
-1.24

(a)

2.01
1.69
1.37
1.06
0.74
0.42
0.00
-0.21
-0.53
-0.85
-1.16
-1.48

SIG (MPa)

(b)

Figure 13: Time-history curve of main tensile stress in the first layer of cap.
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possible. -e concrete pouring interval of the main
tower cap is controlled at about 7 days, generally
not more than 10 days. -e actual pouring finish
time of the first layer of the cap construction is at

20:00 on May 29, 2020. -e second pouring time is
at 10:00 on June 10, 2020, and the interval is within
10 days.

5. Temperature Control Standard

According to the relevant requirements of the current codes
and regulations, and in combination with the actual situa-
tion of the construction of the tower base of Jinsha River
Bridge, the main temperature control standards are drawn
up in Table 5.

It is an important measure for temperature control of
mass concrete to reduce the temperature of concrete en-
tering mold as much as possible. Under the condition of
concrete fit ratio and heat transfer boundary condition, the
higher the temperature of concrete entering mold is, the
higher the temperature peak value is, and the greater the
temperature difference between inside and outside concrete,
temperature deformation, and temperature stress are. In
addition, the higher the injection temperature, the faster the
hydration reaction rate of concrete, most of the hydration
heat will be released in the initial stage of concrete pouring,
strength and elastic modulus will also increase, adverse to
temperature control.

SIG (MPa)
2.29
1.99
1.68
1.38
1.08
0.77
0.47
0.17
0.00
-0.44
-0.74
-1.05

(a)

SIG (MPa)
1.77
1.45
1.14
0.83
0.51
0.20
0.00
-0.43
-0.74
-1.05
-1.37
-1.68

(b)

Figure 14: Cloud diagram of main tensile stress in the second layer of cap (unit: MPa). (a) Heating stage. (b) Cooling stage.
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Figure 15: Time-history curve of main tensile stress at the second
layer of cap.
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Figure 16: Cloud diagram of main tensile stress of tower (unit:
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According to the calculation results, the order of the
influence of various raw materials on the temperature of
concrete is coarse aggregate> fine aggregate and water-
> cement and fly ash.-erefore, reducing the temperature of
coarse aggregate and mixing water is the most effective way
to reduce the concrete temperature of out-of-machine. -e
concrete temperature can be reduced by 0.40°C and 0.24°C
for each decrease of coarse aggregate and mixing water by
1°C.

It is necessary to measure the temperature of water,
cement, aggregate, and admixture before concrete mixing
and estimate the temperature of concrete after mixing
according to the empirical formula. If it cannot meet the
requirements of the temperature of concrete entering mold,
some measures should be taken such as adding ice and
precooling of aggregate for trial mixing until the require-
ments are met.

6. Temperature Control Effect

6.1. Temperature Monitoring Scheme

6.1.1. Temperature Monitoring Content. Temperature
monitoring mainly includes temperature measurement of
environmental system and temperature field measurement
of concrete. Temperature measurement of environmental
system includes atmospheric temperature and inlet and
outlet temperature of cooling water. Atmospheric temper-
ature measurement includes the analysis of seasonal tem-
perature difference, daily temperature, and cold wave. Select
representative cooling water pipes and install temperature
sensors in the inlet and outlet of water pipes and the middle
of straight line section to measure the temperature of cooling
water.

6.1.2. Layout of Concrete Temperature Measuring Points.
-e pipes of cooling water are made of Q235B with diameter
of 32mm and wall thickness of 2.5mm. -e bending part of

the pipe is pretreated with cold bending. -e pipe is closely
connected with silk buckle and raw tape.

-e layout principle of temperature monitoring point of
cap: the actual distribution and temperature field charac-
teristics of cooling water pipe in concrete should be fully
considered, and the corresponding specification require-
ments should be met:

(i) According to the characteristics of structural sym-
metry, half of the structure is selected as the main
test area, and the other half of the key measurement
points are arranged

(ii) Two temperature measuring elements are buried at
important measuring points to prevent damage and
ensure data integrity

(iii) Fully consider the distribution law of temperature
field, as well as the position of cooling water pipe,
water inlet and outlet

(iv) Fully reflect the evaluation of temperature control
indicators

-e specific arrangement of measuring points on the cap
is shown in Figure 18. -e final arrangement of measuring
points may need to be adjusted appropriately according to
the construction scheme and calculation results. Numbering
rules of temperature measuring points: measuring points
along the bridge are Xn − (1∼N), such as X2 − (1∼N) in the
second layer. Cross bridge direction measurement point is
Yn − (1∼N) such that the second layer is Y2 − (1∼N). -e
central measurement point is Zn − 0.

6.2. Temperature Monitoring Results. Before the concrete is
put into the mold, check whether the instrument is damaged
after being buried and observe the temperature in the con-
crete. Automatic temperature acquisition instrument is
adopted to collect temperature data once per hour. According
to the predicted calculation results of temperature field and
stress field, combined with the comparative analysis of

Table 5: Temperature control standard of cap.

Serial
number Temperature control item Control

standard Basis

1 Pouring temperature of concrete ≤26°C Construction conditions and calculation results of
temperature control

2 Maximum internal temperature of concrete ≤65°C

《Code for construction of mass concrete》 (GB 50496-
2018); 《code for construction of concrete structures》
(GB50666-2011); calculation results of temperature

control

3
Temperature difference between inside and outside of

concrete (including equivalent temperature of
concrete shrinkage)

≤20°C

4 Cooling rate inside casting concrete ≤2.0°C/d

5 Temperature difference between surface and
atmosphere of pouring concrete ≤20°C

6 Temperature difference between inlet and outlet of
cooling water ≤10°C 《Technical code for construction of highway bridges

and culverts》 (JTG/TF50-2011)

7
-e temperature difference between the cooling water
and the inside concrete when the water is first supplied

or resupplied after interruption
≤25°C 《Technical specification for temperature crack control

of mass concrete in water transport engineering》 (JTS
202-1-2010)8 Temperature difference between curing water and

concrete surface ≤15°C
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monitoring results, the termination time of measurement is
determined. Ambient air temperature and inlet and outlet
temperature of cooling water are monitored synchronously
with the temperature of concrete, as shown in Figures 19 and
20. -e corresponding data are shown in Table 6. -e
insulation measures proposed in the numerical simulation of
temperature control are the same as those in the construction.

-e monitoring data of the first pouring concrete of the
cap was collected fromMay 29, 2020, to June 16, 2020 (there

was a lack of measurement data four times due to power
outages in the middle), and the monitoring data of the
second pouring of the cap was collected from June 10, 2020,
to June 17, 2020.

-e measured results show that the measured values of
the first and second pouring of the temperature control
project meet the requirements of the specification. -e data
show that the measures of this project can achieve good
temperature control effect.
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Figure 18: Layout of temperature measuring points. (a) Elevation layout of temperature measuring point of cap. (b) Floor plan of
temperature measuring point of cap. (c) Layout of temperature measuring point of tower.
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Table 6: Analysis of measured results of cap temperature.

Serial
number Temperature control item Control

standard
Measured value of
first pouring (°C)

Measured value of
second pouring (°C)

1 Temperature of pouring concrete ≤26°C 25∼30 24∼28.5
2 Maximum temperature of internal concrete ≤65°C 64.5 61.6

3
Temperature difference between the inner surface of concrete
pouring body (including equivalent temperature of concrete

shrinkage)
≤28°C 26.6 24.6

4 -e rate of cooling of inside concrete ≤2.0°C/d 2.1 1.98

5 Temperature difference between surface of concrete and
atmosphere ≤20°C 16.1 17.1

6 Temperature difference between inlet and outlet of cooling
water ≤10°C — 9.8

7
-e temperature difference between the cooling water and the
inside concrete when the water is first supplied or resupplied

after interruption
≤25°C 24.8 —

8 Temperature difference between curing water and concrete
surface ≤15°C True True
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Figure 19: Monitoring results of the first pouring temperature of cap.
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7. Conclusions

(1) -e internal temperature of concrete reached the
peak value 33 hours later after the first pouring while
reached the peak value 41 hours later after the second
pouring. -e peak value time appeared earlier than
the simulated peak time, indicating that temperature
monitoring and temperature control measures are
very necessary.

(2) -e 3D models in Figures 4 and 5 are established by
MIDAS/civil finite element software. -e simulated
temperature peak value of the first pouring is 10.1°C
lower than the measured value, and the simulated
temperature peak value of the second pouring is
6.2°C lower than the measured value, which is
mainly caused by the high temperature of pouring
concrete.

(3) In the whole casting process, the temperature dif-
ference between inlet and outlet of cooling water is
small can meet the requirements of 10°C. But around
the time when the internal temperature reaches the
peak, the inlet and outlet temperature difference is
large; the measured values are up to 25.1°C. It is
recommended to adopt full water storage heat
preservation and maintenance system, strengthen
the regulation of reservoir water temperature,
according to the change of temperature day and
night. -e temperature difference between water
storage and concrete surface is controlled at about
10°C.

(4) -ere is time lag effect in controlling the cooling rate
of concrete pouring body by adjusting the temper-
ature or flow of cooling water. Comparatively
speaking, it is easy to control the temperature of
concrete entering mold. -e measured results show
that the measured values of the first and second
pouring of the temperature control project meet the
requirements of the specification.-e data show that
the measures of this project can achieve good
temperature control effect.
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Protective seam mining is an effective gas pressure relief method in deep mining. Effective theoretical calculation methods in the
current studies on the prediction of pressure relief protection effect of interbed coal and rock masses and their distribution laws are
lacking. )us, the evaluation and research with respect to pressure relief effect in protective seam mining relatively lag behind. )is
situation restricts the engineering feasibility evaluation and decision making in the protective seam mining. )erefore, the influence
of upper protective seam mining on the pressure relief protection effect of coal and rock mass between underlying beds was
investigated in this study. On the basis of an analysis of concrete engineering projects, a mechanical model was constructed for the
pressure relief protection effect of upper protective seammining on the coal and rockmass between underlying beds.)e distribution
equation of pressure relief expansion ratio in the underlying protected seamwas also derived.)e influence laws of main influencing
factors on the pressure relief protection effect of the protected seam were revealed as well. In the end, the pressure relief effect was
analyzed and verified for the protected seam before and after mining through numerical simulation and similarity simulation test.
)e pressure relief effect of upper protective seam mining on the coal and rock mass between underlying beds and the distribution
characteristics were deeply explored in this study, which could provide a theoretical reference for the decision making in the gas
extraction engineering design and pre-evaluation of extraction effect. Results show that the effective pressure relief zone (expansion
rate>0.3%) of the protected seam beneath the goaf is located within the range of approximately 40m from the coal wall to the rear
part. It also presents an approximate “Λ-shaped distribution characteristic,” that is, it experiences migration and evolution with the
advancement in the working face. Moreover, the peak pressure relief lags behind the coal wall on the working face by nearly 10–20m.
In the numerical simulation, the expansion ratio in the goaf also presents an approximate “Λ-shaped distribution.” Its effective
pressure relief zone is the 50m range from the coal wall to the rear part of the goaf, and the peak value lags behind the coal wall by
around 15m. )e theoretical results and numerical simulation results are basically consistent with the physical experiment results.
)e expansion rates are 1.25%, 1.268%, and 1.32%, respectively. )e elastic modulus E of coal seam and interbed spacing H are the
main influencing factors of the swelling deformation and are negatively correlated with the expansion ratio. In the actual mining
process, E and H of the protected layer can be measured to infer the expansion deformation of the protected layer.

1. Introduction

)e deep high ground stress and coal and gas outburst
disaster become increasingly severe as the coal resource
development and utilization extend to deep parts. During

the deep mining process, the mining disturbance behaviors
have a great bearing on the changes in the mechanical state
of deep coal body and seepage field. Protective seam mining
is an effective regional gas pressure relief method, and a large
quantity of pressure relief gas at the protected seam is
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emitted into the working face and goaf via the floor cracks in
the mining process; thus, extracting the pressure relief gas in
the protected seam is necessary [1–5].

Domestic (Chinese) and foreign scholars have always
been dedicated to the studies on protective seam pressure
relief mining and coal and gas disaster. Wang et al. [6]
studied the evolution laws of floor cracks in the short-dis-
tance protective seam mining. )ey demonstrated that the
coal mass in the pressure relief and permeability improving
zone had large swelling deformation and high permeability,
and this zone was also an efficient pressure relief gas in-
tercept and extraction zone. Ren et al. [7] acquired the load-
carrying condition of the protected seam through the similar
material simulation test and determined the stress state after
the coal seam deformation through the force analysis of the
protected coal seam. )ey concluded that greater mining
disturbance borne by the protected seammeant greater peak
breaking stress of the coal mass and higher volumetric strain
during the upper protective seam mining process under the
same test conditions. Xue et al. [8] obtained the expression of
internal displacement of the rock mass using a semi-infinite
body model. )ey also constructed a “two-zone” crack
distribution model and its simplified mechanical model to
probe the pressure relief mechanism of protected seam. On
the basis of a study of gas emission laws on the short-dis-
tance protective seammining face, Wang et al. [9] optimized
the pressure relief gas extraction parameters of protective
seam.)ey obtained that the gas emissions on the protective
seam mining face mostly came from the pressure relief gases
at the protected seam. Zhang et al. [10] discussed the local
stress concentration and rock breaking behavioral mecha-
nisms in rock intercalation after the protective seam mining
from longitudinal and transverse perspectives via numerical
simulation and mechanical analysis. Under the engineering
background of 10# mine in Pingdingshan, Zhang et al. [11]
studied the crack evolution laws and distribution charac-
teristics in the coal and rock mass between two coal seams.
)ey found that the cracks were expanded with the increase
in intensity of mining activity, and most cracks developed at
low angle or became parallel to the stratum. )rough
physical model and numerical simulation, Wang et al. [12]
investigated the stress distribution and crack evolution laws
in surrounding rocks during the protective seam mining
process under certain mining conditions. )ey stated that
the displacement of surrounding rock and the evolution of
cracks were affected by the support pattern.

At present, extensive research has been conducted at
home and abroad on the development of overburden fissure
zones and gas pressure relief caused by traditional protective
coal seam mining, and important research results have been
obtained [13–15]. Good research progress has also been
made in the expansion trend area below the mined-out area.
However, with the continuous advancement of the pro-
tective layer working face, there is currently no fixed the-
oretical formula for the expansion rate and expansion range
of coal and rock masses with different buried depths under
the goaf. It is impossible to grasp the expansion and de-
formation at different positions of the coal and rock mass
underneath the goaf during the advancement of the working

face, nor can it accurately grasp the swelling area of the coal
and rock mass underneath. )e previous engineering ex-
perience or similar working face treatment methods are
often used to determine the expansion changes of the un-
derlying coal body, often with large deviations. Although
there are related mechanical models to analyze the inter-
action between the protective layer and the protected layer, it
still fails to reveal the specific factors that affect the ex-
pansion and deformation of the protected layer.)erefore, it
is difficult to understand the real-time change law of the
expanded range of the mined-out area. )is paper takes the
11129 working face of Zhangji Coal Mine of Huainan
Mining Group as the engineering background and explores
the changing law and range of the expansion ratio of the
protective layer under the goaf. )e stress evolution process
and the effective expansion zone change of the protected coal
seam are theoretically deduced.)e analytical solution of the
expansion rate of the protected layer and its effective
pressure relief range in the mining mode of the protective
layer is given. It is verified by a combination of numerical
simulation and similar simulation experiment. )e research
is expected to guide the engineering design and pre-eval-
uation decision making of protective layer mining and gas
drainage pressure relief effects.

2. Analysis of Project Profile

)e 8# coal in east (1) mining area of Zhangji Coal Mine has
complicated geological conditions and high risk of coal and
gas outburst. )us, it does not meet the direct mining
conditions. Upper protective seam mining is adopted to
realize pressure relief and gas extraction of 8# coal.
Meanwhile, 9# coal is mined at protective seam, where the
average thickness of 9-1# coal is 1.9m and that of 9-2# coal is
0.9m. )e average thickness of dirt band is 1.4m, and the
upper roof consists of siltstone with an average thickness of
8.0m. )e immediate roof is composed of quartz sandstone
with an average thickness of 7.6m. )e lithology of im-
mediate floor is mudstone with an average thickness of
2.5m.)e lithology of lower floor is siltstone with an average
thickness of 5.2m. )e average thickness of 8# coal at the
underlying protected seam is 4m, and it is 9m away from 9#
coal. )e recoverable strike and inclined lengths of 11129
working face, which is the first mining face of 9# coal, are
1,200 and 240m, respectively. Its burial depth from the
ground is 710m.)e general occurrence state of coal seam is
a monoclinal structure, which is locally developed with
secondary folds. )e coal seam is generally high in the west
and low in the east, and the dip angle ranges from 2° to 6°.
)e comprehensive histogram of the working face is shown
in Figure 1.

8# coal at the protected seam is of low permeability, low
gas drainage rate, and complicated geological conditions.
)us, the upper protective seam mining should be con-
ducted for 8# coal to realize gas extraction and pressure
relief. (1) )e coal pillars reserved in the 9# coal goaf form
displacement and stress fields in the mining process of 8#
coal, which brings difficulty for the supporting and roadway
layout of 8# coal working face and impedes the safety mining
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and gas extraction of 8# coal. (2) During the 8# coal mining
process at protected seam, the existence of 9# coal goaf will
accelerate the fracture of bearing bed. As a result, the 9# coal
goaf runs through 8# coal working face. Consequently, gas,
water, and gangues in the goaf at upper coal seam are poured
into 8# coal working face, and this condition harms the
safety production of this coal mine [16]. (3) )e pressure
relief of 8# coal is good for gas extraction. )us, the pressure
relief zone and gas extraction engineering are closely
combined to realize safe and efficient mining of 8# coal and
maximize the economic benefit.

3. MechanicalModel Analysis of Pressure Relief
Protection Effect of Upper Protective Seam
Mining on Coal and Rock Masses between
Underlying Beds

3.1. Mechanical Model of Mining-Induced Stress Distribution
on the Floor of Working Face. Coal seam is usually under
elastic deformation state before mining; in the mining
process, the initial stress field of rock on the floor is affected
by the mining, the floor in front of the working face is under
the action of concentrated stress, the floor stress field is
changed and redistributed, and the floor stress distribution
depends on the transfer of concentrated stress in front of the
working face to the lower rock mass of the coal seam floor
[17, 18]. )e following assumptions are considered: the coal
and rock mass under the initial stress state of rock do not
influence the stress redistribution of underlying coal and
rock mass, the abutment pressure in front of the working
face can be regarded as the triangular banding load from the
coal wall to stress peak point and the trapezoid banding load

in front of the stress peak point, the floor is regarded as a
uniform elastomer, and the problem is solved by a plain
strain problem. )e underlying rock and coal stress is then
theoretically calculated [18].

To facilitate the computational analysis, the stress change
in the coal mass and goaf is expressed in the form of
increment:

Δσx � σx − σ0. (1)

)e initial stress of rock is deducted from formula (1),
and the distribution law of the stress increment at the coal
side can be obtained. )e maximum value of its stress in-
crement is (k− 1)P, while that in the goaf is −P. )us, the
distribution law of abutment pressure increment in coal
body on the working face and the goaf can be acquired [19],
as shown in Figures 2 and 3.

)e expression of vertical stress is [19]

P(ξ) � mξ + n. (2)

According to the equilibrium of elastic mechanics, the
equilibrium can be reached only when the following con-
dition is satisfied:

d1 + d2( 􏼁
k − 1
2

P � d3P +
d4

2
P. (3)

)e following condition is then solved:

d1 + d2 �
2d3 + d4

k − 1
. (4)

To solve the stress at one pointM within the half planar
body, the coordinate axes are taken as shown in Figure 3,
and the coordinates of point M are (x, y). A minimum
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Figure 1: Comprehensive histogram of mining face in Zhangji Coal Mine.
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length dξ is taken at the place with a distance of ξ from the
origin of coordinates O on the straight line Oy. )e force
dP � qdξ it bears is regarded as a minimal concentrated
force, and the vertical and horizontal distances from point
M to this minimal concentrated force dP are x and y-ξ,
respectively. )us, the stress caused by the minimal con-
centrated force dF � qdξ at point M is as observed in the
following formula:

dσx � −
2qdξ
π

x
3

x
2

+(y − ξ)
2

􏽨 􏽩
2

dσy � −
2qdξ
π

x(y − ξ)
2

x
2

+(y − ξ)
2

􏽨 􏽩
2

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (5)

)e stresses caused by all minimal concentrated forces
are superposed to solve the vertical and horizontal stress

distributions in front of the working face. )erefore, the
integral equation of formula (5) is obtained as follows:

σx � −
2
π

􏽚
p(ξ)x

3
dξ

x
2

+(y − ξ)
2

􏽨 􏽩
2

σy � −
2
π

􏽚
p(ξ)x(y − ξ)

2
dξ

x
2

+(y − ξ)
2

􏽨 􏽩
2

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (6)

)e vertical and horizontal stresses are solved using
formula (6).

)e equation for the mining-induced stress distribution
in the surrounding rocks on the floor perpendicular to the
working face is

σx � −
2
π

􏽚
(mξ + n)x

3
dξ

x
2

+(y − ξ)
2

􏽨 􏽩
2. (7)
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Figure 2: Abutment pressure distribution graph before and behind the working face.
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)e following condition is then solved:

σx � −
mx

3
+(y − ξ)(my + n)x

π x
2

+(y − ξ)
2

􏽨 􏽩
2 −

(my + n)

π
arctan
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. (8)

)e equation for the mining-induced stress distribution
in the surrounding rocks on the floor in the advancement
direction of the working face is

σy � −
2
π

􏽚
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2dξ

x
2

+(y − ξ)
2

􏽨 􏽩
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)e following condition can be solved:
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2
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d1, d2, d3, d4. (10)

3.2. Mechanical Relation of Upper Protective Seam Mining
with the Pressure Relief Protection Effect of Coal and Rock
Masses between Underlying Beds. According to the physical

and geometric equations in the plane strain problem of the
elastic mechanics, the vertical displacement can be solved as
follows:

ux � 􏽚 εxdx � 􏽚
1 − μ2

E
σx −

μ
1 − μ

σy􏼠 􏼡dx

�
1

2πE
2x(my + n) 2μ2 + μ − 1􏼐 􏼑arctan

y − ξ
x

􏼠 􏼡􏼨

+(1 + μ) mx
2
(3μ − 1) + −μmx

2
+(y − ξ)(my(μ − 1) + n(4μ − 2) + mξ(3μ − 1))log x

2
+(y − ξ)

2
􏽨 􏽩􏼐 􏼑􏽨 􏽩

⎫⎬

⎭

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

d1,

d2,

d3,

d4

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

+ K,

(11)

where m and n are stress coefficients of P(ξ) corresponding
to d1, d2, d3, and d4; E is the elastic modulus; μ is Poisson’s
ratio; and K is a constant.

)e floor stress distribution in the advancement direction
of the working face is divided into four stress zones: AB, BO,
OC, andCD.)e integrals of the abovementioned formulas are

solved. )en, complete stress distribution, strain, and dis-
placement equations in vertical direction of the floor can be
obtained.

In the protective seammining process, the displacements of
8# coal roof and floor are calculated using the aforementioned
formula, and the expansion ratio Q is further calculated as
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Q �
Δu
h

× 100%

�
100%
2πhE

2x(my + n) 2μ2 + μ − 1􏼐 􏼑arctan
y − ξ

x
􏼠 􏼡􏼨􏼨

+(1 + μ) mx
2
(3μ − 1) + −μmx

2
+(y − ξ)(my(μ − 1) + n(4μ − 2) + mξ(3μ − 1))log x

2
+(y − ξ)

2
􏽨 􏽩􏼐 􏼑􏽨 􏽩

⎫⎬

⎭

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

· d1, d2, d3, d4( 􏼁
⎫⎬

⎭

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
x�a − x�a+h( 􏼁,

(12)

where Δu is the displacement difference between roof and
floor of the protected seam, m; h is the average thickness of
protected seam, m; and a is the distance from protective
seam to the roof of protected seam, m.

)e fluctuation of expansion ratio Q can reflect the
evolution law of pressure relief at the protected seam, and
Q>0.3% is taken as an effective pressure relief zone.

4. Influence Factor Analysis of Upper Protective
Seam Mining on Pressure Relief Protection
Effect of Protected Seam

)e pressure relief effect of the protected seam is mainly
related to stress concentration coefficient k, elastic modulus
E of coal seam, coal seam thickness h, and interbed spacing
H. According to the mine ground pressure laws and geo-
logical structural conditions, the engineering parameter k is
taken as 2.5, μ value is 0.3, E� 1GPa, h� 4m, H� 9m,
d1 � 30m, d2 �10m, d3 �10m, and d4 � 40m. After external
and human factors are excluded, different parameters are
taken to comparatively analyze the changes in the roof stress
and expansion ratio of 8# coal, as shown in Table 1 and
Figures 4–11.

As shown above, the concentrated stress coefficient k
mainly influences the abutment pressure in front of the coal
wall, and it is in direct proportion to the abutment pressure.
With the continuous increase in the coefficient k, 8# coal
beneath the abutment pressure goes through swelling de-
formation, which has a very minor influence on the stress
and swelling deformation in the rear goaf. Under k� 2.5, the
maximum increment of abutment pressure in front of the
coal wall is 18.5MPa. As the elastic modulus is continuously
increased, no influence is generated on the stress change of
the protected seam, and the expansion ratio is gradually
reduced. Moreover, the elastic modulus becomes inversely
proportional to expansion ratio, and it is the result of joint
action of coal seam properties and surrounding environ-
ment. Before the protective seam mining, the elastic mod-
ulus of the protected seam should be measured in advance to
estimate the overall swelling deformation of the protected
seam during the protective seammining process. During the
upper protective seam mining process, the change in the
thickness of overlying coal seam has no obvious influence on
the overall stress change or swelling deformation. As a result,

the thickness of coal seam is not the primary influencing
factor of the swelling deformation. With the increase in the
burial depth of the protected seam, the downward stress
propagation is continuously reduced with the increase in
interbed spacing, the swelling deformation is gradually
mitigated, and the peak swelling deformation is gradually
distant from the coal wall. )e scopes of influence at two
sides are also slightly enlarged, and both approach 0 in the
end.

In summary, the main influencing factors of the swelling
deformation of the protected seam are elastic modulus E of
the coal seam and interbed spacing H. Other factors exert
minor influences. In the actual mining process, the layer
spacing H can be estimated, and the underlying coal rock
mass is sampled by drilling holes into the protected layer.
)e mechanical properties of the rock samples were tested
using the MTS rock mechanical performance testing ma-
chine, and the stress-strain curves of the rock samples were
obtained, and then the elastic modulus E of the underlying
coal rock mass was obtained.

5. Instance Analysis of Upper Protective Seam
Mining Project in Zhangji Coal Mine

5.1. Example Calculation of Protective SeamMining on 11129
Working Face of Zhangji Coal Mine. According to the
geological conditions of 11129 working face and mine
ground pressure law, the distance from the coal wall of the
working face to the peak stress concentration is d2 �10m,
the distance from the peak stress concentration to the initial
stress zone of rock in deep coal and rock mass in the front is
d1 � 30m, the spatial width of the working face is d3 �10m,
the distance from the goaf to the initial stress zone of rock in
the rear deep compacted goaf is solved as d4 � 40m, the
stress concentration coefficient k is taken as 2.5, the initial
stress of rock is 19MPa, and the distance from the working
face to the origin is 40m. )e aforementioned formula was
used to calculate the displacement change of the roof and
floor of the protected seam beneath the floor in the ad-
vancement direction of the working face. Mathematical
software Wolfram Mathematica was used to solve the OA,
AB, BC, and CD segments. )e total vertical stress was
obtained through the superposition, and the integral was
taken to solve the vertical displacement.
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Table 1: Values of different influencing factors.

Stress concentration coefficient, k Elastic modulus, E (GPa) Coal thickness, h (m) Interbed spacing, H (m)
1.5 0.5 2 5
2 1 3 13
2.5 1.5 4 21
3 2 5 25
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Figure 4: Different stress concentration coefficient stress variation
curves.
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Figure 5: Variation curve of expansion rate with different stress
concentration coefficients.
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)e expression of vertical displacement in different
phases is

OA: p(ξ) � −0.95ξ,

AB: p(ξ) � −4.75ξ + 171,

BC: p(ξ) � −19,

CD: p(ξ) � −0.475ξ − 42.75.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(13)

)e vertical stress Δσx of the protected seam is

Δσx � σx1 + σx2 + σx3 + σx4 �
19(C − D)

π
+ 0.1512x

+ B(−54.431 − 1.512y)

+ F(−13.608 − 0.151y) + D(13.608 + 0.151y)

+ 0.302y(A − B) + C(54.431 + 1.512y)
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Figure 9: Variation curve of expansion rate of different coal
thicknesses in the protected layer.
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Figure 10: Stress variation curve diagram of different buried
depths.
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Figure 11: Variation curve of expansion rate at different buried
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(14)

where

A � arctan
y

x
, B � arctan

30 + y

x
, C � arctan

40 + y

x
,

D � arctan
50 + y

x
, F � arctan

90 + y

x
.

(15)

)e roof and floor displacement uxof the protected seam
is

ux � 􏽚 εxdx

� −0.74298B + 1.10072C + 0.221126D − 0.557237H

+ B −0.000354x
2

+ y(−0.049532 − 0.000826y)􏽨 􏽩 + H −29 × 10− 6
x
2

+ y(−0.01238 − 0.0000688y)􏽨 􏽩

+ D −29 × 10− 6
x
2
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where

A � log x
2

+ y
2

􏽨 􏽩, B � log x
2

+(30 + y)
2

􏽨 􏽩,

C � log x
2
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􏽨 􏽩,

D � log x
2

+(50 + y)
2

􏽨 􏽩, H � log x
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+(90 + y)
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􏽨 􏽩.

(17)

)e change in the roof and floor displacement is cal-
culated. )en, the formula of expansion ratio Q at the
protected seam is further solved as

Q �
Δu
h

× 100% �
ux�9 − ux�13

h
× 100%. (18)

According to the aforementioned calculation results, the
change charts of the roof and floor displacement of the
protected seam and the expansion ratio are drawn as shown
in Figures 12 and 13.

)e distribution environment of roof and floor dis-
placement changes in 8# coal was analyzed, as shown in
Figure 12. As the upper protective seam mining was
influenced by the abutment pressure concentration on the
front coal seal, 8# coal undertook increasing vertical pres-
sure. Its roof and floor displacements reached the maximum

values of 0.32 and 0.26m, respectively. With the stress relief
of surrounding rocks in the goaf behind the coal wall,
underlying 8# coal experienced upward swelling deforma-
tion. )e maximum deformation of the top plate is 0.34m at
15m behind the coal wall, and the maximum deformation of
the bottom plate is 0.289m at 18m behind the coal wall. )e
expansion deformation value of the top and bottom plates of
the protected layer gradually attenuates as it approaches and
moves away from the coal wall and eventually approaches
zero.

On the basis of Figure 13, the change curve chart of
expansion ratio at the protective seam beneath the floor of
the working face was analyzed. )e protective seam mining
facilitated the stress relief of surrounding rocks on the floor
behind the coal wall and was influenced by the downward
transfer of abutment pressure on the front coal wall.)e coal
and rock mass on the working face and that beneath the goaf
went through swelling deformation, and the expansion ratio
of underlying coal and rock mass reached the maximum
value of 1.25% at the place 12m behind the coal wall. With
the advancement in the working face, the expansion ratio of
overlying coal and rock mass was gradually reduced and
approached 0. )e effective scope of expansion (expansion
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ratio>0.3%) was from the coal wall to the place 40m behind
the coal wall, and the floor heaving was the most obvious in
this scope. Meanwhile, the pressure relief effect of the
protected seam was the best.

5.2. Simulation Analysis of Protective Seam Mining Effect on
11129 Working Face in Zhangji Coal Mine. A numerical
model was established via FLAC3D numerical simulation
software, with dimensions of 540m × 1000m × 169m
(Figure 14). )e mechanical properties of rock samples
were tested by MTS rock mechanical property testing
machine, and the stress-strain curve of rock samples was
obtained. )e elastic modulus can be solved by slope. In
order to ensure the reliability of data, the average value of

three lithologic experiments in each group is taken. )e
mechanical parameters of the roof and floor are shown in
Table 2. Fixed horizontal displacement constraints were set
at the bottom edge, front, back, left, and right boundaries of
the model. )e Mohr–Coulomb failure criterion was also
adopted to analyze the mechanical characteristics of coal
and rock mass in this model. Domestic and foreign scholars
have conducted several experiments and studies on the
abutment effect of equivalent filled rock mass in goafs
[20–24]. In the present study, the goaf was simulated with
double-yield model. )e stress-strain relation of the rock
mass in the goaf is presented in Table 3, and the mechanical
parameters of the rock mass in the double-yield goaf are
presented in Table 4.

)e advancement in 11129 working face from the open-
off cut along the strike (positive direction of axis y) was
simulated, the open-off cut was nearly 200m from the
boundary, and the influence of boundary effect was elimi-
nated. )e excavation step size was 25m, the goaf was filled,
balanced, and advanced by 600m along the strike, and the
mining was stopped at y� 800m. )e displacement changes
of 8# coal roof and floor at 9m beneath it during the mining
process are shown in Figures 15–19.

Figures 15–17 shows that with the advancement in the
working face, a goaf was formed, the stress was redistributed,
and an abutment pressure zone higher than the initial stress
of rock was formed in the coal and rock mass around the
goaf. )e surrounding coal and rock masses subsided, and
the overlying coal and rock mass in the goaf experienced
upward swelling deformation. )e overall displacement was
large at two sides and small in the middle, and that in the
middle presented a waved change. )e maximum floor
heaving amounts of underlying 8# coal roof and floor in the
goaf were 0.268 and 0.215m, respectively. )e maximum
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Figure 12: Curve of displacement change of the top and bottom plates of the protected layer.
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abutment pressure borne by the coal wall around 8# coal
beneath the goaf was 37.4MPa, which was higher than the
initial stress (18.4MPa) of rock. )e marginal position of the
goaf carried theminimum stress, and the stress in the middle
of the goaf was gradually increased [25–27].

As shown in Figures 18 and 19, the overall central
displacements of the roof and floor fluctuated within
0.1–0.2m and 0.07–0.15m, the overall average expansion
ratio was 1.286% when the mining face was advanced by
600m, and the scope of influence of average expansion was

from the coal wall to 50m behind the coal wall. )e peak
pressure relief lagged behind the coal wall by nearly 20m,
and it presented an “Λ-shaped distribution” on the whole.
With the advancement in the working face, the goaf was
gradually compacted, and local rebounding and recom-
paction process existed within a small scope.

5.3. Similarity Simulation Test Analysis of Protective Seam
Mining Effect of 11129 Working Face in Zhangji Coal Mine.

1000 m

540 m
16

9 
m

Siltstone 

Coal seam 
Quartz sandstone
Mudstone 
Sandy mudstone
Fine sandstone

9# coal

8# coalZ

y-Strike

direction

x-Working face

direction

Figure 14: 3D numerical simulation model.

Table 2: Mechanical parameters of roof and floor rock strata at the coal seam.

Lithology Density
(kg/m3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Tensile strength
(MPa)

Cohesion
(MPa)

Internal friction angle
(°)

Sandy
mudstone 2605 2.16 1.69 0.38 2.6 27

Siltstone 3211 10.48 8.19 0.44 2.85 28
Quartz
sandstone 2600 21.03 13.53 0.47 2.8 30

9-2# coal 1300 0.83 0.38 0.29 1.8 24
Mudstone 2554 3.23 1.85 0.32 2.2 28
9-1# coal 1300 0.83 0.38 0.29 1.8 24
Mudstone 2554 3.23 1.85 0.32 2.2 28
Siltstone 3211 10.48 8.19 0.44 2.85 28
Sandy
mudstone 2605 2.16 1.69 0.38 2.6 27

8# coal 1300 0.83 0.38 0.29 1.8 24
Mudstone 2554 3.23 1.85 0.32 2.2 28

Table 3: Stress-strain relation of rock mass in the double-yield model goaf.

Strain Stress (MPa) Strain Stress (MPa) Strain Stress (MPa)
0.01 0.37 0.07 4.00 0.13 15.9
0.02 0.79 0.08 5.01 0.14 21.2
0.03 1.26 0.09 6.25 0.15 29.7
0.04 1.80 0.10 7.79 0.16 45.7
0.05 2.42 0.11 9.75 0.17 87.5
0.06 3.15 0.12 12.3

Table 4: Mechanical parameters of main rock materials in the goaf.

Category Density (kg/m3) Bulk modulus (GPa) Shear modulus (GPa) Internal friction angle (°) Dilatancy angle (°)
Value 2000 11.1 8.3 13 7
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)e similarity simulation test was conducted under the
engineering background of 9# coal at the upper protective
seam and 8# coal at the protected seam in Zhangji Coal
Mine. )e model testbed was made of steel frame with
dimensions of 3.0m (length)× 1.2m (height)× 0.3m
(width). )e model test should satisfy the following con-
ditions: geometric similarity, kinematic similarity, dynamic

similarity, similarity of boundary conditions, and pro-
portionating physical quantities. )erefore, the linear ratio
was taken as 1 :100, volume weight ratio was 3 : 5, and time
ratio was 1 :12. )e ratio table of the main layers of the
experimental model is shown in Table 5. )e model and the
distribution of measuring points are shown in Figures 20
and 21.

Strain gauges were laid on the protected seam and de-
formation monitoring points were arranged to perform real-
time monitoring of 8# coal pressure and deformation of coal
and rock mass. A total of 8 strain gauges are arranged in the
horizontal direction, the middle 2#–7# strain gauges are
spaced 30 cm apart, and the two ends of the strain gauges 1#
and 8# are spaced 30 cm apart from the end of the steel
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Figure 15: Simulation diagram of the displacement of the pro-
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frame. )e strain change curves at measuring points 1#–8#
are shown in Figures 22 and 23.

As shown in Figures 22 and 23, the protective seam
mining resulted in the stress relief of the underlying pro-
tected seam, and the roof and floor of the protected seam
experienced upward swelling deformation. As the working
face was advanced from the open-off cut to 40m before the
mining stopping line, the maximum roof and floor dis-
placements were 0.267 and 0.216m, respectively. )e
maximum expansion ratio (1.32%) was reached at 14.5m
behind the coal wall. )e effective pressure relief zone was
from the coal wall to 47m behind the coal wall, which was
approximate to the theoretical analysis and numerical
simulation results.

5.4. Guidance and Suggestions for the Gas Extraction Design
Scheme of Underlying Protected Seam. )e 9# coal was close
to the underlying 8# coal seam, and pressure relief gas of 8#
coal (8# coal gas pressure was 1.52MPa, and gas content was
5.5 m3/t) would surge into the goaf of 9# coal working face
during the mining period of 9# coal working face. )e
extraction and drainage were simultaneously implemented
in the upper protective seam mining, drilling was done
toward upper strata in the floor roadway in the form of
meshes, and the gas drainage of 8# coal seam was conducted
within the effective pressure relief zone. )us, the gas in the
pressure relief zone was effectively prevented from perme-
ating into the upper goaf, and the safe and efficient mining of
the working face could be guaranteed.

Table 5: Experimental model ratio.

Lithology )ickness (cm) Matching number (sand : lime : plaster) Sand (kg) Lime (kg) Plaster (kg) Water (kg)
Sandy mudstone 16.5 9 : 0.5 : 0.5 200.48 11.14 11.14 22.75
Siltstone 8.0 8 : 0.6 : 0.4 96.0 7.2 4.8 10.8
Mudstone 0.5 8 : 0.6 : 0.4 6.0 0.45 0.3 0.7
Quartz sandstone 7.6 7 : 0.5 : 0.5 89.8 6.4 6.4 10.3
9-2# coal 0.9 8 : 0.7 : 0.3 10.8 0.95 0.41 1.2
Mudstone 1.8 8 : 0.6 : 0.4 21.6 1.62 1.08 2.4
9-1# coal 1.9 8 : 0.7 : 0.3 22.8 2.0 0.86 2.6
Mudstone 2.5 8 : 0.6 : 0.4 30.0 2.25 1.5 3.4
Siltstone 5.2 8 : 0.6 : 0.4 62.4 4.68 3.12 7.0
Sandy mudstone 1.3 9 : 0.5 : 0.5 15.8 0.88 0.88 1.8
8# coal 3.6 8 : 0.7 : 0.3 43.2 3.78 1.62 4.9

9# coal 
open-off cut

9# coal 
terminal line

8# coal
9# coal

7#6# 8#5#4#2# 3#

40 m 40 m

1#
30 40 30 3050

Figure 20: Unexcavated model diagram of similar simulation test.

1# 7#6# 8#5#4#2# 3#

9# coal 
open-off cut

9# coal 
terminal line

40 m 40 m

8# coal
9# coal

30 40 30 3050

Figure 21: Model diagram after excavation of similar simulation test.
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6. Conclusions

(1) A mechanical model was constructed for the pres-
sure relief protection effect of upper protective seam
mining on the coal and rock mass between under-
lying beds. )e equation for the expansion ratio
distribution of underlying protected seam was also
acquired. )e pressure relief evolution laws of the
protected seam before and after mining were further
analyzed and verified through numerical simulation
and similarity simulation test. )e theoretical results
are basically consistent with the numerical simula-
tion results. )e expansion rates are 1.25% and
1.268%, respectively, and the physical experimental
results are 1.32%. )e major reason for the results
may be man-made reasons in the process of model
making and mining.

(2) )e effective pressure relief zone of the protected
seam was located within the range from the coal wall
to nearly 40m behind it, and it presented an ap-
proximate “Λ-shaped distribution.” With the ad-
vancement, migration, and evolution of the working
face, the peak pressure relief lagged behind the coal
wall by around 10–20m. )e numerically simulated
expansion ratio in the goaf also presented an ap-
proximate “Λ-shaped distribution.” )e effective
pressure relief zone was from the coal wall to ap-
proximately 50m behind the goaf, and the peak value
lagged behind the coal wall of the working face by
around 15m.

(3) )e elastic modulus E of coal seam and interbed
spacing H were the main influencing factors of the
swelling deformation, and they were negatively
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Figure 22: Displacement curve of the top and bottom plates of the protected layer.
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correlated with the expansion ratio. Meanwhile, the
influence of coal seam thickness on the overall selling
deformation could be neglected. )e interbed
spacing was one of the primary influencing factors of
the stress change of the protected seam. )e change
in the stress concentration coefficient k had an ob-
vious effect on bearing the pressure of the coal and
rock mass in front of the coal wall. However, it had
no obvious pressure relief effect on the underlying
protected seam in the rear goaf.

(4) )e expansion ratio and expansion zone of the
protected seam were mastered in a real-time way,
and the pressure relief degree and its scope of in-
fluence were reflected. With the advancement in the
working face of protective layer, the peak expansion
ratio in the goaf was also followed up timely. A good
pressure relief zone was also provided for the gas
extraction from the highly gassy coal seam. )is
study provides a theoretical reference for the deci-
sion making in the gas extraction engineering design
and pre-evaluation of extraction effect.
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Coal is the cornerstone of China’s energy. However, with the proposed goal of carbon peak and carbon-neutral in China, coal
enterprises are in urgent need of exploring the path of transformation. Coal to hydrogen is an important way to achieve
sustainable development of the coal industry. In this paper, four hydrogen production technologies, including coal gasification,
coke oven gas, electrolytic water, and solar energy, are studied. A comprehensive evaluation model based on GRA-TOPSIS was
constructed. )e research shows that the coke oven gas is the most suitable hydrogen production technology for the trans-
formation and development of coal enterprises. )e evaluation model of hydrogen production technology in the transformation
and development of coal enterprises constructed in this paper has a certain guiding effect on the technology selection of coal
enterprises in the development of the hydrogen industry.

1. Introduction

On March 5, 2021, the government work report stated that
this year China will make solid efforts to achieve a carbon
peak and carbon neutrality and formulate an action plan to
achieve a carbon peak by 2030. Optimizing industrial
structure and energy structure is the main means to promote
carbon peak and carbon-neutral in the overall realization of
the carbon-neutral goal. In the past decade and for a period
of time in the future, China’s energy structure is still
dominated by coal [1]. Under the background of China’s
“carbon peak by 2030” and “carbon-neutral by 2060” goals,
large state-owned enterprises, especially energy enterprises,
are facing the urgent need of low-carbon transformation,
and hydrogen energy is one of the important directions of
their transformation [2,3]. It is of great significance to realize
the efficient and clean utilization of coal resources, not only
for the transformation and development of enterprises but
also for the acceleration of national carbon peak and carbon-
neutral work.

According to the 14th five-year plan, hydrogen energy
has been included in the strategic development position as
an important industry in the future [4]. China’s hydrogen
mainly comes from natural gas or coal to produce hydrogen,
coke oven gas, and so on. )e vast majority are blue hy-
drogen and gray hydrogen. )e green hydrogen project is
currently in the demonstration stage. With the guidance of
China’s policies and the implementation of a large number
of hydrogen energy projects, the hydrogen energy tech-
nology continues to break through, the industrial system is
gradually improved, and the development of the hydrogen
energy field in China has accelerated into the industriali-
zation stage.

Hydrogen energy can be produced from various re-
sources, using different raw materials, methods, and tech-
nologies, including fossil fuels and renewable resources
[5–7]. Meanwhile, China is rich in coal resources, and hy-
drogen production from coal is the main form of hydrogen
production in China [8], which can significantly increase the
added value of coal products [9–12].
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However, hydrogen production technology is complex,
and the transformation and development of energy enter-
prises often require comprehensive consideration from
multiple aspects. )erefore, a comprehensive evaluation
system model based on energy, economy, environment,
technology, and society has been established based on the
comprehensive study of hydrogen technology selection of
various hydrogen production technologies. In view of the
mainstream mature hydrogen production technology and
the consideration of renewable energy utilization, four hy-
drogen production technologies including coal gasification
hydrogen production, coke oven gas hydrogen production,
water electrolysis hydrogen production, and solar energy
hydrogen production were selected for a comprehensive
evaluation, to obtain the optimal hydrogen production
technology through hydrogen energy transformation and
upgrading of energy enterprises. It is of great significance to
the transformation and upgrading of the coal industry and
coal chemical industry which take hydrogen as the break-
through point.

2. Literature Review

)e technical economy is the internal driving force in the
development of coal industry transformation; there are
many influential factors in the technology economy; the
need for multiple factors and changes impacts the economy
analysis [13]. Building the corresponding technical and
economic evaluation model, for many factors, at the same
time tries to realize the evaluation process of standardization
and automation in order to facilitate the comparative
analysis between evaluation results and between evaluation
results and samples [14].

Deciding how to assess hydrogen production technology
scientifically is a problem that needs to be handled. In
general, there are two types of methods to solve this
problem: (1) synthetical assessment approaches, e.g.,
weighted sum, analytical hierarchy process (AHP) [15], and
the technique for order performance by similarity to ideal
solution (TOPSIS) [16]. AHP and evidential reasoning, AHP
and TOPSIS, and fuzzy synthetic evaluation are (2) the
approaches based on theory of life cycle assessment [17, 18].

Li Yiyang established a model applicable to the evalu-
ation system of hydrogen production technology by using
the life cycle evaluation theory, which included the evalu-
ation of material consumption, energy consumption, en-
vironment, and economy [19]. )e research results showed
that the comprehensive benefit of hydrogen production
from biomass supercritical water gasification was the
highest. Luo Bing introduced the two main methods of
hydrogen production from biomass, namely, thermalization
method and microbial conversion method, from the aspects
of hydrogen production mechanism, technological process,
existing problems, and development prospects. After
comparing and understanding several hydrogen production
methods, it is found that the hydrogen production tech-
nology from biomass is the most efficient and environmental
protection technology, which can not only optimize the fuel
structure and improve the air pollution status in China but

also reduce the secondary pollution caused by the unrea-
sonable utilization mode at present [20]. Xie Xinshuo used
traditional hydrogen production technologies (gasification
hydrogen production, natural gas hydrogen production, and
so on) and new hydrogen production technologies (ther-
mochemical hydrogen production, renewable energy power
generation hydrogen production, biomass gasification hy-
drogen production, and so on) as the object; the research on
its life cycle assessment shows that wind power hydrogen
production technology has the best environmental protec-
tion, and nuclear thermochemical hydrogen production has
the potential for large-scale application in the future [21].
Niu Jiao established an evaluation model based on an im-
proved fuzzy evaluation method. )e hydrogen production
technology with the highest comprehensive benefit is natural
gas steam reforming hydrogen production technology, and
the hydrogen production technology with the lowest com-
prehensive benefit is hydrogen production by electrolysis of
water [22].

)e above research results are a single or multidi-
mensional systematic evaluation of various hydrogen-
making technologies by experts and scholars, but the
actual application of hydrogen-making technology in a
certain field has not been fully considered. Under the
current background of “carbon peak and carbon neu-
trality” and restricted by foreign technology, the tradi-
tional 3E evaluation model cannot better reflect the
influence of technical factors and social factors [23]. )e
olefin industry is evaluated based on the 3E model, but it
does not reflect the impact of its social and technological
factors [24]. Hence, coal enterprises urgently need a set of
scientific, comprehensive, and targeted evaluation indi-
cators and evaluation methods. )erefore, this article adds
two dimensions of technology and society to the analysis of
the 3E model, that is, comprehensive analysis of each
hydrogen production technology from the five dimensions
of energy, economy, environment, technology, and society
and combines with a specific mining group for practical
applications.

3. Impact Analysis and Model Construction

3.1. Impact Analysis. Considering the complexity of hydro-
gen production technology, in this section, we provide the-
oretical support for the model establishment in Section 3.2 by
analyzing the influencing factors at five different levels of
hydrogen production technology.

)e influence of hydrogen technology in the energy
dimension is mainly reflected in the influence of resource
suitability, hydrogen efficiency, and the proportion of end-
energy consumption change and the proportion of clean
energy consumption increase. )erefore, the applicability of
resources, hydrogen efficiency, and the proportion of
changes in end-use energy consumption are introduced as
indicators in energy.

Compared with other energy sources, the cost gap be-
tween various types of hydrogen technology is large. At the
same time, in order to simplify the calculation, the invest-
ment cost of hydrogen plant construction is used as a
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separate index. )erefore, the following economic influ-
encing factors were used to establish the indicator: (1) the
cost per unit of hydrogen production; (2) investment costs;
(3) gross enterprise product.

In the environmental impact of themain performance in the
“three wastes,” that is, “emissions, waste residue, waste water,”
the most significant environmental impact is the emission of
exhaust gases; therefore, in the environmental impact factor
subsystem, CO2 and NOX emissions (kg) are used to better
reflect the environmental impact factor.

)e main connotation of hydrogen production tech-
nology is the advanced degree of technology, the hydrogen
purity index reflects the advanced degree of technology, and
the proportion of scientific researchers indirectly reflects the
development level of high and new technology. Secondly,
external dependence and technology maturity of technology
are the important basis for the long-term development of
China’s coal enterprises [25, 26].

3.2. Model Construction. As a new energy source, hydrogen
production technology has abundant sources of raw
materials and complex hydrogen production processes.
)ere are relatively few research studies on the devel-
opment of hydrogen energy technology by coal compa-
nies. It is reasonable to plan and deploy various
technologies in different periods and regions. For issues
such as the order of development of hydrogen production,
it is necessary to conduct an objective and scientific
evaluation of various hydrogen production technologies.
)erefore, the premise of the evaluation is to establish a
scientific and reasonable evaluation index system. Based
on the analysis of influencing factors in Section 3.1, the
following comprehensive evaluation index system is
established, as shown in Table 1.

3.2.1. Standardized Processing of Indicators

(1) Standardized Treatment of Indicators. In the com-
prehensive evaluation, due to the existence of different
types of qualitative and quantitative indicators, or the
value gap between the indicators, the original indi-
cators affect the accuracy of the evaluation in the
calculation and analysis. )e presence of indicators
with high numerical values has a greater impact on the
whole, and the role of indicators with lower numerical
levels is relatively weakened. )erefore, we need to
standardize all indicators to improve the accuracy of
the results. In this paper, the indicator is standardized
by the extreme difference method.

(2) Consistent Processing of Indicator Types. In the
comprehensive evaluation of multiple indicators,
some are indicators with higher indicator values,
called positive indicators, and some are indicators
with smaller indicator values that evaluate the better,
called reverse indicators. First of all, the indicator
must be trended, generally the reverse indicator into

a positive indicator, which is the consistent pro-
cessing of the indicator type.

3.2.2. Comparison Based on AHP and GRA-TOPSIS. )e
article chooses the analytic hierarchy process to determine
the weights. )ere are two advantages to determine the
weights through the analytic hierarchy process. First, the
data requirements for determining the weights through the
analytic hierarchy process are relatively small, and it is
relatively simple in actual operation. )e indicators are
analyzed systematically to improve accuracy.

In order to overcome the shortcomings of gray corre-
lation and Technique for Order Preference by Similarity to
an Ideal Solution (TOPSIS) method, this paper combines the
characteristics of the two methods and integrates the two
methods organically. Considering that the traditional
TOPSIS method evaluates the schemes according to the
Euclidean distance, sometimes it cannot fully reflect the pros
and cons of the schemes, and it cannot reflect the difference
between the changing trends of various factors within the
sample and the ideal sample.)erefore, this paper constructs
the gray correlation and TOPSIS (GRA-TOPSIS), makes full
use of the characteristics of the gray correlation degree to
reflect the situation change between the plan data curves and
the similarity of the curve geometry, combines the Euclidean
distance and the gray correlation degree, and constructs one
from the two aspects of position and shape.)is new relative
closeness makes up for the shortcomings of the TOPSIS
method. )is method has clear thought, simple calculation,
and strong practicability which we call it AHP and GRA-
TOPSIS. )e key calculation steps are as follows:

(1) Dimensionless procession of indicators: the data
outline of each indicator is not consistent in order
to eliminate the impact of the data outline and the
convenience of research to standardize the data, in
which the positive indicator refers to the evaluation
results that play a positive role in promoting the
indicators, and such indicators belong to the larger
the better indicators. Conversely, negative indica-
tors refer to indicators that play a negative role in
promoting evaluation results and are among the
smaller and better indicators.
Positive indicator is as follows:

xij
′ �

xij − xmin

xmax − xmin
. (1)

Negative indicator is as follows:

xij
′ �

xmax − xij

xmax − xmin
. (2)

(2) Build a decision matrix: M evaluation objects and N
evaluation indexes are set, and the original decision
matrix is X� (xij)m×n.

(3) Weighted normalized matrix of evaluation indica-
tors is as follows:
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Z � ωjyij􏼐 􏼑
m×n

�

ω1y11 ω2y12 · · · ωny1n

ω1y21 ω2y22 · · · ωny2n

⋮ ⋮ ⋱ ⋮
ω1ym1 ω2ym2 · · · ωnymn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

(3)

(4) Determine the positive ideal solution and negative
ideal solutions of the weighted normalization
matrix:

Z
+

� Z
+
1 , Z

+
2 , . . . , Z

+
n( 􏼁

� ω,

Z
−

� Z
−
1 , Z

−
2 , . . . , Z

−
n( 􏼁

� 0.

(4)

In this formula,

Z
+
j � maxZij � ωj,

Z
−
j � minZij � 0, j ∈ N.

(5)

(5) Calculate the Euclid distance between the schemes
and the positive ideal solution and negative ideal
solutions as follows:

d
+
i �

������������

􏽘
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Zij − Z

+
j􏼐 􏼑

2

􏽶
􏽴

d
−
i �
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􏽘
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2

􏽶
􏽴

.

(6)

(6) Calculate the gray correlation coefficient matrix
between each scheme and the positive ideal solution
and the negative ideal solution R+ and R− as
follows:

R
+

� r
+
ij􏼐 􏼑

m×n
, R

−
� r

+
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(7)

In this formula, ε ∈ (0, 1) is the resolution factor,
and experience is valued at 0.5.

(7) Calculate the gray correlation between each scheme
and the positive and negative ideal solutions as follows:

r
+

�
1
n

􏽘

n

j�1
r

+
ij,

r
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�
1
n

􏽘

n
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(8)

(8) Euclid distance and correlation degree are dimen-
sionless as follows:
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,
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,
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+
i
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+
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,

R
−
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r
−
i

maxr
−
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(9)

Table 1: Comprehensive evaluation index system of hydrogen production technology.

Goal level (G) Criterion level
(A) Factor level (B)

Comprehensive evaluation index system of hydrogen production
technology (I)

Energy (A1)

Resource suitability (b11)
Hydrogen production efficiency (b12)

)e proportion of end-user energy consumption
changes (b13)

Increased share of clean energy consumption (b14)

Economic (A2)
)e cost per unit of hydrogen production (b21)

Investment costs (b22)
Gross domestic product (b23)

Environment
(A3)

Wastewater emissions (b31)
Slag emissions (b32)
CO2 emissions (b33)
NOX emissions (b34)

Technology (A4)

Technical reliability (b41)
Hydrogen purity (b42)

)e proportion of researchers (b43)
External dependence of technology (b44)

Technical maturity (b45)

Social (A5)
Policy applicability (b51)
Social recognition (b52)
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Establish a hierarchy structure of
evaluation criteria

Formulate a fundamental scale of valuesEleven related experts Eleven related experts

Construct a decision matrix for hydrogen production
technology

Calculate the normalized decision matrix Y=[yij]

Obtain the weighted normalized decision matrix Z=[zij]

Normalize the gray correlation degrees

Obtain the gray correlation closeness index

Obtain the distance closeness index

Rank the alternatives

Step1:AHP

Calculate the gray correlation coefficients
to positive-ideal and negative-ideal

solutions

Calculate the separation measures to
positive-ideal and negative-ideal

solutions

Calculate the gray correlation degrees to
positive-ideal and negative-ideal

solutions 
Normalize the positive-ideal and

negative-ideal solutions

Calculate the integrated closeness index
via nonlinear programming model with

constraints

Calculate the positive-ideal and negative-ideal
solution

Calculate the normalized decision matrix Y=[yij]

Step2:GRA-TOPSIS

CR<0.1

Calculate the final consistency rario CR

Obtain the weights of each criterion for hydrogen
production technology

Establish pair-wise comparision matrices

Impact Analysis for hydrogen
production technology

Figure 1: Model frame diagram.
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(9) Combine dimensionless distance and correlation
degree. )e greater the D−

i and R+
i is, the closer the

scheme is to the positive ideal solution. )e larger
the D+

i and R−
i is, the farther away the scheme is

from the positive ideal solution. )erefore, the
combination formula can be determined as follows:

P
+
i � αD

−
+ βR

+
, P

−
i � αD

+
+ βR

−
. (10)

In this formula, α � β � 1/2.
(10) Relative closeness of the construction scheme is as

follows:

Q
+
i �

P
+
i

P
+
i + P

−
i

. (11)

(11) )e relative closeness degree Q+
i of each scheme was

calculated and ranked. )e greater the relative
closeness degree was, the closer it was to 1, indi-
cating the higher the evaluation of the scheme was.
On the contrary, the lower the relative closeness, the
worse the scheme.

In order to explain themodel more intuitively, the model
frame diagram is shown as follows (see Figure 1).

Table 2: Weight value of the comprehensive evaluation index of hydrogen production technology.

Goal level Criterion level (A) Weight (Wi) Factor level (B) Weight (Wii) Comprehensive weights

Comprehensive evaluation

A1 0.3719 b11 0.4420 0.1644
b12 0.3436 0.1278
b13 0.0994 0.0370
b14 0.1150 0.0428

A2 0.1651 b21 0.7003 0.1156
b22 0.2230 0.0368
b23 0.0767 0.0127

A3 0.2854 b31 0.2014 0.0575
b32 0.1559 0.0445
b33 0.3535 0.1009
b34 0.2892 0.0825

A4 0.1074 b41 0.2810 0.0302
b42 0.2828 0.0304
b43 0.0693 0.0074
b44 0.0903 0.0097
b45 0.2766 0.0297

A5 0.0703 b51 0.6562 0.0461
b52 0.3438 0.0242

Table 3: Dimensionless processing results.

Scheme D+
i D−

i R+
i R−

i

Coal gasification 0.9241 0.8306 0.9975 0.8807
Coke oven gas 0.5057 1.0000 1.0000 0.8696
Electrolytic water 1.0000 0.9589 0.9255 1.0000
Solar 0.8778 0.8331 0.9615 0.9229

Table 4: Comparison with AHP-TOPSIS and AHP-GC.

Scheme AHP-TOPSIS AHP-GC AHP-GC&TOPSIS
Coal gasification 0.473357269 0.4689064 0.5032
Coke oven gas 0.664142924 0.46512623 0.5925
Electrolytic water 0.489509419 0.51934562 0.4851
Solar 0.4869367 0.48975801 0.4992

Table 5: Comprehensive evaluation and ranking table of hydrogen production technical scheme.

Scheme P+
i P−

i Relative closeness Rank

Coal gasification 0.9140 0.9024 0.5032 2
Coke oven gas 1.0000 0.6877 0.5925 1
Electrolytic water 0.9422 1.0000 0.4851 4
Solar 0.8973 0.9004 0.4992 3
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4. Application

In this section, the use of AHP and Gray Correlation Ideal
Solution is illustrated by evaluating the hydrogen production
technologies in a certain mining group. )e mining group is
a modern enterprise group that spans regions and industries.
It is actively exploring the application of hydrogen purifi-
cation and storage technology and the industrial production
of hydrogen fuel cells.

4.1. Data Collection. )e data and related information come
from enterprises such as experts, scholars, and university
experts with professional knowledge and management ex-
perience. )rough the questionnaires collected in this study,
11 experts were consulted, and the comparison matrix for
each standard was matched and used to evaluate the decision
matrix hydrogen production technology. )e four alterna-
tives can make the evaluation results more in line with the
development of the mining group.

4.2. Hierarchical Structure of Hydrogen Production Technol-
ogiesEvaluation. Based on the related literature and expert
interview, five kinds of dimensions and their parameters
have been given. We establish a hierarchical structure for
their comprehensive evaluation, which is shown in
Table 2.

4.3. Comprehensive Evaluation Based on Gray Correlation-
TOPSIS Method. According to the formula, the gray asso-
ciation between each scheme and the positive and negative
ideal solution is calculated as follows:

r
+

� [0.8436 0.8458 0.7828 0.8132],

r
−

� [0.7555 0.7459 0.8578 0.7917].
(12)

Euclid distance and gray relational degree were di-
mensionless and were obtained D+

i , D−
i and R+

i , R−
i . )e

results are shown in Table 3.

According to formula (10), scale distance and correlation
degree will not be combined. Finally, according to formula
(11), the relative proximity of the hydrogen scheme samples
is constructed, and according to the size of the relative
schedule, the samples are sorted; the closer the proximity 1,
the better the scheme.

4.4. Results and Analysis. In this paper, the AHP-TOPSIS
method and AHP-GC method are used to compare the
results of the proposed methods. )e weight of each
influencing factor adopted by the three methods is the same.
)e closeness index results of the three methods are shown
in Table 4.

It can be seen from Table 4 that the results of the three
methods are basically consistent and close, which shows that
the proposed AGT is reasonable and feasible to evaluate the
performance of the design scheme. Because the gray
closeness index of Option 1 and Option 2 is similar, AHP-
GC cannot determine the best solution between Option 1
and Option 3, and AGT can do this. In other words, the
result of AGT is a comprehensive evaluation value of AHP-
TOPSIS and AHP-GC. When evaluating the performance of
the design plan, a mixed feature involving positional rela-
tionship and situation changes between data sequences is
used. )erefore, the AGT method overcomes the one-sid-
edness of the AHP-TOPSIS and AHP-GC methods and
makes the evaluation results more objective and true.

)rough the previous evaluation and research on various
hydrogen production technologies, the ranking of the
comprehensive evaluation of various hydrogen production
technologies has been obtained. Now, the research results
are further analyzed, and the ranking is as shown in Table 5.

It can be seen from Figure 2 that coke oven gas hy-
drogen production is the most closely related hydrogen
production technology, with a closeness of 0.5925, indi-
cating that coke oven gas hydrogen production is the
preferred hydrogen production technology for a mining
group’s transformation and development of hydrogen
energy. On the one hand, because coke oven gas is com-
pared with the traditional hydrogen production method,

Coal gasification
0.5032

Coke oven gas
0.5925

Electrolytic water
0.4851

Solar
0.4992

0

0.1

0.2

0.3

0.4

0.5

0.6

Relative closeness

Figure 2: Relative closeness of comprehensive evaluation of hydrogen production technology.
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hydrogen extraction is not only a more environmentally
friendly comprehensive utilization of resources but also has
very considerable economic benefits; on the other hand, in
the example, coal enterprises are the mainstay, and the
output of coke oven gas is abundant. )rough reasonable
purification technology, hydrogen energy can be produced
on a large scale, compared with electrolysis of water to
produce hydrogen, and the cost is low. )e second in the
ranking of relative closeness is the traditional coal gasifi-
cation hydrogen production, which has already been
produced on a large scale in China, with relatively mature
technology and low cost, but there are also problems such
as high carbon emissions and many gas impurities. )e
hydrogen production technology ranked last is hydrogen
production by electrolysis of water, with a relative closeness
of 0.4851.

5. Conclusions

)is paper takes coal gasification hydrogen production,
coke oven gas hydrogen production, electrolysis water
hydrogen production, and solar hydrogen production as
the research objects and conducts a multidimensional
comprehensive evaluation by constructing a multilevel
comprehensive evaluation index system. At the same time,
the model was verified based on the actual situation of a
certain mining group, and the following conclusions were
drawn.

)e GRA-TOPSIS method is used to construct a com-
prehensive evaluation model of hydrogen production
technology. By combining Euclidean distance and gray
correlation, a new relative closeness is constructed from two
aspects of position and shape, which can make up for the
respective defects of GRA and TOPSIS; through calculations
according to the comprehensive closeness of various hy-
drogen production technologies, the comprehensive close-
ness of coke oven gas hydrogen production technology is the
highest, which is the most suitable hydrogen production
technology choice for a certain mining group’s hydrogen
energy development, followed by coal gasification hydrogen
production technology; this model can provide a certain
theoretical basis for coal enterprises to select hydrogen
production technology as a breakthrough point for
transformation.

)ere are still some shortcomings in the research of this
paper, and future research can be further deepened and
broadened. In this research, the qualitative indicators are
quantified by the expert scoring method and the range
method. However, with the improvement of national pol-
icies and the development of hydrogen production tech-
nology, related cognition and data will also change. A more
scientific and comprehensive evaluation model is still
needed to adapt to future development; as currently
emerging hydrogen production technologies such as bio-
mass hydrogen production have certain difficulties in data
collection, with the deepening of relevant research, a more
comprehensive approach can be considered. Other emerging
hydrogen production technologies could be included in the
research object.
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