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With the development of coal mining in rocky desertification mining area in Southwest China, water burst is becoming an
important disaster in coal mine. In order to grasp the evolution characteristics of water gushing channels in coal mining in
rocky desertification mining area, the 1402 working face in Xintian Coal Mine is taken as the research object, and the
occurrence of aquifers on the roof of the working face is analyzed, and the water filling path of the aquifers is explored.
Besides, the evolution characteristics of water passage in coal seam mining are comprehensively analyzed, by the methods of
physical similarity simulation, numerical simulation, and microseismic monitoring. The results show that the key water
resource is the atmospheric precipitation, which enters the mine through the original karst fissure and mining-induced fissure.
With the continuous advance of working face, the fracture height of overburden increases gradually. Specifically, when the
advancement distance of working face exceeds 135m, the water-conducting cracks in the overlying strata develop to the
bottom boundary of the Yulongshan limestone aquifer, and then, the mining-induced fracture and aquifer are conducted;
when the working face advances 190m, the overall overburden mining fissure is divided into fissure opening zone and fissure
closed zone. Meanwhile, most of the microseismic events occur in the middle part of the karst roof, and the maximum height
of microseismic event is 40m away from the bottom boundary of the Yulongshan limestone, during the advancing process of
the working face. When the mining fissure is connected with the original karst fissure, atmospheric precipitation enters the
aquifer through the original karst fissure and enters the gob of working face through the mining fissure. The research results
provide the references for prediction and prevention for the water burst disaster in rocky desertification mining area in
Southwest China.

1. Introduction

As one of the most important coal bases in Southwest China,
Guizhou is known as the “Southwest Coal Sea” [1, 2]. At the
same time, it is also the largest and most concentrated area
of karst distribution in China. The exposed area of limestone
reaches 73% of the total area of the province [3, 4]. The
underground karst fissures are highly developed in this area.
Most of the atmospheric rainfall are not stored on the sur-
face, which flows into the underground karst aquifer [5].

When mining coal seams in karst mining areas, roof karst
water seriously threatens the safe and efficient mining of coal
in mines [6, 7]. Therefore, it is of great significance to study
the evolution characteristics of water gushing channels in
karst roof of mining areas, which is beneficial for guiding
coal mining in rocky desertification mining area in South-
west China.

Many scholars at home and abroad have done lots of
research work on the development height and characteristics
of the water-conducting fracture zone in the karst coal roof.
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In terms of the development characteristics and laws of the
water-conducting fractured zone, researchers represented
by Liu Tianquan [8] have summarized and obtained the
empirical formula for the development height of the water-
conducting fractured zone through years of field research
and analysis; Qiao et al. [9] systematically summarized the
research progress of aerosol water from four aspects, namely,
the formation mechanism of roof aerosol water, disaster-
causing mechanism, water disaster prediction and early
warning, and key prevention and control technologies; Yang
and Xu [10] comprehensively employed the methods of the-
oretical analysis, similar material tests, and numerical simu-
lation to obtain the evolution law of the water-conducting
fracture zone in a large mining height face; Lai et al. [11]
used physical similar material simulation experiments, com-
bined with the total station and borehole peep monitoring,
3DEC, and SPSS statistical analysis software, and obtained
the migration law of overlying strata in coal seam mining,
the development and evolution of fractures, and the distri-
bution characteristics of water-conducting fracture zones;
Zou et al. [12] used FLAC3D software to calculate and ana-
lyze the plastic failure zone, displacement field, and stress
field distribution characteristics of the surrounding rock
above the stope before and after the fully mechanized caving
work passes the fault and obtained the formation mecha-
nism of the water channel; Wang et al. [13] used theoretical
analysis and field detection to obtain the characteristics of
the development height of roof water-conducting fractures
under the influence of the key layer structure with the min-
ing thickness, and the development height is affected by both
the mining thickness and the key layer structure; Zhang et al.
[14–16] used the theory of elastic foundation beams to
establish a mechanical analysis model for the height of the
overburden water-conducting fissure zone of the block-
filled stope; Zhu et al. [17] built a coal seam mining model
in the karst cave area and obtained the development charac-
teristics of roof mining cracks during coal seam mining;
Wang et al. [18] used similarity simulation and theoretical
analysis to propose a composite mechanism model of “elas-
tic thin plate” and “parallel pressure arch” for the migration
of overlying strata in high-strength mining under three-
dimensional spatial conditions; Liu et al. [19] used the bore-
hole television system and borehole simple hydrological
observation method, combined with similarity simulation
and numerical simulation, and obtained the development
characteristics of the overlying water-conducting fissure
zone in fully mechanized caving mining in deep and extra-
thick coal seams. In terms of the height of the water-
conducting fissure zone, Y. P. Zhang et al. [20] used a com-
bination of field measurement, numerical simulation, and
similarity simulation to obtain the overburden failure height
of the deep thick coal seam in the west of Mongolia with the
large mining height; Guo et al. [21] used the method of on-
site ground drilling flushing fluid leakage and theoretical
analysis methods to obtain the height of the water-
transmitting fracture zone in top coal mining under soft
and hard alternate overburden conditions; Yang et al. [22]
comprehensively used downhole borehole water injection
loss observation, borehole television, and numerical simula-

tion technology to obtain the development height of water-
conducting fracture zone in fully mechanized caving mining
under thick loose layer and weak overburden. In terms of
water flow height prediction, Shi et al. [23, 24] combined
principal component analysis (PCA), genetic algorithm
(GA), and optimized Elman neural network to establish
PCA-GA-Elman for the height prediction of water flow frac-
ture zone development. Based on neural network algo-
rithms, Z. H. Li et al. [25] selected mining thickness,
mining depth, working face inclination length, coal seam
inclination, and overlying rock structure characteristics as
the main influencing factors for the height of the water-
conducting fissure zone. Based on the particle swarm
(POS)-support vector regression (SVR) research method,
Xue et al. [26] constructed the Ordos Basin Jurassic coal field
water-transmitting fractured zone height prediction model.

The above research results have an important guiding
significance for coal mining under water bodies, but there
are few studies on the development height and development
rules of water-conducting fissures in karst mining areas [27,
28]. This paper employs a combination of theoretical analy-
sis, similarity simulation, numerical simulation, and field
microseismic monitoring to analyze the source and volume
of water inrush from coal seam mining in karst areas.
Through similarity simulation and numerical simulation,
the process of connection between the water conduction fis-
sures and the original karst fissures is proved, and the water
inrush model for coal seam mining in karst areas is pro-
posed, and the coal seam mining in karst mining areas is
mastered. Therefore, the evolution characteristics of roof
water gushing channels provide an important reference for
safe and efficient coal mining in rocky desertification mining
area in Southwest China.

2. Mining and Hydrogeological Conditions

2.1. Water Source of Mine Water Filling. Xintian Mine is
located in Qianxi County, Bijie City, Guizhou Province. This
area is a typical karst mining area. Mine water is mainly
filled with two major water sources, namely, atmospheric
precipitation and underground karst water. Atmospheric
precipitation is the main source of replenishment for surface
water and underground karst water, which restricts the
dynamic changes in the flow of surface rivers and mines.
According to the meteorological data provided by the Qianxi
County Meteorological Bureau, the annual rainfall in the
mining area is about 940~1090mm, and the rainy season
is from May to September, accounting for about 80% of
the annual rainfall. Under normal circumstances, atmo-
spheric precipitation mainly replenishes the Yulongshan
limestone aquifer through shallow weathering fissures,
structural fissures, and sinkholes. Continuous rainfall
increases the water supply to the underground Yulongshan
limestone aquifer, so atmospheric precipitation is the direct
water source for filling water in the shallow limestone aqui-
fer of the mine. When the mining fissure is connected to the
aquifer, the aquifer becomes a direct source of water for the
mine.
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The water richness of the aquifer in the Yulongshan sec-
tion of the Yelang Formation in the mining area is generally
not strong and extremely uneven. However, affected by the
structure of the fault and lateral fracture zone, the karst is
strongly developed, and the underground karst space is con-
nected with the surface karst, especially during rainfall.
Atmospheric precipitation and surface water leak along sur-
face creeks and sinkholes to replenish the ground, resulting
in a large amount of groundwater enrichment in the lime-
stone aquifer in the Yulongshan section, which becomes an
enrichment zone for groundwater. The lower part contains
the limestone of the Changxing Formation with an average
thickness of 35m. Because there is a water barrier in the
middle, and the stratum is not exposed, deep buried, and
poor replenishment conditions, the limestone of the
Changxing Formation is a weak aquifer.

2.2. Mine Water Filling Channel. The water-filled channel in
the karst mining area is composed of the original karst fis-
sures and mining fissures, which is different from the
water-filled channels in ordinary mining areas only by the
mining fissures. The original fissures include weathered
zones, faults, collapse pits, sinkholes, and underground karst
fissures. Mining fissures are the fractures formed by the col-
lapse of the roof of underground coal mining, forming the
water-filling channel of the karst mining area. When the
mining fissures and karst fissures are connected, karst water
continuously flows into the well, seriously affecting the safe
and efficient mining of the working face.

2.3. Overview of Test Working Face. The 1402 working face
of Xintian Coal Mine is selected as the test working face,
which has a strike length of 147m and a slope length of
1148m. The average mining thickness of the coal seam is
3m, and the average inclination angle is 3°. The working face
elevation is +912~+948m. The working face is located to the
north of the three main lanes in the south wing, 1401 mined
area on the east, 1404 unmined working face on the west,
1402 bottom extraction lane under 1402 belt transport lane,
and original 1# bottom extraction under 1402 track trans-
port lane. The surface is barren hills, and the buried depth
is more than 340m, and the mining has little impact on
the ground. The layout of 1402 working face is shown in
Figure 1.

3. Similarity Simulation of Evolution
Characteristics of Water Gushing Channel

3.1. Model Design and Establishment. According to the min-
ing geological conditions of the 1402 working face, the
buried depth of working face is about 340m, and the min-
ing thickness of the coal seam is only 3m. In consider-
ation, if the similarity ratio is small, the geometric
similarity ratio is selected as 1 : 100; and the length, width,
and height of the selected similarity simulation test bench
are2500mm × 200mm × 1300mm, and the simulated rock
layer height is 120m. According to similarity simulation
principles, the top loading of the model fails to simulate
the weight of the rock formation. According to the origi-

nal model, the loading value is

qp =
P
F
= γp H −Hlð Þ: ð1Þ

The load value qm on the model is

qm =
qp

CL ⋅ Cγ

= γP H −H1ð Þ
CL ⋅ Cγ

, ð2Þ

where qp is the prototype unsimulated rock formation
pressure, KPa; H is the mining depth, m; H1 is the height
of the simulated roof rock formation, m; the thickness of
the unsimulated overburden is 280m, where the average
bulk density of the overburden is 2800KN/m3; and the
load qm applied to the model is 3484KPa. This load is
compensated by the pressure of the hydraulic column on
the test bench. Two displacement measuring lines are
arranged on the model, a total of 48 displacement measur-
ing points, and each measuring point is 10 cm apart. The
1# measuring line is located at the interface of the lime-
stone top plate of the Changxing Formation, and the 2#
measuring line is located at the interface of the limestone
floor of the Changxing Formation. In order to eliminate
the influence of the boundary, 30m coal pillars are left
on the left and right sides of the model, and the excava-
tion is carried out gradually from right to left, shown in
Figure 2.

This experiment uses sand as aggregate, calcium carbon-
ate and gypsum as cementing materials, and borax as
retarder. According to the calculation method of the simu-
lated strength value of similarity materials, a reasonable ratio
of similarity materials in each layer is obtained. According to
the cross-sectional area of the model frame, the thickness of
the rock (coal), and the geometric similarity ratio, the weight
of the similarity material of each rock (coal) layer is calcu-
lated (considering the richness factor of 1.2), and the pro-
portion number and parameters are shown in Table 1.

3.2. Development Characteristics of Water Gushing Channels

3.2.1. Fracture Characteristics of Overlying Strata. The min-
ing method of oblique mining is adopted in the 1402 work-
ing face. During the mining process, collapse, subsidence,
and layer separation occur in sequence above the gob. When
the working face advances to 85m, the overburden fracture
occurs for the fifth cycle. The overburden collapse height is
24m, and the fracture angle on the side of the working face
is 55°, which is smaller than the fracture angle at the open
cut. The lower part contains the limestone of the Changxing
Formation. There are a large number of separation zones,
and the mining cracks do not penetrate the limestone of
the Changxing Formation; when the working face advances
to 150m, the overburden fracture occurs in the ninth cycle.
The overburden fracture height is 85m, and the fracture
angle on the side of the working face is 56°, and the fracture
angle at the open cut is 60°, and the fracture angle between
the two fracture lines is 60°. The strata span is 80.6m, and
the mining fissures have fully developed to the top of the
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model, indicating that the fracture height of the fissures has
reached the Yulongshan limestone floor at this time; when
the working face advances to 190m, the overburden fracture
occurs for the thirteenth cycle. The fracture angle on the side
of the working face is 52°, and the fracture angle at the open
cut is 60°, and the strata span between the two fracture lines
is 132.6m. The fractured height of the fissure has reached
the inside of Yulongshan limestone. When the 4# coal seam
is excavated, there are 13 periodic roof breaks in the over-
burden. The first break step is 35m, and the average periodic
break step is 11.9m. The mining fissures are connected to
the Yulongshan limestone aquifer, shown in Figure 3.

During the excavation of the working face, the over-
burden fracture height is recorded. When the working face
advances to 95m, the overburden fracture height is 45m,
and the limestone of the Changxing Formation has been
fractured; when the working face advances to 110m, the
Changxing Formation is completely broken; when the
working face advances to 135m, the overburden fracture
height is 85m, indicating that the cracks have developed
to the top of the model. Due to the size of the model, with
the further excavation of the coal seam, the height of the
overburden cracks no longer changes on the model. How-
ever, the limestone of the Yulongshan section gradually

1404 unmined
working face

1402 golfAdvancing
direction

1401 golf

Stop mining line

Stop mining line

Stop mining line

Figure 1: Schematic layout diagram of 1402 working face.
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Figure 2: Displacement measuring point arrangement and excavation position.

Table 1: Similarity simulation test ratio and parameters.

No. Lithology
Thickness

(cm)
Matching
number

Compressive strength
(MPa)

Tensile strength
(MPa)

Cohesion
(MPa)

Density (g/
cm3)

1
Sand and
mudstone

20 655 29.9 2.31 9.91 2.770

2 Limestone 35 437 51.4 5.70 17.12 2.800

3
Sand and
mudstone

30 655 29.9 2.31 9.91 2.770

4 4# Coal 3 773 3.9 0.28 1.23 1.461

5
Sand and
mudstone

32 655 29.9 2.31 9.91 2.770
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breaks in actual conditions, and the mining fissures con-
tinue to expand into the limestone of the Yulongshan
section.

3.2.2. Displacement of Overlying Rock. The displacement
change of the limestone roof in the Changxing Formation
during the mining process of the 4# coal seam is obtained.
When the working face advances to 110m, the survey line
begins to bend and deform, indicating that the upper part
of the Changxing Formation limestone begins to bend and
sink; when the working face advances to 120m, the maxi-
mum subsidence value of 1# survey line is -507.3mm, and
the limestone of Changxing Formation breaks and sinks at
this time; with the continuous advancement of working face,
the displacement curve sinks periodically. After the working
face is mined, the maximum sinking value of the 1# survey
line is -1006mm.

The displacement change of the limestone floor in the
Changxing Formation during the mining process of the 4#

coal seam is obtained. When the working face advances to
85m, the 2# survey line is bent and deformed. At this time,
the limestone floor of the Changxing Formation breaks and
sinks. With the continuous advancement of the working
face, the floor sand and mudstone layers are periodically
broken. When the coal seam is excavated, the maximum
subsidence of the 2# survey line is -1332.1mm.

3.2.3. Fissure Field. The sketch map of the distribution of
overburden cracks in the 4# coal seam after mining is shown
in Figure 4. The overburden fissure field is divided into fis-
sure opening area and fissure closure area. The opening
angle of the overburden rock near the working face and
the open cut is relatively large, and the fissures are more
developed. The water conductivity is strong, and the upper
fissures in the middle of the gob are closed due to compac-
tion, and the water conductivity is poor. After the coal seam
is fully mined, the mining fissures have developed to the top
of the model and are connected to the Yulongshan limestone
aquifer. The roof water enters the gob through mining fis-
sures. Because it is inclined mining, the karst water in the
gob flows to the working face, which is consistent with the
water gushing phenomenon that occurs in the actual coal
seam mining process.

4. Field Measurement of Breaking Height in
Overlying Rock

4.1. Layout of Microseismic Monitoring Points. According to
the general principle that all measuring points form a spatial
body, candidate points for the station layout of the micro-
seismic monitoring system of Xintian Mine have been

4#
coal

5th periodic failure
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zone

24 m
55° 62.5°

(a) Excavation 85m

85 m

80.6 m

60°
56°

9th periodic failure 
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Figure 3: Periodic weighting of coal seam.
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Figure 4: Fissure field in mining 4# coal seam.
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selected. The schematic diagram of the designed layout of
measuring points is shown in Figure 5.

The optimal plan for the location of the measuring point
determined by analysis and measurement calculation is
shown in Table 2.

4.2. Analysis of Microseismic Monitoring Results. The distri-
bution of microseismic events was monitored from Novem-
ber 11, 2019, to January 5, 2020. The microseismic events
mostly occurred in front of the work and were mostly biased
towards the 1402 belt lane, and the energy range was in the
range of 0~1000 J. There were only four microseismic events
in the mined-out area behind the working face, with energy
three times greater than 1000 J.

The cross-sectional view of the microseismic event in the
track lane at 1402 working face is obtained. The microseis-
mic event gradually decreases in the front of the working
face, but the energy of the event increases as it goes up.
There are three locations in front of the work where the
energy of the microseismic event exceeds 100 J. One of them
is the bottom of the Changxing Formation limestone, and
the remaining two are located inside the Yulongshan lime-
stone. The two locations are 5m and 45m away from the
bottom boundary of the Yulongshan rock formation, and
the highest point is 125m from the roof of 4# coal seam.

The section view of the microseismic event at the 1402
working face is obtained. During the monitoring period,
the upper rock formations at the 1402 working face have
four relatively large vibrations, all with energy greater than
100 J. Moreover, the locations of the incidents are basically
near the vertical line of the working face. The positions from
bottom to top are as follows: 3m below the Changxing For-

mation limestone floor, 1m below the Yulongshan limestone
floor, and 45m above the Yulongshan limestone floor.

During the monitoring period, microseismic events
mostly occur on the leading working face. Large energy
events exceeding 100 J are mainly concentrated in the middle
of the working face and lagging behind the working face and
occur in the upper part of the gob behind the working face.
According to the microseismic event profile, the maximum
height of the microseismic event is located at the Yulong-
shan limestone 125m away from the 4# coal seam. There-
fore, the height of the water gushing channel develops to
the Yulongshan limestone, and the water gushing channel
is connected to the Yulongshan limestone cave.

5. Analysis of Mine Water Inflow Process

After the working face is fully recovered, there is continuous
water gushing to the working face behind the working face.
Temporary water pumps are installed on the working face
to pump the water to the storage tank of the stop line. After
the precipitation, it is discharged into the underground silo
through the water pump, shown in Figure 6.

5.1. Analysis of Mine Water Inflow. By analyzing the average
monthly water inflow from April 2015 to October 2019 and
the atmospheric rainfall data in the area, the relationship
between atmospheric rainfall and mine water inflow is
obtained, shown in Figure 7. The change in mine water
inflow is closely related to atmospheric rainfall, indicating
that there is a water inflow channel between the mine and
the ground, resulting in an increase in mine water inflow
after atmospheric rainfall.

5.2. Mine Water Gushing Process. Based on the hydrogeolo-
gical conditions of the mining area, a conceptual model of
karst roof gushing water is proposed, shown in Figure 8.
There are many bead-shaped sinkholes on the surface. The
limestone karst fissures in the upper part of the Yulongshan
section are relatively developed, and the karst fissures in the
lower part are poorly developed. Gas and rain tend to enter
underground karst caves and karst fissures through sink-
holes and surface karst cracks, becoming a potential threat
to coal mining. Xintian Coal Mine mainly mines the 4#
and 9# coal seams. With the increase of the mining space
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line box 

Signal amplifierSignal storage station Signal acquisition stationSignal processor

Rail transport 
roadway

Downhole vibration pickup
1. 2. 3. 4. 5. 6

1402 
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roadway
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1 2 3

Ground

Underground

Figure 5: Working principle and schematic diagram of measuring point layout.

Table 2: Optimal plan for measuring point layout.

N0. Location
Coordinate

X Y Z

1 1402 Track roadway 3001528.013 35608039.428 930.590

2 1402 Track roadway 3001547.067 35608007.589 921.339

3 1402 Track roadway 3001569.681 35607977.316 913.300

4 1402 Belt roadway 3001407.313 35607944.994 937.110

5 1402 Belt roadway 3001428.630 35607914.794 931.960

6 1402 Belt roadway 3001452.382 35607880.289 925.357
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of the 4# coal seam, the mining fissures gradually develop
upwards, and the original fissures further develop and
expand under the influence of mining.

When the distance between the coal seam and the aqui-
fer reaches the critical value of water gushing, the original
karst fissures and mining fissures are connected to form a
water gushing channel between the surface-karst cave-
working face or gob. When 4# coal seam is mined in Xintian
Mine, the working face is threatened by roof karst water, and
the mining work of 9# coal seam is also threatened by roof
karst water.

6. Conclusion

(1) Atmospheric precipitation in karst areas is the key
supply water source for the Yulongshan limestone
aquifer, which enters the mine through the original
karst fissure and mining-induced fissure. Besides,
the Yulongshan limestone aquifer is the direct source
of water gushing in the mine

(2) There are ultrahigh-conductivity fracture zones in
coal seam mining in karst mining areas. When the
working face advances 135m, the fissure develops
to the Yulongshan limestone floor. With the contin-
uous advancement of the working face, the height of
the water-conducting fissure zone continues to
develop upwards. The final monitoring results show
that the development height of water-conducting fis-
sure zone is 125m

(3) When the 4# coal seam is fully mined, the mining
fissure is connected to the karst fissure, and a water
gushing channel is formed between the surface, the
karst cave, and the working face (or gob). On this
basis, a conceptual model of karst roof gushing in
coal mining in rocky desertification mining area is
proposed
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The stress distribution, failure depth, and shape and range of overlying strata of the stope are important bases for the prevention of
roof water hazards and determination of reasonable locations of roof roadways. Based on the hydrogeological data of the E9103
workface, FLAC numerical simulation software was used to establish a numerical calculation model of the overlying strata of the
E9103 inclined coal seam, and the stress distribution and failure characteristics of the overlying strata were analyzed. The
development height of the caving and water-flowing fractured zones in the overlying strata of the workface was determined.
Results showed that the stress reduction area appeared above the goaf in the form of an “arched” distribution, and tensile
stress occurred in the local area of the overburden. The overburden relief arch of the workface was symmetrically distributed
along the advanced direction and asymmetrically distributed along the inclined direction, with the arch crown deflecting above
the workface. The horizontal and vertical displacements of the overlying strata of the stope increased with the advancing
distance of the workface. The horizontal displacement in the x-direction presented two obvious regions, and the critical points
of the two regions moved forward with the advancement of the workface and showed a certain degree of symmetry. The
horizontal displacement in the y-direction presented an “inverted bowl” distribution and increased with the advancement of
the workface. The main failure forms of the overlying strata of the workface were a tensile and shear failure, and shear failure
was dominant in the upper direction. The height of the overburden caving zone in the workface had little relationship with the
advancing distance of the workface and increased slowly as the advancing distance of the workface increased. The development
height of the caving zone is 7.2–18.13m. The development height of the water conduction fissure zone increased rapidly with
the increase in the advancing distance of the workface. When the advancing distance was equal to the length of the workface,
the development height of the water conduction fissure zone was flat and basically maintained at a stable value. The
development height of the water conduction fissure zone is 30.8–62.2m. These research findings have important engineering
importance for ensuring safe and efficient mining of E9103 workface.

1. Introduction

Coal seam mining destroys the original stress balance state
of overburden strata; causes stress redistribution in the sur-
rounding rocks of the stope; forms stress concentration
and stress reduction areas; leads to the deformation, move-
ment, separation, fracture, and collapse of overburden strata
in the stope; and results in caving zone, water conduction
fissure zone, and bending zone [1–5]. Determining the
development height of the caving and water conduction fis-
sure zones of a mining workface is conducive to predicting

and preventing roof water disasters when the confined
aquifer and water accumulate in the goaf in the overlying
strata of a coal seam [6–8]. Therefore, research on the stress
distribution, failure characteristics, and influence range of
overlying strata is the premise and basis for realizing safe
mining under confined water, determining the reasonable
position of roof roads, and judging the influence of lower
coal mining on upper coal mining [9–13].

At present, research on the stress distribution and
failure characteristics of overlying strata of stope mainly
involves numerical simulation, similar simulation, and field
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monitoring. These methods provide technical support and
safety guarantee in realizing safe mining under confined
water, determining the reasonable position of roof roads,
and judging the influence of lower coal mining on upper coal
mining. Wang et al. [14] studied the dynamic evolutionary
characteristics and spatiotemporal coupling effect of mining
pressure, strata movement, and fracture distribution in a
deep stope by using comprehensive methods composed of
numerical simulation, similar simulation, and field monitor-
ing. The dynamic response mechanism of mining stress,
overlying strata displacement, and roof fracture fields has
also been investigated. To obtain the reasonable position of
roadways in the upper coal seam, Huang et al. [15] studied
the morphology characteristics of the fractured zone and
the concentrated stress distribution in surrounding rock
induced by the mining of the lower coal seam by using
theoretical analysis, field testing, and numerical simulation.
They proposed two schemes for roadway positions, namely,
inner and outward stagger modes, and avoided the influence
of the fractured zone and concentrated stress field effectively.
Based on the engineering background of Dananhu No. 1 Coal
Mine in Xinjiang, Lai et al. [16] studied the overburden
fracture and water conduction characteristics of fully mecha-
nized top coal caving mining in a soft roof-coal-floor coal
seam under an extremely arid climate. Their research pro-
vided a scientific basis for the safe mining of fully mechanized
top-coal caving workface in soft roof-coal-floor coal seams
and the determination of proper water-retaining mining
schemes. Yang et al. [17] used the 11915 workface of a mine
as an example and applied three methods, namely, borehole
water leakage, borehole TV, and numerical simulation, to
observe the height of the water conduction zone.

The abovementioned research results play an effective
guiding role in ensuring the safety of coal mine production.
Based on the engineering background of E9103 workface
mining in Linfen Tianyu Hengjin Coal Mine and the hydro-
geological data of the workface, a numerical calculation
model of mining overburden in the E9103 inclined coal
seam workface was established through FLAC numerical
simulation software in this study. The stress distribution,
failure characteristics, and development height of the

overburden caving and water conduction fissure zones
were simulated and analyzed. The research results have
important engineering guiding significance for ensuring
safe and efficient mining of the E9103 workface.

2. Numerical Calculation Model of the Mining
Overburden of an Inclined Coal Seam

2.1. Engineering Background. Linfen Tianyu Hengjin Coal
Mine of Anhui Wanbei Coal Electricity Group mainly mines
nos. 9 and 10 coal seam. The E9103 workface is the second
fully-mechanized top-coal caving workface in the first east
mining area of the mine. The workface is located in the east
wing of the Nanshan inclined shaft, and the cut hole is con-
structed close to the protective coal pillar line of the mining
boundary. The outer horizontal distance of the machine lane
is 8m from the E9101 workface goaf, and the outer side of
the wind lane is the solid coal that has not yet been mined.
The line is estimated to be 197m away from Dongyi trans-
portation uphill. The length of the transportation roadway
is 1718m. The ventilation roadway is 1739m long and
190m wide on the average in the E9103 workface. The coal
seam floor elevation of the workface is +1015m to
+1117m, the average thickness of the coal seam is 4.50m,
the inclination angle of the coal seam is 14° to 18°, and the
average inclination is 16°, as shown in Figure 1. The
immediate roof and the main roof of the E9103 workface
are shallow marine limestone with high compressive
strength (the average compressive strength is 29.6MPa),
which makes it difficult for the roof to fall. The immediate
floor of the E9103 workface is made up of mudstone, no.
11 coal seam, mudstone, and limestone.

The no. 2 coal seam above the E9103 workface has been
mined. Water accumulation in the goaf and the roof sand-
stone aquifer (K5, K7, and no. 2 coal roof sandstone aquifer)
are the main sources of water inrush to the workface. If the
water conduction fissure zone communicates with the water
accumulated in the goaf and aquifer of roof sandstone after
the E9103 workface is mined, the safe production of the
mine will be threatened. To ensure normal and safe mining,
the stress distribution and failure characteristics of the

Figure 1: Plan of E9103 workface.
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overlying strata in the E9103 workface must be studied, the
development height of the water conduction fissure zone
must be determined, and corresponding technical measures
should be formulated for water hazard prevention and con-
trol in accordance with the existing geological and hydrolog-
ical data of the mine. Doing so will guarantee safe and
efficient production of the mine.

2.2. Computational Models and Simulation Parameters.
Based on the comprehensive geological histogram of the
E9103 workface of Hengjin Coal Mine, a numerical calcula-
tion model of the overlying strata of an inclined coal seam
was established, as shown in Figure 2. In the model,
the x-direction is the inclined direction of the workface,
the y-direction is the strike direction, the inclined length
(x-direction) is 300m, and the strike length (y-direction)
is 500m. The inclination angle of the rock and coal seam
is 16°, and 50m coal pillars are set around the workface.
Excavation is carried out from y = 50m and stopped at
y = 450m, with a total of 400m forward excavation. The
bottom surface of the model constrains the displacement in
the vertical direction, and the front and rear sides restrain
the displacement in the horizontal direction. The upper sur-
face of the model is a free surface, and the overlying strata
(except the coal seam roof) are loaded to the upper surface
of the model in the form of uniform load (applied load of
8.2MPa). The physical and mechanical parameters of the
roof and floor of the inclined coal seam workface in the
model are shown in Table 1.

During model calculation, the calculation grid is divided
according to the geometric size of the model, and the corre-
sponding physical and mechanical parameters are provided
to the rock layer. Then, the stress equilibrium state of the
original rock of the model is calculated. The model is exca-
vated step by step with 20m excavation per step and 20

excavations in total at one time. The movement, deforma-
tion, and failure laws of the overlying strata of the E9103
workface are simulated under different driving distances.
At the end of each excavation calculation, the information
of the simulation unit and the joint is extracted to analyze
the change rule of the stress distribution and failure charac-
teristics of the overlying strata of E9103 workface with the
advancing distance of the workface and to reveal the
evolution rule of the overburden movement and develop-
ment height of the water conduction fissure zone in E9103
workface.

2.3. Constitutive Model and Coal-Rock Parameters. The
approximate ideal elastic-plastic model is used for the
numerical calculation model, and Mohr-Coulomb yield
criterion is adopted for the failure criterion. The Mohr-
Coulomb yield criterion can be expressed as follows:

f s = σ1 − σ3Nφ + 2C
ffiffiffiffiffiffi

Nφ

q

,

f t = σ3 − σt ,

8

<

:

ð1Þ

where σ1 and σ3 are the maximum and minimum principal
stresses, respectively; C and φ are the cohesive force and
internal friction angle, respectively; σt is the tensile strength
of the material; σtmax = c/tan φ; and Nφ = 1 + sin φ/1 − sin φ.
When f s = 0, the material undergoes shear failure, and when
f t = 0, the material undergoes tensile failure.

The physical and mechanical parameters of coal and
rock mass involved in the elastic-plastic model of the
Mohr-Coulomb yield criterion include bulk modulus B,
shear modulus S, cohesion C, internal friction angle φ, and
mass density D. B and S are determined according to elastic

z
y

x

Figure 2: Numerical calculation model of E9103 workface.
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modulus E and Poisson ratio μ of coal and rock mass, and
the relationships between them are as follows:

B = E
3 1 − 2μð Þ ,

S = E
2 1 + μð Þ :

8

>
>
>
<

>
>
>
:

ð2Þ

3. Stress Distribution of Overlying Strata under
Mining in an Inclined Coal Seam

After coal seam mining, the overlying strata moved and
deformed, resulting in stress redistribution and the emer-
gence of pressure phenomena in the workface. Figure 3
shows a cloud diagram of the vertical stress distribution of
the overlying strata of E9103 workface at different advancing
distances. Correspondingly, Figure 4 shows the variation
rule of the vertical stress concentration coefficient with the
change of advancing distance. The excavation of the work-
face destroys the stress balance state of the original rock,
resulting in the stress redistribution of the stope surrounding
rock and the formation of mining disturbance. The change
in advancing distance reflects different disturbance and
destruction ranges of the overburden coal and rock mass
caused by coal seam mining.

When the workface is pushed forward for 40m, stress
concentration occurs in the coal and rock mass in the front
and rear of the workface. The peak vertical stress in front of
the workface reaches 14.38MPa, and the stress concentra-
tion coefficient is 1.78 (Figure 4). Meanwhile, a stress reduc-
tion area appears above the goaf of the workface in the form
of an “arch” distribution, and tension stress occurs in the
local area of the overburden layer. The occurrence of tensile
stress, which causes macrotensile damage to the roof of the

goaf, is the dominant factor for the collapse and destruction
of overlying strata and the main reason for the development
of fracture and fissure in the lower part of the fissure zone.
With the increase in the advancing distance in the workface,
the mining disturbance range is enlarged continuously, and
the low-stress area above the goaf develops upward in the
form of an “arch.” When the workface is pushed to 200m,
the peak bearing pressure at the rear of the workface reaches
the maximum value of 21.01MPa, and the stress concentra-
tion factor is 2.6 (Figure 4). As the workface continues to
advance, the increasing trend of peak bearing pressure grad-
ually slows down, as shown in Figures 3(f)–3(j). This result
indicates that the mine pressure is relatively obvious during
the first meeting period of the workface. It also suggests that
safe production, such as roof management during the first
meeting period and its following period, should be strength-
ened when the workface is recovered.

Figure 5 shows a cloud diagram of the vertical stress dis-
tribution of the overlying strata in the workface along the
inclined direction of the coal seam during the advancing
process of the E9103 workface (200 and 400m). The distri-
bution characteristics of the vertical stress field of the overly-
ing strata in the workface at different positions along the
inclined direction of the coal seam are similar to those along
the strike direction of the workface. Stress concentration
areas occur in the coal and rock mass in front of and behind
the workface, and stress reduction areas occur in the goaf
area of the workface and gradually develop upward in the
form of an “arch.” Figure 5 shows that with the advancing
of the workface, the mining space gradually forms, the over-
lying strata of the workface move and are destroyed under
the action of gravity, the immediate roof directly falls down,
and the main roof breaks, resulting in mining failure crack
and the redistribution of the overlying strata of the workface.
The relief arch of the overlying strata basically shows a

Table 1: Physical and mechanical parameters of roof and floor of E9103 workface.

No. Lithology
Thickness

(m)
Density
(kg.m-3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Tensile strength
(MPa)

Cohesion
(MPa)

Internal friction
angle (°)

1 Medium sandstone 44.0 2650 2.21 1.15 2.4 2.50 32

2 Fine sandstone 9.5 2620 1.93 1.00 2.20 2.78 36

3 Siltstone 4.0 2650 2.08 1.33 1.84 2.55 37

4 Fine sandstone 8.0 2650 1.93 1.00 2.20 2.78 36

5 Mudstone 5.0 2650 1.78 0.92 0.88 1.84 29

6 Siltstone 4.0 2650 2.08 1.33 1.84 2.55 37

7 Mudstone 6.0 2650 1.78 0.92 0.88 1.84 29

8 Siltstone 9.0 2650 2.08 1.33 1.84 2.55 37

9 Coal seam 4.5 1400 1.51 0.77 0.65 1.90 25

10 Mudstone 4.0 2650 1.78 0.92 0.88 1.84 29

11 Fine sandstone 7.0 2650 1.93 1.00 2.20 2.78 36

12 Mudstone 3.0 2650 1.78 0.92 0.88 1.84 29

13 Fine sandstone 6.0 2650 1.93 1.00 2.20 2.78 36

14 Siltstone 6.0 2650 2.08 1.33 1.84 2.55 37

15 Mudstone 3.0 2650 1.78 0.92 0.88 1.84 29

16 Medium sandstone 20.0 2650 2.21 1.15 2.4 2.50 32
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Figure 3: Continued.
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Figure 3: Cloud diagram of vertical stress distribution of overlying strata of E9103 workface at different advancement distances.
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symmetrical distribution along the advancing direction of
the workface, whereas the relief arch of the overlying strata
presents an asymmetrical distribution along the inclined

direction of the workface, and its vault is inclined above
the workface. The stress distribution of the overlying strata
of the stope along the inclined direction of the coal seam is
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Figure 6: Three-dimensional surface diagram of vertical stress of surrounding rock of E9103 workface at different advancement distances.
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completely different from that of the overlying strata of the
workface of the horizontal coal seam.

Figure 6 shows a 3D surface diagram of the vertical
stress of the surrounding rock of E9103 workface at differ-
ent advancing distances. Correspondingly, Figure 7 shows
a curve of the vertical stress of the surrounding rock of
the E9103 workface with advancing distance of the work-
face. The stress of the surrounding rock changes with the
increase in the advancing distance after the E9103 work-
face is mined, and areas of stress increase and decrease
emerge to some extent. Local tensile stress occurs in the
goaf area, leading to tensile failure of coal and rock mass
and fracture.

4. Displacement Characteristics of the Mining
Overburden of an Inclined Coal Seam

Figure 8 shows the vector distribution of the displacement of
the overlying strata when the E9103 workface is pushed to
400m. The overlying strata of the stope move and deform
with the advancement of the workface. The roof strata in
the goaf move toward the goaf continuously, forming the
subsidence area of the overlying strata, and the movement
direction of the underlying floor strata in the goaf is opposite
to that of the roof strata, forming a bottom drum area. The
displacement vector value of the overlying roof and underly-
ing floor strata in the goaf decreases with the increase in the
distance from the goaf.

Figure 9 shows the variation curves of the horizontal
displacement (x and y directions) and vertical displace-
ment (z direction) of the overburden of E9103 workface
with different advancing distances. The horizontal and ver-
tical displacements of the overlying strata of the stope
increase with the advancing distance of the workface.
Figure 9(a) indicates that the horizontal displacement in
the x-direction presents two obvious areas. The horizontal
movement direction of the overlying strata in a certain
distance ahead of the open-off cut is consistent with the
advancing direction of the workface (the x-direction dis-
placement is greater than zero), whereas the horizontal
movement direction of the overlying strata in a certain
distance behind the stopping line is opposite to the
advancing direction of the workface (the x-direction dis-
placement is less than zero). With the increase in the
advancing distance of the workface, the critical point of
the domain (x-direction displacement equals zero) moves
forward constantly, presenting certain symmetry. Figure 9(b)
shows that the horizontal displacement in the y-direc-
tion presents a distribution pattern of an “inverted bowl.”
The distribution is symmetrical in the central position of
the goaf. With the continuous advancement of the work-
face, the horizontal displacement in the y-direction
increases continuously, which may conducive to the for-
mation of the failure fissures of the overlying strata.
Figure 9(c) indicates that the vertical displacement of
the overlying strata of the stope increases continuously
with the advancement of the workface, and the influence
range increases continuously.

5. Failure Characteristics of Overburden
Rock during Mining in an Inclined
Coal Seam

After workface mined, the damage on the overlying strata of
the stope presents obvious zonation. In accordance with the
theory of mine pressure and strata control, the overlying
strata of the workface after mining generally form caving,
fissure, and bending subsidence zones from the bottom to
the top, in which the height of the development of the falling
and fissure zones (called “two-zones” parameter) is an
important technical parameter for safe production of the
workface. The distribution form and development height
of overlying strata of the stope are closely related to the geo-
logical conditions of the workface and essential in guiding
the prevention and control of water hazards. In the following
part, the development characteristics of the “two-zones” of
overlying strata in E9103 inclined coal seam workface are
analyzed from two perspectives, namely, plastic failure
characteristics of overlying strata and stress discrimination
method.

5.1. Distribution Characteristics of the Plastic Zone of Stope
Overburden. After yielding, the overlying strata of the stope
enter a plastic state, and their integrity is destroyed. On the
one hand, the inherent cracks in the rock mass further
expand and extend; on the other hand, new cracks are
generated. These cracks connect with each other and form
a water conduction crack passage. The failure characteristics
of the plastic zone of the overlying strata can intuitively
reflect the failure form, which is one of the main bases for
analyzing the development height of the “two-zones” of the
overlying strata and for determining the height of the
maximum water conduction fissure zone. A distribution
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Figure 7: Variation curve of vertical stress of surrounding rock of
E9103 workface at different advancement distances.
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cloud diagram of the plastic zone of overlying strata in the
direction of the strike and inclination of the workface when
the E9103 workface is advanced to 400m is shown in
Figure 10.

The distribution cloud diagram of the plastic area of the
overlying strata shows that the rock in the goaf is mainly
caused by tensile and shear failure then by shear failure
upward. The overlying strata after mining can be roughly
divided into five deformation and destruction areas from
top to bottom; the five are nondestroyed area, plastic defor-
mation area, tension crack area, tension damage area, and
local tension area. The failure form of the overlying strata
is a symmetrical “arched” distribution along the advancing
direction of the workface; it is also an asymmetrical “arched”
distribution along the inclined direction of the coal seam,
and the broken vault deviates from the middle to the upper
part of the workface. The failure form of the overlying strata
along the inclined direction of the coal seam is completely
different from that along the workface of the horizontal coal
seam. After coal seam mining, the height of the fissure zone
of the overlying strata of the stope is mainly affected by the
range of plastic zones above the coal and rock mass and
above the goaf before and after the workface. Rocks in the
caving zone are generally in the localized tension zone, and
the plastic zone is mainly characterized by tension failure.
Figure 10 shows that the height of the caving and water con-
duction fissure zones of the workface is 18.13 and 62.2m,
respectively (the maximum height of the plastic zone).

5.2. Failure Characteristics of the “Two-Zones” of Overlying
Strata. The stress discrimination method is adopted to cal-
culate the stress of each joint by using different strength
and yield criteria and to judge whether the point has yielded
failure by using the stress state of the joint. Tensile stress and
small compressive stress zones are areas where cracks
develop. The upper bounds of tension failure and tension
fracture zones are important criteria for determining the

height of the caving and water conduction fracture zones.
Figure 11 shows a sketch of the maximum principal stress,
minimum principal stress, and horizontal stress of the
overlying strata of the stope when the E9103 workface is
advanced to 400m.

The principal stress nephograms in Figures 11(a) and
11(b) show that the maximum principal stress distribution
is similar to that of the saddle and basically consistent with
that of the plastic zone. The minimum principal stress
develops upward in the form of an arch. The horizontal
stress nephograms in Figures 11(c) and 11(d) show that
the vertical zone of horizontal stress of the overlying strata
of the stope is obvious. Tensile stress occurs in a certain
range over the goaf. The tensile stress gradually transforms
into compressive stress, and the horizontal stress isoline
becomes sparse after exceeding the range. According to the
magnitude and nature of horizontal and principal stresses,
it can be divided into three zones, namely, bidirectional
tension stress zone, tension-compression stress zone, and
compression stress zone. The bidirectional tensile stress area
shows that the maximum and minimum principal stresses
are greater than 0, which is mainly distributed in the strata
of the caving zone in the goaf. When the tensile stress
exceeds the ultimate tensile strength of the rock mass, the
rock mass breaks and collapses, and the stress is released
and transferred. The tensile and compressive stress areas
show that the maximum principal stress is greater than 0,
and the minimum principal stress is less than 0, which is
mainly distributed outside the rock mass of the caving zone,
and the rock mass is subject to a certain direction of tensile
stress. When the compressive stress is higher than the tensile
strength, shear and tensile fractures are produced. The com-
pressive stress zone shows that the maximum and minimum
principal stresses are less than 0. The caving zone is gener-
ally located in the bidirectional tensile stress zone and
tension-compression stress zone of the overlying strata.
The main failure forms are tension and shear failures. The

Workface

Sink area

Floor heave
area

Figure 8: Vector distribution of overburden displacement of overlying strata when E9103 workface advances to 400m.
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magnitude of principal stress and rock mass properties con-
trols the development height of the caving zone and the
openness, density, and penetration of mining cracks.

Rock is a compressive and non-tensile material. Gener-
ally, if the maximum and minimum principal stresses of
the overlying strata in the goaf are tensile stresses, the rock
will experience comprehensive tensile failure, and the roof
will fall to form a caving zone. If only one of the principal
stresses is tensile stress, visible cracks will occur perpendicu-
lar to the tensile stress, forming a fractured zone. The posi-
tive tensile stress is set, the main stress of the overlying
strata is taken as the range of tensile stress of the caving
zone, and the range of the main stress in one direction is
adopted as the height of the obvious fissure zone. Figure 12
shows the variation in the development height of the caving
and fracture zones of the overlying strata of E9103 workface

at different advancing distances. Figure 12 indicates that
when the workface is advanced for 40m, the heights of the
caving and fracture zones are 7.2 and 30.8m, respectively.
When the workface is advanced for 80m, the height of the
caving zone is 8.5m, and the height of the fracture zone is
40.5m. When the workface is advanced for 120m, the
heights of the caving and fracture zones are 10.82 and
47.3m, respectively. When the workface is advanced for
160m, the height of the caving zone is 12.5m, and the height
of the fracture zone is 52.1m. When the workface is
advanced for 200m, the heights of the caving and fracture
zones are 14.18 and 56.11m, respectively. When the work-
face is advanced for 240m, the heights of the caving and
fracture zones are 15.62 and 57.34m, respectively. When
the workface is advanced for 280m, the height of the caving
zone is 16.91m, and the height of the fracture zone is 58.2m.
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When the workface is advanced for 320m, the height of the
caving zone is 15.88m, and the height of the fracture zone is
59.1m. When the workface is advanced for 360m, the

heights of the caving and fracture zones are 17.61 and
59.8m, respectively. When the workface is advanced for
400m, the heights of the caving and fracture zones are
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Figure 10: Cloud diagram of workface orientation and inclination plasticity zone distribution as E9103 workface advances to 400m.
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Figure 11: Cloud diagrams of maximum principal stress, minimum principal stress, and horizontal stress of overlying strata when E9103
workface advanced to 400m.
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18.13 and 62.2m, respectively. In conclusion, the height of
the overburden caving zone has little to do with the
advancing distance of the E9103 workface; it increases
slowly with the advancing distance of the workface, and
the height of the caving zone is 7.2–18.13m. The height
of the fracture zone increases rapidly with the advancing
distance of the workface. It tends to be flat when the
advancing distance is equal to the length of the workface
and remains at a stable level; the development height of
the fracture zone is 30.8–62.2m.

6. Conclusions

On the basis of the hydrogeological data of the E9103 work-
face in Hengjin Coal Mine, a numerical calculation model of
the overlying strata of the E9103 inclined coal seam work-
face was established by applying FLAC numerical simulation
software. The stress distribution and failure characteristics
were simulated and analyzed, and the development heights
of the caving and water conduction fissure zones of the
E9103 workface were confirmed. The following main con-
clusions were obtained:

(1) After the E9103 workface is mined, stress reduction
zones emerge above the goaf, and these are in the
form of “arches.” Tension stresses occur in the local
area of the overlying strata. The relief arch of the
overlying strata is symmetrically distributed along
the advancing direction of the E9103 workface,
asymmetrically distributed along the inclined direc-
tion, and its arch is inclined above the workface

(2) The horizontal and vertical displacements of the
overlying strata of the E9103 workface increase with
advancing distance. The horizontal displacement in
the x-direction presents two obvious areas, and the

critical point of both areas moves forward with the
workface, showing a certain symmetry. The horizon-
tal displacement in the y-direction presents an
“inverted bowl” distribution and increases with the
advancement of the workface

(3) The overlying strata in the E9103 workface are
mainly tensile and tensile–shear failure and then
upward shear failure. The overlying strata in the
caving zone are generally in the local tension area,
and the plastic zone is mainly tension failure. The
height of the caving zone in the E9103 workface
has little relationship with advancing distance, and
it increases slowly with advancing distance. The
development height of the caving zone is 7.2–
18.13m. The development height of the water
conduction fissure zone increases rapidly with
advancing distance. When the advancing distance
is equal to the length of the working face, the devel-
opment height of the fissure zone is flat and basically
maintains a stable value. The development height of
the water conduction fissure zone is 30.8–62.2m
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In order to study the instantaneous mechanical properties of rock mass discontinuities with different 3D morphologies during the
shear process, the Brazilian splitting method is used to prepare natural rock mass discontinuities, and the high-precision 3D
scanning test of discontinuities is carried out. The Z2 is selected as the evaluation parameter of the discontinuities. Based on
the graded cyclic shear test results of discontinuities, the influence of the morphology characteristics on the strength and
deformation characteristics is analyzed. With the increase of shear times, the 3D morphology characteristic parameters of the
structural plane decrease steadily after the graded cyclic shear. Based on the test curve, the graded cyclic shear characteristics of
rock mass discontinuities are analyzed from the shear deformation, and the shear process of the discontinuities is finely
divided by combining with the variation characteristics of shear stiffness. Combined with the 3D morphology parameters, an
empirical formula for the shear strength of discontinuities is proposed. Through verification, the effect of the new model is
better than that of the classical JRC-JCS model.

1. Introduction

The discontinuities in jointed rock mass play a dominant
role in the deformation and damage of rock mass. Due to
the existence of discontinuities, the rock mass has complex
engineering properties, which leads to anisotropy and
heterogeneity [1]. Meanwhile, it also destroys the integrity
of the rock mass and greatly reduces the material properties
of the rock mass, which is the primary factor that affects the
stability of engineering rock mass [2]. Therefore, scholars
have always been focusing on the study on the mechanical

properties and parameter selection of the discontinuities of
rock mass.

The morphological properties of the discontinuities of
rock mass have a significant impact on their mechanical
properties [3, 4]. Speaking of two-dimensional morphologi-
cal properties of discontinuities, the most famous of which is
the joint morphology characterized by joint roughness coef-
ficient (JRC) of the discontinuities proposed by Barton and
Choubey [5]. The method has now been recommended by
the International Society for Rock Mechanics and Engineer-
ing. In fact, many scholars have modified and improved the
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JRC evaluation method and also established a quantitative
empirical relationship between different statistical parame-
ters and JRC values by measurement and statistical methods
[6–9]. Since Prof. Mandelbrot proposed the theory of fractal
geometry [10], some scholars have applied it to the study of
jointed morphology. Kulatilake et al. and Zhu et al. [11, 12]
separately established an empirical relationship between
fractal dimensions and JRC indicators, so that JRC indica-
tors can be obtained by a fractal method. In recent years,
the characterization method for the 3D morphology of dis-
continuities has become a hot topic in the research of mor-
phological characteristics. Belem et al. [13] discussed the
3D roughness coefficient characterizing the morphology of
several discontinuities and studied the variation law of the
roughness coefficient in the shear process of discontinuities.
Grasselli et al. [14] studied the morphological properties of
discontinuities with 3D morphology scanning technology,
proposing to describe the 3D morphological properties of
discontinuities with new 3D morphological parameters. Xia
et al. [15] studied the description of the 3D morphology of
discontinuities in different contact states and proposed the
method of calculating morphological parameters. Rabczuk
et al. [16, 17] described a new approach for modelling dis-
crete cracks in mesh-free methods. At present, the study
on the morphological properties of discontinuities and
their characterization methods has been mature, but it still
needs to be further improved. The characterization
methods of 3D morphology of discontinuities have higher
requirements for measurement accuracy, and the charac-
terization parameters are complex, which are not condu-
cive to popularization and promotion.

Shear strength is one of the basic mechanical properties
of discontinuities, and rich research results have now been
achieved. Among the studies on the strength properties of
discontinuities, the most representative of which is three
strength formulas of discontinuities, i.e., Patton’s formula,
Ladanyi’s formula, and Barton’s formula, and most of the
follow-up studies are carried out based on these three
formulas. Patton introduced undulating angle into Mohr-
Coulomb criterion in the 1960s and established the bilinear
shear strength criterion of discontinuities. Barton [18] estab-
lished the famous empirical formula of JRC-JCS peak shear
strength based on JRC indicators. Chen et al. [19] con-
structed the model of peak shear strength based on the
function relationship between normal stress and peak-
dilation angle of discontinuities. Park et al. [20] constructed
a shear constitutive model of discontinuities based on 3D
morphological parameters. Based on the study of the 3D
morphology of discontinuities. Xia et al. [21] carried out a
comprehensive study on the 3D peak shear strength of
discontinuities and constructed a 3D model of peak shear
strength. Ge [22] established the empirical formula for the
peak shear strength of discontinuities based on the 3D
morphological parameter BAP. Compared with the strength
properties of the discontinuities of rock mass, the study on
its deformation properties is inferior in both depth and
breadth, but the scholars at home and abroad have never
stopped studying the deformation properties of discontinu-
ities [23, 24]. Yin et al. [25] constructed a new discontinu-

ities constitutive model based on cyclic shear test and
numerical simulation and reflected the impact of the wear
of discontinuities on its frictional characteristics and dilation
characteristics in the model. Li and Du [26] explored the
shear deformation characteristics of discontinuities based
on the shear test on artificial discontinuities. Huang et al.
[27] simulated the shear test on the regularly dentate discon-
tinuities with different normal stresses and angles based on
PFC2D program and analyzed the law of shear deformation
and strength. Gui [28] established the jointed peak shear dis-
placement model based on the direct shear test on artificial
discontinuities and proposed the constitutive model of joint
shear and the shear dilatancy mode. The research results of
the mechanical properties of discontinuities are mainly in
the artificially prefabricated regular discontinuities, while
there are relatively less studies on the natural rock mass dis-
continuities. In particular, there are few studies considering
the 3D morphological properties of rock mass discontinuities.

The morphological properties of discontinuities are fun-
damental for studying the strength theory, but it is difficult
to apply the current strength model due to the complex
characterization method of 3D morphological properties of
discontinuities. In this paper, several samples of discontinu-
ities of natural rock mass are prepared through artificial
fracturing with the help of 3D morphology scanning tech-
nology, and the 3D morphological properties are evaluated.
The graded cyclic shear test of discontinuities is carried out
based on different 3D morphological properties, and the
impact of which on the strength of discontinuities is ana-
lyzed based on the test results. From the angle of changes
in shear strength, the deformation properties of discontinu-
ities in the shear process are studied, and the empirical
formula of shear strength of discontinuities considering 3D
morphological properties is established.

2. Materials and Methods

2.1. Sample Preparation. Ten natural gneiss blocks are
selected to prepare 100 × 100 × 100mm (L ×W ×H) cube
samples, and the 100 × 100mm (L ×W) discontinuities of
rock mass are obtained by the Brazil split test in the direction
parallel to that of the gneiss schistosity, and the samples of
discontinuities are numbered from p-i, as shown in Figure 1.

2.2. Scanning Test on 3D Morphology of Discontinuities. In
order to quantitatively characterize the impact of 3D
morphology of the discontinuities on the shear strength, as
shown in Figure 2, TJXW-3D rock surface morphometry is
used to determine the surface morphology of the discontinu-
ities of rock mass. Ten samples of discontinuities in total are
selected for graded cyclic shear test. After each direct shear
test, the samples shall be provided with 3D morphological
scanning for 10 s, with a scanning accuracy of ±20μm, so
as to accurately obtain 3D morphological data of the discon-
tinuities, as shown in Figure 3.

2.3. Graded Cyclic Direct Shear Test. The CSS-1950 biaxial
rheological rock tester in the Key Laboratory of Geotechnical
and Underground Engineering, as shown in Figure 4, is used

2 Geofluids



to carry out the graded cyclic shear test on the discontinu-
ities of rock mass. The maximum pressure of the tester is
500 kN in the direction of vertical axis and 300 kN in the
horizontal direction, and the control accuracy of the loading
system is 1%.

The normal load of rock mass shear test shall be deter-
mined by the uniaxial compressive strength of rock mass
samples. The average uniaxial compressive strength obtained
by the uniaxial ultimate compressive strength test on 5 cylin-
drical samples is 50.5MPa.

As the anisotropy of discontinuities is complex, the sam-
ple blocks are tested by loading the graded cyclic shear under
different normal stresses. 5 sample blocks of the discontinu-
ities of natural rock mass are selected. Each sample block of
discontinuities is subject to five direct shear tests, respec-
tively (under the normal stresses of 2.5MPa, 3.75MPa,
5MPa, 6.25MPa, and 7.5MPa), and the shear rate is
0.5MPa/min, so that the c and φ values and the morpholog-
ical changes of each discontinuities are obtained in combina-
tion with the test results.

3. 3D Morphological Evaluation of the
Discontinuities of Rock Mass

3.1. 3D Morphological Indicators of Discontinuities. Based on
a number of shear tests on the discontinuities of rock mass,
it is found that there is only partial contact between the top
and bottom of rock discontinuities in the shear process, and
such contact only appears on the slope facing the shear
direction. When determining the 3D morphological proper-
ties of discontinuities, parameters facing the shear direction
shall be used to reflect the effective shear resistance of the
discontinuities. Grasselli et al. studied the morphological
properties of discontinuities by means of 3D morphological
scanning and pointed out the geometrical relationship
between the triangular elementary apparent dip of disconti-
nuities (θ∗) and the shear direction with reference to the
concept of effective shear angle (i.e., apparent dip θ∗) [14],
as shown in Figure 5.

As shown in Figure 6, the formula of calculating the
apparent dip (θ∗) is as follows:

θ∗ = tan−1 −tan θ × cos αð Þ, ð1Þ

cos θ = n × n0
nj j × n0j j , ð2Þ

cos α = s × n1
sj j × n1j j , ð3Þ

Figure 1: Gneiss discontinuities.

Figure 2: Surface morphometer.

Figure 3: 3D morphological data of discontinuities.

Figure 4: CSS-1950 biaxial rheological rock tester.
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where θ refers to the true dip of triangular element of the
discontinuities, α refers to the included angle of triangular
element of the discontinuities in dip direction and shear
direction, n refers to the outer normal vector of joint ele-
ment, n0 refers to the outer normal vector of shear plane,
n1 refers to the projected vector of n in shear direction,
and s refers to the vector of joint in shear direction.

Tse and Cruden [29] obtained a logarithmic regression
relationship between JRC and Z2 of joint curve from 10
Barton standard contour curves, which was the most widely
used. Yu and Vayssade [30] used a linear relationship to
describe the relationship between JRC and Z2. In 2010,
Tatone and Grasselli [31] also proposed to use the exponen-
tial relation to represent the relationship between JRC and
Z2. The above research results show that Z2 can better
describe the undulation characteristics of joint.

The relief data after Delaunay in the previous section is
calculated according to formula (1), so as to obtain the effec-
tive shear dip (θ∗) of each triangular elementary plane.

In this study, according to the effective shear dip (θ∗)
calculated of each triangular elementary plane, the formula
of calculating the root-mean-square (Z2) of slope is put
forward as follows:

Z2 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i=1 tan2θ∗ið Þ
n

r
, ð4Þ

where θ∗i refers to the effective shear dip of any triangular
element and n refers to the number of effective shear dips
on the whole joint surface.

Formula (4) is related to the effective shear dip of discon-
tinuities only. The root-mean-square (Z2) of relief slope finally
determined can be used to accurately describe the morpholog-
ical properties of the whole discontinuities, and the calculation
is fast, so that it can be used as a valid parameter for describing
the morphological properties of discontinuities.

3.2. Calculation of 3D Morphological Property Indicators of
Discontinuities. The point cloud data obtained by scanning
the morphology of discontinuities is a coordinate system
based on the morphometry projection center, and the sam-
ples are placed at will during scanning, so the coordinates
shall be transformed before calculating the morphological
parameters in order to get the triangular metadata under
the standardized coordinate system. Later, the MATLAB
program is used to transform the coordinates for the trian-
gular point cloud data, so as to get the triangular elementary
data of discontinuities under the global coordinate system,
as shown in Figure 6. Also, formula (4) is used to calculate
the root-mean-square (Z2) of slope, a 3D morphological
parameter of discontinuities. In this paper, the Z2 of discon-
tinuities is used to characterize the 3D morphological prop-
erties of discontinuities, and the results are shown in Table 1.
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Figure 6: Initial 3D Morphology of Discontinuities. (a) p-1. (b) p-2. (c) p-3. (d) p-4. (e) p-5.
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According to the changes in 3D morphological property
parameters obtained, as shown in Figure 7, the morphologi-
cal properties and variation trend of discontinuities can be
evaluated, so as to better analyze the variation characteristics
of discontinuities in the shear test. The curve in Figure 7
shows a steady decreasing trend, indicating that graded
cyclic direct shear conditions, slight cutting, and slip occur
to the discontinuities, which slowly reduces the roughness
of the discontinuities. However, some data in the curve fluc-
tuate, indicating that obvious shear phenomenon may have
occurred during the shear process, which significantly chan-
ged the shape of the discontinuities, leading to sudden
increase or decrease of Z2. Finally, the three-dimensional
morphology parameters of the discontinuities show a
decreasing trend, which reflects that the morphology of the
discontinuities tends to be smooth and stable in the multi-
stage shear process.

4. Study of Shear Deformation Properties of
Different 3D Morphological Discontinuities

4.1. Shear Deformation Properties of Different 3D
Morphological Discontinuities. As discontinuities are
complex, the deformation properties are determined by the
characteristics of the surface morphology and materials,
and Ladanyi and Archambault [32] divided the shear defor-
mation of discontinuities into two parts, i.e., cut deformation
and frictional deformation. In the discontinuities with same
3D morphological properties, the greater the normal stress
is, the higher the peak strength is, and the more obvious
the peak is.

As shown in Figure 8 (p-i-zj-l), due to the effect of stress
concentration, when the shear stress exceeds the maximum
stress that “convex” can bear, it will cause wear and damage
to the surface of discontinuities. When the “convex” is cut
off largely, the shear stress will be released largely with an
obvious stress drop. Later, the discontinuities will start to
have yield failure and generate a large relative displacement
to enter the stage of macroslip, and the shear stress is largely
provided by frictional force.

As shown in Figure 8 (p-i-zj-2~5), the morphological
properties of stress-displacement curve (MPamm) have sig-
nificantly changed as compared with first shear. The curve
shows a period of significant linear increase in early loading
but is missing in the original peak stage and goes directly
into the yield stage, so that the shear stress has no obvious
change with the increase of shear displacement. It is because
the obvious “convex” on the surface of discontinuities has

been cut off during first shear, the discontinuities tend to
show “smooth” relief. As the number of shears increases,
the whole discontinuities become smoother, the cut phenom-
enon gradually disappears, and the shear force of the disconti-
nuities is mainly provided by frictional force. Therefore, after
the first shear, it is difficult to observe any stress drop in the
stress-strain curve as the number of shears increases, and
the curve tends to be smoother, which also proves that only
the existence of “convex” on the surface of discontinuities
makes the discontinuities have a peak during first shear.

4.2. Shear Stiffness Properties of Discontinuities in the Shear
Process. From the changes in the shear stiffness of disconti-
nuities in the shear process, the shear process of discontinu-
ities can be described in detail. According to formula (5), the
shear stiffness of the discontinuities in the shear process can
be calculated. The sample p-1 is used to draw the stress-
stiffness-deformation curve, as shown in Figure 9.

ks = Δτ
ΔD

: ð5Þ

In Figure 9, the shear stiffness shows certain fluctuations.
Shear stiffness increases as shear deformation increases at
the very beginning, and this stage corresponds to the com-
paction section (OA section) in the shear curve. Afterwards,
shear stiffness sharply increases with deformation, and this
stage corresponds to AB section in the shear curve; when
shear stress reaches the stress τB, the shear stiffness hits the
peak, and it later starts to drop, and this stage corresponds
to BC section in the shear curve, that is, the sample starts
to soften after hardening to the greatest extent; AC section
tends to be approximately linear, and this stage is what we
called the phase of linear elasticity.

When shear stiffness drops to a certain extent, the shear
deformation curve tends to have obvious yield characteris-
tics. At this time, the shear stiffness of discontinuities drops
rapidly, and this stage corresponds to CD section in the
shear curve, which is the yield stage, as shown in the shear
stiffness curve after point N given in Figure 9. When the
shear deformation hits the peak, the deformation value
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Figure 7: Root-mean-square values of discontinuities.

Table 1: Root-mean-square values of discontinuities.

Sample
No.

Initial
First
shear

Second
shear

Third
shear

Fourth
shear

Fifth
shear

p-1 0.252 0.262 0.225 0.220 0.215 0.211

p-2 0.280 0.290 0.278 0.275 0.262 0.260

p-3 0.273 0.257 0.234 0.238 0.201 0.198

p-4 0.238 0.234 0.224 0.214 0.208 0.205

p-5 0.279 0.266 0.240 0.233 0.223 0.213
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corresponding to point D, the shear stress is maximum,
while the shear stiffness is close to zero. When the stress
exceeds point D, the shear deformation curve starts to drop,
the shear stiffness is negative, and this stage corresponds to
the postpeaking phase (DE section), during which the shear
stiffness also becomes close to zero from negative.

5. Study of Shear Strength Properties of
Different 3D Morphological Discontinuities

5.1. Characteristics of Shear Strength Changes in
Discontinuities. As this group of tests is cyclic shear tests

on the same sample of discontinuities under different nor-
mal pressures, the data processing method may be different.
Based on a number of direct shear tests on samples of artifi-
cial JRC discontinuities, Wang et al. [33, 34] proposed that
the shear strength of discontinuities can be divided into
two parts, i.e., the strength component related to the cut
and friction.

τ = SJRC + Sf : ð6Þ

As it can be seen from formula (6), in the shear pro-
cess, the shear strength of discontinuities can be divided
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Figure 8: Direct shear stress-displacement curve (MPamm) of discontinuities with 3D morphological properties under different normal
forces. (a) p-1. (b) p-2. (c) p-3. (d) p-4. (e) p-5.
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into two parts, i.e., cut related to JRC and friction between
discontinuities. Therefore, it is considered in this paper
that this is also the case with the discontinuities of natural
rock mass, so that the peak shear strength of discontinu-
ities of natural rock mass can be deemed as being com-
posed of cut and friction approximately.

Figure 10 gives the diagram of strength components of
discontinuities of natural rock mass in the shear process.
In order to restore the impact of the cut of discontinuities,
the peak strength of first shear is subtracted by the residual
strength to get the shear stress generated by the cut of discon-
tinuities, which shall later be added to the corresponding
friction stress again after the follow-up shears, so as to approx-
imately restore the corresponding peak shear strength of each
shear of discontinuities.

τi = τc + τf i, ð7Þ

where i = 2, 3, 4, 5, which refers to the ith test.
Therefore, according to the above theory and combined

with test results, the peak strength of each shear of disconti-
nuities is restored approximately, as shown in Table 2.

After certain correction, each block of the discontinuities
has a good linear correlation with the peak shear strength
under different normal forces, so as to finally determine
the basic mechanical parameters of the discontinuities, as
shown in Table 3 and Figure 11.

5.2. Empirical Formula of Shear Strength Considering 3D
Morphology. The peak shear strength of discontinuities has
always been a hotspot and difficult subject in the field of rock
mass mechanics in the past few decades. Most of the peak
shear strength formulas proposed so far follow the form of
the Mohr-Coulomb formula. Barton first proposed that the
shear strength of discontinuities is mainly composed of three
parts: peak dilation angle, i.e., the dip of shear path tangent
in the peak state; convex shear part, which represents the
contribution of convex shear damage to jointed strength;
and basic friction angle, which is mainly determined by
material properties [5]. Based on the direct shear test on

irregular discontinuities in the state of normal stress, Patton
considered that the irregular jointed surface morphology has
a significant impact on the peak shear strength of the joint
[35]. Therefore, Patton established a relational expression
between dilation angle and normal stress with different mor-
phological parameters, deeming that the shear strength of
the joint is jointly determined by normal stress (σn) and
internal friction angle (φb).

τp = σn tan φb + ip
� �

, ð8Þ

where τp refers to the peak shear strength, σn refers to the
normal stress, φb refers to the internal friction angle, and ip
refers to the dilation angle.

Based on the Patton model and in combination with the
model of Qian [36], the empirical formula for shear strength
of discontinuities was proposed by considering the influence
of 3D morphology:

τp = σn tan φb + arctan Z2ð Þ½ �, ð9Þ

where τp refers to peak shear strength, σn refers to normal
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stress, and φb refers to internal friction angle. When the nor-
mal stress is 0, arctan ðZ2Þ can be used to characterize the
initial dilation angle that is related to 3D morphological
properties of the joint. As for smooth flat discontinuities,
the 3D morphological parameter is 0, and the formula is
simplified into τp = σn tan ðφbÞ, which is consistent with
the classical Mohr-Coulumb criterion.

The comparison between the test result of peak shear
strength of discontinuities and the calculated result of the for-
mula (9) is shown in Figure 12, from which it can be seen that
the theoretical value of formula (9) and test result maintain
good consistency at the beginning of the cycle. As the number

of cycles increases, the deviation between test value and theo-
retical value grows, which is because the test value of peak shear
strength has been restored by certain means, but as the normal
pressure increases, the peak shear strength restored is still low,
so that the deviation grows under high normal stress.

The empirical formula of shear strength considering 3D
morphological parameters of discontinuities obtained is
simple and clear in expression, each of whose parameters
can be obtained quickly, and it can be used to rapidly evalu-
ate the morphological properties and estimate the shear
strength of discontinuities, so that it is suitable for the
discontinuities of hard rock mass.

Table 2: Peak shear strength of discontinuities (unit: MPa).

Sample No. τ1 τf1 τc τ2 τf2 τ3 τf3 τ4 τf4 τ5 τf5
p-1 2.75 1.94 0.81 3.74 2.93 4.99 4.18 5.89 5.08 6.69 5.88

p-2 3.47 1.84 1.63 4.45 2.82 5.14 3.51 5.62 3.99 6.06 4.43

p-3 2.7 2.5 0.2 3.34 3.14 4.81 4.61 5.53 5.33 6.35 6.15

p-4 3.13 2.33 0.8 3.99 3.19 5.32 4.52 5.73 4.93 6.1 5.3

p-5 3.7 3.13 0.57 4.89 4.32 6.06 5.49 7.37 6.8 8.17 7.6

Table 3: Basic mechanical parameters of discontinuities.

Sample No. 2.5 3.25 5 6.25 7 Fitted curve R2 Frictional angle φ (°) Cohesive force (c)

p-1 2.75 3.74 4.99 5.89 6.69 y = 0:8269x + 0:843 0.9913 39.61 0.843

p-2 3.47 4.45 5.14 5.62 6.06 y = 0:52x + 2:4522 0.9543 27.49 2.4522

p-3 2.7 3.34 4.81 5.53 6.35 y = 0:788x + 0:7637 0.9953 38.26 0.7637

p-4 3.13 3.99 5.32 5.73 6.1 y = 0:6412x + 1:7764 0.9643 32.68 1.7764

p-5 3.7 4.89 6.06 7.37 8.17 y = 0:9392x + 1:5298 0.9879 43.23 1.5298
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5.3. Model Validation of Shear Strength considering 3D
Morphology. Barton and Choubey [5] proposed the most
commonly used JRC-JCS formula based on a large number
of direct shear tests on the discontinuities of rock mass:

τ = σn × tan JRC lg JCS
σn

� �
+ φb

� �
, ð10Þ

where φb refers to the basic internal friction angle, σn refers
to the normal stress, and JCS refers to the compressive
strength of the wall of discontinuities.

Based on Barton’s standard profile line, Tse and Cruden
[29] found by studying surface geometrical parameters that
the correlation between the root-mean-square (Z2) of slope
and roughness coefficient JRC of discontinuities is the best,
and the correlation coefficient is 0.986, as shown in for-
mula (12). In this paper, the root-mean-square (Z2) is
substituted into formula (11) in order to deduce the rough-
ness coefficient JRC of discontinuities, which is later
substituted into formula (10) in order to calculate the
corresponding peak shear strength. The calculation results
are shown in Figure 12.

JRC = 32:20 + 32:47 lg Z2ð Þ 29½ �: ð11Þ

In order to quantitatively evaluate the effect of two
models on the predicted peak shear strength, the mean devi-
ation formula is used to characterize the accuracy of the cal-
culation model, and the smaller the mean deviation is, the
closer the calculated value of the model is to the measured
value. The mean deviation is defined below [37–39]:

�σavg =
1
n
〠
n

i=1

τmea − τest
τmea

				
				 × 100%, ð12Þ

where �σavg refers to mean deviation, τmea refers to the test
value of jointed peak shear strength, τest refers to the calcu-
lated value of jointed peak shear strength, and n refers to
the number of joint test groups.

Based on 25 shear tests, the mean deviations of formula
(9) and JRC-JCS formula in different stages are shown in
Table 4. If analyzed from mean deviation, it can be seen that
as the number of cycles increases, the mean deviation of for-
mula (9) remains stable and is smaller than that of the clas-
sical JRC-JCS formula, which indicates that the model has
stable prediction ability, the calculated value can be well
fitted with the test value, and the model effect is superior
to the classical Barton’s formula.

6. Conclusion

In this paper, an integrated study is carried out on the
morphological properties and shear properties of the discon-
tinuities of natural rock mass, and a high-accuracy 3D
morphology scanning test on the discontinuities is con-
ducted to evaluate the 3D morphological properties of the
discontinuities of rock mass. In addition, based on the
graded cyclic shear test of discontinuities, the impact of the
morphological properties of discontinuities of natural rock
mass on the strength properties and deformation properties
of discontinuities are analyzed and concluded, and the main
conclusions are as follows:

(1) Based on the results of the 3D morphology scanning
test on the discontinuities of natural rock mass, the
root-mean-square (Z2) of slope is selected as the
parameter for evaluating morphological properties,
and it is found that the morphological parameter
shows a trend of steady decline as the number of
shears increases

(2) Based on the graded cyclic shear test curve, the
graded cyclic shear properties of the discontinuities
of rock mass are analyzed from shear deformation,
and the shear process of discontinuities is refined
in combination with the characteristics of the change
in shear stiffness

(3) Based on the graded cyclic shear test on the discon-
tinuities of natural rock mass, the strength properties
and deformation properties of discontinuities in the
process of graded cyclic shear process are analyzed,
and a method that is suitable for determining the
strength parameter of discontinuities in the graded
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Table 4: Mean deviation between calculated value and test value of
two models.

After
first
shear

After first
two shears

After
three
shears

After
four
shears

After
five

shears

Formula
(11)

22.12% 21.23% 20.81% 21.48% 21.40%

JRC-JCS 27.40% 26.24% 25.39% 27.35% 27.63%
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cyclic shear process is proposed. Also, combined
with the 3D morphological parameter, the empirical
formula of shear strength of discontinuities consid-
ering 3D morphological properties is proposed,
which is compared with the classical JRC-JCS
formula in order to validate the proposed shear
strength model.
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In coal seam mining, the water resistance of the floor composite strata is the key to determining whether water disaster occurs or
not and to formulating water control countermeasures. Taking the Pingdingshan Coalfield No. 8 mine and Shoushan mine as the
research objects, the thickness ratio of plastic brittle rock, core recovery rate, thickness of effective aquiclude, fault complexity,
composite compressive strength, and equivalent water resistance coefficient were selected as the index factors. The
comprehensive weight of each index factor was determined by using the entropy weight theory. The water resistance of the J16-
17 coal seam floor composite rock in the study area was quantitatively evaluated using the fuzzy variable set mathematical
model and was divided into five grades: extremely weak, weak, medium, strong, and very strong. The results show that the J16-
17 coal floor composite rock layers with strong and very strong water resistance areas account for 23.64% of the total area, the
medium areas account for 58.26%, and the weak and extremely weak areas account for 18.1%. These results provide support
for the accurate assessment of water inrush hazards of a coal floor.

1. Introduction

In the process of mining Permian Carboniferous coal seams
in North China coalfields, water inrush from an Ordovician
or Cambrian thick limestone aquifer is always a threat.
These bottom plates usually experience high water pressure
and are rich in water [1, 2]. The composite rock layer is com-
posed of sandstone, mudstone, thin limestone, and a thin
coal seam. Between the coal seam and thick limestone is
the barrier for resisting high water pressure and preventing
groundwater from rising. Therefore, it is of great theoretical
and practical significance to quantitatively evaluate the water
resistance capacity of the composite rock strata, which can
scientifically formulate water prevention and control coun-
termeasures to reduce the degree of harm from water inrush
in an area.

At present, many experts and scholars have carried out
research work on the water resistance of rock formations.
Yang [3] believed that the essence of mining under pressure
is the existence of combined water, which makes the rock
strata have the ability of water resistance and decompres-
sion, and proposed the concept of water resistance coeffi-
cient. Qian et al. [4] and Miao and Qian [5] put forward
the “key layer” theory for judging water inrush from coal
floors. Xu et al. [6] based on the investigation of the floor
lithology, strata combination relationship, and karst devel-
opment conditions of a certain wellfield proposed that at
least 25m upper Cambrian limestone could be used as an
aquiclude, which significantly improved the mining condi-
tions of the coal seam. Zhang et al. [7] studied the relation-
ship between water resistance capacity of rock strata and its
structural composition and combination form through
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laboratory tests and proposed that the combination with bet-
ter water resistance ability should start with soft rock strata
and alternate soft and hard rock strata. Yin and Hu [8] took
structure, in situ stress, and rock permeability as the
influencing factors of the water resistance capacity of rock
strata and concluded that the water resistance capacity of
mudstone, siltstone, medium sandstone, and limestone
ranges from large to small. Feng et al. [9] used experiments
and numerical simulations to study the effects of different
lithological characteristics of the aquiclude on its water resis-
tance capacity. Li et al. [10] faced the problem of the stability
of the water resistance rock mass of the karst tunnel, only con-
sidered the safe thickness of the water resistance rock mass, and
did not consider the joints and permeability of the rock mass,
which has certain limitations. Sun et al. [11] studied the influ-
ence of thickness, layer, length, cohesion, and internal friction
angle on the water resistance capacity of the key composite
aquiclude and concluded that the water pressure that can with-
stand is in a quadratic parabola relationship with its thickness.
The greater the thickness, the better the water resistance capac-
ity. Xu et al. [12] analyzed the lithology, void structure, and per-
meability characteristics of Fengfeng Formation from a micro-
macro scale and made a quantitative study on its water resis-
tance capacity. Lyu and Xie [13] and Zhang et al. [14] used sta-
tistical analysis and laboratory experiments to study the
lithologic combination characteristics, rock mechanical
strength, water properties, and permeability of coal seam over-
burden rock and evaluated the comprehensive water resistance
capacity. Wang [15] studied the water resistance capacity of
overlying rock from the strength, anisotropy, rheology, and
expansibility of rock.

As shown above, the research on the water resistance
capacity of rock layers has developed from the initial con-
sideration of a single factor such as rock thickness or lith-
ologic difference [16–20] to a comprehensive analysis of
multiple factors such as lithology combination, rock mass
strength, and permeability, making the evaluation system
more and more perfect. However, due to insufficient field
data and difficulty in quantifying index factors, the exist-
ing evaluation index system often ignores the influence
of geological structure, mining failure, and equivalent
water resistance of different lithology and rock formations.
In addition, in the existing research results, the analytic
hierarchy process or grey correlation method is commonly
used to calculate the weight of index factors, so that the
calculation results are greatly influenced by the subjective
shortcomings. In this paper, the thickness ratio of plastic
brittle rock, core recovery rate, thickness of effective aqui-
clude, fault complexity, composite compressive strength,
and equivalent water resistance coefficient were selected
as index factors, covering many factors affecting the water
resistance capacity of composite strata on coal floor. The
comprehensive weight determined by entropy weight the-
ory overcomes the subjective and objective randomness
of the traditional method. The fuzzy variable set theory
can describe the characteristics of things under the com-
bined action of multiple index factors and has realized
the quantitative identification of water resistance capacity
of composite rock strata. The research results are expected

to provide technical support for an accurate evaluation of
water inrush risk from coal floors.

2. Determination of Index Factors

2.1. Strata Structure of Coal Seam Floors. The area of the No.
8 mine and Shoushan mine, located in the eastern Pingding-
shan Coalfield, is 68.35 km2. At present, mainly the J16-17
coal is mined. The thickness of the coal seam has a range
of 2-3.8m, with an average thickness of 2.44m. The main
threatening aquifer of the baseplate is a Cambrian limestone
aquifer with a thickness greater than 200m. The coal seam
and Cambrian limestone are composed of sandy mudstone,
medium-fine sandstone, thin coal seam, thin limestone,
and bauxite mudstone. The floor rock structure of the J16-
17 coal is shown in Figure 1. The thickness is 68-77m, and
the mean value is 71.3m.

2.2. Index Factor Selection. During coal mining, the main
factors controlling the water resistance of the floor compos-
ite rock layer are the lithological structure, integrity, thick-
ness of effective aquiclude, fault development, compressive
strength, and permeability.

The floor of the Ji Formation coal seam is an interbed of
brittle sand (limestone) and plastic mudstone. The more
sand (limestone) layers and the thicker the single layer, the
more easily the floor is damaged by excavation; while the
mudstone layers depend on elastic deformation to decom-
pose stress under load, the more numerous and thicker the
mudstone layers, the better the water resistance of the rock
layers. Lithological structure is usually characterized by the
ratio of brittle rock thickness to plastic rock thickness
revealed by drilling holes (thickness ratio of plastic brittle
rock).

The integrity of the rock mass represents the degree of
development of cracks in the rock mass. It reflects the per-
meability and water-bearing capacity of the rock mass.
Therefore, it is an important index for evaluating the water
resistance of the rock formation. Integrity is often indicated
by the ratio of the core length to the thickness of the forma-
tion (core recovery rate) during drilling. The lower the
recovery is, the more fractured the rock is, the better the per-
meability is, and the stronger the water-bearing capacity is.

The thickness of the aquiclude is the distance between
the mining coal seam and the main threatening aquifer,
and the disturbance destroy depth of the floor is the distur-
bance destroy depth under the mining condition of the coal
seam. The thickness of effective aquiclude is the difference
between the two. Based on the lithological structure and rock
mass integrity, the greater the effective aquiclude is, the
stronger the ability to resist water pressure damage, and
the lower the possibility of water inrush from the floor.

Faults and associated fissures not only destroy the integ-
rity of the rock layers but also are important water diversion
channels. The more developed the interruption layers in the
coal seam floor, the denser the tensional faults are, the more
serious the rock layers are damaged, and the higher the fre-
quency of water inrush occurs. Once water inrush occurs,
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the greater the water volume is. Fault development is often
indicated by fault complexity.

The ability of the rock formation to resist water pressure
is closely related to its own compressive strength. Hard lime-
stone and sandstone have high compressive strength, but
poor plasticity and weak water-retaining ability, while soft
mudstone has the opposite characteristics: low compressive
strength, good plasticity, and good water-retaining ability.
The compressive strength of the multirock combination of
the coal floor is characterized by the composite compressive
strength.

The more permeable the composite rock layer in the coal
seam floor is, the higher the rise height of groundwater
under the same water pressure and the greater the possibility
of water inrush. In order to facilitate the uniform compari-
son and analysis of permeability for the different lithological
rocks, the equivalent water resistance coefficient is often
used to indicate the permeability of rocks. When the litho-
logical thickness and equivalent water-proofing coefficient

of each rock layer are known, the equivalent water resistance
coefficient of the composite rock layer can be obtained as the
basis for determining the water-resistance capacity of the
floor.

Therefore, we selected six factors, including the thickness
ratio of plastic brittle rock, the core recovery rate, the thick-
ness of effective aquiclude, fault complexity, composite com-
pressive strength, and equivalent water resistance as the
index factors to evaluate the water resistance of the coal
seam floor rock.

3. Index Factor Quantization

3.1. Thickness of Effective Aquiclude. The thickness of effec-
tive aquiclude in the coal seam floor can play the role of
water blockage [21]. The calculation formula is [22]

t =M − CP , ð1Þ

System LithologyColumn�ickness
(m)

Permian

Carboniferous

Cambrian

2.00

5.20

2.88

2.20
1.37

2.80

5.72

5.25

6.28

1.70

2.30

5.00

1.12
3.28

6.00

5.20

13.00

J16 coal 

Limestone

Limestone

Limestone

Mudstone

Sandy mudstone

Sandy mudstone

Sandy mudstone

Sandy mudstone

J17 coal 

Geng coal 

Dolomitic limestone

Marl

Limestone

Fine sandstone

Fine grained sandstone

Aluminum clay mustone 

Figure 1: Column diagram of coal floor of the J16-17 Formation.
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CP = 0:0085H + 0:1665α + 0:1079L − 4:3579, ð2Þ
where t is the effective thickness of the aquiclude, m; M is
the total thickness of the aquiclude, m; Cp is the disturbance
destroy depth of the floor, m; L is the inclined length of the
working face, m; H is the mining depth of the coal layer, m;
and α is the inclination angle of the coal layer.

The average destruction depth of the Ji Group coal floor
disturbance for the No. 8 mine and Shoushan mine calcu-
lated by formula (2) is shown in Table 1.

We take drilling hole No. 1 as an example, located in
the No. 8 coal mine. The total thickness of the floor rock
of the J16-17 coal exposed by drilling is 68.14m. First, the
disturbance damage depth of the floor rock is 20.41m
(Table 1). Then, according to Equation (1), the effective
thickness of the aquiclude is calculated to be 47.73m.
Analogously, the effective water-resistant thickness of 48
boreholes is calculated, and their contours are drawn (as
shown in Figure 2).

3.2. The Complexity of the Fault. Fault complexity is often
expressed by fractal dimension and calculated by fractal the-
ory [23]. The smaller the fractal dimension is, the lower the
complexity of the fault layer.

lg N rð Þ = −DS lg r + A, ð3Þ

where A is constant and DS is the fractal dimension value.
Firstly, the region containing fractal is divided into sev-

eral square blocks according to certain rules. The blocks con-
taining fractal are numbered one by one, and the similarity
ratio r = 1, 1/2, 1/4, and 1/8 are taken, respectively. The
blocks are subdivided into 1, 4, 16, and 64 square grids.
Count the number of grids NðrÞ occupied by the fractal
body at different scales in a certain segment and establish
the lg ðrÞ-lgNðrÞ double logarithmic coordinate system with
formula (3). Then, the slope of the fitted line and the corre-
lation coefficient are obtained by the least square method,
and the absolute value of the slope is the value of the fractal
dimension.

According to the actual situation, this paper divided the
mining area into 600 × 600mm square blocks. The number
of mesh NðrÞ covering faults when r = 600, 300, 150, and
75mm is calculated successively, and the obtained results
are shown in Table 2. The contour of fault fractal dimension
is shown in Figure 3.

3.3. Composite Compressive Strength. In this study, a total of
60 cores were collected from seven boreholes in the J16-17
coal floor, including 25 mudstone, 25 sandstone, and 10
limestone samples. The test results of the compressive
strength are shown in Table 3.

The order of compressive strength is plastic mudstone <
brittle limestone < brittle sandstone. Although brittle rock
has a high compressive strength, it easily fractures under
load, and its water resistance performance is poor, while
plastic mudstone exhibits contrary behaviors. The research
results show that when the compressive strength of brittle
rock is twice that of plastic rock, the water resistance capac-

ity of the latter is 2.5-3 times that of the former [24]. Accord-
ing to the manual of mine geology [25], the conversion
coefficient of the compressive strength for different rocks is
shown in Table 4.

The compressive strength of the composite rock forma-
tion is calculated as follows:

�p = 〠
n

i=1
pi × τi × γi, ð4Þ

where �p is the composite compressive strength of the rock
strata, MPa; Pi is the average compressive strength of each
rock layer, MPa; τi is the ratio of thickness of each rock
layer; and γi is the conversion coefficient of the compressive
strength of each rock layer, MPa/m.

Taking the No. 1 drilling hole of the No. 8 mine as
an example, the thickness ratios of the mudstone, lime-
stone, and sandstone are 58.61%, 31.57%, and 9.83%,
respectively. The composite compressive strength calcu-
lated by using Equation (4) combined with Tables 3
and 4 is 4.87MPa. Following the same procedure, the
composite compressive strength of the 48 boreholes can
be obtained, and the contour lines are drawn (as shown
in Figure 4).

The figure shows that the compressive strength of the
J16-17 coal floor composite rock layer is 4.00-7.43MPa, and
the mean value is 5.71MPa. At present, the water pressure

Table 1: List of disturbance damage depths of the Ji Group coal
floor (m).

Mine α (°) L (m) H (m) Cp (m)

No. 8 mine 17 140 804.76 20.41

Shoushan mine 10.17 160 713 20.65

Figure 2: Contour map of the thickness of the effective aquiclude.
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Table 2: Quantitative values of the index factors.

Drilling
hole

Thickness ratio of plastic
brittle rock

Core
recovery
rate

Thickness of effective
aquiclude

Fault factor
values

Composite
compressive strength

Equivalent water
resistance coefficient

1 1.4158 0.7840 47.73 0.8432 4.87 0.9410

2 1.0978 0.8795 54.39 1.2114 5.38 0.9685

3 1.1437 0.7255 60.16 1.4051 5.24 0.9251

4 0.9832 0.7500 61.49 0.8772 5.52 0.9196

5 0.4547 0.7626 82.06 1.1708 6.75 0.8285

6 0.8891 0.6579 68.03 1.1863 5.74 0.9492

7 1.2344 0.6879 51.77 1.3911 5.14 0.9528

8 0.9676 0.8300 59.51 1.3214 5.54 0.9143

9 0.9948 0.8100 62.23 1.2141 5.51 0.9310

10 0.8373 0.7243 50.35 0.8021 5.70 0.9042

11 1.2413 0.5881 55.18 0.7392 5.03 0.8816

12 0.9411 0.5223 56.52 1.1883 5.52 0.8659

13 0.8551 0.7988 72.24 0.8609 5.74 0.8913

14 0.6670 0.7131 66.02 1.2704 6.13 0.8490

15 0.7282 0.7300 54.06 1.1801 5.99 0.8629

16 0.7286 0.6500 55.42 1.1174 5.73 0.8533

17 0.8972 0.5178 80.13 0.6891 5.66 0.9018

18 0.4423 0.5650 87.61 1.0870 6.81 0.8354

19 0.8691 0.5500 81.05 0.8817 5.69 0.8818

20 0.7293 0.6975 69.32 0.9017 6.05 0.9053

21 0.9372 0.4363 89.77 0.8195 5.53 0.8659

22 0.6177 0.9226 75.05 0.8745 6.27 0.8508

23 0.6608 0.7508 59.65 0.7917 6.18 0.8750

24 0.7382 0.5876 74.00 0.6451 5.93 0.8342

25 0.6804 0.9000 65.17 0.8504 6.14 0.8847

26 0.7033 0.8996 66.95 0.7936 6.06 0.8705

27 0.8139 0.9060 61.15 0.8942 5.36 0.9137

28 0.7064 0.8471 74.35 0.9661 5.78 0.8677

29 0.3347 0.7330 58.90 1.1468 6.93 0.8736

30 0.7952 0.7953 54.25 1.3911 5.63 0.8872

31 0.2857 0.8829 60.65 0.8917 7.06 0.8500

32 0.6667 0.9149 62.90 0.8060 5.96 0.9001

33 0.5720 0.9098 56.93 0.8794 6.26 0.9179

34 0.4793 0.8400 60.37 0.8929 6.37 0.8885

35 0.8096 0.8694 68.65 0.8635 5.78 0.9527

36 0.4583 0.8462 55.81 1.1781 6.46 0.8629

37 0.5239 0.8464 55.18 1.2118 6.22 0.8500

38 1.3847 0.8479 55.25 1.1817 4.77 0.9226

39 0.6517 0.8700 77.83 0.9677 5.84 0.8673

40 0.1599 0.7889 79.58 0.8598 7.43 0.7724

41 0.2780 0.6980 75.73 0.8697 6.84 0.7943

42 0.5179 0.8500 78.00 0.8837 6.28 0.8772

43 0.6748 0.8540 77.80 1.0656 5.61 0.8444

44 0.4013 0.9300 81.41 1.1236 6.71 0.8844

45 0.7415 0.9150 86.90 0.7696 5.80 0.9075

46 0.4563 0.8520 77.09 0.9230 6.46 0.8845

47 0.6197 0.9490 79.80 0.8511 6.02 0.9158

48 0.7681 0.8090 80.72 0.9761 5.70 0.9040
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of the Cambrian limestone in the study area is 0.38-
4.94MPa, and the mean value is 2.63MPa. The composite
rock layer in its natural state can fully resist water pressure.
However, under the influence of faults and mining, the
water-resistant performance of the coal seam floor rock will
be significantly reduced, which shows the necessity of a mul-
tifactor evaluation of the water-resistance capability.

3.4. Equivalent Water Resistance Coefficient. Referring to the
existing literature [26–28], the equivalent water resistance
coefficients of different rock layers are listed in Table 5.

The equivalent water resistance coefficient of the com-
posite rock formation is calculated as follows [28]:

�q = 〠
n

i=1
τi × λi, ð5Þ

where �q is the equivalent water resistance coefficient; τi is the
ratio of thickness of each rock layer; and λi is the conversion
value of equivalent water resistance coefficient.

Based on the rock layer thickness revealed by drilling
and the equivalent water resistance coefficient values listed
in Table 5, the equivalent water resistance coefficient of the
composite rock layers for the J16-17 coal floor in 48 drilling
holes was obtained. The contours are shown in Figure 5.

3.5. Index Factor Set. The thickness ratio of the plastic brittle
rock and core recovery rate can be counted according to the
drilling disclosure information. Quantitative values of the six
index factors corresponding to the 48 boreholes are shown
in Table 2. In order to correspond to the evaluation of the
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Figure 3: Contour map of the fault fractal dimension.

Table 3: Compressive strength of each lithology test in the study
area (MPa).

Mine Mudstone Sandstone Limestone

Shoushan mine 41.43 73.72 90.10

No. 8 mine 37.60 84.83 93.12

Table 4: Conversion coefficient of test compressive strength for
each lithology.

Lithology Conversion factor (MPa/m)

Mudstone, marl, clay, shale 0.05

Sand shale 0.07

Sandstone, no karst limestone, marl 0.10
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water-resistance of the rock formation, the value of the fault
complexity factor is taken as the reciprocal of the fractal
dimension.

4. Index Factor Weight

It is very important to choose a scientific mathematical
method to determine the weight of the index factors. Refer-
ring to the existing research results [29], this paper chooses
nine-scale AHP and gray correlation analysis to calculate
the subjective and objective weights and then couples them
to determine the comprehensive weights.

4.1. Subjective Weight. The AHP establishes a hierarchical
structure model, constructs a judgment matrix, and calcu-
lates the weight of each factor’s influence on the overall goal
[30, 31]. As shown in Table 6, the target layer is the evalua-
tion of the water resistance of the coal seam floors. The cri-
terion layer divides the index factors into 3 categories, and
the scheme layer includes 6 index factors.

Starting from the criterion level, referring to expert opin-
ions to construct secondary indicators, the judgment matrix

of geological structure and disturbance damage, compres-
sion resistance and permeability, lithology combination
and water blocking performance is

RB =
1 5/2 2
2/5 1 2/3
1/2 3/2 1

2
664

3
775: ð6Þ

Figure 4: Contour map of composite compressive strength.

Table 5: Conversion value of the lithology equivalent water
resistance coefficient.

Lithology
Conversion value of equivalent
water resistance coefficient

Mudstone, marl, clay, shale 1.0

Sandstone 0.4

Sand shale 0.8

Mine 0.7

Gravel, gravel, etc. 0

Figure 5: Contour map of the equivalent water resistance
coefficient.
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The calculated feature vector ωB = ð0:5242, 0:1973,
0:2785Þ. CRB = 0:0036 < 0:1; it satisfies the consistency
condition.

Similarly, the judgment matrices of the six indicator fac-
tors are

RC1 =
1 1/3
3 1

" #
, RC2 =

1 1/4
4 1

" #
, RC3 =

1 1/5
5 1

" #
:

ð7Þ

The calculated feature vector ωC1 = ð0:25, 0:75Þ, ωC2 =
ð0:2, 0:8Þ, ωC3 = ð0:1667, 0:8333Þ. CRC1 = CRC2 = CRC3 = 0
< 0:1; it satisfies the consistency condition.

The weights of the 6 index factors are

ɵ1 = 0:5242 × 0:25,0:75ð Þ = 0:1311,0:3932ð Þ,
ɵ2 = 0:1973 × 0:2,0:8ð Þ = 0:0395,0:1578ð Þ,

ɵ3 = 0:2785 × 0:1667,0:8333ð Þ = 0:0464,0:2321ð Þ:
ð8Þ

By calculating CR = 0:0000 < 0:1, it satisfies the consis-
tency condition, indicating that the constructed judgment
matrix is reasonable. The subjective weight of the six index
factors is shown in Table 7.

4.2. Objective Weight. The objective weight can be calculated
by using the grey correlation analysis method. According to
the index factor values corresponding to the 48 boreholes
(Table 2), the overall reference sequence [32] is obtained as

follows:

X0 = 89:77, 0:6451, 7:43, 0:975, 0:949, 1:4158f g: ð9Þ

After initial value processing of X0 [33], the correlation
degree can be further calculated:

γ0 = γ01, γ02, γ03, γ04, γ05, γ06ð Þ
= 0:3891, 0:3679, 0:3853, 0:3888, 0:5467, 0:3288ð Þ: ð10Þ

Then, the weights of the six index factors [34] can be
obtained, and their values are shown in Table 8.

4.3. Comprehensive Weights. According to the subjective and
objective weights, the following formula can be used to cal-
culate the comprehensive weight [35]:

ωi =
ω1i ∗ ω2ið Þ0:5

∑n
i=1 ω1i ∗ ω2ið Þ0:5 , ð11Þ

where ω1i and ω2i are the subjective and objective weights,
respectively. Further application of entropy weight theory
can calculate the relative entropy value:

H U , Vð Þ = 〠
n

i=1
Ui ln

Ui

Vi
, ð12Þ

where HðU , VÞ is the relative entropy of U and V , and n is
the number of indicators.

Table 6: Hierarchical structure performance index of aquiclude.

Target layer Criteria layer Scheme layer

Evaluation of water resistance
of the coal seam floors (A)

Geological structure and disturbance damage (B1)
The thickness of effective aquiclude (C1)

Fault factor values (C2)

Compression resistance and permeability (B2)
Composite compressive strength (C3)

Core recovery rate (C4)

Lithology combination and water
blocking performance (B3)

Equivalent water resistance coefficient (C5)

Thickness ratio of plastic brittle rock (C6)

Table 7: Subjective weight determined by AHP.

Indicators
Thickness ratio of plastic

brittle rock

Core
recovery
rate

Thickness of effective
aquiclude

Fault factor
values

Composite
compressive strength

Equivalent water
resistance coefficient

Subjective
weight

0.2321 0.1578 0.1311 0.3932 0.0395 0.0464

Table 8: Objective weight from the grey correlation analysis method.

Indicators
Thickness ratio of
plastic brittle rock

Core
recovery
rate

Thickness of
effective aquiclude

Fault factor
values

Composite
compressive strength

Equivalent water
resistance coefficient

Objective
weight

0.1366 0.1616 0.1617 0.1529 0.1601 0.2271
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The comprehensive weights of the six index factors
determined by formula (11) are shown in Table 9. The rela-
tive entropies of the comprehensive weights with the subjec-
tive and objective weights can be calculated by formula (12)
(as shown in Table 10).

Obviously, the relative entropies are less than 0.1 and
tend to 0, which indicates that the consistency between
the comprehensive weight and the subjective and objective
weight is high [36]. That is, the comprehensive weight can
effectively combine the subjective and objective weights,
and its weight distribution is more scientific and
reasonable.

5. Identification of Water Barrier Ability

5.1. Model Building

5.1.1. Level Matrix Establishment. According to the existing
index factor data with reference to the existing research
results [37], the water-insulation capacity of the composite
strata in the coal seam floor can be divided into five grades,
namely, extremely weak (I), weak (II), medium (III), strong
(IV), and very strong (V).

Assuming that the mean value of an indicator factor is
x and the mean square deviation is s, according to the
mean-variance method, a recognition interval composed
of five levels can be established. The calculation formulas
are as follows:

Iab = 0, �x − s½ � �x − s, �x − 0:5s½ � �x − 0:5s, �x½ � x,�x + 0:5½ � �x + 0:5s, �x + s½ �½ �,
Icd = 0, �x − 0:5½ � 0, �x½ � �x − s, �x + 0:5s½ � �x − 0:5s, �x + s½ � �x + s, �x + 2s½ �½ �,

IM = a + bð Þ
2

� �
:

ð13Þ

The standard interval matrix of the six index factors
corresponding to the five levels can be determined:

Iab =

0, 0:4625½ � 0:4625, 0:6016½ � 0:6016, 0:7407½ � 0:7407, 0:8798½ � 0:8798, 1:019½ �
0, 0:6491½ � 0:6491, 0:712½ � 0:712, 0:7749½ � 0:7749, 0:8378½ � 0:8378, 0:9007½ �
0, 55:83½ � 55:83, 61:51½ � 61:51, 67:19½ � 67:19, 72:87½ � 72:87, 78:55½ �
0, 0:7956½ � 0:7956, 0:8948½ � 0:8948, 0:9939½ � 0:9939, 1:093½ � 1:093, 1:192½ �
0, 5:371½ � 5:371, 5:655½ � 5:655, 5:94½ � 5:94, 6:225½ � 6:225, 6:509½ �
0, 0:845½ � 0:845, 0:865½ � 0:865, 0:885½ � 0:885, 0:9051½ � 0:9051, 0:9251½ �

2
666666666664

3
777777777775
:

ð14Þ

The index factor range matrix constructed as

Icd =

0, 0:6016½ � 0, 0:7407½ � 0:4625, 0:8798½ � 0:6016, 1:019½ � 1:019, 1:297½ �
0, 0:712½ � 0, 0:7749½ � 0:6491, 0:8378½ � 0:712, 0:9007½ � 0:9007, 1:027½ �
0, 61:51½ � 0, 67:19½ � 55:83, 72:87½ � 61:51, 78:55½ � 78:55, 89:9½ �
0, 0:8948½ � 0, 0:9939½ � 0:7956, 1:093½ � 0:8948, 1:192½ � 1:192, 1:39½ �
0, 5:655½ � 0, 5:94½ � 5:371, 6:225½ � 5:655, 6:509½ � 6:509, 7:078½ �
0, 0:865½ � 0, 0:885½ � 0:845, 0:9051½ � 0:865, 0:9251½ � 0:9251, 0:9651½ �

2
666666666664

3
777777777775
:

ð15Þ

The index factor matrix is

IM =

0:2313 0:5321 0:6712 0:8103 0:9494
0:3246 0:6806 0:7435 0:8064 0:8693
27:92 58:67 64:35 70:03 75:71
0:3978 0:8452 0:9443 1:043 1:143
2:685 5:513 5:798 6:082 6:367
0:4225 0:855 0:875 0:895 0:9151

2
666666666664

3
777777777775
:

ð16Þ

5.1.2. Level Eigenvalue Determination. For a borehole, the
relative difference matrix and relative subordination matrix
can be obtained by comparing the quantified values of the six
index factors with the corresponding data of the matrices Iab,
Icd, and IM [38, 39]. For borehole 1, the relative difference
matrix is

DA uð Þ =

−1 −1 −0:9475 0:0111 −1
−1 −1 −0:9475 0:0107 0:3775

0:0324 0:0010 0:0003 0:0003 −1
−1 −1 0:9414 0:1196 −1

0:3366 0:0126 0:0079 0:0036 −1
−1 −1 −0:9475 0:1051 −1

2
666666666664

3
777777777775
:

ð17Þ

Table 9: Comprehensive weight of index factors.

Indicators
Thickness ratio of
plastic brittle rock

Core
recovery
rate

Thickness of
effective aquiclude

Fault factor
values

Composite
compressive
strength

Equivalent water
resistance coefficient

Comprehensive
weight

0.1955 0.1753 0.1599 0.2692 0.0873 0.1127

Table 10: Relative entropy of weight.

Weight
Comprehensive weight
and subjective weight

Comprehensive weight
and objective weight

Relative
entropy

0.073 0.089
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Table 11: Evaluation results of each borehole in the mining area.

Drilling hole
Level eigenvalue

Waterproof ability grade
α = 1, β = 1 α = 1, β = 2 α = 2, β = 1 α = 2, β = 2 Mean

1 3.6544 3.5047 4.1654 3.9117 3.8091 IV

2 3.502 3.4306 4.0213 3.9278 3.7204 IV

3 3.6759 3.5109 4.239 3.9485 3.8436 IV

4 3.7136 3.5287 4.2675 3.9754 3.8713 IV

5 2.2395 2.3538 1.9527 2.1855 2.1829 II

6 3.7877 3.6014 4.5335 4.2561 4.0447 IV

7 3.588 3.4534 4.2084 3.9854 3.8088 IV

8 3.7403 3.5429 4.2758 3.9915 3.8876 IV

9 3.6678 3.5091 4.2116 3.9349 3.8308 IV

10 3.2876 3.2574 3.6278 3.5052 3.4195 III

11 3.1764 3.2221 3.2825 3.3479 3.2572 III

12 2.3663 2.2988 2.5043 2.4577 2.4068 II

13 3.3073 3.2887 3.5358 3.5015 3.4083 III

14 2.1647 2.2678 1.9389 2.1243 2.1239 II

15 2.5617 2.606 2.5215 2.6208 2.5775 III

16 2.279 2.3811 2.0797 2.2682 2.252 II

17 3.296 3.2668 3.6164 3.5123 3.4229 III

18 2.2245 2.3447 1.9259 2.1655 2.1652 II

19 3.182 3.2255 3.2919 3.354 3.2634 III

20 3.7163 3.5353 4.1929 3.9606 3.8513 IV

21 2.3663 2.2988 2.5043 2.4577 2.4068 II

22 2.2127 2.3157 1.9924 2.1817 2.1756 II

23 2.9916 3.0838 2.9515 3.1097 3.0342 III

24 2.2272 2.3463 1.9305 2.1691 2.1683 II

25 3.2634 3.2673 3.4148 3.4315 3.3442 III

26 2.8611 2.9716 2.7547 2.9459 2.8833 III

27 3.7387 3.5425 4.2704 3.9899 3.8854 IV

28 2.4441 2.3738 2.5554 2.5058 2.4698 II

29 2.9519 3.0502 2.886 3.0575 2.9864 III

30 3.2971 3.288 3.4872 3.4804 3.3882 III

31 2.1914 2.2944 1.9676 2.1556 2.1522 II

32 3.3017 3.2728 3.608 3.5157 3.4246 III

33 3.7246 3.5343 4.2739 3.9827 3.8789 IV

34 3.3003 3.2884 3.5022 3.4872 3.3945 III

35 3.5887 3.4537 4.2099 3.9861 3.8096 IV

36 2.5617 2.606 2.5215 2.6208 2.5775 III

37 2.1914 2.2944 1.9676 2.1556 2.1522 II

38 4.6934 4.5189 5.2535 4.9613 4.8568 V

39 2.4271 2.3573 2.5431 2.4942 2.4554 II

40 1.8025 1.8694 1.6102 1.7337 1.754 I

41 1.7928 1.8653 1.6009 1.7255 1.7461 I

42 3.0531 3.1345 3.0596 3.1939 3.1103 III

43 2.2044 2.3317 1.8922 2.1376 2.1415 II

44 3.255 3.2636 3.4034 3.4245 3.3366 III

45 4.7221 4.5373 5.2134 4.9691 4.8605 V

46 3.2578 3.2649 3.4072 3.4269 3.3392 III

47 4.7378 4.541 5.2804 4.9908 4.8875 V

48 3.2883 3.2582 3.6268 3.5059 3.4198 III
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The relative membership matrix is

μA uð Þ =

0 0 0:0263 0:5055 0
0 0 0:0263 0:5053 0:6887

0:5162 0:5005 0:5003 0:5001 0
0 0 0:7457 0:5598 0

0:6683 0:5063 0:5039 0:5018 0
0 0 0:0263 0:5525 0

2
666666666664

3
777777777775
:

ð18Þ

According to the principle of the fuzzy variable set, the rel-
ative membership matrix and the corresponding comprehen-
sive weight are combined based on the requirements, and the
hierarchical characteristic values under different parameters
can be obtained.

H = 〠
m

1

μh
∑m

1 μh
∗ h, ð19Þ

μh =
1

1 + ∑n
i=1 wi 1 − uA ihð Þð½ �β

� �
/ ∑n

i=1 wiuA ihð Þ½ �β
� �oα/β

� ,

ð20Þ

where i = 1, 2, 3, ⋯, n; n is the number of indicators; h = 1, 2,
3, ⋯,m; m is the number of evaluation index grades; wi is the
weight of the evaluation index (as shown in Table 9); μA ðμihÞ
is the relative membership degree of the ith index under grade
h; and α and β are optimization criteria and distance parame-
ters, respectively, usually taking values 1 and 2.

According to formulas (19) and (20), the level eigenvalue
of borehole 1 is

H = 3:6544, 3:5047, 4:1654, 3:9117ð Þ: ð21Þ

Table 12: Classification standards for water resistance.

Waterproof ability grade Extremely weak (I) Weak (II) Medium (III) Strong (IV) Very strong (V)

Level eigenvalue W < 2:0 2:0 ≤W < 2:5 2:5 ≤W < 3:5 3:5 ≤W < 4:5 W ≥ 4:5

42000 44000 46000 48000 50000 52000 54000

32000

34000

36000

38000

40000

42000

44000

46000

Compass

Scale

Drill point

Fault line

No.8 Mine

Shoushan Mine

Strong
Very strong

Medium

Weak
Extremely weak

Huo Yan normal fault

Working face

Figure 6: Zoning map of the water insulation capability for the J16-17 coal floor composite stratum.
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The mean of the level eigenvalue is 3.8091. Similarly, the
mean value of the grade characteristics of other boreholes
can be calculated as shown in Table 11 (Note: α and β are
the parameters of the compound operation of the fuzzy var-
iable sets).

5.2. Water-Resistant Capacity Zoning. According to the
hydrogeological conditions of the study area and the
research results of others [38], the eigenvalue thresholds cor-
responding to the five levels of water insulation capacity are
shown in Table 12.

According to the characteristic values of 48 drilling levels
of the No. 8 mine and the Shoushan mine listed in Table 11,
the water resistance capacity grade can be determined by the
classification standard in Table 12. The values are also listed
in Table 11. The corresponding partition of the water resis-
tance capacity of the composite strata in the coal floor of the
J16-17 is shown in Figure 6.

The statistical analyses showed that the strong and very
strong water resistance areas occupy 23.64% of the total area.
The medium area accounts for 58.26%, and the weak and
extremely weak areas account for 18.1%. The medium water
insulation capacity is relatively high, and the weak and very
weak areas are relatively small.

6. Discussion

It can be seen from the calculation process of AHP that the
determination of the weight of indicator factors depends on
the expert opinions or scores, and the results are easily
affected by the subjective will of experts. Grey correlation
method is based on the actual drilling data to determine
the weight; it can avoid the impact of evaluator’s subjective
will, but the grey correlation analysis method uses the same
weight set when calculating the optimal solution, it is diffi-
cult to reflect the optimization of the evaluation. Combined
with the previous two methods, the comprehensive weight
determined by the entropy weight method can not only
reduce the interference of human factors but also fully reflect
the actual field, and its results are more scientific and
reliable.

In the present mine excavation project, the water resis-
tance capacity is usually judged according to the thickness
of the aquiclude. It can be seen from Table 2 that the effec-
tive water resistance thickness of Nos. 38, 40, and 41 are
55.25m, 79.58m, and 75.73m, respectively. Based on this,
it is judged that the water resistance of the rock formation
near No. 38 borehole is weaker than 40 and 41 drilling. In
fact, the existence of the Huoyan fault near boreholes 40
and 41 not only reduces the distance between the coal seam
and the aquifer [39] but also destroys the integrity of the coal
seam floor [40–42]. At the same time, it also changed the
migration characteristics of groundwater [43], which greatly
reduced the water resistance of the rock formation. In this
paper, it is determined that the water resistance capacity of
the rock strata at borehole No. 38 is class V, and that of
the rock strata at boreholes Nos. 40 and 41 is class I
(Table 11), that is, the water resistance capacity of borehole

No. 38 is greater than that of boreholes Nos. 40 and 41.
The results are credible.

It can be seen from Figure 6 that the water resistance
level characteristic value of the composite rock layer of the
coal seam floor in the west of the Shoushan mine and the
southeast of the No. 8 mine is above 2.5, and the water resis-
tance is relatively strong. Therefore, the possibility of water
inrush from the floor during coal mining is relatively small.
The mining activities of the No. 8 mine and the Shoushan
mine are mainly carried out in areas with strong and
medium water resistance. The 13230, 13250, 13260, 13270,
13290, and 13310 working faces of No. 8 mine have stopped
mining. The 12010, 12030, 12050, and 12070 working faces
of Shoushan mine have stopped mining.

There is no floor water inrush accident in these working
faces, which shows that the evaluation results are in good
agreement with the actual situation.

7. Conclusions

(1) Based on the comprehensive analysis of multiple
influencing factors on the water resistance of the
J16-17 coal seam floor composite rock in the Ping-
dingshan Coalfield No. 8 mine and the Shoushan
mine, we select the thickness ratio of plastic brittle
rock, core recovery rate, thickness of effective aqui-
clude, fault complexity, composite compressive
strength, and equivalent water resistance coefficient
as the evaluation index factors. It provides a guaran-
tee for identifying the water resistance of the com-
posite rock layer of the coal seam floor

(2) Based on the analytic hierarchy process and grey rela-
tional analysis, the subjective and objective weights of
the index factors are defined. The entropy weight the-
ory is used to determine the comprehensive weights.
Based on the fuzzy variable set theory, the mathemat-
ical model of water resistance evaluation is con-
structed, and the J16-17 coal floor is quantitatively
identified. The water resistance of the coal seam floor
composite rock layer is divided into five grades:
extremely weak, weak, medium, strong, and very
strong, laying the foundation for the accurate assess-
ment of the water inrush risk from the coal seam floor

(3) The areas with strong and very strong water resis-
tance capacity of the J16-17 coal floor composite rock
in the No. 8 mine and the Shoushan mine account
for 23.64% of the total area, the medium area
accounts for 58.26%, and the weak and extremely
weak areas account for 18.1%. Areas with medium
water-resisting capacity accounting for relatively
high, weak, and very weak areas are relatively small.
The accurate evaluation and zoning of water-
resistance capacity indicate the direction for the
mine to take targeted measures to prevent and con-
trol floor water hazards

(4) The comprehensive weight of the index factors
determined by the entropy weight theory reduces

12 Geofluids



the interference level of human factors. The fuzzy
variable set theory realizes the quantitative evalua-
tion of the water resistance of the composite rock
under the action of multiple index factors. The actual
excavation results on site have proved the reliability
of the evaluation results. It provides a reference
method for accurately distinguishing the water resis-
tance of rock formations
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The dynamic characteristics of concrete are the key point of the dam seismic safety design. In order to study the dynamic
characteristics of concrete, a CT scan test of concrete under dynamic load was carried out; CT scan images of the
concrete loading process were obtained. Based on the definition of integrity, integrity area, and intercepted sections in the
quantitative zoning theory, the concrete CT images were divided into the hole or crack area (P0−λ1 ), hardened cement
stone area (Pλ1−λ2 ), and aggregate area (Pλ2−1). And the determination method of partition threshold is studied. Then,
based on the CT resolution unit, a concrete numerical calculation model of structural random is established, and the
numerical simulation experiment of concrete under uniaxial dynamic load is carried out. The results show that the
concrete numerical calculation model of structural random is very close to the actual mesostructure of concrete, and the
interface thickness between aggregate and hardened cement is very close to the actual interface thickness (which is
40~50 μm). Under the action of dynamic load, the damage of the sample is mainly concentrated in the upper part of the
sample, and the damage is easy to occur at the initial defect place, and the damage occurs at multiple points at the same
time. The damage crack is relatively straight, the phenomenon of the crack passing through the aggregate is obvious, and
the crack expands along the fastest path of energy release.

1. Instruction

The mechanical properties of concrete are related to the
safety evaluation of the dam concrete structure under
dynamic load, which is the focus of current research. Since
the concept of numerical concrete appeared, the mesoscale
numerical model based on the finite element has been
widely used in the study of dynamic characteristics of
concrete.

Yong et al. [1] established a three-dimensional random
aggregate model and carried out numerical simulation
research on concrete target penetration tests by using LS-
DYNA software. Chen et al. [2] developed a mesomecha-
nical pretreatment algorithm to construct the random
ellipsoidal aggregate model for the mesoscopic structure
of fully graded concrete. Yuan et al. [3] studied the
dynamic strength characteristics of dam concrete using
the random aggregate model. Yue et al. [4] simulated the
dynamic tensile properties of coral aggregate seawater con-

crete by using the 3D mesoscopic concrete model. In these
models and methods, concrete is considered to be com-
posed of aggregate, mortar, and interface [5–6]. The mor-
tar matrix, aggregate, pore, and interface have significant
influence on the mechanical properties of concrete [7–8].
Therefore, in the process of simulating the mechanical
behavior and damage characteristics of concrete, it is very
important to represent the mesostructure of concrete as
realistically as possible in the numerical model. A large
number of researchers [9–16] have reconstructed two-
dimensional or three-dimensional concrete numerical cal-
culation models based on X-ray CT scanning technology,
and the mechanical properties of concrete are studied by
using the model. Ju et al. [17] propose using a l CT tech-
nique to acquire the real structural information of SRM
samples and constructing a 3D SRM model in PFC3D to
represent SRM’s real heterogeneity and irregular structure.
Zheng et al. [18, 19] present a computer procedure for
reconstructing the 3D porous structure of low-
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permeability sandstone based on the information of a ref-
erence model which is established from computed tomog-
raphy (CT) images. To examine the development law of a
coal fracture structure under uniaxial compression, ten-
sion, and shearing, Hao et al. [20] have scanned the coal
after loading using computed tomography (CT) and seg-
mented the coal matrix, minerals, and fractures in the
CT scanning image of the coal by using a threshold seg-
mentation method. Wang et al. [21, 22] have established
the three-dimensional numerical model of a coal sample
based on a CT scanning image and studied the seepage
and deformation characteristics of different pore-fracture
structures of coal at different temperatures.

However, the elements of these models have great singu-
larity, and the thickness of the interface in the model is large,
which still has a certain gap with the real concrete.

To this end, the CT test of concrete under dynamic uni-
axial compression was carried out, and the concrete scan-
ning images were quantitatively divided based on the
damage zoning theory, and a structural random type numer-
ical concrete model was established; the mechanical proper-
ties of concrete under uniaxial dynamic compression stress
were studied by using the model.

1.1. Uniaxial Dynamic Compression CT Test. This test
adopts the newly developed portable power loading equip-
ment of Xi’an University of Technology, which is the first
power loading test equipment with CT scanners in China
[23]. The CT scanner uses a Marconi M8000 spiral CT scan-
ner with an image size of 1024 × 1024. The maximum imag-
ing speed is 0.5 seconds for four-layer scanning. The loading
scanning device is shown in Figure 1.

This test uses a first-grade C15 concrete cylinder test
piece, the diameter of the samples is 60mm, and the
length is120mm; the water-cement ratio is 0.4, and the
aggregate particle size is 5–20mm. Samples are cured for
28 days under standard conditions, and the test is then
conducted.

In the test, the frequency of sinusoidal wave load was
2Hz, and each amplitude had more than 3 vibration times,
gradually increasing the amplitude. In the initial stage of
uniaxial compression, stress control loading is adopted.
After the second scan, the loading was changed to displace-
ment control, and the load increment is 0.002mm. During
the scanning, the loading was stopped, but the unloading
was not carried out, and the pressure peak was maintained.
A total of 7 scans were carried out until the test was stopped
when the sample was damaged. The scanning position is
shown in Figure 2, and the CT images of sample damage
are shown in Figure 3.

2. The Establishment of “Structural Random
Type Numerical Concrete Model”

2.1. Quantitative Partitioning Theory

2.1.1. Integrity Degree. On the basis of fuzzy mathematics
theory, the entire CT scan image is called the whole field,
which is represented by a set as Ω = fðx, y, zÞ ∣ ðx, y, zÞ is an

arbitrary point on the study object space areag. Any point in
the whole field is complete, but the integrity is different.
On this basis, the integrity can be defined as follows:

P x, y, zð Þ = H x, y, zð Þ + 1000
max H x, y, zð Þ + 1000 , ð1Þ

where Hðx, y, zÞ is the CT number of the space point ðx, y, zÞ
, which can be defined as follows:

H x, y, zð Þ = μt − μw
μw

× 1000, ð2Þ

where μt and μw are the X-ray linear attenuation coefficients
of minerals and water in the scanned image, respectively.

According to this definition, the integrity degree is in the
interval of ½0, 1�.

With the increase of the load, the scanning images of
each section are unique, and the CT number distribution
of each section is different. The normalized CT number,
integrity, and breakage have universal applicability, which
greatly simplifies the research of concrete CT tests.

2.1.2. Horizontal Integrity Domain of λ. The integrity of the
study area and the phenomenon of fracture were blurred by
the concept of integrity degree. In order to study the crack
evolution law of concrete with a clear physical concept and
connect the macrofracture with the microdamage, the con-
cept of integrity level is introduced here.

Figure 1: Portable dynamic loading equipment and CT scanner
(reproduced from Fang et al. [24]).
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Figure 2: CT scan localization of the sample (reproduced from
Fang et al. [24]).
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Assuming that 0 ≤ λ ≤ 1, set

x, y, zð Þ ∣ 1 ≤ P x, y, xð Þ ≤ λ, x, y, zð Þ ∈Ωf g ð3Þ

is defined as the λ level complete domain of the sample,
expressed by Pλ.

The integrity domain Pλ is essentially the set of all CT
resolution units whose CT number is greater than a certain
threshold value. It can be seen that, as long as the value of
λ is properly selected, Pλ represents the collection of all CT
points whose density is less than a certain threshold, which
is the crack area or the damage area.

Therefore, the λ horizontal integrity domain of the sam-
ple can be regarded as the damage region of classical damage
mechanics or the crack of fracture mechanics, thus realizing
the transition from microscopic to macroscopic and linking
the damage and fracture of concrete.

2.1.3. ðλ1‐λ2Þ Intercepted Section. The study of λ horizontal
integrity domain is only a resolution unit from 1 to λ. How-
ever, concrete is a multiphase material composed of aggre-
gate, hardened cement, and cavity cracks. In order to
distinguish them, the definition of ðλ1‐λ2Þ intercepted sec-
tion can be introduced to describe it.

Assuming that 0 ≤ λ1 ≤ λ2 ≤ 1, set

x, y, zð Þ ∣ λ1 ≤ P x, y, xð Þ ≤ λ2, x, y, zð Þ ∈Ω,且0 ≤ λ1 ≤ λ2 ≤ 1
n o

ð4Þ

is defined as ðλ1 − λ2Þ complete domain intercepted sec-
tions, expressed by Pλ1−λ2 . In fact, the intercepted section is
a statistical resolution unit in which the density of the sam-
ple is close within the interval λ1 − λ2. The connotation of
the intercepted section is very simple, but its extension is
very rich. In practice, the intercepted section can be applied
to delamination of foundation, definition of joint interlayer,
division of fracture zone, division of rock or concrete, defini-
tion of material integrity, damage and fracture zone, etc.

Figure 4 shows the partition intercepted sections of a
scan section of a concrete sample. The intercepted sections
can distinguish well the materials of different densities in
the concrete, such as aggregates, cement mortar, and cracks.

2.2. Quantitative Partitioning. The specific definition is as
follows:

When 0 ≤ Pðx, y, xÞ < λ1, the material is believed to con-
tain pores or is fractured. It is called the hole crack area and
is denoted as P0−λ1 .

When λ1 ≤ Pðx, y, xÞ < λ2, the material integrity is con-
sidered general, and the material is in the hardened cement
zone t and is denoted as Pλ1−λ2 .

When λ2 ≤ Pðx, y, xÞ ≤ 1, the material integrity is high in
the aggregate area (coarse and fine aggregates) and is
denoted as Pλ2−1.

λ1 is the threshold of the crack zone and the hardened
cement zone, and λ2 is the threshold of the hardened cement
and aggregate areas. λ1 and λ2 are the material parameters,
which are constant.

The focus of the partition is how to determine rea-
sonable partition thresholds λ1 and λ2. For homogeneous
rocks, λ1 and λ2 can be obtained using the maximum–
minimum method. However, for concrete, this method
cannot be used. This method is proposed based on
homogeneous materials. Hence, its applicability to hetero-
geneous materials, such as concrete, is limited. Therefore,
the method of probability statistics is used to determine
the threshold.

Concrete is a composite material composed of aggre-
gates, mortar, and ITZ. The idea of partition indicates that
a component of its resolution unit should be continuous
and gradually distributed to avoid large jump changes.
The distribution of the resolution units among different
components is bound to a certain jump. This idea indi-
cates that to select a CT scan as a universe Ω, a total of
137027 resolution units are required. The statistical rela-
tionship between the threshold and the resolution unit is
shown in Figure 5, where the abscissa is the threshold,
and the ordinate is the corresponding number of statistical
units.

As shown in Figure 5, when the thresholds are approxi-
mately 0.7 and 0.84, the number of statistical resolution
units has a large jump; therefore, λ1 and λ2 are 0.7 and
0.84, respectively.

2.3. Modeling Ideas. First of all, CT scan images need to
be processed, which includes image positioning and
image CT number extraction. The source program is
written in FORTRAN language to read the CT scan data
files, and the detailed location is carried out according to
the image. The positioning accuracy is one CT resolution
point (about 0.009mm), based on which the reconstruc-
tion range of the model was determined, and then, the

Figure 3: CT images of samples.
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CT number within the reconstruction range was
extracted.

In the CT image, the larger the CT number, the higher
the brightness, which represents the greater the density of
the material. In the image, the brighter place is aggregate
(coarse aggregate and fine aggregate), the gray area is mortar
(the product of cement hydration and hardening), and the
black area is the hole and crack.

Using the quantitative zoning theory, the FORTRAN
source program was compiled to process the extracted CT
numbers, and then, the “concrete numerical model of struc-
ture random” was reconstructed on the finite element soft-
ware. The specific modeling ideas are shown in Figure 6.

The “concrete numerical model of structure random”
established according to the above modeling ideas is shown
in Figure 7.

3. Numerical Experimental Study Based on
Structural Randomness

3.1. Numerical Test Conditions. In accordance with the phys-
ical tests, the material parameters as shown in Table 1 can be
obtained.

In the numerical simulation, the constraint conditions
are the full constraint of the sample bottom surface and
the horizontal constraint of the sample top surface. The
failure of concrete under load is caused by material dam-
age. The elastoplastic damage model can be used as a the-
oretical tool to deal with the stress damage of concrete
materials. Therefore, this paper uses the plastic damage
model, which is based on plasticity and assumes that con-
crete material has two kinds of damage, one is the tensile
damage dt caused by the principal tensile stress, and the
other is the pressure damage dc caused by crushing under
pressure. For damage variables dt and dc, their value range
is ½0, 1�. When 0, it means that the material is complete
without damage, and when 1, it means that the material
is completely damaged.

The model is described by effective stress and hardening
variables:

�σ =Del
0 : ε − εpl

� �
∈ �σjF �σ,~εpl

� �
≤ 0

n o
,

_~σ
pl = h �σ, ~εpi

� �
∗ _εpl,

_εpl = _λ
∂G �σð Þ
∂�σ

:

ð5Þ

_λ and F should satisfy the Kuhn-Tucker condition,
namely, _λF ≤ 0, _λ ≥ 0, F ≤ 0.

Cauchy stress can be obtained by using damage factor
dð�σ, ~εplÞ and effective stress:

σ = 1 − dð Þ�σ: ð6Þ

The damage deformation of the material under uniaxial
tensile load is shown in Figure 8. σc0 is the stress at failure.
When the stress is before the initial yield stress σc0, the rela-
tionship between tensile stress and strain is linear (linear
elastic relationship), and then, the material enters the soften-
ing deformation stage. In this process, the stiffness of the
material degenerates. When the material cracks, the strain
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Figure 4: Intercepted sections of complete domain.
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can be expressed as

~εckt = εt − εel0t ,

εel0t =
σt
E0

:
ð7Þ

It can be obtained from Figure 8:

~εplt = ~εckt −
dt

1 − dtð Þ
σt
E0

: ð8Þ

Under the action of uniaxial compression load, when the
stress is before the initial yield stress (σc0), the stress-strain

relationship of the material is linear elastic, and this stage
is the elastic deformation stage. When the stress is between
σc0 and the ultimate stress (σcu), the material is in the
strengthening stage, and then, the strain continues to
increase and the material enters the softening stage.

According to ~εinc (inelastic strain), the corresponding
hardening data can be obtained.

CT image
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Figure 6: Model ideas of concrete numerical model of structure random.
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Figure 7: Concrete numerical model of structure random.

Table 1: Material parameter of concrete components (reproduced
from Fang et al. [24]).

Material
Elastic
modulus
(GPa)

Poisson’s
ratio

Tensile
strength
(MPa)

Density
(kg/m3)

Aggregate 58.731 0.2407 9.25 2800

Motor 17.458 0.1960 2.78 2200

ITZ 13.967 0.2000 1.56 2000

(a)
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cl~
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pl~

Figure 8: Tensile stress and strain.
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As can be seen from Figure 9, ~εinc has the following rela-
tionship with εel0c:

~εinc = εc − εel0c,

εel0c =
σc
E0

:
ð9Þ

Therefore, it can be obtained from Figure 9.

~εplc = ~εinc −
dc

1 − dcð Þ
σc
E0

: ð10Þ

Then, the stress-strain relationship under tension and
compression can be obtained:

σt = 1 − dtð ÞE0 εt − ~ε
pl
t

� �
, ð11Þ

σc = 1 − dcð ÞE0 εc − ~ε
pl
c

� �
: ð12Þ

The model assumes that the stiffness degradation is iso-
tropic and can be described by a scalar parameter D:

E = 1 − dð ÞE0 0 ≤ d ≤ 1ð Þ,
1 − dð Þ = 1 − stdcð Þ − 0 ≤ st , sc ≤ 1ð Þ:

ð13Þ

st and sc are related to the stress state of the material and
can be expressed as

st = 1 −wtr
∗ �σ11ð Þ − 0 ≤wt ≤ 1,

sc = 1 −wc 1 − r∗ �σ11ð Þ½ � − 0 ≤wc ≤ 1,

r∗ �σ11ð Þ =H �σ11ð Þ =
1 �σ11 > 0ð Þ,
0 �σ11 < 0ð Þ,

( ð14Þ

where wt and wc are weight factors. According to Figure 10,
when εplc = 0, dc = 0, then

1 − dð Þ = 1 − scdtð Þ = 1 − 1 −wc 1 − r∗ð Þdtð Þ: ð15Þ

In equation (15), when the material is in the state of ten-
sile stress, r ∗ ð�σÞ =Hð�σÞ = 1 and d = dt . When the material
is in the state of compressive stress, d = ð1 −wcÞdt . If wc = 1,
then d = 0, the compression stiffness has been restored at
this time. If wc = 0 and d = dt , the stiffness is not restored.
If 0 ≤wc ≤ 1, the stiffness is partially restored.

Due to the great difference between the tensile and com-
pressive properties of concrete, the damage factor D can be
calculated according to the tensile and compressive condi-
tions, respectively. The compressive damage factor can be
obtained from equation (12):

dc =
1 − σcE

−1
0

εc − ~ε
pl
c

: ð16Þ

By substituting εc = εinc + εel0c and εel0c = σcE
−1
0 into equa-

tion (12), we can get

dc = 1 − σcE
−1
0

~εplc 1/bc − 1ð Þ + σcE
−1
0
, ð17Þ

where bc = ~εplc /εinc .
Similarly, the cordera damage factor:

dt = 1 − σtE
−1
0

~εplt 1/bt − 1ð Þ + σtE
−1
0
, ð18Þ

where bt = ~ε
pl
t /εckt .

3.2. Analysis of Test Results. According to the above calcula-
tion conditions, the concrete numerical simulation test is
carried out, and the nephogram of displacement and damage
of the specimen under dynamic load with the change of load
can be obtained, as shown in Figures 11 and 12.

It can be seen from Figure 11 that the longitudinal dis-
placement of the concrete sample changes more evenly at
the initial stage of loading. The displacement at the top of
the sample is larger than that at the bottom, and there is a
sudden change in the displacement near the initial defects
(holes and cracks). This is due to the stress concentration
near the initial defect, which leads to the strain localization
of the specimen, which is consistent with the understanding
of the compression densification of the specimen. With the
further increase of displacement loading, new damage cracks
appear in the specimen, and the displacement of the initial
defect in the specimen mutates further, resulting in more
uneven displacement in the whole section of the specimen.
It can be found from Figure 11 that the more concentrated
the initial defects are, the easier the specimen will be dam-
aged, the more obvious the stress concentration is, and the
more obvious the displacement mutation is. This explains
the origin of strain localization from one side.

It can be seen from Figure 12 that under the dynamic
load, the damage in the sample is mainly concentrated in
the upper part of the sample, and it is easy to cause damage
in the initial defects of the sample, and multipoint damage
occurs at the same time. The damage crack is relatively

𝜎cu

𝜎c

𝜎c0

E0 (1-dc)E0

E0

𝜀c
1n~

𝜀c
pl~

𝜀0c
el

𝜀c
el

𝜀c

(b)

Figure 9: Compression stress and strain.
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Figure 10: Stress cycling curve of concrete under uniaxial loading.
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Figure 11: Longitudinal displacement of concrete under dynamic loading.
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Figure 12: Damage evolution of concrete.
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straight, and the phenomenon around the aggregate is not
obvious. In some places, there is a phenomenon that the
crack passes through the aggregate. This is different from
the development of cracks around the interface with weak
aggregate strength under static load.

The main reason is that under the action of dynamic
load, due to the fast loading rate, the crack develops rapidly,
so the crack has no time to follow the weak surface around
the aggregate but follows the path of rapid energy release.
This is consistent with the results of the physical CT test of
coagulation under dynamic action.

Through the above analysis, it is found that the dynamic
numerical simulation test by using the “structural random
concrete numerical model” shows that the displacement
and damage change law of concrete is very similar to the
conclusion of the current physical test institute, which indi-
cates that the model established in this paper is more practi-
cal in simulating the dynamic test of concrete.

4. Conclusions

In this paper, the CT test of concrete under dynamic uniaxial
compression was carried out, the “structure random con-
crete numerical model” was constructed based on the CT
images, and the mechanical properties of concrete under
uniaxial dynamic compression stress were studied by using
the model. The conclusions of this study are as follows.

(1) Based on the concrete CT test of dynamic loading
and quantitative partition theory, the probabilistic
statistical method to determine the subdivision
threshold is proposed, and the “structure random
concrete numerical model” was established based
on CT resolution units. The “concrete numerical
model of structure random” is very close to the real
mesostructure of concrete; it can describe the mesos-
tructure of concrete and can reflect the aggregate and
the hardening cement interface. Moreover, the thick-
ness of the interface is about 0.04mm, which is very
close to the real interface thickness (about 10-50μm)

(2) Under the action of dynamic load, the damage in the
sample is mainly concentrated in the upper part of
the sample, and it is easy to cause damage in the ini-
tial defects of the sample, and multipoint damage
occurs at the same time. The damage crack of con-
crete develops rapidly; the crack does not have
enough time to follow the weak side around the
aggregates but follows the path of energy release fast
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The permeability of rock mass is closely related to the stability and safety of underground structure, especially in underground
water-sealed storage caverns. With regard to the estimation approaches in predicting the hydraulic conductivity of fractured
granite in water-sealed storage caverns, there are some limitations of parameter selection leading to poor applicability.
Focusing on the contribution of the water conduction fractures (WCF) to the hydraulic conductivity, we attempted to propose
a novel model, the CA model, for estimating its hydraulic conductivity based on the fracture orientation index and the normal
stress index by analyzing the borehole wall imaging results and borehole water-pressure test results in the site of underground
water-sealed storage caverns. The results indicated that the proposed model is suitable for low-permeability and unfilled
fractured granite, exhibiting good effectiveness by clarifying the relation between geomechanical parameters and hydraulic
behavior. Further, the parameters upon which the proposed model is based are representative and easy to obtain, which has
certain guiding significance and reference value for analyzing the permeability characteristics of similar rock masses.

1. Introduction

At present, many underground water-sealed storage caverns
are located in the low-permeability and unfilled fractured
granite area. A large number of random joints result in
distinct heterogeneity and anisotropy in the permeability of
fractured granite. With the abovementioned features of
granite, most underground water-sealed storage caverns for
oil or liquefied petroleum gas make the groundwater flow
in complex fracture networks, forming a stable seepage field
by constructing a water curtain system, so as to achieve the
long-term storage of oil or liquefied petroleum gas. How-
ever, groundwater seepage may not only weaken the granite
strength but form local high-pressure seepage resulted from
water-sealed conditions, resulting in some geological disas-
ters such as block falling or block sliding.

Therefore, the groundwater seepage characteristics of
fractured granite in these water-sealed storage cavern areas
become a critical issue to study the stability of surrounding
granite and the evolution of seepage field. Specifically, the

construction of the seepage medium model, as well as the
determination of hydraulic conductivity, is the most essen-
tial question. Currently, the seepage medium model of the
rock mass can be divided into three categories: the equiva-
lent continuum medium model [1–3], double-medium
model [4, 5], and discrete fracture network (DFN) model
[6–8]. However, the equivalent continuum model is only
applicable to large-scale loose or broken rock with a repre-
sentative elementary volume (REV). In addition to a small-
scale REV, the input parameters of the dual medium model
are complex and possess a wide range of assumptions.
Meanwhile, the two types of continuous medium models
do not involve the specific spatial distribution of the water
conduction fractures (WCF), and they are difficult to charac-
terize the heterogeneity and discontinuity of seepage in the
rock mass, making them unsuitable for the underground
water-sealed storage caverns. Note that the WCF is a class
of rock mass fracture belonging to the primary seepage zone.
Generally, primary seepage zones are some fractures with
high permeability or distinct systematic distributions as well
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as a combination of the two in rock mass. The DFN model
assumes that flow and solute transport occur primarily
within fractures [9]. Therefore, by accurately describing the
geometric parameters (orientation, spacing and aperture,
etc.) and hydraulic parameters (hydraulic aperture, etc.) of
each fracture in the fracture network, the geometric and
hydraulic characteristics of the WCF can be described. Thus,
the heterogeneity and seepage anisotropy of the fractured
rock mass can be determined. This model has been widely
used in the stability and seepage analysis of high and steep
rock slopes and underground caverns with small research
areas and requires high research degree and calculation
accuracy [10, 11]. In summary, the fractured granite of the
underground water-sealed storage cavern can be examined
as a fractured seepage network comprising WCF, enabling
seepage calculations to be conducted using the DFN model
with a calibrated hydraulic conductivity.

Methods for determining the hydraulic conductivity of
fractured rock mass mainly include the field hydraulic test
method, inverse analysis method, and empirical estimation
method. The field hydraulic test method [12, 13] obtains
the hydraulic conductivity of rock mass via an analytical cal-
culation of water-pressure test and pumping test data in situ.
However, because of its high cost as well as technology and
time requirements, its precision and scope are limited, and
it is difficult to reflect the hydraulic conductivity characteris-
tics of the rock mass of the entire study area. Meanwhile, the
inverse analysis method [14, 15] is based on the monitoring
data of groundwater flow rate or velocity. The hydraulic
conductivity of a rock mass is calculated via analytical or
numerical methods, but it often provides a no-unique solu-
tion, which affects the accuracy. Finally, the empirical estima-
tion methods mainly include the fracture network
measurement method, fracture network numerical test
method, and geological index estimation method. Among
these, in the fracture network measurement method [16–18],
the geometric parameters of fractures in the measurement
and statistic area are substituted into the permeability tensor
formula to obtain the initial value of the equivalent permeabil-
ity tensor, which must then be corrected using the hydraulic
test method or inverse analysis method. The fracture network
numerical test method [19–21] was proposed by Long et al.
[19] to determine the REV and equivalent permeability tensor
of rockmass. However, the understanding of the existence and
size effect of the REV is not uniform, which makes it difficult
to establish the numerical model.

The geological index estimation method can be divided
into single index and comprehensive index estimation
methods. Currently, many scholars use a single index, such
as depth [22, 23], P-wave velocity (Vp) [24], geoelectrical
parameters [25], or rock quality designation (RQD) [26,
27], to establish an empirical formula to predict the hydrau-
lic conductivity of rock mass. Moreover, existing estimation
models based on the comprehensive index have also made
great progress. Hsu et al. [28, 29] defined a comprehensive
index HC that considers the RQD, depth index (DI), lithol-
ogy permeability index (LPI), and gouge content designation
(GCD) index and estimated the hydraulic conductivity of
fractured sedimentary rock by establishing a power function

relationship between the hydraulic conductivity (K) and HC
index. Song et al. [30] proposed the RMP index, which con-
siders the RQD, rock integrity designation (RID), fracture
aperture designation (AD), and LPI and established a power
function relationship to estimate the hydraulic conductivity
of the underground water-sealed caverns for liquefied petro-
leum gas (LPG) engineering site. Chen et al. [31] developed
the ZRF model, which considers the buried depth (Z), RQD,
and GCD, in order to estimate the hydraulic conductivity of
the granite in a hydropower station. Thus, geological index
estimation models are simple and practical and have a cer-
tain application value in stability and permeability research
of rock mass engineering. However, as geological indices of
rock mass are adopted mainly to characterize rock mass
mechanics, the indices may not be entirely applicable to
hydraulic behavior [32]. Therefore, the proposed models
lack key parameters, such as the fracture orientation and
hydraulic aperture, which control the hydraulic conductivity
of rock mass and cannot form a connection between the
seepage model of the fractured media and permeability of
the fractured rock mass.

Based on the field test results of borehole water-pressure
tests and borehole wall imaging tests of rock mass in a
underground water-sealed storage cavern, this paper dis-
cusses the existing estimation indices and models and inno-
vatively introduces geometric characteristic parameters such
as the fracture orientation, number, and aperture of the
WCF. Finally, we proposed a new model for estimating
hydraulic conductivity that uses normal stress on the WCF
and fracture orientation as its basic parameters. In addition,
this model examines the influence of RQD, fracture spacing,
and density on the permeability of the rock mass by consid-
ering the number of fractures. Based on the estimation
results, it is proven that the proposed model can accurately
reflect the permeability characteristics of fractured granite
in the study area, thereby providing a reference for estimat-
ing the hydraulic conductivity and engineering application
of other rock masses.

2. Hydraulic Conductivity Distribution
Characteristics of Rock Mass in the
Underground Water-Sealed Storage Caverns

2.1. Geological and Hydrogeological Setting. In this study, the
underground water-sealed storage cavern area is situated in
the eastern coastal area of Shandong Province, China. The
research object of this study is a water-sealed storage cavern
for propane on the east side of the project area. As shown in
Figure 1, the study area is located in a transition zone
between hills and alluvial plains. The altitude of the ground
surface ranges from 15m to 40m, the topographic slope gra-
dient is less than 5°, and the overall dip direction of the slope
is westward. Because of the construction of ancillary facilities
on the ground, the surface morphology is required to create
a flat with the final elevation of approximately 30m. In the
study area, fine-grained monzonitic granite and marble
occurred in the northeast of it, and the surface is covered
with thin Quaternary overburden. The grained monzonitic
granite was formed in the early stages of the Yanshan period
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which has a blocky structure and is generally medium to
coarse grained. It is relatively hard rock accounting for more
than 80% of the cavern rock mass. The rock mass of the
slightly weathering layer has high strength, and the fractures
range from extremely low developed to low developed. This
is the main rock constructing the cavern, and the basic qual-
ity grade of the rock mass is II-III. The cavern construction
is greatly influenced by secondary faults and joints distrib-
uted in the engineering area. According to the survey results
of faults and discontinuities, the faults within the cavern site
mainly include fault F9 and fracture zone P9. The remaining
faults or fracture zones are far from the caverns and are
small scale, barely influencing the cavern construction.

The hydrogeological survey revealed that the groundwa-
ter is mainly recharged by the vertical infiltration of
atmospheric precipitation and lateral groundwater in moun-
tainous areas, whereas it is mostly discharged by surface
runoff with small infiltration. As illustrated in Figure 1,
groundwater flows from higher altitudes areas of the eastern
mountains to the western and northern regions and finally
into the adjacent river and ocean. According to the labora-
tory and in situ test results, the granite matrix has very low
permeability and porosity. Because of the development of
joints, the low-permeability value of the rock matrix, and
the large hydraulic gradient in the slightly weathered granite,
groundwater mainly flows through the complex fracture net-
work. Moreover, it appears to be the primary pathway in
some broken areas and fracture concentrated belts. There-
fore, the hydrogeological conditions of the study area highly
obey the assumption of the fracture network model.

In the fresh or slightly weathered granite, the geostress
was measured in two vertical boreholes using the hydraulic
fracturing method. The classical theory of hydraulic fractur-
ing was proposed by Hubbert and Willis [33]. To date, it has
been deeply developed in theory and widely used in the
geostress measurement and the stimulation technique of
oil and gas reservoirs in the petroleum industry [34–36].
The conditions of this study area obey the assumptions of
the hydraulic fracturing classical theory, including the test

section of the rock which is homogeneous, isotropic, linear
elastic, intact, and impermeable, and there is one principal
stress direction parallel to the borehole axis. Because the
final altitude of the ground surface will be flat, it is assumed
to be a plane with a 30m altitude in the following regression
analysis. Therefore, the calculation of the geostress can be
transformed to a planar stress issue with a circular hole in
an infinite plate [34]. In addition, it was predetermined that
the tensile stress is positive, and the compressive stress is
negative. The maximum and minimum horizontal principal
stresses are, respectively, 13.71MPa and 8.05MPa in the
corresponding design altitude range of the cavern floor.
Thus, it can be judged that the site is an area of medium
and low in situ stress in accordance with the Chinese stan-
dard for engineering classifications of rock mass [37]. After
tensor transformation, tensor averaging, and a linear regres-
sion analysis, the direction of the maximum principal stress
was determined to be NE78° along the horizontal plane.
Assuming that the weight density of the rock mass was 27
kN/m3, the fitting relationships between the principal
stresses and altitude are as follows:

σH = 0:0361h − 6:0651,
σh = 0:0206h − 3:9489,
σv = 0:027h − 0:81,

8>><
>>: ð1Þ

where σH, σh, and σv are the maximum principal stress
(MPa), intermediate principal stress (MPa), and minimum
principal stress (MPa), respectively, and h is the altitude (m).

Borehole wall imaging tests were conducted in 28 bore-
holes using borehole televiewer technology and the latest
digital panoramic borehole camera system (DPBCS) [38].
The DPBCS were employed as follows: a digital high-
definition camera device in front of the probe can record a
continuous, magnetically orientated, digital, 360° color
image of the borehole wall. The depth and plane orientation
are measured by the wheel and magnetic electronic compass
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Figure 1: Geological and hydrogeological setting: (a) the regional area and (b) the study area.
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of the DPBCS, respectively, and the annular borehole wall
image is obtained. Then, in the flattened pattern, the annular
borehole wall image is converted into a two-dimensional
panoramic image in the order of N-E-S-W-N. Using the
established coordinate system, it is reduced to a real bore-
hole wall image. Finally, image interpretation software can
be used to process the image to obtain the orientation, loca-
tion, geometrical aperture, spacing, and filling content. After
completing abovementioned steps, it was found that the
fractures of the slightly weathered rock mass were basically
closed, and there was no filled medium inside. However,
not all the data from DPBCS and interpretation software are
available, and geometrical aperture is also difficult to accu-
rately process as the use of rigorous mathematical formulas
and interpretation algorithms produce errors. Therefore, this
study mainly conducted permeability analyses and hydraulic
conductivity estimations based on the fracture orientation,
number, spacing, and other geometric parameters.

2.2. Analysis of Borehole Water-Pressure Test Data. In accor-
dance with the Chinese code of water-pressure tests in bore-
holes for water resources and hydropower engineering
(CCWPT) [39], a total of 609 test sections were then
subjected to double-packer water-pressure tests adopted
intelligent water-pressure testers. Each test section is divided
into three levels of pressure and three or five stages owing to
the depth of the test section. Figure 2 shows the basic curve
between the test pressure (P) and input flow (Q) of the test
section when five stages existed. According to the CCWPT,
if the absolute differences in the flow rate between stages 4
and 2 (or between stages 3 and 1 if there are only three
stages) and between stages 5 and 1 are less than 1L/min,
or the relative errors are less than 5%, the boost and the buck
phases in the P-Q curve can be considered to be basically
coincident. In this study, the flow rate of every stage was
invariably less than 1L/min; so, the absolute difference was
less than 1L/min. Thus, the P-Q curves conform to the type
of laminar flow, meaning that the fracture water flowing in

the low-permeability and unfilled fractured granite was con-
sidered to be laminar flow.

Owing to the fact that the groundwater flow through the
fracture was laminar, the Lugeon value of the rock mass in
the test sections can be calculated using formula (2), except
for the test sections with high permeability around the
fracture zone or a joint dense development zone.

q = Qmax
L∙Pmax

, ð2Þ

where q (Lu) is the Lugeon value, L (m) is the length of the
test section, Qmax (L/min) is the maximum flow rate for each
test stage (the third stage if five stages exist and the second
stage if three stages exist), and Pmax (MPa) is the maximum
testing pressure for each test stage (the third stage if five
stages exist and the second stage if three stages exist).

The distribution of the Lugeon values in the fresh or
slightly weathered granite is illustrated in Figure 3. A
three-parameter Weibull distribution was used to fit the
results, revealing a shape parameter of 0.80, a scale parame-
ter of 0.061, and a location parameter of 0.001. In addition,
the results show that the permeability of the cavern site is
mainly distributed in 0.001–0.20 Lu, with an average of
0.082 Lu and a maximum of 1.098 Lu. Therefore, according
to the CCWPT, the rock mass in the study area is mainly low
permeability or extremely low permeability.

According to the method suggested in the CCWPT, when
the test section is below the groundwater level, q < 10 Lu and
the fracture flow are laminar. Thus, the equivalent hydraulic
conductivity of the rock mass in the test section can be calcu-
lated using formula (3), which was proposed by Hvorslev
[40]. Figure 4 illustrates the distribution characteristics of
the hydraulic conductivity of 599 test sections in the fresh
or slightly weathered granite area (without considering the
test sections with larger K values around the fracture zone
or joint dense development zone). A three-parameterWeibull
distribution was used to fit the data. Based on the fit, the shape
parameter was found to be 0.851, the scale parameter was
7:2 × 10−4, and the location parameter was 3:6 × 10−6. After
obtaining the distribution model and statistical characteris-
tics of the random variables, the Monte Carlo method can
be used for generation in computer software [34].

K = Q
2πLH ln L

2r +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + L

2r

� �2
s2

4
3
5, ð3Þ

where K is the hydraulic conductivity, Q is the flow rate, r is
the radius of the borehole, H is the testing pressure head,
and L is the same as above.

2.3. Applicability of the Single Index Estimation Method of
Hydraulic Conductivity. At present, many empirical models
use a single index, such as depth (Z or DI), P-wave velocity
of rock mass (Vp), or rock quality designation (RQD), to
estimate the hydraulic conductivity of rock mass. These
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Figure 2: Diagram of stable flow rate and testing pressure variation
at the five test stages.

4 Geofluids



indices are mostly based on the relationship between the
degree of fracture development and the corresponding
index. Then, we explored whether the above indices are suit-
able for estimating the hydraulic conductivity of fractured
granite in the study area.

According to the results of the water-pressure tests,
Figure 5 demonstrated the distribution of hydraulic conduc-
tivity of rock mass with depth. It can be seen that the
hydraulic conductivity is mainly concentrated in the range
of 10−5 – 10−2 m/d, and it is irregular at each depth, reaching
even three orders of magnitude differences at the same
depths. Further, it was found that with increasing depth,
the hydraulic conductivity of each borehole exhibited the
following changes:

(1) In a small portion of the boreholes, with increasing
depth, the hydraulic conductivity of the rock mass
remained basically unchanged, only experiencing a
very slight fluctuation

(2) In a small portion of the boreholes, with increasing
depth, the hydraulic conductivity of the rock mass
remained basically unchanged, and only in dense
local fractures or large fractures did the hydraulic
conductivity increase sharply

(3) In most boreholes, the hydraulic conductivity of the
rock mass changes irregularly with increasing depth,
and the relationship between the hydraulic conduc-
tivity and depth is disordered
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The permeability of the granite at the site is closely
related to the distribution characteristics of the fractures
and the integrity of the rock mass, which can be character-
ized by the RQD and RID, in which the RQD refers to the
cumulative length of core pieces longer than 100mm in a
run (RS) divided by the total length of the core run (RT)
under standard drilling processes, and RID is obtained using
the following:

RID =
Vp

Vr

� �2
, ð4Þ

where Vp is the elastic P-wave velocity of the rock mass,
and Vr is the elastic P-wave velocity of the rock block.
As RQD and RID are both, to a certain extent, influenced
by development density, size, and aperture of fractures, the
relationship between rock permeability and the fracture
distribution and rock integrity can be described using
RQD and Vp.

Based on the core logging results of the boreholes and
the test results of the P-wave velocity, the average P-wave
velocity of the rock mass in each borehole was found to be
between 4.8 km/s and 5.2 km/s. Further, it was found that
most boreholes are similar to the K-RQD and K-Vp curves
of ZK55 shown in Figures 6 and 7, respectively, which both
exhibit no obvious regularity and large dispersion.

In summary, the single index method of estimating
hydraulic conductivity, including the index of depth, RQD,
and P-wave velocity, is not suitable to directly estimate the
hydraulic conductivity of the rock mass in the study area.
Therefore, based on the paradigm of the comprehensive
index estimation method, a new estimation model to esti-
mate the hydraulic conductivity of low-permeability and
unfilled fractured granite in underground water-sealed stor-
age caverns must be proposed considering the comprehen-
sive effect of multiple indices.

3. Hydraulic Conductivity Estimation Model of
Low-Permeability and Unfilled
Fractured Granite

3.1. Model Construction and Parameter Selection. The per-
meability of fracture media in the DFN depends almost
entirely on the spatial structure of the fracture system;
meaning, the relationship between the fracture properties
and permeability can be clarified by establishing a simple
medium model of fractured rock mass. Snow [16] assumed
that there was a water-conducting fracture network com-
posed of n groups of directional fractures in a medium of
pure fractured rock mass, and that the fracture water took
a laminar flow. Therefore, the permeability tensor of each
group of the WCF was superimposed based on the cubic
law of the parallel plate model, and considering geometric
factors, such as the fracture orientation, spacing, and
hydraulic aperture, the following permeability tensor calcu-
lation formula was proposed, which is referred to as the
snow model:

KSNOW = g
12v〠

n

i=1

b3i
Si

1 − n2xi −nxinyi −nxinzi

−nyinxi 1 − n2yi −nyinzi

−nzinxi −nzinyi 1 − n2zi

2
6664

3
7775, ð5Þ

where KSNOW (m/s) is the hydraulic conductivity tensor of
the rock mass, g (m/s2) is the gravitational acceleration, ν
(m2/s) is the kinematic viscosity, bi (m) is the average
hydraulic aperture of group i, Si (m) is the space of group
i, nxi, nyi, and nzi are components in the x, y, and z direc-
tions, respectively, of the unit normal vector of group i
fracture, and n is the number of fractures.

Snow [16] considered the number of fractures to reflect
the spacing and density of the fractures by superposing the
hydraulic conductivity tensor of all the WCF, which is actu-
ally the contribution of rock integrity parameters to the
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Figure 5: Scatter diagram of hydraulic conductivity distribution in study area.
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hydraulic conductivity. Further, the snow model is suitable
for laminar flow and clean fractures, which are consistent
with the characteristics of the granite in the study area.
Therefore, the snow model can be simplified into two parts:
the orientation of all fractures and the hydraulic aperture.
According to the superposition principle of the hydraulic
conductivity tensor and considering the number of fractures,
the fracture orientation index and hydraulic aperture index
were tentatively selected to establish a new model for pre-
dicting the hydraulic conductivity of the low-permeability
and unfilled fractured granite in underground water-sealed
storage caverns. The hydraulic aperture is mainly controlled
by normal stress, contact area, geometrical aperture, and
roughness of the fracture, and it is difficult to determine
the hydraulic aperture directly. Previous relevant studies
[34, 41, 42] show that the quantitative relationship exists
distinctly between normal stress and fracture hydraulic aper-
ture. Fortunately, the normal stress of fractures is relatively

easy to obtain in engineering; so, it was selected to replace
the index of hydraulic aperture for the construction of the
estimation model. Therefore, the normal stress, as a compre-
hensive index, combined with the orientation index of the
discontinuity can comprehensively characterize the hydrau-
lic behavior of the fracture.

The hydraulic conductivity tensor of the rock mass is
based on the permeability characteristics of the WCF. How-
ever, according to the results of the borehole water-pressure
tests and borehole wall imaging tests in the study area, it was
found that not all fractures are the WCF, and most have no
seepage significance. As the orientation of the WCF deter-
mines the primary seepage direction of the rockmass, the frac-
ture network model needs to be characterized emphatically.
Therefore, in the case of existing fracture orientation index,
the proposed model introduces orientation index of the
WCF to characterize the contribution of the hydraulic charac-
teristics of the WCF to the permeability of the rock mass.
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3.2. Novel Model for Estimating Hydraulic Conductivity of
Fractured Granite in Water-Sealed Storage Caverns. Based
on the snow model and fracture network model elements,
this study used the fracture orientation (denoted as A or
Aj) and the normal stress (σn) of the WCF as the basic
index to characterize the geometric characteristics of the
fracture and the hydraulic properties of the WCF, respec-
tively, and proposed an estimation model for hydraulic
conductivity of the low-permeability and unfilled fractured
granite in underground water-sealed storage caverns,
called the CA model:

K = α∙A + β∙Cwcf + γ, ð6Þ

where α, β, and γ are empirical constants, and K (cm/s) is
the hydraulic conductivity of each test section. The indexA
represents the contribution of the orientation of all fractures to
the hydraulic conductivity, and Cwcf is an integrated hydraulic
index representing the contribution of all the WCF to hydrau-
lic conductivity of rock mass. Therefore, the name of the CA
model is taken from the main indices Cwcf and A. In terms
of the unit of two parameters, the index A proposed in this
study is dimensionless, and the unit of the index Cwcf is
MPa-3. Although the unit is different, the model only uses its
numerical value.

(1) The method for obtaining the index A. It is assumed
that the contribution of the orientation of n fractures
to the hydraulic conductivity of the rock mass at a
certain depth range is An. Based on the principle of
permeability tensor superposition, the following
formula can be obtained:

An = 〠
n

i=1
Ai = 〠

n

i=1

1 − n2xi −nxinyi −nxinzi

−nyinxi 1 − n2yi −nyinzi

−nzinxi −nzinyi 1 − n2zi

2
6664

3
7775: ð7Þ

If the dip direction of fracture i is αi, the dip angle is βi, the x
-axis points to the east, the y-axis points to the north, the z
-axis points upwards, and a space rectangular coordinate
system ENZ(xyz) is constructed. As shown in Figure 8, the
x, y, and z components of the normal vector of the ID i of
the fracture are expressed as follows:

nxi = sin αi∙sin βi

nyi = cos αi∙sin βi

nzi = cos βi

9>>=
>>;: ð8Þ

The eigenvalues of An was calculated and denoted as A1,
A2, and A3, of which the three eigenvectors are the principal
directions of the eigenvalues. The fracture orientation index
A is defined as the geometric mean value of the eigenvalue
An, as follows:

A =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A1∙A2∙A3

3
p

, ð9Þ

where the physical meaning of A is the contribution of the
orientation of all fractures to the hydraulic conductivity in
the depth range of the test section. Therefore, the orientation
index of fractures can be obtained by simultaneous formulas
(7), (8), and (9).

(2) The method for obtaining the index Cwcf . To obtain
Cwcf , the identification and selection of WCF should
be conducted first to determine the mathematical
relationship between the hydraulic parameters of
the WCF and the hydraulic conductivity of the rock
mass. Firstly, based on borehole wall image tests and
water-pressure tests data, the hydraulic conductivity
of each test section and internal fractures orientation
was obtained. Secondly, the orientation ranges of
fractures with a small hydraulic conductivity in the
test section need to be screened out, and it was con-
sidered that it does not belong to the primary
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is the dip direction of the fracture;
is the unit normal vector of the fracture;

n

Figure 8: Schematic diagram of unit normal vector of fracture orientation in geographic coordinate system.
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seepage zone. Finally, it was removed from the orien-
tation range of the test sections with large hydraulic
conductivity, and what were retained were the WCF
and its orientation in each test section. Based on the
DFN model of a real discrete fracture network gener-
ated using a Monte Carlo simulation by Min et al.
[6], Figure 9 represents the WCF selected from frac-
ture network and internal groundwater seepage

Although we have selected the normal stress index (σn)
instead of the hydraulic aperture (eh) of the WCF to build
the new model, it still plays a role as a bond between the
hydraulic conductivity of rock mass and normal stress on
the fracture. Based on the research results of Cao et al. [34]
on the fracture hydraulic aperture of slightly weathered
granite which located nearby the study area, it was assumed
that a rock mass test section with upper and lower surfaces
parallel to its contained fracture and with a distance of L
between the two interfaces. Other parameters were kept the
same as previously mentioned. The hydraulic conductivity
Kr of the fractured rock mass is the superposition of the
hydraulic conductivity of each fracture in the test section
as follows:

Kr = 〠
n

i=1

g ehð Þ3
12vL · Ai: ð10Þ

Thus, the basic relationship between hydraulic aperture
and normal stress was obtained, in which the quantitative
relationship is given by fitting the average variation charac-
teristics [34].

eh =
292:1

σn + 1:78 : ð11Þ

According to formulas (10) and (11), the relationship
between hydraulic conductivity and normal stress on the
WCF of the fractured granite in the study area can be sum-
marized as follows:

Kr ≈ 〠
n

i=1

g
12vL · aAi

σ3ni
, ð12Þ

where a is constant. Therefore, the contribution index of the
WCF to the hydraulic conductivity is

Cwcf = 〠
N

j=1

Aj

σ3
nj

: ð13Þ

To facilitate the calculation in formula (13) and relate
the physical meaning of Aj to A, Aj represents the contribu-
tion value of the orientation of all the WCF in the test
section to the hydraulic conductivity of the rock mass, and
the calculation method is the same as that used for the index
A. When there is no WCF in the test section, that is, the
number N of the WCF in the test section is 0, Cwcf = 0. As
the index A includes the contribution of some WCF orienta-
tion to the hydraulic conductivity of the rock mass, and
because the relationship between the normal stress of the
fracture and the hydraulic conductivity of the rock mass
obtained by formula (12), it is appropriate to divide Aj into
σnj

3, which not only avoids the issue that the geometric
parameter of the WCF repeatedly lead to excessive weights
in the estimation of the hydraulic conductivity but also pos-
sesses some theoretical and logical basis. The introduction
of correction parameters α, β, and γ does not make the
three terms of formula (6) have a large difference, especially
when Cwcf = 0.

The normal stress σnj of the WCF is calculated using the
following steps. First, the fracture depth can be obtained
from the location from the borehole wall image. Combined
with the altitude of the borehole orifice, the fracture altitude
can be calculated. Then, the principal stresses σH , σh, and σv
at the fracture location can be obtained by substituting the
fracture altitude into formula (1). Next, a unified spatial
coordinate system of the principal stresses is constructed,
as shown in Figure 10, wherein the H -axis positively points
to the direction of the maximum principal stress, the h-axis
positively points to the direction of the intermediate princi-
pal stress, and the v-axis points positively upward. Accord-
ing to second law of Cauchy stress, using the geometric
relationship, the dip angle β and the adjusted dip direction
α of the fracture are transformed into the rectangular

Groundwater
flow

Figure 9: The WCF and the direction of groundwater flow in fracture system (the blue line represents the WCF, and the black line
represents ordinary discontinuities).
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coordinate system of the principal stress space to obtain the
normal stress of the WCF:

σn = n2HσH + n2hσh + n2vσv, ð14Þ

where nH , nh, and nv are the unit normal vectors of the frac-
ture in the principal stress space coordinate system.

In summary, the hydraulic parameters Aj of the WCF
are calculated by formulas (7), (8), and (9), just like index
A. Substituting σnj calculated by formula (14) and Aj into
formula (13), Cwcf can be easily acquired. According to the
CA model, the empirical constants α, β, and γ can be gained
from linear regression. Thereby, the estimated hydraulic
conductivity K of the CA model is finally obtained.

4. Engineering Application and Reliability
Analysis of CA Model

4.1. Parameter Fitting of the CA Model in the Study Area.
Based on the interpretation results of borehole wall imaging
and water-pressure test data of low-permeability and unfilled
fractured granite in situ, we calculated the values of A, Cwcf ,
and K in‐situ (the in situ test values of hydraulic conductivity
from double-packer borehole water-pressure test) of each
test section in ZK61 and ZK69, as listed in Table 1. The frac-
ture strike range with low hydraulic conductivity
(K < 5 × 10−5 m/d) was removed from the strike range with
high hydraulic conductivity (K > 5 × 10−3 m/d), and that of
the WCF was obtained as 0°–20°, 30°–50°, 330°–340°, and
350°–360°. In addition, according to the results of the bore-
hole wall image, it was found that the dip direction of the
dominant fractures in the rock mass is mainly distributed
in the intervals 80°–90°, 110°–140°, and 270°–300°.

The CA model was used to fit the test data of ZK61 and
ZK69, and the model parameters are listed in Table 2. The
spatial variation characteristics of the regional geological
conditions and permeability may be the reason for the differ-

ent fitting parameters of the CA model in two boreholes.
Given that ZK61 and ZK69 are located in the same engineer-
ing site, they have similar geological and hydrogeological
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Figure 10: Schematic diagram of the orientation of discontinuity
orientation in principle stress space.

Table 1: Test results of boreholes in the study area.

Borehole Depth [m] Index A Index Cwcf K in−situ [m/d]

ZK61

31-41 6.899 0 7:91 × 10−5

41-51 12.024 0 9:75 × 10−3

51-61 7.584 0 3:60 × 10−4

61-71 8.087 2:53 × 10−3 4:29 × 10−4

71-81 6.563 1:34 × 10−2 5:67 × 10−4

81-91 3.773 5:85 × 10−3 4:01 × 10−5

91-101 6.543 5:44 × 10−3 3:91 × 10−4

101-111 2.386 7:30 × 10−3 1:74 × 10−4

111-121 2.972 7.41×10-3 4:25 × 10−4

121-131 1.791 0 1:46 × 10−4

131-141 5.685 3:55 × 10−2 6:85 × 10−4

151-161 3.394 7:01 × 10−3 4:12 × 10−4

161-171 3.187 1:16 × 10−3 1:55 × 10−4

171-181 6.429 4:24 × 10−3 1:90 × 10−4

181-191 3.696 4:12 × 10−3 3:99 × 10−4

191-201 2.851 3:48 × 10−3 2:97 × 10−4

201-211 8.035 5:02 × 10−3 2:09 × 10−4

ZK69

33-43 5.592 2:90 × 10−2 1:23 × 10−4

42-52 6.761 1:30 × 10−2 1:22 × 10−4

51-61 5.254 1:86 × 10−2 9:54 × 10−5

60-70 5.367 4:30 × 10−3 2:36 × 10−4

69-79 2.826 8:72 × 10−3 2:01 × 10−4

78-88 6.147 1:80 × 10−3 4:48 × 10−4

87-97 8.933 3:27 × 10−3 1:94 × 10−4

96-106 5.094 6:54 × 10−3 6:34 × 10−4

105-115 7.738 3:07 × 10−3 8:57 × 10−4

114-124 10.473 1:96 × 10−2 3:63 × 10−4

123-133 5.895 3:42 × 10−3 4:13 × 10−4

132-142 3.958 0 4:37 × 10−4

141-151 0.633 0 1:11 × 10−4

150-160 4.931 0 1:04 × 10−4

159-169 1.185 1:24 × 10−2 1:48 × 10−4

168-178 2.713 8:79 × 10−4 1:30 × 10−4

177-187 4.574 4:13 × 10−3 2:19 × 10−4

186-196 8.045 1:34 × 10−1 2:65 × 10−3

195-205 8.279 1:33 × 10−1 2:08 × 10−3

204-214 1.404 9:13 × 10−2 1:15 × 10−3

213-223 4.096 6:33 × 10−3 8:40 × 10−4
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conditions, and the hydraulic conductivity is mainly concen-
trated in the magnitude of 10-4–10-3m/d. Moreover, the CA
model was used to fit the two boreholes tests data simulta-
neously, and the estimation results are in accordance with
the test results in situ (R2 = 0:85). Therefore, the model pro-
posed in this study is suitable for projects that have similar
engineering geological conditions to that of the water-
sealed storage caverns. According to the aforementioned
research, the CA model may be more appropriate to
estimate the hydraulic conductivity of rock mass with low
permeability and internal unfilled fractures.

4.2. Verification and Reliability Analysis of the CA Model.
Since this study has proposed a new model, it is necessary
to test it, which is an inevitable process of scientific research.
Moreover, the superiority of the new model needs to be
demonstrated from the comparison with other models.
Therefore, existing indices or models should be summarized
and used to predict the hydraulic conductivity of low-
permeability and unfilled fractured granite. The prediction
results of CA model and previous models are compared with
the K in‐situ to explicate its superiority.

(1) The HC model and the RMP model. Existing
comprehensive indices or estimation models mainly
consider rock integrity (characterized by the RID or
RQD), depth index (DI or Z), lithology permeability
index (LPI), gouge content designation (GCD), and
fracture aperture designation (AD) as basic parame-
ters. To be specific, the HC index and the RMP index
are the most representative, as follows:

HC = 1 − RQDð Þ 1 −GCDð Þ DIð Þ LPIð Þ, ð15Þ

RMP = 1 − RQDð Þ 1 − RIDð Þ ADð Þ LPIð Þ, ð16Þ
where LPI = 0:15 is for granite through the classification of
rock permeability [28]. Among these, the GCD is calculated
using the following equation:

GCD = RG

RT − Rs
, ð17Þ

where RG is the total length of filling content and GCD = 0
for the unfilled granite in the study area. In addition, the
HC index defined DI as the buried depth index:

DI = 1 − LC
LT

, ð18Þ

where LC is a depth that is located at the middle of a double-
packer test interval in the borehole, and LT is total borehole
length. However, as the hydraulic conductivity of the rock
mass is independent of the length of the borehole, the
selected index DI may be unreasonable. The fracture aper-
ture parameter (AD) in the RMP index is defined as the
ratio of the sum of fracture aperture dA and the length L
of the test section. Since the two models are based on the
HC index and RMP index, respectively, they can be called
the HC model and RMP model. Based on two comprehen-
sive indices, the two estimation models were used in
estimating the hydraulic conductivity of sedimentary rocks
with gouge filled and water-sealed storage caverns with
unfilled granite, respectively.

K = b HCð Þc, ð19Þ

K =m RMPð Þn, ð20Þ

where b, c, m, and n are all fitting parameters. Using the HC
model, the hydraulic conductivity of ZK76 at different
depths in the study area was estimated, and the results are
listed in Table 3.

Based on the empirical RMP model, the hydraulic con-
ductivity of the ZK76 at different depths was estimated,
and the estimation results are listed in Table 4.

(2) The ZRF model. In addition to considering RQD, the
ZRF model introduced Z and GCD to predict the
hydraulic conductivity of fractured rock mass at the
site of Yagen-II Hydropower Station in China. The
expression of the ZRF model is

lg K = κ + λ · PD + ω · lg Z, ð21Þ

PD = 1 − RQDð Þ 1 −GCDð Þ, ð22Þ

where κ, λ, and ω are empirical constants. The hydraulic
conductivity of the ZK76 at different depths was estimated
by the ZRF model, and the results are listed in Table 5.

(3) Analysis of the CA model and applicability compar-
ison with other models. Based on the water-pressure
test of ZK76, the hydraulic conductivity of rock mass
in each depth section was calculated according to
formula (3). According to the interpretation results
of wall imaging of ZK76, the location and orientation
of all fractures in each depth section were obtained.
Based on the data of orientation and hydraulic con-
ductivity, the location and orientation of WCF were
then picked out. Equations (7)–(9) were used to cal-
culate A and Aj; the normal stress σnj of the WCF
was calculated by combining formulas (1) and (14).
According to Table 2, the fitting parameters of the
CA model are as follows: α = 2:04 × 10−5, β = 1:38
× 10−2, and γ = 7:40 × 10−5. Substituting the above
parameters and basic indices into the CA model

Table 2: Fitting results of CA model parameters.

Boreholes α β γ R2

ZK61 2:89 × 10−6 1:30 × 10−2 1:95 × 10−4 0.78

ZK69 1:84 × 10−5 1:40 × 10−2 9:88 × 10−5 0.74

All 2:04 × 10−5 1:38 × 10−2 7:40 × 10−5 0.85
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K = α∙A + β∙ 〠
N

j=1

Aj

σ3
nj

 !
+ γ: ð23Þ

The prediction result of hydraulic conductivity of ZK76
has been listed in Figure 11, which also involved the estima-

tion results of the HC model, RMP model, ZRF model, and
in situ measured values of ZK76. It can be seen that the new
CA model provides significantly better results than the exist-
ing models. Specifically, the root mean square error of the
CA model is 3:76 × 10−5 m/d, which is far less than that of

Table 4: RMP model estimation results of ZK76.

Z [m] 1-RQD 1-RID AD LPI KRMPmodel [m/d]

35 0.36 0.25 6:72 × 10−4 0.15 4:63 × 10−4

45 0.33 0.18 1:04 × 10−3 0.15 4:72 × 10−4

55 0.30 0.14 1:23 × 10−3 0.15 4:04 × 10−4

65 0.18 0.11 9:75 × 10−4 0.15 1:72 × 10−4

75 0.23 0.11 7:91 × 10−4 0.15 1:78 × 10−4

85 0.31 0.11 1:12 × 10−3 0.15 3:11 × 10−4

95 0.19 0.08 1:31 × 10−4 0.15 2:41 × 10−5

105 0.18 0.08 8:97 × 10−4 0.15 1:22 × 10−4

125 0.20 0.08 5:92 × 10−4 0.15 9:29 × 10−5

135 0.14 0.08 3:35 × 10−4 0.15 4:17 × 10−5

155 0.13 0.08 6:73 × 10−4 0.15 7:15 × 10−5

165 0.11 0.08 2:48 × 10−4 0.15 2:60 × 10−5

175 0.15 0.08 3:07 × 10−4 0.15 4:10 × 10−5

185 0.24 0.08 6:92 × 10−4 0.15 1:25 × 10−4

195 0.14 0.10 8:38 × 10−4 0.15 1:12 × 10−4

205 0.23 0.10 1:25 × 10−3 0.15 2:43 × 10−4

Table 5: ZRF model estimation results of ZK76.

Z [m] 1-RQD 1-GCD PD KZRFmodel [m/d]

35 0.36 1.0 0.36 3:01 × 10−4

45 0.33 1.0 0.33 2:06 × 10−4

55 0.3 1.0 0.30 1:47 × 10−4

65 0.18 1.0 0.18 6:53 × 10−5

75 0.23 1.0 0.23 7:63 × 10−5

85 0.31 1.0 0.31 1:07 × 10−4

95 0.19 1.0 0.19 5:00 × 10−5

105 0.18 1.0 0.18 4:34 × 10−5

125 0.2 1.0 0.20 4:18 × 10−5

135 0.14 1.0 0.14 2:81 × 10−5

155 0.13 1.0 0.13 2:36 × 10−5

165 0.11 1.0 0.11 2:00 × 10−5

175 0.15 1.0 0.15 2:38 × 10−5

185 0.24 1.0 0.24 3:75 × 10−5

195 0.14 1.0 0.14 2:05 × 10−5

205 0.23 1.0 0.23 3:25 × 10−5

Table 3: HC model estimation results of ZK76.

Z [m] 1-RQD DI 1-GCD LPI KHCmodel [m/d]

35 0.36 0.840 1.0 0.150 3:55 × 10−5

45 0.33 0.795 1.0 0.150 2:91 × 10−5

55 0.3 0.749 1.0 0.150 2:35 × 10−5

65 0.18 0.703 1.0 0.150 1:07 × 10−5

75 0.23 0.658 1.0 0.150 1:36 × 10−5

85 0.31 0.612 1.0 0.150 1:86 × 10−5

95 0.19 0.566 1.0 0.150 8:51 × 10−6

105 0.18 0.521 1.0 0.150 7:04 × 10−6

125 0.2 0.429 1.0 0.150 6:24 × 10−6

135 0.14 0.388 1.0 0.150 3:32 × 10−6

155 0.13 0.292 1.0 0.150 2:02 × 10−6

165 0.11 0.247 1.0 0.150 1:27 × 10−6

175 0.15 0.201 1.0 0.150 1:47 × 10−6

185 0.24 0.155 1.0 0.150 1:97 × 10−6

195 0.14 0.110 1.0 0.150 5:79 × 10−7

205 0.23 0.064 1.0 0.150 5:46 × 10−7
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Figure 11: Comparison between the estimated values of hydraulic
conductivity.
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the HC, RMP, and ZRF models (respectively, 1:46 × 10−4 m
/d, 1:02 × 10−4 m/d, and 1:24 × 10−4 m/d), and the relative
errors are 45.0%, 95.8%, 64.1%, and 70.6%, respectively.
Thus, the CA model is more suitable and accurate in
estimating the hydraulic conductivity of low-permeability
and unfilled fractured granite in underground water-sealed
storage caverns.

5. Discussion

Existing comprehensive indices or models are not suitable
for the low-permeability and unfilled fractured granite in
underground water-sealed storage caverns as the aforemen-
tioned LPI and GCD lead to a weak representation and poor
correlations between the geological parameters and the
hydraulic conductivity, resulting in large estimation errors.
Although the RMP model has been proposed for fractured
granite of LPG caverns in adjacent areas, it commonly over-
estimated the contribution of rock integrity to the hydraulic
conductivity by simultaneously adding the RQD and RID
parameters. Therefore, the randomness of discontinuities
causes large fluctuations in the hydraulic conductivity of
the rock mass at different depths by affecting the integrity
of rock mass. In addition, the fracture aperture designation
is difficult to measure, which may be another cause of errors.

Compared with existing models, the CA model considers
the characteristics of the seepage fracture network model of
the rock mass. Based on the snow model, the number of
fractures is introduced to reflect the integrity of the rock
mass, and the orientation of fractures is considered to reflect
the permeability of the rock mass. Moreover, the proposed
model considers the characterization of mechanical and
hydraulic properties of the rock mass and has a certain the-
oretical basis. Simply put, the CA model has only two basic
parameters: fracture orientation index (A) and normal stress
index (σn), which can be easily obtained using test data in
situ. Thus, it is reliable to estimate the hydraulic conductivity
of the cavern granite. However, this model is dependent on
the number and accuracy of the in situ data, and it may be
difficult to identify the WCF. Therefore, an accurate screen-
ing method for the WCF must be explored.

A sensitivity analysis of the fracture orientation index
and normal stress index of the model indicated that the
change in the hydraulic conductivity caused by σn is much
larger than that caused by A when the two parameters
change by the same multiple. This shows that the influence
of the normal stress of the fracture on the rock mass perme-
ability is greater than that on the fracture orientation. This is
because the normal stress controls the magnitude of the per-
meability of the rock mass, whereas the fracture orientation
determines the seepage direction. Further, it shows that the
normal stress index selected in this study is reasonable to
construct the new model.

6. Conclusions

(1) Existing models have difficulty accurately reflecting
the hydraulic conductivity characteristics of low-
permeability and unfilled fractured granite in under-

ground water-sealed storage caverns. The rock mass
was regarded as a fractured network comprising
WCF; using the test data of borehole wall imaging
and water-pressure tests of fractured granite of an
underground water-sealed storage caverns, the frac-
ture orientation index and normal stress index were
selected as basic parameters, and the CA model for
estimating hydraulic conductivity was established
by introducing the WCF contribution index Cwcf

(2) The hydraulic conductivity of ZK76 in the study area
was estimated using the CA model to determine its
reliability. Compared with the existing models, the
estimation results of the CA model were closest to
the in situ measured values which have a high accu-
racy. Further, it is extremely suitable for estimating
the hydraulic conductivity of low-permeability and
unfilled fractured granite in underground water-
sealed storage caverns which can also be applied
for similar rock mass

(3) The paper proposed a screening method of the water
conduction fractures (WCF) that mainly consists of
the following steps. Firstly, the appropriate method
should be used to determine the hydraulic conduc-
tivity of each test sections. Secondly, the strike and
orientation of internal fractures were obtained based
on survey results of borehole wall image tests and
water-pressure tests. Thirdly, the fracture strike range
in the test section with low hydraulic conductivity was
removed from the strike range with high hydraulic
conductivity, and the WCF in rock mass was then
identified. In addition, the study indicated that the
WCF orientation can be determined only by the
dominant fractures orientation in the study area of
the underground water-sealed storage caverns

(4) A sensitivity analysis of the parameters of the CA
model revealed that the influence of the normal
stress of the fracture on the permeability of rock
mass is greater than the fracture orientation
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This paper reports the dewatering scheme of a deep excavation in sandy pebble strata. The excavation is in high permeability strata and
is close to the Yellow River, making the dewatering difficult during construction. At present, few researchers have specially studied the
dewatering scheme of deep excavations in strong permeable strata near the water resource. Field pumping test was conducted before
the excavation activity, and the permeability coefficient of the strata was obtained by reverse analysis. According to the characteristics
of the project, the dewatering scheme of “waterproof curtain + base grouting + pumping” was proposed. The influence of vertical
waterproof curtain and base grouting on dewatering was analyzed by numerical simulation. In the construction process, the field
water table and ground settlement were measured. The results show that (1) the groundwater table versus permeability coefficient
curve shows three different stages and (2) the dewatering scheme of “waterproof curtain + base grouting + pumping” is effective for
deep excavation in strong permeable strata.

1. Introduction

Many deep excavations or ventilation shafts have been
designed and constructed in the rail transit projects, power
tunnels, and water conveyance tunnels [1–3]. The construc-
tion of excavation pits below the groundwater table needs to
lower the water table below the excavation face, so the dewa-
tering scheme is vital. Effective dewatering measures are
aimed at preventing uplift and fail of the base, avoiding
quicksand and piping, and improving the stability and keep-
ing the excavation face dry [4]. However, the dewatering
work will lead to ground settlement inevitably. An ideal sit-
uation is to obtain the required drawdown with the least vol-
ume of pumped water to reduce the adverse impact on the
surrounding environment [5, 6].

There are two common dewatering methods for excava-
tion pits, one only uses pumping well and the other method

is the cowork of pumping well and waterproof curtain. The
pumping well method pumps out a large amount of ground-
water, which forms a large cone of depression. The sur-
rounding ground settlement will also be serious, which will
damage the safety of adjacent buildings if any. Therefore,
the combination of pumping well and waterproof curtain
is widely used because of its less impact on the environment.
For the excavation pit, because the diaphragm wall can be
used as both a supporting structure and a good waterproof
curtain, the cowork of waterproof curtain and pumping well
is used for dewatering frequently [7–9].

Many researchers have studied on dewatering of deep
excavations. Liu et al. [10] proposed inflow prediction for-
mulas for excavation pits with partial penetrating curtains
in high-permeability aquifers. Other researchers [11–13]
focused on the deformation mechanism of diaphragm wall
and ground settlement induced by dewatering. Zeng et al.
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[14] and Zeng et al. [15] investigated ground settlement
caused by preexcavation dewatering.

In excavation pit dewatering, in addition to pumping
well and diaphragm wall, horizontal barriers have also been
used. The base grouting was carried out for the excavation
pit dewatering of Fuzhou Metro Line 2 [16], China, but there
was no further analysis on base grouting. Granata and Leoni
[17] reported a case that designed a grout blanket in order to
decrease the water inflow from the bottom of the excavation,
and the work focused mainly on the grouting activity quality
control. It can be seen from the above practices that placing
horizontal barriers is conducive to dewatering work when
excavation under complex geological conditions.

In the past, it was rare to encounter an excavation pit
with all the flowing three characteristics including a large
excavation depth, a short distance from river, and high per-
meability sandy pebble strata. However, during the dewater-
ing of the ventilation shaft between Lanzhou City University
Station and South Shen’an Bridge Station of Lanzhou Metro
Line 1, Gansu Provence, China, it encountered all these three
characteristics. The depth of the shaft reaches 45.1m, and
the horizontal distance between the Yellow River embank-
ment and the shaft center is only 105m.

Both numerical simulation method and field observation
were adopted in this paper. The influence of base grouting
and waterproof curtain on dewatering was analyzed by
numerical simulation. Then, the proposed dewatering
scheme of “waterproof curtain + base grouting + pumping”
was simulated. Field groundwater table and ground settle-
ment were measured, and assembled data verified the results
of the numerical simulation.

2. Project Background

2.1. Location of the Shaft. Lanzhou City is located on the
floodplain of the upper reaches of the Yellow River. The
shield tunnel of Lanzhou Metro Line 1 was bored under-
neath the bed of the Yellow River for about 317m between
Lanzhou City University Station and South Shen’an Bridge
Station. A ventilation shaft was necessary in the north bank
of the Yellow River for shield machine receiving and ventila-
tion. Considering the depth of the tunnel and site condi-
tions, the depth of the shaft reaches 45.1m, and the
horizontal distance between the Yellow River embankment
and the shaft center is only 105m. The location of the shaft
is shown in Figure 1.

2.2. Geology and Hydrogeology

2.2.1. Geology Conditions. Geological and hydrological con-
ditions play a decisive role in the design of dewatering
scheme. The geotechnical engineering investigation showed
that the local strata were Quaternary, including 1-1 miscella-
neous fill, 2-1 loess soil, 2-6 medium sand, 2-10 pebble, and
3-11 pebble, as shown in Figure 2. Medium sand was only
sporadically distributed. The thickness of pebble 2-10 ranged
from 5.7m to 15.5m, and that of pebble 3-10 was 200m to
300m. Consequently, 2-10 pebble and 3-11 pebble were
mainly considered in this project for their large thicknesses.

A series of field tests (e.g., pumping test, field shear test,
see Figure 3, and dynamic penetration test) and laboratory
tests (e.g., grain size analysis and shear test) were carried
out. The uniformity coefficient (Cu) of 2-10 pebble and 3-
11 pebble is 159.04 and 19.34, respectively, and the coeffi-
cient of curvature (Cc) is 131.67 and 14.64, respectively.
The grain size larger than 20mm accounted for 63.5% of
2-10 pebble, and that value of 3-11 pebble is 64.53%.
Figure 4 shows the 3-11 pebble layer. The suggested property
parameters of the strata are shown in Table 1.

2.2.2. Hydrogeology. Groundwater mainly occurred in 2-10
pebble stratum and 3-11 pebble stratum, belonging to phre-
atic water with a water table of about -9.6m, which was
slightly higher than the water table of the Yellow River.
The hydraulic connection between aquifer 2-10 and aquifer
3-11 was good. No confined water was found.

Two groups of single-well field pumping test were car-
ried out to obtain the hydrogeology parameters. In each
group, pumping tests of large drawdown, medium draw-
down, and small drawdown were carried out. Four wells
with the same diameter and depth were arranged in each
group, one well served as pumping well, and the other three
served as observation wells. According to field pumping
tests, composition analysis of the aquifers, and regional engi-
neering experience, the average permeability coefficient of
each stratum was determined roughly, as shown in Table 1.

The permeability coefficient of anisotropic geotechnical
medium is difficult to obtain directly, especially in complex
geological conditions. The field pumping tests combined
with inverse analysis can overcome the problem [5, 8, 18,
19]. Group-well pumping tests were carried out in the shaft,
and an inverse analysis for hydrological parameters was car-
ried out by Visual Modflow, a three-dimensional finite dif-
ference groundwater flow model software.
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The permeability coefficients of 2-10 pebble and 3-11
pebble are shown in Table 2. It indicates that the horizontal
permeability coefficient (KH) is larger than the vertical per-
meability coefficient (KV).

2.3. The Challenges. To summarize, the construction of the
shaft presented several characteristics, including high per-
meability of aquifers, a large depth, and a short distance
from the Yellow River. It brought several challenges:

(1) Dewatering was difficult. Due to the high permeabil-
ity coefficient and strong seepage, it is uncertain that
the water level can be reduced to the safe level only
by the pumping well and vertical waterproof curtain

(2) In the thick and sandy pebble strata, the diaphragm
wall is prone to defects which lead to leakage

(3) Construction safety risk is high. Due to the high
water table and strong permeable aquifers, water
table inside the pit will rise rapidly once the dewater-
ing system fails, resulting in serious consequences

2.4. Preliminary Dewatering Scheme

2.4.1. Barrier Effect of Waterproof Curtain. The diaphragm
wall is widely used for dewatering. In thick aquifer, dia-
phragm wall cannot penetrate to the aquitard [8]. Therefore,
groundwater flows into the excavation pit through the bot-
tom of the diaphragm wall [8, 11, 20]. The principle of dia-
phragm wall that can be used for dewatering is its barrier
effect on seepage. It changes the seepage direction and seep-
age path of groundwater [21, 22].

(1) Seepage direction: the underground water flows into
the pumping well horizontally without a barrier such
as diaphragm wall. When pumping is conducted in
cases with a barrier, the groundwater flow is three
dimensional, both horizontal seepage and vertical
seepage exist simultaneously [21, 22]. The vertical
seepage consumes more energy and produces larger
drawdown than the horizontal one for the vertical
hydraulic conductivity is smaller than the horizontal
conductivity [8]

–5
–10
–15
–20
–25
–30
–35
–40
–45
–50

0

–55
–60
–65

1-1 Miscellaneous fill 2-6 Medium sand 3-10 Pebble 

2-1 Loess soil 3-11 Pebble 

Water table

650 m

�e sha�

Q4

Q1

South Shen'an
Bridge Station 

Lanzhou City
University Station 

Shield tunnel

Aquifer

Aquifer

45 m 45 m
55 m

50 m 55 m
60 m

Borehole shape 127 mm

41.2 m45 m
50 m45 m

D
ep

th
 (m

)

Figure 2: Longitudinal stratigraphic section.

Figure 3: Field shear test. Figure 4: 3-11 pebble.

3Geofluids



(2) Seepage path: the water outside the pit needs to
bypass the bottom of the barrier to flow into the well
in case of the existence of a barrier. It means that the
barrier lengthens the seepage path so that the seep-
age time is also increased. In the initial stage of
pumping, groundwater discharge mainly comes
from inside the excavation pit. Groundwater head
outside the pit begins to decline after a certain time
because of the extension of the seepage path [21, 22]

2.4.2. Overview of the Shaft. The geometry of the shaft is
rectangular in the plane with a size of 33:4m × 20:4m (see
Figure 5), and the depth of the shaft was 45.1m. The hori-
zontal distance between the Yellow River embankment and
the shaft center is only 105m.

Given the wide use of diaphragm wall and pumping well,
as well as some successful cases of base grouting, the dewater-
ing scheme of “waterproof curtain + base grouting + pumping
” was proposed.

Considering both dewatering design and excavation pit
supporting design, the shaft was divided into 5 floors, named
F1 to F5 from top to bottom, as shown in Figure 6. The shaft
was composed of main structures (including side wall, floor
slab, beam and column), the inner diaphragm wall (inner
waterproof curtain) and the outer diaphragm wall (outer
waterproof curtain) (see Figure 6). The main structures were
made of reinforced concrete. The inner diaphragm wall was
made of C40 (its Young’s modulus E = 34GPa) reinforced
concrete with a thickness of 1.2m and a depth of 60.1m.
The outer plain concrete diaphragm wall was 0.8m thick
and 51.1m deep. Sleeve-valve-pipe grouting (base grouting)
was implemented in a range of 10m below the bottom to
improve the strata properties.

In order to ensure safety of shield boring, side grouting
reinforcement range was in the shield passing area between
the outer waterproof curtain and the inner waterproof cur-
tain at the depth of 32.15m to 50.15m, as shown in Figure 6.

The space was divided into three parts by the two water-
proof curtains, as shown in Figure 5. The space inside the
inner waterproof curtain was area I, the space between the
inner waterproof curtain and outer waterproof curtain was
area II, and the space outside the outer waterproof curtain
was area III.

2.4.3. Drawdown Required. Limit equilibrium method
assumes that water inrush does not occur when the gravity
of the overlying soil is larger than the water pressure under
a coefficient, expressed as [9, 23]

F = γs H − hsð Þ
γw H −Dð Þ , ð1Þ

where F is the safety factor, hs is the excavation depth (m), D
is the water head of confined aquifer (m), H is the depth of
the confined aquifer roof (m), γs is the unit weight of soil
between the excavation pit bottom and the confined aquifer
roof, with a value of 21 kN/m3 here, and γw is the unit weight
of base grouting area, with a value of 25 kN/m3 in this paper.

Formula (1) was used to obtain the safety water table
required by 7 different excavation depths (excavation depth:
10m, 20m, 30m, 31.2m, 35m, 40m, and 45.1m). The com-
parison of excavation depth and safe water table is as Table 3
at safety factor F = 1:2. The limit excavation depth of the
shaft was 31.2m. Therefore, when the excavation depth
was less than 31.2m, pumping inside the shaft prevailed to
make the excavation face dry. When the excavation face
was lower than -31.2m, pumping wells inside and outside
the shaft should work together.

2.4.4. Layout of Pumping Wells. It was preliminarily
designed to arrange 9 pumping wells (W1 to W9, among
which W5 was for observation, also represented by O1) in
area I, 6 pumping wells (W10 to W15) in area II, and 52
pumping wells (W16 to W67, among which W47, W53,
W59, and W65 were observation wells, also represented by
O2 to O5, respectively) in area III. Figure 7 shows the layout
of the pumping wells. Details of pumping wells are shown in
Table 4. The depth of the wells in area I was 55m with a
diameter of 650mm and a filter length of 15m. The 6 wells
in area II were 60m deep and were steel pipe wells. Cement
well with a depth of 60m, a diameter of 800mm, and a filter
length of 30m was adopted in area III.

Table 1: Strata property parameters.

Strata
Cohesion Friction angle Density Void ratio Deformation modulus Permeability coefficient
c (kPa) φ (°) ρ (g/cm3) e E0 (MPa) k (×10-4m/s)

1-1 miscellaneous fill 0 12 1.71 — 5 0.58~0.93
2-1 loess soil 19 24.7 1.66 0.84 — 0.35~0.58
2-6 medium sand 0 30.0 1.90 — 12 2.3~2.90
2-10 pebble 0 35.0 2.17 0.282 45 6.60~7.41
3-11 pebble 15 43.0 2.28 0.288 50 5.79~6.37

Table 2: Inverse analysis results of permeability coefficient (×10-
4m/s).

Aquifers
Permeability coefficient

KV KH
2-10 pebble layer 5.83 7.52

3-11 pebble layer 5.41 6.60
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3. Numerical Simulation

The feasibility of the planned dewatering scheme needs to be
examined. This section mainly focuses on three issues: (i) the
influence of vertical waterproof curtain on dewatering, (ii)
the influence of base grouting on dewatering, and (iii) the
numerical simulation of the proposed dewatering scheme
of “waterproof curtain + base grouting + pumping.”

3.1. Mechanism of Seepage Analysis. Formula (2) [4, 9] is the
governing equation of three-dimensional transient flow in
anisotropic porous media. It is also the constitutive model
used in this paper. In Visual Modflow, the numerical
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Table 3: Comparison of excavation depth and safe water table (m).

Excavation depth
Safe water table
outside the shaft

Drawdown
required

10 -10 0

20 -10 0

30 -10 0

31.20 (critical excavation depth) -10 0

35 -16.7 6.7

40 -25.4 15.4

45.1 -34.2 24.2
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simulation model can be obtained by discretizing the math-
ematical model with the finite difference method.

where kxx, kyy , and kzz are the hydraulic conductivity in
the x, y, and z directions (cm/s); h is the water table in posi-
tion (x, y, z) (m); Ss is the specific storage rate in position
(x, y, z) (m-1); nx , ny, and nz are the unit normal vectors on
boundary Γ2 along the x, y, and z directions, respectively;
W is the recharge and discharge of the groundwater (d-1); t
is time (h); Γ1, Γ2 are the first and second types of boundary
condition, respectively; q is the lateral recharge per unit area

on boundary Γ2 (m
3/d); h0 ðx, y, zÞ is the initial water table in

position (x, y, z) (m); and Ω is the calculation domain.

3.2. Influence of Vertical Waterproof Curtain

3.2.1. Analysis Cases. Four analysis cases were set to analyze
the influence of waterproof curtain on excavation pit dewa-
tering, as shown in Table 5. There was no waterproof curtain
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Table 4: Details of pumping wells.

Well location Quantity Diameter (mm) Filter length (m) Depth of well (m) Type of well

In area I 9 650 15 55 Steel pipe well

In area II 6 650 30 60 Steel pipe well

In area III 52 800 30 60 Cement well
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in case 1, the inner waterproof curtain was set in case 2, and
the inner and outer waterproof curtains were set in case 3.
From case 1 to case 3, all 67 pumping wells were on working.
In case 4, both base grouting and the two waterproof cur-
tains were set, the permeability coefficient of base grouting
area was 1:0 × 10−7 m/s, and 52 pumping wells outside the
pit and 3 in area I were turned on. Simulation time of each
case was 10 days.

3.2.2. Three-Dimensional Seepage Model. Considering the
influence range of dewatering, the size of the model was
determined to be 1200m × 1200m, and the height was
150m. In Visual Modflow, the analysis type was transient
flow for this simulation.

The boundary condition was simulated by Constant
Head package with the water table of -10.0m. Using the
River package to simulate the Yellow River, its water table
was set at -10.0m. The coordinate origin was situated at
the center of the shaft surface. Waterproof curtain was sim-
ulated by Wall package with the permeability coefficient of
1:84 × 10−12 m/s (considering the antiseepage grade of P8).
Pumping wells were simulated by the Well package. Accord-
ing to the results of the field pumping tests, the pumping
rate of each well in area I and area II was set to 100 m3/h
while the pumping rate of each well in area III was
150m3/h. Aquifers of 2-10 pebble and 3-11 pebble were
mainly considered in the model. Hydrological parameters
of the aquifers were determined according to the results of
the field pumping tests and inverse analysis, and the values
used in the simulation are as shown in Table 6.

The model for case 4 is as shown in Figure 8, and
Figure 9 presents the model of diaphragm wall and pumping
wells. It was divided into 8 layers vertically. The horizontal
mesh became sparse from the shaft center to outside, a total
of 214 rows and 214 columns. The finite difference mesh had
a total of 416025 nodes and 366368 elements.

3.2.3. Results. Figure 10 shows the cone curve of depression
in each case. The cone curve of depression became steep
near the Yellow River and relatively flat away from the Yel-
low River.

In case 1, the cone curve of depression was smooth, and
water table in area I was reduced to -35.0m. In case 2 to case
4, the water table in area I was -46.9m, -51.0m, and -53.3m,
respectively.

For the water table in area I: in case 1, the water table
cannot be lowered to the bottom of the pit, and the water
table in case 2 to case 4 was lower than the bottom of the
pit. The drawdown in case 3 was 11.1% more than that in

case 2. The drawdown in case 4 was 17.3% more than that
in case 2. The drawdown in case 4 was 5.6% greater than that
in case 3, although the number of pumping wells in case 4
was only 82.1% of that in case 3.

For the water table in area II: on the Yellow River side,
the water table of case 1 to case 4 was -33.9m, -29.2m,
-34.2m, and -43.6m, respectively. Obviously, neither case 1
nor case 2 can meet the safety requirement. Case 3 can just
meet the requirement, and case 4 can meet the requirement.
The drawdown of case 4 was 1.39 times than that of case 3.

The above analysis account for the cowork of base grout-
ing and two vertical waterproof curtains forms a relatively
impervious space and isolates the hydraulic connection of
inside and outside the shaft.

3.3. Influence of Base Grouting

3.3.1. Analysis Cases. Grouting is an effective method to
block water in underground engineering [24]. Grouting
reinforcement of weak strata improves the mechanical prop-
erties (compression modulus, cohesion, friction angle, and
permeability coefficient) of the reinforced area. Some meso-
table studies such as literatures [25, 26] involved the diffu-
sion mechanism of slurry and tried to simulate it by
numerical method. However, the determination of parame-
ters is complicated, and its applicability needs to be
improved in practice.

In this paper, the grouting effect is considered from a
macro perspective. Permeability coefficient is set in the base
grouting area to reflect the reinforcement effect in simula-
tion. In each analysis cases, the two waterproof curtains were
set; the differences were the permeability coefficient of the
base grouting area and the number of pumping wells in
operation. For the permeability coefficient of the base grout-
ing area, there were 10 different values (6 × 10−4 m/s, 4:5 ×
10−4 m/s, 3:2 × 10−4 m/s, 2:2 × 10−4 m/s, 1:4 × 10−4 m/s, 8:5
× 10−5 m/s, 4:4 × 10−5 m/s, 1:9 × 10−5 m/s, 5:8 × 10−6 m/s,
and 7:5 × 10−7 m/s). For pumping wells, all 52 wells in area
III and all 6 wells in area II were in operation in each case,
and the number of pumping wells in area I varied from 1
to 9. A total of 53 analysis cases were simulated. The simula-
tion time was 30 days.

The constitutive model used was transient flow. The size
of the model was 1200m × 1200m × 150m. It was divided
into 8 layers, 214 rows and 214 columns with a total of
416025 nodes and 366368 elements. The boundary condi-
tion of constant water head was simulated by Constant Head
package with the water table of -10.0m. The Yellow River

Table 5: Four analysis cases.

Case
Inner waterproof

curtain
Outer waterproof

curtain
Base grouting

1 × × ×
2 √ × ×
3 √ √ ×
4 √ √ √

Table 6: Parameters of aquifers in the model.

Aquifer
Specific storage

Ss (1/m)
Specific yield Sy

Permeability
coefficient (m/s)

2-10 pebble 5:0 × 10−4 0.2
KV 5:83 × 10−4

KH 7:54 × 10−4

3-11 pebble 5:0 × 10−4 0.2
KV 5:41 × 10−4

KH 6:60 × 10−4
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was simulated by River package with the water table of
-10.0m. Waterproof curtain was simulated by Wall package
with the permeability coefficient of 1:84 × 10−12 m/s. Pump-
ing wells were simulated by the Well package. The pumping
rate of each operative well in area I and area II was set to
100m3/h while in area III the pumping rate was 150m3/h.
The pumping rate of the inoperative well was set to 0m3/h.
Hydrological parameters of the aquifers are as shown in
Table 6.

3.3.2. Result. The water table in area I is shown in Figure 11.
From the perspective of slope, the groundwater table versus
permeability coefficient curve shows three different stages.

Stage 1: when the permeability coefficient is greater than
1:4 × 10−4 m/s, the curve is almost a flat line. In this stage,
with the decrease of permeability coefficient, the water table

is slowly decreasing. According to different curves, the
decline of water table in area I is mainly affected by the num-
ber of pumping wells in area I.

Stage 2: the curvature of curve changes rapidly. The per-
meability coefficient is between 1:9 × 10−5 m/s and 1:4 ×
10−4 m/s in this stage. With the decrease of permeability
coefficient, the decline rate of groundwater table accelerates.

Stage 3: the water table shows a linear downward trend
with a large slop. When the permeability coefficient is less
than 1:9 × 10−5 m/s, the water table decreases linearly with
the decrease of permeability coefficient.

The dewatering results are closely related to the perme-
ability coefficient of the grouting area. A large permeability
coefficient does no obvious effect on dewatering. A small
permeability coefficient significantly benefits the dewatering
work while it is difficult to achieve. Therefore, the permeabil-
ity coefficient of grouting area should be controlled in stage
3. For this project, the coefficient is recommended to be 1
× 10−7 m/s.

3.4. Simulation of Dewatering Scheme. In Sections 3.2 and
3.3, the effect of vertical waterproof curtain and base grouting
on dewatering is analyzed, but the process of dewatering is not
considered. According to the analysis in Section 2.4.3, the
required drawdown is different under different excavation
depths. Therefore, in the actual excavation process, the dewa-
tering well should be turned on in several stages according to
the excavation depth. In this part, the proposed dewatering
scheme of “waterproof curtain + base grouting + pumping” is
simulated.

3.4.1. Simulation Process. The simulation was carried out in
9 stages, shown in Table 7. The simulation process is as fol-
lows: in stage 1, pumping is not carried out because the
groundwater table is about -10m. In stage 2, turn on 2 wells
in area I. In stage 3, turn on 4 wells in area I. Stage 4 is to
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turn on 6 wells in area I. Thereafter, the permeability coeffi-
cient of the base grouting area is set to 1 × 10−7 m/s. Then,
turn on 1 well in area I, 6 wells in area II, and 4 wells in area
III to conduct the stage 5 analysis. In stage 6, the number of
wells in area III is 12. In stage 7, the number of wells in area
III is 20. In stage 8, 40 wells are in operation in area III. In
stage 9, 52 wells are working in area III.

The constitutive model used was transient flow. The size
of the model was 1200m × 1200m × 150m which was
divided into 8 layers, 214 rows and 214 columns with a total
of 416025 nodes and 366368 elements. The boundary condi-

tion was simulated by Constant Head package with the
water table of -10.0m. The Yellow River was simulated by
River package with the water table of -10.0m. Waterproof
curtains were simulated by Wall package with the perme-
ability coefficient of 1:84 × 10−12 m/s. The pumping rate of
each operative well in area I and area II was set to
100m3/h while in area III the pumping rate was 150m3/h.
The pumping rate of the inoperative well was 0m3/h.
Hydrological parameters of the aquifers are as shown in
Table 6. The permeability coefficient of the base grouting
area was 1 × 10−7 m/s.
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3.4.2. Result. The water table of different stages is shown in
Table 7. From stage 1 to stage 4, there was no grouting at
the base, and the pumping wells in the area I varied from 0
to 6. The water table in area I dropped from -10.0m to
-32.5m while the water table in area II changed little. It
shows that the pumping well in area I cannot effectively
lower the water table in area II when there is no grouting
at the base. Since the critical excavation depth is 31.2m,
the purpose of pumping is to reduce the water table in area
I to ensure the dryness of the excavation face. According to
the water table of simulation results, the excavation depth
of each stage can be obtained. And F1 to F3 can be excavated
during stage 1 to stage 4, shown in Table 7.

After the base grouting, the water table in area I main-
tained between -54.2m and -54.8m from stage 5 to stage
9. As the number of pumping wells in area III increased
from 4 to 52, the water table in area I changed little, while
the water table in area II decreased from -17.4m to
-34.2m. After the base grouting was completed, a horizontal
waterproof curtain was formed. Only one pumping well was
needed inside the pit to keep the water table below -54.2m.
The decrease of water table in area II was mainly due to
the increase of the number of wells in area III. According
to the water table inside the pit and outside the pit, F4 and
F5 can be excavated during stage 5 to stage 9, as shown in
Table 7.

4. Field Observation

The dewatering scheme of “diaphragmwall + base grouting
+ pumping” was used, and the ventilation shaft was accom-
plished. Field observation data were validated against the sim-
ulation results to verify the reliability of the three-dimensional
model.

4.1. Field Dewatering

4.1.1. Excavation Strategies. The results of numerical simula-
tion indicated that the preliminary designed dewatering
scheme of “diaphragmwall + base grouting + pumping” was
effective. And it was used in the construction of the shaft.

The overview of the shaft is provided in Section 2.4.2.
Figure 7 shows the layout of the pumping wells.

The shaft was constructed by reversed construction
method. It was excavated in layers using mechanics. Firstly,
the inner diaphragm wall and the outer waterproof curtain
were constructed, and the sleeve-valve-pipe grouting method
was used for side grouting. Secondly, preexcavation pumping
test was conducted to check the reliability of the dewatering
scheme and the quality of the diaphragm wall. Thirdly, it con-
structed the capping beam of the inner diaphragm wall and
the horizontal reinforced concrete strut beam at the top of
the main structure. Then, the shaft was excavated from F1 to
F5 one after another; the construction sequence of each floor
was excavating to bottom of each floor, applying horizontal
strut beam, and concreting the side wall of the same floor.
During the excavation of F3 layer, base grouting was carried
out, and the target permeability coefficient was 1:0 × 10−7 m/
s. After receiving of the shield machine, the construction of
the floor slab was conducted from F5 to F1. Finally, the ground
was restored.

In excavation engineering, it is generally necessary to
lower the water table to 0.5m below the excavation face.
Therefore, this paper took the water table 0.5m below the
excavation face as the water table control criterion.

In order to reduce the impact of dewatering on the envi-
ronment, the staged dewatering strategy was implemented
according to different excavation depths referring to the
excavation stages in Table 7. During the excavation of the
initial 10m, no pumping well was required. During the exca-
vation of the remaining part of F1, turn on 2 wells in area I.
With the deepening of excavation, the number of pumping
wells was gradually increased according to the actual situa-
tion of the site.

4.1.2. Preexcavation Pumping Test. The preexcavation
pumping test is an effective method to check the reliability
of the dewatering scheme and the quality of the diaphragm
wall [27]. Therefore, the preexcavation pumping test was
conducted after the construction of diaphragm wall.

Only 5 pumping wells were constructed in area I and 19
in area III for the preexcavation pumping test (each well was
marked in red in Figure 7, and among which W5, W24,

Table 7: Operation scheme of pumping wells.

Stage
Number of pumping wells Water table (m)

Excavation depth (m) Description
Area I Area II Area III Area I Area II

1 — — — -10.0 -10.0 0.00~10.00
Excavation of F1

2 2 — — -18.4 -10.0 10.00~17.68
3 4 — — -25.6 -10.0 17.68~24.08 Excavation of F2

4 6 — — -32.5 -10.0 24.08~30.48 Excavation of F3

Grouting the base during the excavation of F3 with the target permeability coefficient of 1 × 10−7 m/s
5 1 6 4 -54.2 -17.4 30.48~35.50

Excavation of F4
6 1 6 12 -54.2 -20.1 35.50~36.78
7 1 6 24 -54.4 -24.1 36.78~39.00

Excavation of F58 1 6 40 -54.8 -28.8 39.00~42.00
9 1 6 52 -54.8 -34.2 42.00~45.10
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W38, and W59 were used as observation wells). During the
pumping test, 4 pumping wells in area I were in operation
for trial operation for 2 days, and then, all 20 pumping wells
were turned on. The pumping was stopped after the water
table of the observation wells was stable. The measured
groundwater table of wells O1 and O4 is as shown in
Figure 12.

Inverse analysis was carried out by Visual Modflow
based on preexcavation pumping test results, and the inverse
analysis results of well O1 and well O4 are as shown in
Figure 12. The permeability coefficients of aquifer 2-10 and
aquifer 3-11 were obtained accurately. Vertical permeability
coefficient (KV) and horizontal permeability coefficient (KH)
of aquifer 2-11 were 5:65 × 10−4 m/s and 7:15 × 10−4 m/s,
respectively. For aquifer 3-11, KV was 5:34 × 10−4 m/s and
KH was 6:34 × 10−4 m/s. Given the diaphragm wall had been
completed before the preexcavation test, the effect of dia-
phragm wall was also taken into consideration in the inverse
analysis. The existence of the diaphragm wall made the
results of the two inverse analysis (the other inverse analysis
is in Section 2.2) different with the maximum difference of
4.92%. It can be explained that the parameters used in the
modeling were precise enough. The pumping tests verified
the quality of the diaphragm wall was good.

4.1.3. Grouting Parameters. The grouting will directly affect
the dewatering results. Splitting grouting method was
adopted for the base grouting. PVC sleeve-valve-pipe with
a diameter of 65mm was used. The grouting boreholes were
arranged with equilateral triangles with a spacing of 1.2m.
The target diffusion radius of each grouting hole was 0.8m,
as shown in Figure 13. The grouting material of the upper
3m of the base grouting area was ordinary Portland cement,
and the water-cement ratio was controlled between 0.8 : 1
and 1 : 1. The grouting material of the lower 7m was mixed
slurry made of ordinary Portland cement and sodium sili-
cate with a volume ratio of 1 : 0.8. The grouting pressure
was 2 to 3MPa.

4.2. Water Table Observation. The observation of the
groundwater table (observation points WT1 to WT7 are
shown in Figure 14) began from June 26, 2015, to April 24,
2016, lasting for 304 days [2]. Groundwater table versus time
curve is plotted, such as shown in Figure 15.

Starting from June 26, 2015, all pumping wells were put
into trial operation for 13 days. From the 13th day to the
97th day, F1 and F2 were excavated. At this stage, according
to the excavation progress, the pumping wells in area I were
turned on step by step to ensure the water table in the pit
was below the excavation face beyond 0.5m. The drawdown
in area II and area III was very weak, and the water table dif-
ference of each observation well (WT1 to WT6) was very
small. It can be interpreted that the groundwater discharge
mainly comes from inside the excavation pit in this stage.

During the excavation of F3, in order to prevent inrush,
some wells outside the pit were turned on, and the water
table of observation wells WT1 to WT4 dropped to -15m.
Water table in area II changed about 2.7m. Water table in
area I dropped to about -36.2m.

From the 138th day to the 230th day, F4 and F5 were
excavated. During this time, all 6 wells in area II were in
operation and the number of pumping wells in area III was
gradually increased in several stages. As a result, the water
table in area III gradually reduced to -36m while the water
table in area II rapidly dropped to about -35m. The water
table in area I was -46.1m. After the bottom of the shaft
was constructed, the number of pumping wells reduced in
two stages until the water table returned to normal table.
Moreover, during the construction, no obvious leakage was
found in the waterproof curtain.

4.3. Ground Settlement Observation. The measurement of
ground settlement began from June 26, 2015, lasting for
340 days. The observation points are shown in Figure 14.
The settlement versus time curve is shown in Figure 16.

It can be seen from Figure 16 that ground settlement is
closely related to dewatering process. In the construction run,
the maximum settlement was -6.56 cm, which was acceptable.

Most of the settlement occurred in the 1st day to the
138th day, that was, during the excavation of F1 to F3.
According to GS09-5, the settlement occurred during the
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excavation of F1 to F3 which accounts for 88.4% of the max-
imum settlement. There may be two reasons for this. First,
the upper structures were not stable during this time; the
effect of dewatering and excavation unloading together leads
to large ground settlement. Second, the base was grouted
during the excavation of F3, and the upper structure was

gradually stable. The base grouting area, the diaphragm wall,
and the horizontal strut beam formed a combined support
system, and the structural stiffness increased, which led to
the following excavation cause small settlement.

During the excavation of F4 to F5, the ground settlement
gradually stabilized. After concreting the bottom of the shaft,

WT:Water table
GS:Ground settlement

2 2 2 5 m 

5 
m

 

46 m

35
.4

 m

III II IIIIII

GS05-1

GS04-1

GS03-1

GS02-1

GS01-1

GS05-5

GS04-5

GS03-5

GS02-5

GS01-5

GS06-1

GS06-5

GS12-5

GS12-1

GS07-5

GS08-5

GS09-5

GS10-5

GS11-5

GS07-1

GS08-1

GS09-1

GS10-1

GS11-1

WT1 WT5
WT7

WT4

WT2

WT6 WT3

N

Figure 14: Layout of observation points for underground water table (WT) and ground settlement (GS). (The numbers of the 2nd to the 4th
observation points on each observation section are not marked.)

0 50 100 150 200 250 300

–50

–45

–40

–35

–30

–25

–20

–15

–10

–5

F5F4F3F2

Water table
 recovery

Elapsed time (d)

G
ro

un
dw

at
er

 ta
bl

e (
m

)

WT1
WT2
WT3
WT4

WT5
WT6
WT7

Test run

F1

Figure 15: Observation results of underground water table.

12 Geofluids



the ground settlement raised slightly due to the recovery of
groundwater table.

5. Validation

Since the ground settlement is not considered in the numer-
ical simulation, the main parameter for validation is the
groundwater table. The measured water table is compared
with the numerical results of Section 3.4.2, as shown in
Figure 17.

During the excavation of F1, the drawdown obtained by
numerical simulation was 8.4m and the measured draw-
down was about 10m in area I, which indicated that the sim-
ulation result is 16% smaller than the measured result. The

simulated result of drawdown in area I was 12.3% lower than
the measured one during the excavation of F2.

During the excavation of F3, the water table in area II
decreased to -12.5m, which was 2.5m deeper than the sim-
ulation result. The simulated result of drawdown in area I
was 14.1% smaller than the measured result.

During the excavation of F4, the water table in area I was
-46.1m, while the numerical result was -54.2m. The water
table in area II was -35m, while the simulated result was
-20.1m.

During the excavation of F5, the drawdown in area I was
36.1m, while the numerical result was 44.8m. The measured
drawdown in area II was about 26m, while the simulated
result was 24.2m, and the difference was only 6.9%.
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To summarize, the measured results are in good agree-
ment with the numerical results during the excavation of
F1 to F3 and F5. The difference is mainly reflected in the
excavation of F4. This is because in order to ensure the safety
of the project, the pumping wells in area III was increased
during the excavation of F4. Therefore, the numerical simu-
lation is reliable.

6. Conclusions

In this paper, the method of numerical simulation was
adopted to analyze the dewatering scheme. The project was
successfully implemented, which verified the reliability of
the dewatering analysis. The following conclusions are
obtained:

(1) The groundwater table versus permeability coeffi-
cient curve shows three different stages. The perme-
ability coefficient of grouting area is recommended
to be controlled in stage 3. For this project, the rec-
ommended value is 1 × 10−7 m/s

(2) The design of the inner waterproof curtain and outer
waterproof curtain leads to a large drawdown. When
two waterproof curtains are used, the drawdown is
11.1% larger than that in case with one waterproof
curtain

(3) The dewatering scheme of “waterproof curtain +
base grouting + pumping” is effective for deep exca-
vation in strong permeable strata
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Diffusion radius is an important construction parameter, because it can significantly influence the grouting effectiveness.
Theoretical models in predicting diffusion radius have been practiced, but there are still significant discrepancies between
theoretical calculations and realistic results in the practical construction. One of the critical reasons for the misprediction is the
time-dependent behavior of the cement grout, which is significantly affected by the water-cement ratio (W/C). Therefore, this
paper experimentally and numerically studies the influence of W/C on the viscosity variation of the grout and grouting process.
Firstly, the apparent viscosity of the cement grout under different W/C is tested by a rotational viscometer in a laboratory
experiment. Subsequently, based on the laboratory tests, numerical models are established to investigate the influence of W/C
on the diffusion process of cement grout in sand layers. According to the laboratory results, the apparent viscosity of cement
grouts decreases with the increase of W/C. Besides, the apparent viscosity increases with time, while the increasing range of
apparent viscosity firstly increases and then decreases as W/C increases. Based on the simulated results, when W/C changes
from 0.8 to 1.1, the diffusion radius at 60min experiences a less and less obvious increase under the given grouting pressure for
permeation grouting in the sand layer. When W/C is 0.9, the relative error reaches to 37.65% at 60min, which is slightly lower
than that of 0.8. However, when W/C changes from 0.9 to 1.0, the relative error becomes very narrow (21.36%), and this figure
is much lower than that of 0.8 or 0.9. The simulation results are verified by field test, and the relative error is 6%, which proves
the effectiveness of the analysis. Therefore, the cement permeation model considering viscosity variation of the grout is a
reasonable alternative in the real project. At the same time, the time-dependent behavior of cement grouts should be considered,
especially when using cement grouts with a low water-cement ratio in the practical engineering.

1. Introduction

Unfavorable foundation is a common problem in civil engi-
neering and transport engineering. The cost for foundation
treatment sometimes can make up more than half of the total
cost in engineering construction, so that the foundation
improvement becomes critically important. Permeation
grouting with cement grouts has been widely utilized for
foundation improvement because of its simple construction
and high efficiency [1–3]. However, grouting effectiveness
in practical engineering is significantly affected by the prop-
erties of grouting materials and geological conditions [4]. In
addition, a reasonable estimation of grouting parameters
before practical engineering will help grouting construction

meet requirements at a relatively low price. In order to
improve the accuracy of calculation, scholars have investi-
gated permeation grouting from different points of view.
For example, some put forward theoretical calculations based
on a few assumptions and simplifications. Yang et al. [5] and
Ye et al. [6] established theoretical models based on different
constitutive models of flow pattern and deduced the calcula-
tion formulas for diffusion range or grouting pressure for
permeation grouting. Besides, some researchers studied per-
meation grouting using experimental and numerical
methods. For example, Celik [7] investigated the features of
cement-based permeation grout based on some important
grout parameters, such as the rheological properties, coeffi-
cient of permeability to grout, and injectability of cement
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grout. Similarly, based on the immiscible multiphase flow
theory, Coskun and Tokdemir [8] established the mathemat-
ical model of permeable grouting in fully saturated soil. Fur-
thermore, Fu et al. [9] proposed a mathematical model of
seepage grouting according to the self-weight effect of slurry
and established a prediction model of Bingham cement slurry
setting size. Apart from that, Fu et al. developed a set of
grouting test devices, which consist of a power device,
pressure-bearing slurry tank, and several test frames [9].
The compressive strength, deformation modulus, and per-
meability coefficient were selected as the evaluation indexes
of the grouting reinforcement effect.

On the other hand, researchers attach importance to the
influence of grouts on grouting effectiveness. Among others,
some scholars have tried to improve the theoretical formulas
by using new methods in order to obtain more accurate rheo-
logical parameters. Dai and Bird [10] provided another
approach to the establishment of a Reynolds-type equation in
lubrication theory by variational theory. Beyond that, Rahman
et al. [11, 12] measured the static and dynamic yield stresses
with different measurement techniques. In addition, other
scholars explored the influence of groutingmaterials on the dif-
fusion process. Indeed, the power expended by the injection
mechanism is the energy dissipated by viscous effects. Based
on this fact, El Tani [13] obtained the radial flow rate of cement
grout in a rock fracture from Bingham’s relation. Zhang et al.
[14] regarded the quick setting slurry as a Bingham liquid of
time-dependent behavior and employed an even capillary
group model to describe the porous flow process. They sug-
gested that the spatial uneven distribution of viscosity should
be considered carefully in the grouting design. At present,
researches focus on either viscosity measurement or viscosity
variation under single W/C. Investigation on the influence of
W/C on viscosity variation and the diffusion process is rela-
tively rare. Besides, the discrepancy between the diffusion
radius considering time-dependent behavior and that not con-
sidering different W/C has not been quantitatively studied.

Therefore, in this work, laboratory experiments and
numerical simulations are carried out to investigate the influ-
ence of W/C on the diffusion radius of cement grouts in the
sand layer as well as the discrepancies between the diffusion
radius considering time-dependent behavior and that not con-
sidering. In particular, firstly, a laboratory test was performed
to measure the apparent viscosity of cement grouts under dif-
ferent W/C, after which the viscosity variation characteristics
were investigated by fitting the measured apparent viscosity
with ORIGIN. Subsequently, based on the obtained time-
dependent behavior of cement grouts, calculationmodels were
established by COMSOL to simulate the diffusion process of
the cement grout in the sand layer. Apart from that, the simu-
lated results considering and not considering time-dependent
behavior under different W/C were compared, and the influ-
ence of W/C on cement permeation grouting was analyzed.

2. Laboratory Experiment on Viscosity of
Cement Grout

2.1. Experiment Instruments and Testing Material. The labo-
ratory experiments focus on investigating the rheological

properties of pure cement grouts, and the concerned W/C
range is 0.5-1.1, widely used in practical engineering.
According to Ruan [15], cement grouts under W/C 0.5-0.7
can be classified as power-law fluid, while grouts under
W/C 0.8-1.0 are generally classified as Bingham fluid.

In the experiment, the YDNJ-160A-type mixer
(Figure 1) was employed in preparing the fresh cement
grouts. In order to accurately measure the apparent viscos-
ity, the NXS-11B-type rotational viscometer (Figure 2) was
adopted, and the main technique indexes of the viscometer
are shown in Table 1.

The cement used in the experiment is Portland cement
(PC) graded 42.5 produced by Sunnsy Group in Jinan. The
main chemical composition is shown in Table 2.

2.2. Test Procedure. Fresh cement grouts under W/C 0.5~1.1
were firstly produced and kept in the thermostat with tem-
perature of 20°. Subsequently, the apparent viscosity of
grouts was measured from the very beginning to 40min
every 10 minutes. Then, the viscosity variation characteris-
tics of cement grouts under different W/C were analyzed
by fitting the measured apparent viscosity with ORIGIN
software. Finally, mathematical equations describing the
time-dependent behavior of cement grouts under different
W/C were formed (specification for geotechnical tests).

2.3. Discussion of Experimental Result. The apparent viscos-
ity of cement grouts under different W/C is shown in
Table 3. Based on previous researches [16], the relationship
between apparent viscosity of cement grouting materials
and time could be fitted as a natural logarithm function.

The fitting curves are shown in Figures 3 and 4. Accord-
ing to Figures 3 and 4, at the same moment, the apparent
viscosity of grouts decreases when W/C increases from 0.5
to 1.1, and the apparent viscosity under W/C 0.5-0.7 is an
order of magnitude higher than that of 0.8~1.1. Besides,
the increasing range of apparent viscosity firstly increases
and then decreases as W/C increases. When W/C is 0.5
and 0.6, the increasing range is less than 2 times of the initial
viscosity. As W/C increases from 0.7 to 0.9, the increasing

Figure 1: YDNJ-160A-type mixer.
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range increases from 3.74 times to 4.39 times. However, the
increasing range drops from 4.08 times to 3.32 times when
W/C increases from 1.0 to 1.1. In conclusion, the influence
of W/C on time-dependent behavior firstly increases and
then decreases as W/C increases.

Consequently, the time-dependent behavior of the
cement grout must be considered to ensure the grouting
effectiveness during the design and construction period.

According to the test results, the variation rules of
shear strength and density of slurry under different
water-cement ratios are analyzed, as shown in Figures 5
and 6. Obviously, with the increase of the water-cement
ratio, the density decreases linearly, and the shear strength
also decreases. When the W/C is greater than 0.9, the
change trend decreases.

3. Numerical Simulation Analysis

Based on the obtained time-dependent behavior of cement
grouts, COMSOL is employed to simulate the diffusion pro-
cess of cement grouts and calculate the diffusion radius under
different W/C. Given that permeation grouting under con-
stant grouting pressure is widely used in practical engineering,
this research focuses on the influence of W/C on the grouting
process under the given grouting pressure. The concerned
subjects are the cement grout under W/C 0.8~1.1 because
there are many related theoretical analyses about Bingham
fluid [17], and it is convenient to compare with the simulated
results. In fact, cement grout with W/C in the vicinity of 1.0
has been widely used in practical engineering.

Viscosity is deemed as a constant, and it is equal to the
initial viscosity when the time-dependent behavior is not
considered. While viscosity variation is taken into account,
the changing viscosity is equivalent to a mean viscosity by
integration. The equation could be expressed as follows:

�μ =
ðt
0

μ tð Þdt
t

, ð1Þ

Suspending wire

Dial

Measuring spring

Motor & framework

Inner cylinder

Outer cylinder

Material

Figure 2: NXS-11B-type rotational viscometer.

Table 1: Main technique indexes of rotational viscometer.

Technique indexes Parameters

Measurement range (η) 2:8 ~ 1:78 × 107 mPa · s
Shear stress range (τ) 27:67 ~ 21970 Pa
Shear rate range (DS) 1:23 ~ 996 s−1

Rotational speed 5:6 ~ 360 r/min
Reproducibility ±1% (FS)

Environmental temperature +5~35°

Table 2: Main chemical composition of PC.

Material
CaO
(%)

SiO2
(%)

Al2O3
(%)

Fe2O3
(%)

Fineness
(m2/kg)

Specific
gravity
(kg/m3)

PC 62.60 22.61 4.35 2.46 342 2980

Table 3: Measured apparent viscosity of cement grouts under
different W/C.

W/C
Apparent viscosity (mPa·s)

0min 10min 20min 30min 40min

0.5 932.54 992.06 1021.83 1349.21 1507.94

0.6 344.41 422.18 516.62 538.84 599.94

0.7 77.23 80.01 83.34 10.00 288.86

0.8 27.78 28.89 46.12 55.56 94.57

0.9 14.29 24.61 28.89 37.23 62.79

1.0 12.24 23.89 24.61 33.89 49.99

1.1 12.22 15.00 27.23 33.34 40.56

3Geofluids



β =
Ð t
0μ tð Þdt/t
μw

, ð2Þ

where �μ and μw are the mean viscosity of the cement grout
and the viscosity of water, respectively; β is the viscosity
ratio between the cement grout and water, and t is the whole
grouting time.

3.1. Parameter Setting. Before establishing the calculation
model, some assumptions are made as follows:

(1) Gravity is negligible during the grouting process

(2) The yield strength is regarded as a constant with a
value of 3 Pa

(3) The permeation grouting starts from the grouting
pipe bottom, and the grout penetrates into the sand
layer spherically under a grouting pressure of
300 kPa

In the solid mechanics module, the surface is set as a free
deformation boundary. The left and right boundaries of the
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model are set as the roller support boundaries, which only
allow vertical displacement, rather than lateral displacement.
The lower boundary of the calculation model is set as a fixed

boundary. In the seepage mechanics module, the height of
the groundwater level is set to be consistent with the surface
height, and the left and right boundaries and the lower
boundary of the calculation model are set as a no-flow
boundary, that is, the seepage velocity ≠ 0.

The model of the numerical simulation is displayed in
Figure 7, and the main parameters of the numerical
model are presented in Table 4. The right part in
Figure 7 is the local enlarged drawing of the grouting
hole. In the initial condition, Part I and Part II are full
of water and cement slurry, respectively, and Part III is
the grouting hole with a radius of 30mm. The entrance
of the grout is Boundary (F), and the exit is Boundaries
(A), (B), (C), and (D).

I
III

II

(e)

(b)

(a)

(d)

(c)

(f)

Figure 7: Calculation model of numerical simulation.

Table 4: Numerical model parameters.

Parameters Value

Density of cement grout 1520 kg/m3

Viscosity of cement grout Calculated by Equation (1)

Density of water 1000 kg/m3

Permeability of soil (K1) 6.31e-11m2

Porosity of soil 0.35

Water-cement ratio 0.97
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3.2. Validity of Numerical Model. Prior to grouting simula-
tion considering different W/C, the validity of the calcula-
tion model is firstly proven by comparing the simulated
results with the results calculated via a widely accepted the-
oretical calculation [18]. The diffusion radius considering a
time-dependent behavior can be theoretically calculated
according to

p1 − p0 =
βφr31γw
3Ktl0

+ 4
3 λ r1 − r0ð Þ, ð3Þ

K = K1γw
μw

= φb2γw
8μw

, ð4Þ

λ = 2τ0
b

, ð5Þ

where p1 − p0 is the pressure difference; K , β, φ, and γ are the
permeation coefficient, the ratio between the cement grout
and water viscosity, the porosity of the sand layer, and the
unit weight of water, respectively; r1 and r0 are the diffusion
radius and the radius of the grouting pipe, respectively; and
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λ, τ0, and b are the starting pressure, yield stress, and capil-
lary radius, respectively.

Based on the obtained results, the relative error between
the diffusion radius obtained by theoretical calculation and
the numerical simulation when W/C is 0.8 is shown in
Figure 8. It is noteworthy that the relative errors are within
3%, manifesting that numerical simulation can well reflect
the diffusion process. Thus, it is a reasonable alternative to
use COMSOL to further analyze the influence of W/C on
the grouting process.

After proving the validity of the calculation model, com-
prehensive investigations are carried out to explore the influ-
ence of W/C on the diffusion radius of permeation grouting
in the sand layer. Besides, the relative error with regard to
considering the time-dependent behavior of viscosity under
different W/C is quantitatively analyzed.

3.3. Discussion of Simulated Result

3.3.1. Influence of W/C on Diffusion Radius. The diffusion
radius of cement grouts under different W/C is shown in
Figure 7. According to Figure 9, the diffusion radius
increases as W/C increases from 0.8 to 1.1, indicating that
larger W/C will lead to a larger diffusion radius. In particu-
lar, when W/C changes from 0.8 to 0.9, the diffusion radius
at 60min experiences a dramatic increase with the increas-
ing range of 18%. The increasing trend becomes less obvious
when W/C rises from 0.9 to 1.1. In addition, the diffusion
radius under the same W/C increases with time and the
growth rate becomes small. The attenuation rate decreases
as W/C increases from 0.8 to 1.1. One possible reason lies
in that the grouting pressure attenuates faster for cement
grouts with higher W/C, because high-concentration cement
grouts need more energy when diffusing in the sand layer.

3.3.2. Influence of W/C on the Relative Error of Diffusion
Radius with Regard to Considering Time-Dependent Behavior.
The simulated results considering time-dependent behavior
and not considering time-dependent behavior and the theoret-
ical diffusion radius under different W/C are compared. Based
on the obtained results, the diffusion radius under the water-
cement ratios of 0.8-1.1 is shown in Figure 10. Notably, theoret-
ical radiuses and simulated results considering time-dependent
behavior under all W/C show good agreements and keep

steady after 40min, which tallies with the actual conditions.
With the attenuation of the grouting pressure, the diffusion
radius marginally increases and eventually approaches a con-
stant value. By contrast, the diffusion radius not considering a
time-dependent behavior dramatically rises with time, resulting
in an increasing gap with the theoretical radius or simulated
result considering the viscosity variation of cement grouts.

In order to quantitatively investigate the influence of
W/C, the relative errors between simulated results not con-
sidering viscosity variation and the theoretical radius under
different W/C are obtained (see the result in Figure 11).
The influence of W/C on the relative error of the diffusion
radius with regard to considering the viscosity variation
decreases as W/C increases from 0.8 to 1.1. When W/C is
0.8, the relative error sharply enlarges with time, reaching
to nearly 40% at 60min. Similarly, when W/C is 0.9, the rel-
ative error reaches to 37.65% at 60min, which is slightly
lower than that of 0.8. However, when W/C varies from
0.9 to 1.0, the relative error becomes more narrow
(21.36%), and this figure is much lower than that of 0.8 or
0.9. The relative error experiences a slight drop when W/C
increases to 1.1, possibly because the time-dependent behav-
ior weakens when W/C increases.

3.3.3. Field Test of Grouting Diffusion Radius. In order to
verify the analysis and numerical simulation results, this
paper conducted field grouting tests in the Yellow River
impact area. According to the above simulation parameters,
the slurry of different water-cement ratio is set, and the
grouting time is 60 minutes (technical specification for earth
dam grouting). In the wake of grouting, after 72 hours, the
grouting part is excavated (see Figure 12).

After excavation, the grouting radius under different
water-cement ratios is calculated in detail (see the specific
parameters in Table 5).

The field test results reveal that with the increase of the
water-cement ratio, the grouting diffusion radius increases

(a) Setting out and drilling (b) Excavation exploration process

Figure 12: Field test of grouting diffusion radius.

Table 5: Comparison of diffusion radius.

Water-cement ratio 0.8 0.9 1 1.1

Simulation results (m) 0.74 0.81 0.82 0.84

Test result (m) 0.77 0.84 0.89 0.92
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gradually. Moreover, the test and simulation results are com-
pared. It is found that the average error of the slurry diffu-
sion radius between the simulation results and the field test
results is 6% (see Figure 13), and the simulation results are
in good agreement with the test results, which verifies the
analysis conclusions in this paper.

4. Conclusion

In order to investigate the viscosity variation of cement
grouts under different W/C and the influence of W/C on
the permeation grouting process in the sand layer, this paper
carried out laboratory experiments and numerical simula-
tions. In particular, laboratory tests focus on studying the
influence of W/C on the apparent viscosity of pure cement
grouts. Subsequently, numerical simulation is conducted to
reproduce the grouting process of cement grouts and study
the diffusion radius when considering the time-dependent
behavior under different W/C. Based on the obtained results,
the following conclusions are drawn:

(1) The apparent viscosity of cement grouts decreases
with the increase of W/C. The apparent viscosity
increases with time. Besides, the increasing range
of apparent viscosity firstly increases and then
decreased as W/C increases

(2) When W/C changes from 0.8 to 1.1, the diffusion
radius of cement grouts at 60min experiences a less
and less obvious increase under a given grouting
pressure for permeation grouting in the sand layer

(3) For the investigated cases, the relative error of the
diffusion radius obtained by theoretical analysis
and numerical simulation not considering viscosity
variation drops when W/C increases

(4) According to the test results, the grouting diffusion
radius increases gradually, and the test and simula-
tion results are compared. It is found that the aver-
age error of the slurry diffusion radius between the
simulation results and the field test results is 6%,
and the simulation results are in good agreement
with the test results
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In order to study the mechanical properties of granite at the micro- and nanoscale, the load-displacement curve, residual
indentation information, and component information of the quartz, feldspar, and mica in granite were obtained using a
nanoindentation test, a scanning electron microscope (SEM), and X-ray diffraction (XRD). The elastic modulus and the
hardness of each component of the granite were obtained through statistical analysis. Treating rock as a composite material, the
relation between the macro- and microscopic mechanical properties of rock was established through the theory of
micromechanical homogenization. The transition from micromechanical parameters to macromechanical parameters was
realized. The equivalent elastic modulus and Poisson’s ratio of the granite were obtained by the Self-consistent method, the
Dilute method, and the Mori-Tanaka method. Compared with the elastic modulus and the Poisson ratio of granites measured
by a uniaxial compression test and the available data, the applicability of the three methods were analyzed. The results show that
the elastic modulus and hardness of the quartz in the granite is the largest, the feldspar is the second, the mica is the smallest.
The main mineral contents in granite were analyzed using the semiquantitative method by XRD and the rock slice identification
test. The elastic modulus and the Poisson ratio of granite calculated by three linear homogenization methods are consistent with
those of the uniaxial compression test. After comparing the calculation results of the three methods, it is found that the Mori-
Tanaka method is more suitable for studying the mechanical properties of rock materials. This method has an important
theoretical significance and practical value for studying the quantitative relationship between macro- and micromechanical
indexes of brittle materials. The research results provide a new method and an important reference for studying the macro-,
micro-, and nanomechanical properties of rock.

1. Introduction

Granite is widely used in the construction of hydropower sta-
tions, underground nuclear waste storage, and tunnel engi-
neering because of its good mechanical properties, such as
dense structure, high strength, and resistance to weathering.
Many scholars have done a lot of research on the macro-,
micro-, and nanomechanical properties of rocks [1–4]. How-
ever, there are relatively few studies on the transition from
the micro- and nanoscale mechanical properties to the
macromechanical properties of rocks. The microstructure
of granite and its mechanical properties are studied by the
nanoindentation technology in this paper. Here, an attempt

to study the macromechanical properties of the granite from
the micro- and the nanoscale of minerals is made.

Nanoindentation is a very effective method to study the
micro- and nanomechanical properties of materials [1, 2,
5–7]. In recent years, researchers have begun to use this
method to study the mechanical properties of rocks. Vik-
torov et al. [8] studied the strength and deformation proper-
ties of minerals in rocks by using nanoindentation. Zhu et al.
[9] reported a study to assess nanoindentation mapping of
mechanical properties of natural rocks. Zhang et al. [10]
studied the micromechanical properties of granite by the
nanoindentation test, which provided a reference for deter-
mining the macromechanical properties of rock from a

Hindawi
Geofluids
Volume 2021, Article ID 6745900, 9 pages
https://doi.org/10.1155/2021/6745900

https://orcid.org/0000-0003-1215-9409
https://orcid.org/0000-0002-1670-5481
https://orcid.org/0000-0002-5822-2365
https://orcid.org/0000-0002-2726-9371
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6745900


microscopic perspective. Liu et al. [11] obtained the quanti-
tative relationship between fracture toughness and elastic
modulus of shale based on the energy analysis method,
which provided a good perspective for understanding the
nanomechanical behavior of rocks. All in all, regarding rocks
as homogeneous materials, many scholars studied the
micro- and nanomechanical properties of rocks by the nano-
indentation technique. However, there are relatively few
studies that consider the heterogeneous characteristic of
rock and reveal the macromechanical properties of granite
from the micromechanical properties of minerals.

Due to the difficulty of taking standard core samples in
deeply buried engineering and the destruction of the original
structure by sampling in important parts of existing engi-
neering, a large number of macromechanical tests cannot
be carried out. In this case, the macromechanical parameters
of rocks can be calculated by the micro- and nanomechani-
cal parameters, and nanoindentation technology is an effec-
tive way to measure the micro- and nanomechanical
parameters of materials. In other words, the micromechani-
cal properties of rocks can be obtained by nanoindentation
tests and related algorithm; however, the macromechanical
behavior of rocks are usually more focused in practical engi-
neering. Therefore, it is a key scientific problem to establish
the relationship between the macro- and micromechanical
indexes of rocks at different scales. Bobko et al. [12], Chen
et al. [13], and Abou et al. [14] proposed some homogeniza-
tion methods and micromechanical models to estimate the
macromechanical properties of materials. The advantages
and disadvantages of each method were analyzed.

Granite is regarded in this paper as a material mainly
composed of quartz, feldspar, and mica. The linear homog-
enization theory of composite materials is introduced into
the cross-scale study of the macro-, micro-, and nanome-
chanical properties of granite. The quantitative relationship
between the micromechanical indexes and the macromecha-
nical indexes is established by using the Self-consistent
method, the Dilute method, and the Mori-Tanaka method.
Comparing the results calculated by these three methods
with the mechanical parameters measured by the experi-
ment and combining with the advantages and disadvantages
of the three methods, an appropriate method is recom-
mended to analyze the relationship between macro- and
micromechanical properties of granite. The research results
will be helpful in studying the micro- and nanomechanical
properties of rocks and in realizing the transition from
micro- and nanomechanical parameters to macromechani-
cal parameters.

2. Test Techniques and Procedures

2.1. Testing Device. Nanoindentation is a kind of testing
technology where an indenter is pressed vertically into the
sample surface and the indentation depth and the corre-
sponding load are recorded. The micro- and nanomechani-
cal parameters of the material are calculated according to
the load-displacement curve of the material. The nanoinden-
tation tests are carried out on the Agilent Nanoindenter
G200, which is shown in Figure 1. Load control mode is

adopted in the test. The maximum load of the test is
500mN, and the load resolution is 50 nN. The Berkovich
indenter is selected for this test. The maximum indenter dis-
placement is 1.5mm. The maximum press-in depth is
500μm, and the displacement resolution is 0.01 nm.

2.2. Determination Method of Elastic Modulus and Hardness.
Figure 2 shows the three-stage process curves of a typical
sample under single loading, holding, and unloading [15].
In the loading stage, the indentation depth increases with
the load, and elastoplastic deformation occurs. In the
unloading stage, only elastic deformation can be recovered,
so this stage can be used to determine the mechanical
indexes such as elastic modulus and hardness of materials
[11, 16].

Nanoindentation tests can obtain elastic modulus E,
hardness H, contact stiffness S, creep stress index, fracture
toughness, and so on. Elastic modulus and hardness are very
important and commonly used. Contact stiffness is defined
as the slope of the tangent line at the maximum load on
the unloading curve, which can be expressed as follows:

S = dP
dh h=hm

�� : ð1Þ

The reduced modulus is calculated as follows [17]:

Er =
ffiffiffi
π

p
2β ⋅

Sffiffiffiffi
A

p : ð2Þ

The contact area A is related to the contact depth hc,
which can be expressed as follows:

A = f hcð Þ: ð3Þ

For the Berkovich indenter, the contact depth can be cal-
culated as follows:

hc = h − ε
P
S
: ð4Þ

The hardness is expressed as follows:

H = P
A
: ð5Þ

The yield strength can be obtained as follows:

σy ≈
H
3 : ð6Þ

Elastic modulus can be calculated as follows:

1
Er

= 1 − ν2
� �

E
+ 1 − νi

2� �
Ei

, ð7Þ
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or

E = 1 − v2
� � 1

Er
−
1 − v2i
Ei

� �−1
, ð8Þ

where β is an indenter correction coefficient and ε is a con-
stant related to the indenter shape. With regard to a regular
pyramid Berkovich indenter, β = 1:034, ε = 0:75 [18]. hc
(nm) is the contact depth. A (nm2) is the contact area, which
can be calculated as A = 24:56h2c [18]. Er is the reduced elas-
tic modulus, which stands for the interaction effect between
the indenter and indented material. Ei and vi represent the
elastic modulus and the Poisson ratio of the indenter,
respectively. For the diamond indenter used in the present
study, Ei = 1141GPa, vi = 0:07. ν is the Poisson ratio of the
indented material. In this paper, the mechanical properties
of the three minerals were measured by a noncrack pressing
test.

2.3. Test Procedures. The nanoindentation tests require that
the surface of the indented material should be smooth as
possible. During the test, the diamond indenter is pressed
vertically into the sample surface. The elastic deformation
begins to occur on the sample surface. The plastic deforma-
tion and even crack occurs with the increase of load. The
indentation is left after the completion of each point test.
Finally, the load-displacement curve can be obtained, which
is shown in Figure 2. The elastic modulus and hardness of
the sample can be calculated by the characteristic parameters

on the curve. Elastic modulus is an essential parameter for
evaluating the brittleness of rock while hardness can be uti-
lized to describe the difficulty of a rock surface being
indented [1]. Both of which are important indexes to evalu-
ate the mechanical properties of the materials [16, 18].

The granite in this paper is taken from the Qinling
Mountains. The samples are relatively fresh and retain the
structural characteristics of magma crystallization. It is a
semi-idiomorphic granular granite and mainly composed
of quartz, plagioclase, alkaline feldspar, and mica. The test
procedures are detailed as follows:

(1) Firstly, the granite sample is processed into a cuboid
with a length of 15mm, a width of 15mm, and a
height of 5mm. The sample surface is polished with
100#, 600#, 800#, 1000#, 2000#, 5000#, and 7000#
gold matte paper in turn. The grinding time on each
kind of gold matte paper is not less than 40 minutes.
At the same time, a surface roughness meter is used
to randomly scan the sample surface, thus ensuring
that the Ra is not greater than 5μm. Then, the sam-
ple is cleaned with ultrasonic waves to make sure
that there is no debris on the sample surface. Finally,
the prepared sample is placed in an oven at 50°C for
24 to 48 hours until it is completely dried up

(2) After the polishing and drying phases, the sample is
put on the support platform within the work space of
the indentation instrument at a temperature of 20
± 1°C and a relative humidity of 42%. The sample
surface is observed using an optical microscope to
identify the minerals, and the indentation test on
the mineral is carried out. Figure 3 shows micro-
scopic images of quartz, feldspar, and mica. In this
test, a single load-unload mode is used

(3) After the indentation tests, the sample is observed by
SEM to obtain the morphology and distribution
characteristics of various minerals and the residual
indentation on different minerals. The semiquantita-
tive phase analysis is carried out by XRD and a rock
slice identification test to obtain the volume percent-
age of each mineral in granite

3. Results and Discussion

3.1. Mineral Microstructure and Content. Figure 3 shows
microscopic images of quartz, feldspar, and mica. It can be
seen that the surface of quartz is very smooth, feldspar is sec-
ond, and the surface of biotite is black and biotite has a
lamellar structure.

Figure 4 shows typical residual indentation images of
quartz, feldspar, and mica. These images are obtained by
SEM. The residual indentation of quartz is complete and
clear, the residual indentation morphology is consistent with
the indenter shape, and no obvious cracks occur in
Figure 4(a), which indicates that the elastic properties of
quartz is good. The residual indentation of feldspar is
slightly deeper than that of quartz, and the indentation edge
has a bulge deformation in Figure 4(b), which indicates that

Figure 1: Agilent Nanoindenter G200.
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Figure 2: A typical load-displacement curve in nanoindentation
tests (hp: residual indentation depth after unloading; hr :
indentation depth at the intersection of the tangent line at the
maximum load on the unloading curve and the displacement axis;
hm: maximum indentation depth before unloading).
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the mechanical properties of feldspar is slightly worse than
quartz. Slight flaking occurs around the residual indentation
of mica, and the residual indentation morphology is incom-
plete and unclear in Figure 4(c), which indicates that the
mechanical properties of mica is worst.

The composition and content of minerals can be
obtained by X-ray diffraction (XRD) and rock slice identifi-
cation test. Figure 5 shows the XRD energy spectrum of
granite and the pie chart of the volume percentage of the
main minerals. The results show that the granite contains
25.2% quartz, 61.6% feldspar (26.5% potassium feldspar
and 35.1% plagioclase), 10.9% mica, and 2.3% other min-
erals. Due to the small proportion of other minerals, their
effects on the mechanical properties of granite are ignored.

3.2. Analysis of Elastic Modulus and Hardness of Minerals.
According to the results of nanoindentation tests, the elastic
modulus and hardness of the main minerals in granite can
be obtained. In the calculation process, the Poisson ratio of
quartz, feldspar, and mica are 0.20, 0.25, and 0.30, respec-
tively [19]. Material cracking under loading will affect the
accuracy of elastic modulus and hardness, so the elastic
modulus and hardness of the material are calculated by

nanoindentation tests without cracking. The critical load
for cracking of quartz and feldspar is between 20mN and
50mN and that of mica is between 5mN and 10mN. There-
fore, the maximum load of quartz and feldspar is 20mN,
and the loading time is 20 seconds. The maximum load of
mica is 5mN, and the loading time is 5 seconds. The loading
rate is 1mN/s, and the holding time is 10 seconds for three
minerals.

Figure 6 shows the load-displacement curves of nanoin-
dentation for quartz, feldspar, and mica under loading and
unloading. It can be seen that the loading and unloading
process of minerals in granite can be divided into the com-
paction stage (OA), the elastoplasticity stage (AB), the hold-
ing stage (BC), and the unloading stage (CD). The
deformation of mica is the largest, feldspar is the second,
and quartz is the smallest. The above law is consistent with
the law of residual indentation deformation. The compac-
tion stage of quartz is much shorter than mica. Under the
same holding time, the creep deformation of mica is the
largest, followed by feldspar and quartz. These indicate that
quartz has a dense structure, high stiffness, and good
mechanical properties, while mica has a relatively loose
structure, small stiffness, and poor mechanical properties.

(a) Quartz (b) Feldspar

(c) Mica

Figure 3: Microscopic images of three minerals (magnification 250x).

(a) Quartz (b) Feldspar

(c) Mica

Figure 4: Typical residual indentation images of three minerals.
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Figure 7 is the distribution histogram of the elastic mod-
ulus and hardness of quartz. It can be seen that the distribu-
tion of the elastic modulus and hardness of quartz is in
accord with the normal distribution and is concentrated.
By statistical analysis and calculation, the elastic modulus
of quartz is 101:34 ± 9:53GPa and the hardness is 12:72 ±
2:17GPa.

Figure 8 is the distribution histogram of the elastic mod-
ulus and hardness of feldspar. It can be seen that the distri-
bution of the elastic modulus and hardness of feldspar
conforms to the normal distribution and is relatively con-
centrated. By statistical analysis and calculation, the elastic
modulus of feldspar is 82:47 ± 10:29GPa and the hardness
is 9:20 ± 1:68GPa.

Figure 9 is the distribution histogram of the elastic
modulus and hardness of mica. It can be seen that the
amplitude of the elastic modulus and hardness of mica
changes greatly. By statistical analysis and calculation, the
elastic modulus of mica is 25:88 ± 8:33GPa and the hard-
ness is 1:78 ± 0:75GPa.

4. Homogenization Methods and Techniques

Granite is a three-phase composite material, which is com-
posed of quartz, feldspar, and mica. These three minerals
are randomly distributed. The elastic properties of these dif-
ferent minerals are obtained by nanoindentation tests. The
relative content of each mineral is obtained by XRD and
the rock slice identification test. On this basis, the macro-
scopic elastic properties of granite are estimated by the
Self-consistent method, the Dilute method, and the Mori-
Tanaka method.

4.1. Self-Consistent Method. The Self-consistent method was
first used by Hershey for the study of polycrystals [20]. The
method is further developed and used by Hill to study the
elastic modulus of composites [21]. The Self-consistent
method replaces the anisotropic composite with an idealized
homogeneous continuum. This substitution is based on the
equalization of strain energy stored or dissipated by the
material at a certain volume range. When the scale range is
much larger than the local characteristic size of the aniso-
tropic material, the mechanical behavior of the two media
is the same. The effective modulus of the composite material
can be expressed as follows [22]:

�C = C0 + 〠
N=1

r=1
cr Cr − C0ð Þ I + �Pr Cr − �C

� �� 	−1, ð9Þ

where C0 and Cr are the modulus of the mineral with the
largest content and the modulus of phase r, respectively. cr
is the volume fraction of phase r. I is the tensor related to
the shape of the inclusion. �Pr is the P tensor when phase r
is placed in the unknown composite material as the matrix.
It is related to the shape of the inclusion and the unknown
modulus �C of the composite. This is an implicit equation
of the effective modulus of the composite. The self-
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consistent method can be used to estimate the effective mod-
ulus of the composite by solving this equation.

The implicit equations of effective shear modulus and
bulk modulus of granite are obtained by using the simplified
algorithm for an isotropic tensor and are shown as follows:

Ghom =〠
r=0

cr
5Gr ⋅Ghom 3Khom + 4Ghom� �

Ghom 9Khom + 8Ghom� �
+ 6Gr Khom + 2Ghom� � ,

ð10Þ

Khom =〠
r=0

cr
kr 3Khom + 4Ghom� �

3Kr + 4Ghom , ð11Þ

where Ghom and Khom represent the effective shear modulus
and bulk modulus of granite after homogenization, respec-
tively. Gr and Kr are the shear modulus and bulk modulus
of phase r, respectively. The calculation formulas are as fol-
lows:

Gr =
E

2 1 + νð Þ , ð12Þ

Kr =
E

3 1 − 2νð Þ , ð13Þ

where E and ν are the elastic modulus and the Poisson ratio
of the minerals, respectively.

4.2. Dilute Method. It is assumed that the concentration of
inclusions in the composite are small, and the interactions
between them are negligible. The multiple inclusion problem
can be turned into a single inclusion problem, and the inclu-
sions can be separated from each other [23]. The effective
modulus of the composite is predicted as follows [22]:

�C = C0 + 〠
N−1

r=1
cr Cr − C0ð Þ−1 + Pr

� 	−1
: ð14Þ

Considering that there is no interaction between inclu-
sions and assuming that inclusions are spherical particles,
the macroscopic elastic properties of granite are obtained
by the Dilute method and are shown as follows [14]:

Khom = K0 + 〠
N

r=1
cr

Kr − K0ð Þ 3K0 + 4G0ð Þ
3Kr + 4G0

, ð15Þ

Ghom = 〠
N

r=1
cr

5G0 Gr −G0ð Þ 3K0 + 4G0ð Þ
G0 9K0 + 8G0ð Þ + 6Gr K0 + 2G0ð Þ , ð16Þ

where K0 and G0 are the bulk modulus and shear modulus
of the minerals with the largest content. Other symbols have
the same meanings as above.

4.3. Mori-Tanaka Method. The Mori-Tanaka method was
proposed by Mori and Tanaka in 1973 when they were
studying the work hardening of dispersion-hardened
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materials [24, 25]. This is a method for calculating the equiv-
alent elastic modulus of heterogeneous materials based on
Eshelby’s equivalent inclusion principle. The Mori-Tanaka
method takes interactions between inclusions into account
and assumes that each inclusion is embedded in an infinite
matrix. The effective modulus of a composite can be
expressed as follows [22]:

�C = C0 + 〠
N−1

r=1
cr Cr − C0ð Þ−1 + c0Pr

� 	−1
: ð17Þ

The bulk modulus and shear modulus of granite are
expressed as follows:

Khom = ∑r=0cr Kr/3Kr + 4G0ð Þ
∑s=0cs/3Kr + 4G0

, ð18Þ

Ghom = ∑r=0crGr/G0 9K0 + 8G0ð Þ + 6Gr K0 + 2G0ð Þ
∑s=0cs/G0 9K0 + 8G0ð Þ + 6Gs K0 + 2G0ð Þ ,

ð19Þ
where K0 and G0 are the bulk modulus and shear modulus
of mica, respectively. Considering that the pore structure of
mica is obvious, the bulk modulus and shear modulus of
mica are expressed as follows:

K0 =
4 1 − φð ÞKsGs

4Gs + 3φKs
, ð20Þ

G0 =
1 − φð ÞGs

1 + 6φ Ks + 2Gs/9Ks + 8Gsð Þ , ð21Þ

where Ks and Gs are the bulk modulus and shear modulus of
mica regardless of pore structure, respectively. φ is the
porosity of mica, which is estimated to be 5% in this paper.

4.4. Comparative Analysis of Calculation Results. The equiv-
alent bulk modulus and shear modulus of granite are
obtained by the above methods and procedures. The elastic
modulus and the Poisson ratio can be calculated as follows:

Ehom = 9Khom ⋅Ghom

3Khom +Ghom , ð22Þ

νhom = 3Khom − 2Ghom

6Khom + 2Ghom : ð23Þ

The mechanical parameters of granite obtained by three
homogenization methods are shown in Table 1. It can be
seen that the elastic modulus and the Poisson ratio calcu-
lated by three homogenization methods are in accordance
with them obtained by uniaxial compression tests. The elas-
tic modulus of granite obtained by the Self-consistent
method, the Dilute method, and the Mori-Tanaka method
are 74.13GPa, 76.59GPa, and 73.91GPa, respectively. The
Poisson ratio of granite obtained by the three methods are
0.241, 0.244, and 0.246, respectively. Compared with the
measured values, the deviation rates of the elastic modulus
are 26.5%, 30.7%, and 26.1% and those of the Poisson ratio
are 3.6%, 2.4%, and 1.6%, respectively.

Through comparative analysis of the advantages and dis-
advantages of three homogenization methods, the Self-
consistent method is more suitable for isotropic and homo-
geneous materials without a matrix and does not consider
the material porosity, the Dilute method is suitable for mate-
rials with a small inclusion content and does not consider
the interaction between inclusions, but the Mori-Tanaka
method can consider the pores and the interaction between
inclusions. The Mori-Tanaka method is suitable for the tran-
sition of granite mechanical parameters from microscale to
macroscale.

Through comparative analysis of the calculation results
with the measured values, the elastic modulus obtained by
the three homogenization methods are higher than the mea-
sured value. The possible reasons are as follows: (1) Samples
of a macromechanical property test are large in size and con-
tain many defects such as microcracks and micropores.
When the samples are under loading, the microcracks are
more likely to propagate. (2) It is assumed that mineral par-
ticles are arbitrary spherical particles for three homogeniza-
tion methods, while the actual shapes of mineral particles are
quite different. (3) The actual distribution, arrangement, and
bonding action of minerals in granite are different from the
calculation assumptions of various methods.

Although the granite mechanical parameters obtained by
the three homogenization methods are different from the
measured values in a certain range, the homogenization
method plays an important role in the evaluation of the
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mechanical properties of rock-soil materials and has an
engineering practical value. It will be the focus and hotspot
of future research on the analysis of factors causing deviation
and the application of optimization homogenization method
in rock-soil materials.

5. Conclusion

The elastic modulus and hardness of quartz, feldspar, and
mica in granite were statistically analyzed by a nanoindenta-
tion test. The residual indentation information of three min-
erals in granite were analyzed by SEM. The relative content
of three minerals in granite were obtained by XRD and a
rock slice identification test. The Self-consistent method,
the Dilute method, and the Mori-Tanaka method were used
to realize the transition of granite mechanical parameters
from microscale to macroscale. The main conclusions are
as follows:

(1) The distribution of the elastic modulus and the hard-
ness of the three minerals in granite is basically in
accord with the normal distribution. The mechanical
parameters of mica are more discrete, because the
mechanical properties of mica are poor and the
nanoindentation test is easily affected by other
impurities

(2) The morphology and residual indentation of the
three minerals in granite were obtained by SEM,
which provides an effective method and refer-
ence for the study of rock mechanical proper-
ties. XRD and rock slice identification test
shows that the content of quartz, feldspar, and
mica in granite are 25.2%, 61.6%, and 10.9%,
respectively

(3) Three homogenization methods were used to real-
ize the transition of granite mechanical parameters
from microscale to macroscale. The calculation
results are in accordance with uniaxial compression
test results. Among the three methods, the Mori-
Tanaka method is more suitable for the transition
of granite mechanical parameters from microscale
to macroscale. The homogenization method of a
composite plays an important role in studying the
mechanical properties of rock-soil materials and
has an engineering practical value. The research
results provide a new method and an important
reference for studying the macro-, micro-, and
nanomechanical properties of rock
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To investigate the creep mechanical characteristics of rocks in different saturated states after freeze-thaw cycles, samples with
different saturations (30%, 50%, 70%, 90%, and 100%) were selected for nuclear magnetic resonance (NMR), scanning electron
microscopy (SEM), and uniaxial compression creep tests. The internal microscopic damage of the rock sample and mechanical
characteristics under long-term loading are analyzed after the action of freeze-thaw cycles. The test results show that, as the
saturation increases, the T2 spectrum distribution shifts to the right. The spectrum area gradually increases as the porosity
increases. The critical saturation of freeze-thaw damage occurs when the saturation increases from 70% to 90%. It can be seen
from the SEM image that the number of pores inside the rock samples gradually increases with increases in saturation, leading
to the appearance of cracks. Under long-term loading, the saturation has a significant influence on the time-efficiency
characteristics of sandstone freeze-thaw. As the saturation increases, the creep deformation gradually increases. After reaching
70%, the axial creep strain increases significantly. The rate of creep is accelerated, the creep failure stress is reduced, and the
creep time under the last level of stress is significantly increased. A modified viscous-plastic body is connected in series to the
basic Burgers model, the freeze-thaw-damage viscous element is introduced, and the creep parameters are fitted using test data.
The results will provide a reference for long-term antifreeze design for rock engineering in cold areas.

1. Introduction

Rock masses in cold regions are subjected to the thermal
action of seasonal changes and day-night cycles for long
periods of time, leading to severe damage and deterioration.
Geotechnical engineering in mines and tunnels in the cold
regions of western China operate in freeze-thaw environ-
ments, with significant loads and surrounding rock pressure
for extended periods of time. Rock creep under long-term
loading significantly affects the long-term stability of rock
masses. If the long-term effects of freeze-thaw and load
are not considered at the same time, it will bring safety haz-
ards to engineering construction in cold areas. Therefore,
studying the creep characteristics of rock-mass engineering
under the action of freeze-thaw cycles and investigating the
time-efficiency characteristics play an important role in
ensuring the long-term stability of rock-mass engineering
in cold regions.

In recent years, Li et al. [1] investigated the influence of
the number of freeze-thaw cycles and graded loads on creep
and established a nonlinear creep constitutive model of
freeze-thaw sandstone. Zhou et al. [2] conducted a triaxial
unloading creep test on sandstone; the results showed that
both the unloading process and the freeze-thaw cycle can
improve the creep deformation of the rock sample, where
radial deformation is more sensitive. Chen et al. [3] con-
ducted triaxial creep tests on quartz sandstone after different
freeze-thaw cycles. The research showed that the microdam-
age caused by freezing and thawing can lead to strong creep
characteristics; the creep mechanical parameters are obvi-
ously changed with the increase in freeze-thaw cycles. Yang
et al. [4] carried out triaxial creep tests and microscopic tests
under the freeze-thaw cycle and systematically analyzed the
operating mechanism of the effects of freezing and thawing
on the creep characteristics of gneiss. Liu et al. [5] carried
out a triaxial creep test on carbon shale under freeze-thaw
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action and determined the nonlinear characteristics of creep
damage. It was concluded that, under the combined action
of freeze-thaw and creep, the freeze-thaw action would
accumulate rock damage and accelerate creep failure. Zhang
et al. [6] proposed the freeze-thaw rock damage viscous ele-
ment and constructed a constitutive model for granite
freeze-thaw shear creep. Zhou et al. [7, 8] carried out
mechanical and micro-microscopic tests on prefabricated
fractured sandstone after freezing and thawing; the interac-
tion mechanism of moisture inside the defective rock mass
and the evolution of the fatigue damage zone of the rock
mass have been fully studied under the action of freezing
and thawing cycles.

It can be seen from the above research that the freeze-
thaw cycle has a significant influence on the long-term
mechanical properties of rocks; however, most current creep
research is only carried out in the fully saturated state.
Owing to the several changes in geology, geography, climate,
and hydrology over the years, the water content of rock
masses differs significantly.

McGreevy and Whalley [9] believed that the initial water
content of a rock mass determines the degree of frost-heave
damage, and the water content will fluctuate with the num-
ber of freeze-thaw cycles, freezing duration, and seasonal
changes. Liu et al. [10] found that the freeze-thaw damage
of rock masses is dependent on the initial saturation, which
has an important influence on the frost-heave force. Only
the rock masses that exceed the critical value of saturation
will lead to effective freeze-thaw damage [11, 12]. Chen
et al. [13] carried out uniaxial compression, longitudinal
wave velocity, and porosity-measurement tests on tuffs with
different initial saturations after the freeze-thaw process, and
the results showed that a saturation of 70% is the critical
value for effective freeze-thaw damage. The level of satura-
tion has a significant influence on the long-term mechanical
properties of the rock mass. Al-Omari et al. [14] found that
the critical saturation is the main factor that dictates the
freeze-thaw failure of limestone in the Chambord Castle in
France. With the goal of understanding the time-efficiency
deterioration of rocks at different saturations, Zhang et al.
[15] proposed an elastic-viscous-plastic model based on a
stress function of the influence of freeze-thaw cycles on the
characteristics of saturated rocks and the rheological theory.
Yang et al. [16] conducted a triaxial creep test for soft rock
under water-bearing conditions, where the change law of
creep deformation was analyzed. Liu et al. [17] tested slabs
under different water-bearing conditions using the rock
creep test and established the FLAC3D creep constitutive
secondary development model, which considers the effect
of water-bearing degradation. Zhang et al. [18] took the
auxiliary tunnel of Jinping II Hydropower Station as an
example to study the time-dependent deformation of rock
tunnels and established a novel four-element fractional vis-
coplastic (FVP) model based on the test results. Wang et al.
[19, 20] carried out uniaxial long-period cyclic load creep
tests on rock salt specimens under different maximum
cyclic stresses and cyclic periods and analyzed the law of
creep stage, creep rate, and elastic modulus with stress
and number of cycles.

The above studies have laid the foundation for under-
standing rock creep characteristics and the influence of sat-
uration on rock instantaneous mechanical properties under
the effect of freeze-thaw cycles. However, there are few reports
on the long-termmechanical properties of rocks with different
saturation levels under freeze-thaw cycles. This paper con-
ducts NMR, scanning electron microscopy, and uniaxial com-
pression creep tests on red sandstone in different states of
saturation after freeze-thaw cycles and analyzes the micro-
scopic and creep damage mechanisms. Based on the Burgers
model, a freeze-thaw damage creep model—considering the
effect of saturation—is established. Further, the experimental
value and fitted theoretical values are compared, finally
obtaining the creep parameters. The results of this research
will provide a reference and basis for long-term antifreeze
design for rock engineering in cold areas.

2. Materials and Methods

2.1. Rock Samples. The rock samples were taken from a tun-
nel slope in a cold region in western China. Owing to the dif-
ferences in water content of slopes at different heights, the
stability of the slope will gradually weaken under the action
of freeze-thaw cycles and long-term loads [21]. The D8Ven-
ture X-ray single crystal diffractometer was used to analyze
the mineral composition of the rock samples. The mineral
composition is shown in Table 1. The internal particles of
the rock sample were pore-type cemented, which is a moder-
ately swollen weakly cemented soft rock.

In accordance with the test regulations of the Interna-
tional Society of Rock Mechanics, the rock sample was proc-
essed into a standard cylinder with a diameter of 50mm and
a height of 100mm. A rock sample with good integrity was
selected and baked in an oven at 105°C for 24 hours; the pri-
mary wave velocity and dry density of rock samples were
measured after cooling. The variation range of primary wave
velocity and dry density states that (1832 < v < 1865m/s)
and (2:30 < ρ < 2:32 g/cm3), respectively. Three groups were
subjected to nuclear magnetic resonance (NMR), conven-
tional uniaxial compression tests, and uniaxial compression
creep tests, totaling 15 rock samples, as shown in
Figure 1(c). The average values of the initial basic physical
parameters for the rock samples are shown in Table 2.

2.2. Test Plans

2.2.1. Preparation of Rock Samples with Different Saturated
States. All rock samples were subjected to forced saturation
for 24 hours using a vacuum saturating machine to obtain
completely saturated rock samples. The rock sample was
subsequently naturally air-dried, and its quality was moni-
tored at regular intervals until the corresponding mass of

Table 1: Composition of rock samples.

Quartz Plagioclase Calcite
Potash
feldspar

Clay minerals and other
constituents

53.0% 17.9% 8.9% 9.9% 10.3%
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the rock sample with different saturations (30%, 50%, 70%,
90%, and 100%) was obtained according to

mt =md 1 − ωð Þ + ωms, ð1Þ

where mt is the corresponding weight of the rock sample in
different saturated states, md is the weight of the dry rock
sample, ω represents the saturation of the rock samples,
and ms is the weight of the saturated rock sample. After
obtaining the required saturation, the rock sample is sealed
using plastic wrap and then packed in a plastic bag and
sealed in water to keep the rock-sample saturation constant.
Figure 1(e) shows the water sealing device for the rock
samples.

2.2.2. Freeze-Thaw Cycle Test. Before the freeze-thaw cycle,
the rock samples with different saturated states were placed
in the water sealing device for a week to achieve a uniform
distribution of water in the rock samples. The freeze-thaw
cycle is carried out using a water-sealed device to keep the
saturation stable. The rock sample is frozen for 12 hours at
–20°C and thawed for 12 hours at 20°C. A freeze-thaw cycle
takes place every 24 hours. The number of freeze-thaw cycles
is set to 30, the approximate number of days in a month. The
equipment for the freeze-thaw test is shown in Figure 1(d).

2.2.3. Nuclear Magnetic Resonance Test. After the freeze-
thaw cycles, the first set of rock samples were vacuum satu-
rated for 24 hours, and then, the nuclear magnetic resonance
test was conducted. The nuclear magnetic resonance test
equipment is shown in Figure 1(g). We used an NMR instru-
ment (MacroMR12-150H-I, Suzhou Niumag Analytical
Instrument Corporation, Suzhou, China) with a magnetic
field strength of 0:3 ± 0:05T, H proton resonance frequency
of 12.77MHz, and coil radio frequency pulse frequency of
1.499MHz.

2.2.4. Creep Test. The conventional uniaxial compression
test was performed on the second set of rock samples with
different saturated states to obtain the stress level of creep.
The loading is controlled by the deformation, with a loading
rate of 0.002mm/s, and the peak strength of rock samples
with different saturation was obtained. The third group of
rock samples determined the graded loading stress levels
according to 30%, 40%, 50%, 60%, 70%, 80%, and 90% of
the second group’s peak strength. Each level was loaded for
24 h, and the loading rate was 0.02MPa/s. The surrounding
area of the rock samples was smeared with petroleum jelly
and wrapped in a thin plastic rubber sleeve before loading
to ensure the stability of the internal saturation during the
loading process.

The test loading device uses the TAW-1000 rock
mechanics testing machine, which can perform conventional
uniaxial and triaxial compression and creep tests. The testing
machine consisted of four main units: conventional triaxial,
servo loading, deformation monitoring, and data acquisition
units. The maximum axial stress can reach 1000KN. The
maximum confining stress can reach 100MPa. The loading
device is shown in Figure 1(f).

3. Results

3.1. Nuclear Magnetic Resonance Test after Freeze-
Thaw Cycle

3.1.1. T2 Spectrum Distribution Analysis. The rock sample
mainly comprises a mineral skeleton and pores. In a fully
saturated state, NMR can be used to detect the signal
strength of water in each pore and the total porosity, which
in turn can determine the nuclear magnetic resonance char-
acteristics. The particle and surface characteristics of the
rock samples are reflected by the specific surface area. The
lateral relaxation time T2 of the rock samples is determined
by the fluid volume and the specific surface area in the rock
pores [12]. Therefore, the T2 spectrum can clearly and intu-
itively quantify the internal pore structure of the rock
sample.

Figure 2 shows the distribution of the T2 spectrum for
rock samples with different saturated states after freeze-
thaw cycles. The figure declares that, after the freeze-thaw
cycles, the pore distribution of the rock samples presents a
three-peak distribution and two peaks are the main repre-
sentative forms. The variation trends of the T2 spectrum dis-
tribution curves are very similar. They all gradually move to
the upper-right corner as the saturation increases. Based on
the principle that the relaxation time T2 is positively corre-
lated with the pore size, combined with the position where
the T2 spectrum distribution peak appears, different relaxa-
tion time intervals can be attributed to different pore types,
namely, (r < 0:1 μm, T2 < 7ms) micropores, (0:1 < r < 1 μm,
7 < T2 < 700ms) mesopores, and (r > 1 μm, T2 > 700ms)
macropores [22]. From the lateral relaxation time T2, we
can see that the pore-distribution characteristics change sig-
nificantly as the saturation reaches 90%. After freezing and
thawing, mesopores replace the small pores to a significant
extent and become the main pore form, indicating that after
the saturation reaches 70%, the rock sample freeze-thaw
damage is mainly reflected in the development of micro-
pores, which causes an increase in mesopores.

3.1.2. T2 Spectrum Area and Porosity Analysis. The T2 spec-
trum area of NMR can reflect the changes in the size and
number of pores in the rock, and the peak area is positively
correlated with the corresponding pore size and number
[23]. The T2 spectrum area is used to quantify the law gov-
erning the changes in the internal structure of rock samples
with different saturations under freezing and thawing condi-
tions, facilitating the evaluation of the degree of rock dam-
age. Table 3 shows the total area of the T2 spectrum and
the areas of micropores, mesopores, and macropores under
different saturation conditions after the freeze-thaw cycle.
It is clearly observed that the total area of the T2 spectrum
gradually increases with increases in saturation.

During the freeze-thaw cycle of the rock samples, there is
mutual conversion among the three types of pores. The
degree of increase in the volume of each type of pore is not
the same. The percentage of differing pore volumes in the
total pore volume of the rock samples changes at different
saturation levels. The proportion of the total area of the T2
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spectrum is shown in Figure 3. It can be seen from the figure
that the inside of the rock sample is mainly composed of
micropores and mesopores after freeze-thaw cycles, which
account for about 50% of the total pore volume—the ratio
of macropores to the total volume of pores is below 2%.
The damage of the rock samples caused by the freeze-thaw
cycles is mainly in the form of micropores and mesopores.
With increases in saturation, the percentage of mesopore
area gradually increases, and when the saturation reaches
90%, the peak area of mesopores gradually becomes the
main peak. It shows that, when the saturation increases from
70% to 90%, the internal frost-heave force of the rock sample
increases continuously, and the critical value of freeze-thaw
damage is reached [11].

3.1.3. Porosity Changes with Saturation. Porosity is the most
commonly used and most important index for evaluating
the characteristics of pores in porous materials. In this study,
the change in the porosity of the rock sample after the
freeze-thaw cycles was calculated using Equation (2) via
the saturation method [24]:

Φ = ms −md
ρwVb

, ð2Þ

where Φ is the porosity of the rock sample, ms is the weight
of the saturated sample, md is the weight of the dry rock
sample, ρw is the density of saturating water, and Vb is the
bulk volume of the rock sample.

Figure 4 shows the change curve for porosity and the T2
spectrum area of rock samples with respect to saturation
after freeze-thaw cycles. The porosity of the rock sample
exhibits a nonlinear growth trend with increases in satura-
tion, indicating that the internal volume of the rock sample
increases with an increase in the number of freeze-thaw
cycles. When the saturation increases from 30% to 70%,

the porosity only increases by 13.66%, the total area of the
T2 spectrum increases by 17.92%, and the rock sample dam-
age is low. When the saturation changes from 70% to 100%,
the porosity increased by 23.60%, the total area of the T2
spectrum increased by 28.79%, and critical freeze-thaw dam-
age occurred. Therefore, it is obvious that the pores grow
slowly in the first stage and rapidly in the second. The dam-
age inside the rock sample is smallest in the first stage; there-
fore, the porosity and total area of the T2 spectrum increase
slowly. The increase in porosity is mainly due to the soluble
minerals and cement in the rock sample gradually dissolving
with the increase in saturation, weakening the connections
between particles. This makes the pore volume increase con-
tinuously, and the damage caused by frost heave is small.
However, the effective freeze-thaw damage occurs in the sec-
ond stage. As the saturation increases, the frost-heave force
increases and the internal fissures of the rock sample
expand. The continuous dissolution of soluble minerals
and cement by water molecules aggravates the destruction
of the rock structure. The pore size inside the rock sample
changes significantly, resulting in an increase in the porosity
and the total area of the T2 spectrum [10]. From the above
analysis, it can be concluded that the change in the internal
microstructure of the rock sample by freeze-thaw cycles is
greatly affected by the saturation level.

3.2. Scanning Electron Microscope Analysis. To further ana-
lyze the microstructural characteristics of the rock sample
affected by saturation, slices were taken from the same posi-
tion inside the rock sample after the freeze-thaw cycle, and
the scanning electron microscopy test under 100x magnifi-
cation was performed. The scanning result is shown in
Figure 5. The PCAS software binarizes the information of
the scanning electron microscope [25], and the black portion
of the binarized image represents the pores and cracks of the

Graded loading creep test

NMR test, SEM test

Rock samples preparation
Vacuums aturation

Velocity meter

Freeze-thaw cycle test

Red sandstone (e)

(c)

(a)

(d)

(b)

(g)(f)

Figure 1: Flow chart of the experimental procedure.

Table 2: Average values of physical parameters for rock samples.

P-wave velocity (m/s) Dry density (g/cm3) Porosity (%) Saturated water content (%) Saturated density (g/cm3)

1863 2.31 9.56 5.29 2.45
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scanned slice. From the binarization image, it is clearly
observed that as the saturation gradually increases, the num-
ber of pores inside the rock sample increases and significant
cracks develop. Under low-saturation conditions, owing to
the small frost-heave force on the rock sample, even after
30 freeze-thaw cycles, the mineral particles of the rock sam-
ple are still tightly bonded, the grain boundary is not obvi-
ous, and the pores are fewer. As the saturation increases,
particularly when it reaches 90%, the frost-heave force grad-
ually increases, the bonding state of the cement and mineral
particles in the rock sample gradually change, and the disso-
lution of the cement gradually accelerates. As a result, there
is a significant loss of cement between particles, weakening
their connection. Further, the dissolution holes increase in

0.1 1 10 100 1000 10000
0

50

100

150

200

250
MacroporesMesopores

Si
gn

al
 in

te
ns

ity
 (a

.u
.)

T2 (ms)

Micropores

30%
50%
70%

90%
100%

Figure 2: T2 spectrum distribution of rock samples with different saturated states.

Table 3: NMR results of rock samples under different saturated
states.

Saturation
ω

Total
area

Micropore
area

Mesopore
area

Macropore
area

30% 11659 6021 5457 181

50% 12640 6831 5543 229

70% 13748 7100 6435 213

90% 15528 6868 8370 290

100% 15706 6550 8847 309
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number and penetration cracks through particles appear.
The above analysis demonstrates that, when the saturation
reaches 70%, freeze-thaw cycle damage gradually appears, a
value that can be used as the critical saturation for freeze-
thaw damage.

3.3. Uniaxial Strength Test Analysis. To determine the load-
ing classification, uniaxial compression tests on rock samples
with different saturation states were carried out. The stress-
strain curve is shown in Figure 6, and the test results are
shown in Table 4. In the curve, OA is the compaction stage,

AB is the linear-elastic stage of pore and crack development,
and BC is the plastic development stage [26]. The table
shows that the strength and elastic modulus both decrease
with increases in saturation. When the saturation increases
from 30% to 70%, the decrease in strength and elastic mod-
ulus is smaller, decreasing by 38.86% and 28.64%, respec-
tively; when the saturation is increased from 70% to 100%,
it decreases by 51.29% and 62.5%, respectively, which repre-
sents a much larger decline than the former case. This shows
that, under the action of freeze-thaw cycles, the instanta-
neous mechanical properties of rock samples are greatly
affected by saturation, and the critical value of instantaneous
mechanical damage occurs when the saturation increases
from 70% to 90%.

3.4. Analysis of Creep Test Results

3.4.1. Influence of Saturation on Creep Deformation in Rock
Samples. Figure 7 shows the uniaxial creep curves of rock

(a) 30% (b) 50%

(c) 70% (d) 90%

(e) 100%

Figure 5: Scanning electron microscopy and binarization images of rock samples with different saturations.
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Figure 6: Stress-strain curves of differently saturated rock samples.

Table 4: Mechanical parameters of rock samples with different
saturations.

Parameter
Saturation ω

30% 50% 70% 90% 100%

Uniaxial strength σf (MPa) 17.19 14.50 10.51 7.87 5.12

Elastic modulus E (GPa) 2.13 1.94 1.52 1.09 0.57
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Figure 7: Creep curves of rock samples with different states of saturation.

Table 5: Axial creep strain of rock sample under graded loading.

Saturation ω
Axial creep strain of different graded loading stress levels ε/10-2

30% 40% 50% 60% 70% 80% 90%

30% 0.0083 0.0175 0.0531 0.1035 0.1486 0.2394 0.4951

50% 0.0185 0.1225 0.2294 0.3485 0.4251 0.6264 0.8572

70% 0.0693 0.1594 0.2631 0.3745 0.5853 0.7165 0.9022

90% 0.3138 0.4926 0.6217 0.7624 0.8843 0.9717 1.1676

100% 0.3375 0.5216 0.6465 0.7975 0.9441 1.0171 1.4396
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samples with different saturated states after freeze-thaw
cycles. The figure is visible that the rock sample immediately
produces instantaneous strain under the action of axial
stress, which gradually increases with increases in saturation.
Under the action of long-term stress, the creep characteris-
tics of rock samples are relatively obvious. As the stress
increases, the creep deformation increases significantly, and
the characteristics of decelerated creep and stable creep
appear [27]. Under the action of the final load, the character-
istics of accelerated creep appear, and the creep rate and
creep deformation gradually increase with increases in creep
time, until failure. As the saturation increases, the creep
deformation gradually increases under the load of the same
level, and the creep curve gradually becomes steeper. Look-
ing at Table 5, under the first level of horizontal load, relative
to the previous saturation level, the axial creep strain incre-
ment of the rock samples with 50%, 70%, 90%, and 100%
saturation are 0.0102, 0.0508, 0.2445, and 0.0237, respec-
tively; under the second level of horizontal load, the addi-
tional values are 0.105, 0.0369, 0.3332, and 0.029,
respectively. From the above analysis, it can be concluded
that, under the load of the same level, the axial creep strain
of the rock sample gradually increases with the increase of
saturation. This is because the internal damage of the rock
sample is greatly affected by saturation under the action of
a freeze-thaw cycle. According to the analysis in sections,
when the saturation reaches 70%, the internal particle
cementation of the rock sample weakens, and the number
of pores increases, leading to a reduction in creep mechani-
cal properties.

3.5. Influence of Saturation on the Creep Rate of Rock
Samples. Figure 8 shows the steady-state creep rates of rock
samples with different saturated states at 40%, 60%, and
80% loading stress levels. This is evident from the fitting
curve that, under the same stress level, the steady-state creep

rate of the rock sample increases nonlinearly with increases
in saturation. Taking the 60% stress loading level as an
example, when the saturation is low, the steady-state creep
rate of the rock sample increases only slightly. When the sat-
uration is 30%, the steady-state creep rate of the rock sample
is 4:204 × 10−7, and when the saturation is 50%, it is 5:562
× 10−7, exhibiting an increase of 32.31%. As the saturation
continues to increase, the increase in the steady-state creep
rate of the rock sample gradually increases. When the satu-
ration is 70%, the steady-state creep rate is 9:571 × 10−7;
when it reaches 90%, the steady-state creep rate is 1:634 ×
10−6, which is an increase of 70.73%. The same change pat-
tern is also shown at the 40% and 80% loading stress level. It
can be concluded that saturation has a great influence on the
steady-state creep rate of the rock samples. As the saturation
increases, the steady-state creep rate of the rock sample
increases gradually. This could be because of the difference
in the degree of damage caused by the freeze-thaw cycle to
the rock samples in different saturated states. When the sat-
uration reaches 70%, owing to the increase in internal water
molecules, the frost-heaving force increases, causing internal
pores and microcracks in the rock-sample structure to
develop and expand, resulting in increased damage and the
gradual deterioration of mechanical properties.

Under the final stage of loading, the rock samples with
different saturated states underwent creep failure. The
change of the curves of axial strain and creep strain rate
under the final stress level with time is shown in Figure 9.
To visually analyze the curve characteristics of the acceler-
ated creep stage of a 100% saturation rock sample, only the
portion of the curve after the axial-strain change is shown
in the figure.

Under the action of freezing and thawing, the rock sam-
ples with different saturated states experienced the
decelerated-creep stage, the stable-creep stage, and the
accelerated-creep stage, and rapid destruction occurs in the
accelerated creep stage; the creep-failure law is different
under the action of the final level of stress. Further, 90%
and 100% rock samples have a shorter accelerated creep
stage, because when they reach a higher saturation, freezing
and thawing cause their plasticity to decrease; as shown in
the figure, the creep rate curve is approximately barrel-
shaped—it first gradually decreases, then remains stable,
and finally increases suddenly. The results of a comparison
among the creep failure stress level, creep duration, and
creep rate of rock samples in different saturated states under
the action of freezing and thawing are shown in Table 6. The
rock samples with a saturation of 30%, 50%, 70%, 90%, and
100% fail at stresses of 15.47MPa, 13.05MPa, 9.46MPa,
8.2MPa, and 4.61MPa, respectively; at low levels of satura-
tion, the creep time gradually decreases with increases in sat-
uration. When the saturation is greater than 70%, the creep
time gradually increases; the creep rate of the rock sample
increases with increases in saturation.

3.6. Creep Failure Morphology. Table 7 shows the creep fail-
ure morphology and sketch map of rock samples with differ-
ent saturated states after freeze-thaw cycles. It is clear that
the failure mode of the rock sample is shear failure. When
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Figure 8: Steady-state creep rate under different loading stress
levels.
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the saturation is 30%, only one primary crack appears. As
the saturation increases, the failure cracks of the rock sample
gradually increase, and microcracks appear. The crack spac-
ing of the rock sample gradually forms, and tension charac-
teristics manifest. This is because, as the saturation increases,
the freeze-thaw cycle causes the cementation between the
particles of the rock sample to weaken, increasing cracks.
The internal cracks in the rock sample structure gradually
develop and expand under long-term loading, eventually
evolving into multicrack shear failure [28].

4. Creep Model with Different Saturated
States under Freeze-Thaw Cycles

4.1. Establishing the Creep Model. From the above experi-
mental analysis, it can be concluded that rock samples with
different saturated states, under the action of freezing and
thawing, sequentially experience the decelerated-creep stage,
the stable-creep stage, and the accelerated-creep stage. Fur-
ther, the creep properties of the rock sample are related to
the saturation, stress state, and loading time. The classic
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Figure 9: Change of creep rate of rock sample under failure stress.
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Burgers model can fully reflect the decelerated-creep and
stable-creep stage during the creep test, but it cannot
describe the accelerated-creep stage. Therefore, in this paper,
a modified viscous-plastic body is connected in series on the
basis of the Burgers model. By introducing the damage var-
iable to consider the accumulation of damage in the creep
process, describing the variation of the viscosity coefficient
with the creep process and accounting for the effect of satu-
ration on the viscosity coefficient, a freeze-thaw-damage vis-
cous element was constructed. The viscous components are
shown in Figure 10.

The freeze-thaw-damage viscous element is a Newtonian
body, and its constitutive relationship is shown in

σ = η3 Nω,Dtð Þ_ε, ð3Þ
where σ is the stress of the viscous element, _ε is the strain
rate, and η3ðNω,DtÞ is the viscosity coefficient of the
freeze-thaw-damage viscous element.

Table 7: Creep failure morphology of rock samples.

Test pattern
Saturation ω

30% 50% 70% 90% 100%

Destruction pattern

Sketch

𝜂3 (N𝜔, Dt)

Figure 10: Freeze-thaw damage to viscous components.

Table 6: Creep parameters of specimens under failure stress.

Saturation ω Failure stress σ (MPa) Creep time (h)
Decelerated creep stage Stable creep stage Accelerated creep stage

Initial creep rate Steady-state creep rate Accelerated creep rate

30% 16.74 0.96 2:829 × 10−6 6:328 × 10−7 1:726 × 10−6

50% 13.05 5.33 3:357 × 10−6 7:389 × 10−7 2:185 × 10−6

70% 9.46 2.73 1:583 × 10−6 7:842 × 10−7 2:603 × 10−6

90% 8.20 12.74 3:824 × 10−6 8:617 × 10−7 3:015 × 10−6

100% 4.61 25.59 0:426 × 10−5 0:103 × 10−6 0:413 × 10−5
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Figure 11: Creep model.
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Considering the influence of saturation and long-term
loading on the viscosity coefficient, the coefficient of the vis-
cous element is shown in

η3 Nω,Dtð Þ = η3 Nωð Þ 1 −Dtð Þ, ð4Þ

where η3ðNωÞ is the viscosity coefficient after a certain num-
ber of freeze-thaw cycles and Dt is the damage variable
(0 ≤Dt < 1).

A significant amount of research has shown that the
damage caused by long-term loading in the process of rock
creep has a negative exponential function relationship with
time [29], as shown in

Dt = 1 − e−αt , ð5Þ

where α is the coefficient related to the material properties
and saturation of the rock sample and t is time.

Therefore, considering the joint influence of saturation
and long-term load, the viscosity coefficient is

η3 Nω,Dtð Þ = η3 Nωð Þe−α Nωð Þt , ð6Þ

where αðNωÞ is the material coefficient of the rock sample at
a certain number of freeze-thaw cycles at a degree of
saturation.

Therefore, the constitutive relationship of the viscous
element is

ε =
σ

α Nωð Þη3 Nωð Þ eα Nωð Þt − 1
h i

: ð7Þ

The model is composed of four parts connected in series:
a water-containing elastic element, a water-containing vis-
cous element, a water-containing viscoelastic element, and
a water-containing viscous-plastic body. The creep model
is shown in Figure 11, where E1, E2, η1, and η2 are parame-
ters related to saturation; η3 is the parameter related to load-
ing time and saturation. The creep equation is obtained as
shown in Equations (8) and (9):

when σ ≤ σs,

ε =
σ

E1 Nωð Þ +
σ

η1 Nωð Þ t +
σ

E2 Nωð Þ 1 − e E2 Nωð Þ/η2 Nωð Þð Þt
� �

,

ð8Þ

when σ ≥ σs,

ε =
σ

E1 Nωð Þ +
σ

η1 Nωð Þ t +
σ

E2 Nωð Þ 1 − e E2 Nωð Þ/η2 Nωð Þð Þt
� �

+
σ − σs

α Nωð Þη3 Nωð Þ eα Nωð Þt − 1
h i

:

ð9Þ

4.1.1. Model Validation. The Boltzmann superposition
principle is used to transform the creep curve under the
staged-loading condition into the creep curve under the
separate-loading condition. The 1stOpt mathematical opti-
mization analysis software is used to identify the model
parameters. The calculated results of the established freeze-
thaw-damage creep model are in good agreement with the
test results and can simultaneously describe instantaneous
deformation, decelerated creep, stable creep, and accelerated
creep processes. Owing to space limitations, only the creep
verification curve and creep-parameter evolution results of
the 70% saturation rock sample is listed, as shown in
Figure 12 and Table 8.

5. Conclusions

The freeze-thaw cycle has a significant influence on the long-
term mechanical properties of rocks. However, most current
creep research is only carried out in the fully saturated state.
This paper conducts NMR, scanning electron microscopy,
and uniaxial compression creep tests on red sandstone in
different states of saturation after freeze-thaw cycles. The
main results of this research are summarized as follows.

Under the action of freeze-thaw cycles, as the saturation
of rock samples increases, the T2 spectrum distribution shifts
to the right, the total area of the T2 spectrum gradually
increases, and the porosity increases. Further, when the sat-
uration increased from 70% to 90%, the distribution charac-
teristics of pores changed significantly. After freeze-thaw
cycles, mesopores replaced micropores, becoming the main
pore form.

By SEM image, it can be seen that the number of pores in
the rock samples gradually increases with increasing satura-
tion levels. When the saturation reaches 70%, freeze-thaw
cycle damage gradually appears, the number of dissolution
holes increases, and penetration fracture occurs in the
particle.

Table 8: Creep model parameters of 70% saturation rock samples.

Saturation ω Stress (MPa) E1 E2 η1 η2 α η3 R2

70%

3.153 0.384 0.624 46.326 13.68 _ _ 0.95

4.204 0.396 0.673 46.175 16.33 _ _ 0.99

5.255 0.382 0.531 46.158 15.37 _ _ 0.94

6.306 0.631 0.522 46.033 12.35 _ _ 0.93

7.357 0.543 0.501 44.384 17.95 _ _ 0.94

8.408 0.412 0.413 40.569 19.32 _ _ 0.96

9.459 0.596 0.338 33.218 26.31 0.037 8.236 0.99
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Under uniaxial compression, rock samples in different
saturated states experience the compaction stage, linear-
elastic stage, and plastic stage. The instantaneous mechanical
properties of rock samples are greatly affected by saturation.
The critical value appears when the saturation increases
from 70% to 90%.

Under long-term loading, saturation has a significant
influence on the time-efficiency characteristics of the rock
sample during the freeze-thaw cycle. With increases in satu-
ration, the creep deformation gradually increases. When it
reaches 70%, the axial creep strain increases greatly, the
creep rate increases, the creep failure stress decreases, and
the creep time under the final level of stress increases signif-
icantly. This shows that the saturation level of 70% is the
critical saturation for the deterioration of the mechanical
properties of the rock sample.

A modified viscous-plastic body is connected in series on
the basis of the Burgers model. The damage accumulation
and saturation change in the creep process are fully consid-
ered. The freeze-thaw-damage viscous element—with the
viscosity coefficient η3ðNω,DtÞ—is introduced, and creep
parameters were fitted using the experimental data. The
numerical-calculation values of the model are in good agree-
ment with the experimental values. The creep model estab-
lished can accurately reflect the staged-loading creep state
of rock samples in different saturated states under the action
of freezing and thawing. The model can provide a theoretical
basis for investigating the time-efficiency characteristics of
rocks in different water-saturation states.
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Shallow landslides are among the natural threats causing death and damage. They are mostly triggered by rainfall in
mountainous areas where precipitation used to be abundant. The amount of rainfall inducing this natural threat differs
from one site to another based on the geographical characteristics of that area. In addition to the rainfall depth, the
determination of soil water content in a specific zone has a major contribution to the landslide prediction and early
warning systems. Rwanda being a country with hilly terrains, some areas are susceptible to both rainfall and soil water
content inducing landslides. But an analytical study of the physical threshold determination of both rainfall and soil water
content inducing landslides is lacking. Therefore, this experimental study is conducted to determine the rainfall and soil
water content threshold that can be fed in to the landslide early warning system (LEWS) for alert messages using the
Internet of Things (IoT) technology. Various experiments have been conducted for the real-time monitoring of slope
failure using the toolset composed of a rain gauge, soil moisture sensors, and a rainfall simulating tool. The results
obtained show that the threshold for landslide occurrence does not solely correlate with the total rainfall amount (or
intensity) or soil moisture, but also influenced by internal (geological, morphological) and environmental factors. Among
the sampled sites, the sites covered by forest indicated no sign of slope failure, whereas sites with crops could slip. The
experiments revealed that for a specific site, the minimum duration to induce slope failure was 8 hours, 41 minutes with
the rainfall intensity of 8mm/hour, and the soil moisture was above 90% for deeper sensors. These values are used as
thresholds for LEWS for that specific site to improve predictions.

1. Introduction

Rainfall-induced shallow landslides are among the most nat-
ural disasters that causes deaths and substantial economic
losses damaging infrastructure or plants in different moun-
tainous regions around the world [1–3]. In Rwanda, about
1,000 landslide cases have been identified during the past
decade [4], affecting a significant number of citizens, agricul-
ture land, livelihoods, and infrastructure that are valued in
billions of dollars. For instance, almost 200 people died by

landslide incidences during 2016-2018 [5, 6]. The most sus-
ceptible areas in Rwanda are the northern and western prov-
inces, which are characterized by mountains and steep
slopes [7, 8].

Rainfall-induced landslides are mainly caused by intrin-
sic factors like geological and geomorphological parameters
and extrinsic factors such as hydrological conditions, cli-
matic conditions, earthquakes, and volcanic eruptions [9–
11]. Hydrological factors such as rainfall and ground water
table location influence the slope stability. The process of
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this type of natural disaster is intricate. The water content in
the shallow soil is almost absent during the dry season.
When it rains, the rainwater starts penetrating into the earth
characterized by different permeability properties, and then,
the ground becomes moist. It keeps on penetrating until it
reaches the layer of low hydraulic conductivity where it
accumulates up to the complete saturation level [12] and
forces the grains of the soil to separate. The matric suction
on the topsoil decreases, and once the ground is fully
water-logged, the soil matric suction finally vanishes
completely [13], making the ground unstable, and that is a
critical condition for landslide risk [14]. Thus, depending
on the other geophysical characteristics of the area, a land-
slide incidence may follow [14]. Chiorean in [15] describes
the process of a rainfall-induced landslide as follows: (i)
rainfall permeation results in a reduction of the matric suc-
tion of the slope soil, (ii) the diminution in soil matric suc-
tion decreases the soil shear strength, and (iii) the decrease
in soil shear strength afterwards causes the slope to become
unbalanced and finally fail. The matric suction ðψmÞ plays a
crucial role in landslide occurrence and is defined as the dif-
ference between pore air pressure ðuaÞ and pore water pres-
sure ðuwÞ [15–18].

ψm = ua − uw, ð1Þ

ψm is influenced by the movement of water (most of the
time rainwater) within soil pores [19]. At the initial state,
when the soil is free from water (dry), the soil has the peak
value of matric suction, and this attains its lowest value
(zero) when the soil is fully saturated [20].

Various mitigation methods have been utilized exten-
sively to reduce the risk of landslide incidence. They include
structured measures and nonstructured warning systems.
Structural methods require high construction costs and
may take many years [21]. Therefore, high precision LEWS
is more efficient and should be emphasized.

Numerous studies have been undertaken broadly to
reduce the impact of landslides on human lives and eco-
nomic loss. They include various prediction models, suscep-
tibility models, and landslide early warning systems (LEWS)
[3, 10]. Some of the models establish the relationship
between landslide occurrence and rainfall intensity through
the laboratory field test as well as numerical analysis [22,
23]; others estimated the rainfall intensity and duration that
could cause landslide incidences [10, 24–28]. Parameters
used in each study are different and depend on the author
selection and the availability of data. The most common
parameters used in different studies are rainfall (external
triggering factor) and internal factors such as slope (inclina-
tion, aspect), soil type, lithology, and land cover [29–35].

Past studies have used the laboratory flume test to iden-
tify the correlation between soil water content and landslide
occurrence where rainfall, soil type (particle size), and slope
inclination have been taken into consideration [16, 20, 36–
39]. Others used empirical field tests [39, 40] or numerical
modelling [3, 41], and various studies conducted on LEWS
have generally used historical rainfall data together with

landslide occurrence records to determine the rainfall
threshold inducing landslides [34, 42–48]. The studies con-
ducted in [22, 49–56] have shown that they have used ante-
cedent rainfall as a key parameter that has a great impact on
landslides’ occurrence. In this research paper, the parame-
ters considered are rainfall intensity together with soil mois-
ture content (SMC) that can help to achieve a better
landslide prediction modelling tool that might be used for
LEWS. Though the preceding studies demonstrated the role
that rainfall plays in triggering slope failure and came up
with good results, the optimization is needed because of
the complexity of conditions causing landslide incidence.
Therefore, there is a need to derive the correlation between
the present rainfall, antecedent rainfall, and the content of
water in the soil at the time of slope failure to determine
the site-specific threshold values of these parameters.

In relation to the above, the gaps found in the past stud-
ies is the exploration of how rainfall has different effects on
slope stability according to the geophysical and environmen-
tal characteristics. For example, some experiments used the
embankment soil in the slope flume [23, 57, 58] that has
no original strength (cohesion) and could not provide a reli-
able threshold as the one conducted on the terrain. There-
fore, the field experiment to determine the SMC and
rainfall depth is of great importance for the LEWS. The pres-
ent study was carried out on site and aimed at (1) analyzing
how gradually the rainwater penetrates in to the soil during
or after rainfall events until the landslide occurrence and (2)
identifying the rainfall amount and threshold values for the
SMC as a step prior to feed in to the LEWS using IoT tech-
nologies. Both quantitative statistical analysis and qualitative
techniques were used through environmental covariates,
namely, slope, soil type, vegetation (or land coverage), and
rainfall intensity as an external parameter. The soil water
content inducing landslides will be determined for each
selected site. The geographical scope of the study is Gakenke
district while the period of study is October 2019-June 2021
(21 months).

2. Materials and Methods

2.1. Study Area. This study was conducted in five sectors
(Figure 1(c)) of Gakenke district (Figure 1(b)) located in
the northern province of Rwanda (Figure 1(a)). The district
shares borders with Rulindo, Burera, Musanze, Nyabihu,
Kamonyi, and Muhanga Districts. The district comprises
19 administrative sectors divided into 97 cells, 617 villages.
The district has an area of 704.06 km2 [59]. The population
density is 473 residents/km2. The climate in this district is
commonly the type of humid climate with the average
annual temperature ranging between 16°C and 29°C. The
rainfall is quite plentiful with a scale between 1,100 and
1,500mm/yr. This district has four main seasons: the small
dry season from January to February, a high rain season
spans from March to May, marked by plentiful rainfall and
landslide incidences, the long dry season extending from
June to August, and finally, the short rain season from Sep-
tember to December. The high hills separated by rivers and
swamplands characterize this district. The highest altitude
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attains 2,647 meters (Mount Kabuye), whereas the lower
altitude is 1,362 meters [59].

Due to its climatology and geographical characteristics
such as topography and geology, the district is characterized
by numerous landslides that cause few to many deaths and
property damage in different heavy rainfall events [60–62].
In addition to the frequent and abundant rainfall, high
slopes, land cover, and soil texture contribute to the slope
failure in this region [63, 64]. The landslides in this region
can be classified into two categories: (i) landslides related
to natural slopes that initiate from anywhere on a hill slope
(Figure 2(a)) and (ii) human-made slopes which are cut
slopes related to house plots (Figure 2(b)), roads, or excava-
tion activities.

2.2. Methods. The early warning system is one of the
methods that can be used to reduce the risks related to land-
slides by providing incident information to the citizens prior
to the occurrence. Two main methodological approaches

can be used for landslide mitigation techniques. The first
method uses physically based models considering the infi-
nite soil mechanism; the second counts on experimental
studies to determine the rainfall intensity and duration
threshold [10, 12]. The challenge associated with the first
approach is that the landslide can be detected but not pre-
dicted. The second approach can be appropriate, but the
threshold for each influencing factor (such as hydrological,
land use, lithological, and soil characteristics) should be
determined [65]. In the current study, the rainfall intensity
inducing shallow landslides is estimated considering the
soil-forming factors and environmental covariates. Various
experiments and numerical analysis were carried out for
estimating the rainfall amount and the soil water content
level that may lead to the slope failure.

2.2.1. Daily Rainfall Data. The slope failure in the study area
and in the entire country is solely dependent on rainwater.
Therefore, the rainfall data were necessary for this study.
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Figure 1: Study area: (a) Rwanda, (b) district elevation map and sectors’ boundaries, and (c) district’s sectors of experiments.

3Geofluids



Primary and secondary data have been used for both quan-
titative studies and qualitative assessment. Firstly, historical
rainfall and soil moisture data were collected from the
Rwanda Meteorology Agency for analysis of their correla-
tion. Data from three rain gauge stations (Figure 3(d)) were
used for primary analysis (Figure 4). This analysis was envis-
aged to identify rainfall amount-induced slope failures and
landslide locations in the neighborhood of rain gauge
stations.

Secondary, field work was conducted in the surrounding
areas that have been characterized by at least two landslide
incidences in the past 5 years. In this study, rain gauge and
soil moisture sensors were used for real-time data collection.

2.2.2. Soil Moisture. In addition to the rainfall data, historical
soil water content data were collected from the office in
charge of meteorology and were analyzed (Figure 4(d)) on
the basis that the SMC has a correlation with precipitation
[66–69]. Moreover, studies revealed that the actual soil wet-
ness can be achieved through in situ measurement [9, 70].
The soil moisture sensors were used to collect the soil water
content on different sites (Figure 3(d)).

2.2.3. Slope. Various studies showed that the slope has a high
impact on landslide occurrence. Steep slopes in several
regions characterize Gakenke district where the slope angle
can be more than 45 degrees. Other studies such as [51,
63] used 5 slope classes, whereas in this study, we grouped
the first two classes because landslide cases are very few in
areas with slopes less than 15%. According to the data source
[71, 72], the slopes are categorized in four classes as indi-
cated by Figure 3(c).

2.2.4. Soil Types. Geotechnical properties have an important
impact on the slope stability [73]. In each test site, soil sam-
ples were collected and taken to the soil mechanics lab at the
University of Rwanda to be tested for soil classification and
other analysis. The soil classes found on the sampled sites
are silty sand, sandy silt, sandy lean clay with gravel, lean
clay, and elastic silt.

2.2.5. Land Cover. Land use is another factor contributing to
the landslide occurrence. There are five different types of
land cover in the study area: forest, cropland, grassland, built
area, and water, but only the first three could be used in this
study.

2.2.6. Experimenting Tools and Setup. To identify the rain-
fall influence on slope instability and its correlation with
soil moisture, we used the rainfall simulator (Figure 5)
for the direct in situ measurement of the soil humidity
in various time durations until the slope starts indicating
the sign of sliding such as a horizontal crack on the
ground above the slope or sliding of cut slopes. The rain-
fall amount was recorded along with soil moisture at the
interval of 49 seconds. The sensor-based monitoring tool
was made of (i) the sensor node comprising three analog
capacitive soil moisture sensors manufactured by Paialu,
the operating voltage is 3.3~3.5V to capture soil water
content in various ground depths, and Arduino Uno
Microcontroller ATmega328P; (ii) weather station consist-
ing the transmitter (MISOL Model: WH40) and the
receiver (model: WN5360); the communication between
the transmitter and receiver was via wireless with a trans-
mission frequency of 433mhz and a maximum distance of
100 meters; (iii) a laptop with the Python code data logger
to record readings from 3 sensors and convert into CSV
file (Figure 6).

The soil moisture sensor used is a resistive sensor that
outputs the voltage variation as water penetrates into the
ground, i.e., the increase of the water in soil lowers the
ground resistance that will then drop the voltage. By default,
the sensor readings change from high to low when moisture
is detected, and their values may differ from one sensor to
another. Therefore, the output values from the sensors were
calibrated in the Arduino IDE (Integrated Development
Environment) by putting the sensors into an oven-dried soil
and recording the readings and then putting the sensors in
the fully wetted container of the soil (fully saturated) and
again record readings. In the Arduino IDE, the maximum
value (reading in dried soil) was mapped to zero (0) and
the minimum (reading in wetted soil) to 100. Three sensors

(a) (b)

Figure 2: Pictures of landslides in the study area during 2016 (a) and 2020 (b) events.
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were placed in different ground depths as indicated in
Table 1.

2.2.7. Experimental Sites. All field experiments were con-
ducted in the surrounding zones that have the historical
background of landslides (Figure 3(d)). Different representa-
tive sites were chosen according to the geotopographical and
environmental features including slope, soil types, and land
use as indicated in Table 2.

At least two experimental tests were done at each site
plot to test the reoccurrence of the slope failure. After the
first two tests, one more test was conducted for that indi-
cated at least one landslide to prove the reliability of the
results.

3. Results and Discussion

3.1. Soil Classification Test Results. Five main sites were cho-
sen as sample sites (SA, SB, SC, SD, and SE). Samples of soil
were taken for the laboratory test of soil particle size distri-
bution analysis because this plays an important role on dif-
ferent hydrologic features such as water retention
characteristics and slope failure as well. The table below
(Table 3) summarizes the relative composition of the soil
in the sampled sites.

As shown in Table 2, from each site, two or three
plots were sampled (except site SB) to identify the soil-
related effects on the infiltration process. Some of the plot
samples were found to have different soil textures. For
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Figure 3: Maps: (a) soil types, (b) land use classification, (c) slope classification, and (d) rain gauge and test site locations.
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instance, the soil types on site SA were silty sand and
sandy silt for SA1 and SA2, respectively. Likewise, site
SE plots had elastic silt and lean clay for SE1 and SE2,
respectively.

3.2. Simulation Results. The rainfall simulation was applied
to the selected sites while recording the rainfall amount
and soil moisture content (using a wireless rain gauge and
three sensors, respectively) until the slope sliding (or crack)
is observed or not. The activity took different durations
depending on the site. The limit of rainfall simulation and

duration was based on the rainfall events that induced land-
slides recently (Figure 4) or in the past [51]. Out of twenty-
nine (29) experimental tests carried out on 11 plots, sixteen
of them (55.5%) resulted in slope failure (or crack) as shown
in Table 4.

As shown in Table 2, most sites are characterized by
steep and very steep slopes, while the laboratory results indi-
cate that lean clay and elastic silt are the most dominant soil
classes in the sampled sites. The results in Table 4 show that
landslides are possible in all categories of soil except in sandy
lean clay with gravel, which is less represented among the
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Figure 4: Past daily rainfall in the district of Gakenke from three rain gauge stations and one soil moisture station: (a) Janja, (b) Minazi, (c)
Nemba, and (d) Rushashi soil moisture station.
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SM sensor 1
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Microcontroller
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Figure 6: The block diagram and tool set of monitoring equipment: (a) block diagram, (b) sensor node box, (c) inside box, and (d) rain
gauge with a digital display.

Table 1: In-ground depth placement of sensors.

Sensor
Site plot

Depth placement (m)
SA1 SA2 SB SC1 SC2 SC3 SD1 SD2 SD3 SE1 SE2

Sensor1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Sensor2 0.6 0.6 0.5 0.6 0.7 0.6 0.6 0.6 0.6 0.5 0.6

Sensor3 1.2 1.1 0.9 1.2 1.3 1.2 1.1 1.2 1.2 1 1.2

Table 2: Geotopographical characteristics of representative sites in the study area.

# Site Location (sector, cell, village) Plot Slope (o) Land cover Number of experiments

1
SA Minazi, Raba, Ndegamire

SA1 26.4 Crops 3

2 SA2 35.3 Grass 2

3 SB Mataba, Buyange, Gabiro SB 41.8 Forest 2

4

SC Rushashi, Mbogo, Gisanze

SC1 47.2 Crops 3

5 SC2 28.9 Crops 3

6 SC3 39.7 Grass 3

7

SD Gekenke, Rusagara, Museke

SD1 49.5 Forest 3

8 SD2 31.3 Crops 3

9 SD3 29.8 Grass 3

10
SE Nemba, Gisozi, Karukara

SE1 28.6 Forest 2

11 SE2 24.4 Crops 3
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selected sites because the sampled sites are those that had
landslides in the past.

3.3. Correlation between Rainfall and Soil Moisture Content.
The shortest time used to simulate rainfall and provoke
slope failure was 8 h41 at a rainfall rate (intensity) of
8mm/h. This occurred on site SD2 where the land is covered
by crops at the slope of 31.3°. The soil moisture at the point
of failure was 82%, 92%, and 95% Figure 7(a). In addition to
other factors, the short duration to simulate slope failure is
linked to the antecedent rainfall indicated by high initial soil
moisture.

The nearby site SD3 was selected with a different land
cover (grass) and the slope inclination of 29.8°. The slope
failure was observed for all three tests on this site after
9 h36, 11 h58, and 9h37 with the rainfall intensity of
7.2mm/h. This took different duration of rainfall simula-
tion to induce landslide, but the soil moisture content
recorded by the three sensors was above 80% for the top
sensor, while the deeper sensors recorded more than 90%
as shown in Figures 8(a)–8(c). Furthermore, three tests
conducted on site SC2 resulted in slope failure. This site
has a slope inclination of 28.9° and the land used for agri-
culture (covered by crops). The maximum soil moisture
content attained by the three sensors was 98%, while the
least value was 86% recorded by the top sensor (sensor1)
during the first test (Figure 8). As shown in Table 4, the
duration for each test was different due to factors like
the initial soil moisture content (prior to the experiment)
or other internal geological factors.

It was also observed that the two sites were characterized
by lean clay. It indicates that this soil type is more suscepti-
ble to landslides because even on sites SC1 and SC3, two
tests out of three resulted in slope failure. On site SC1, the
rainfall simulation of 10 h59 and intensity of 9.4mm/h did
not result in slope failure, while the last two tests at the
intensity of 7.8mm/h resulted in slope failure after 10 h27
and 10 h23, respectively. On the other hand, the first two
tests on site SC3 resulted in slope failure; however, the last
did not even show up any sign of sliding. Figure 9 shows
the correlation between rainfall and soil moisture content
for the two sites.

The land covered by Eragrostis spectabilis type of grass has
shown to be resistive to rainwater infiltration in the soil. This is
the only one site among the grass-covered plots (Figures 10(a)
and 10(b)) that did not show up any sign of slope failure for
the first two tests. However, out of the three tests carried out
on site SA1, only one slope failure was observed as shown in
Table 4. Generally, the simulation took a long duration on sites
that did not show up any sign of slope failure compared to
those manifested landslides. The reason was to test the effect
of daily total cumulative rainfall and duration on landslide
occurrence. Figures 10(a)–10(f) show that the simulated
cumulative rainfall was about 100mm while the duration
was more than 11 hours (Table 4).

The common feature for the sites that did not show up any
sign of slope failure is the land cover, as they are covered by
forest (Figures 10(c)–10(f)), whereas the other one is covered
by grass (Figures 10(a) and 10(b)). Figures 10(a)–10(f) also
indicate that, even though it required a long duration of

Table 3: Soil particle size and classification.

Sample Gravel (%) Sand (%) Fines (%) LL (%) PL (%) PI (%) Group symbol Group name

SA 1 52 48 37 25 12 SM Silty sand and sandy silt

SB 24 24 53 41 23 18 CL Sandy lean clay with gravel (SLC/G)

SC 0 10 90 42 25 17 CL Lean clay

SD 0 3 97 66 37 29 MH Elastic silt

SE 0 10 90 42 23 16 CL Elastic silt and lean clay

Table 4: Observed simulation results.

Site Soil type
Intensity (mm/h)/duration (hours, minutes) Slope failure observed

(tests 1, 2, and 3)?Test 1 Test 2 Test 3

SA1 Silty sand 8.7/10 h15 8.7/12 h31 8.7/11 h45 Y, N, N

SA2 Sandy silt 8.7/11 h03 8.7/11 h26 NA N, N, -

SB SLC/G∗ 8.4/11 h33 8.4/12 h24 NA N, N, -

SC1 Lean clay 9.4/10 h59 7.8/10 h27 7.8/10 h23 N, Y, Y

SC2 Lean clay 7.8/9 h04 7.8/8 h48 7.8/9 h40 Y, Y, Y

SC3 Lean clay 9.4/9 h54 7.8/9 h32 7.8/10 h37 Y, Y, N

SD1 Elastic silt 11.1/10 h37 7.2/11 h04 NA N, N, -

SD2 Elastic silt 8.0/8 h41 7.2/11 h10 7.2/11 h21 Y, Y, N

SD3 Elastic silt 7.2/9 h36 7.2/11 h58 7.2/9 h37 Y, Y,Y

SE1 Elastic silt 10.8/11 h14 7.7/10 h14 NA N, N, -

SE2 Lean clay 7.7/9 h11 7.7/8 h53 7.7/9 h28 Y, Y, Y
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simulation and the high amount of total rainfall, in some cases,
the saturation level was less than 90% for the three sensors
(Figures 10(a) and 10(c)–10(f)). This means that it requires a
long time to make the soil fully saturated with the slopes cov-
ered by forest or protected by Eragrostis spectabilis.

From the figures above, the linear regression of both
rainfall and soil moisture (Figure 11) is observed due to
the continuous simulation of rainfall. In practice, this is
not the case because rainfall is characterized by discontinu-
ous events (with interevent periods) of different durations.
Even though one-day rainfall can reach the values simulated
in this study, the duration expands to many hours or else can
be related to the previous rainfall events (antecedents).
Hence, the use of soil moisture sensors for LEWS has a cru-
cial importance because their data are informative to the
antecedent rainfall.

The first two figures (Figures 11(a) and 11(b)) compare
cropland and forestland, respectively. As shown by the slope
lines of the best fit, the slope of 0.4 indicates that the infiltra-
tion rate was faster for crop land than that of forest land and

got saturated before forest land (slope = 0:2). Likewise, in
Figures 11(c) and 11(d), slope = 0:7 for cropland and 0.4
for forestland.

3.4. Slope Failure, Total Rainfall, and Intensity. The numer-
ical analysis of rainfall intensity and duration (Table 4)
shows that each site required different duration and rainfall
intensity to initiate the slope failure. This shows that the
thresholds for the two parameters are not identical and in
case to be identical, all other factors should be identical
which is almost impossible for different sites. As shown in
Figure 12, there are many landslide cases that occurred when
the rainfall intensity was lower than that of the highest
intensity.

3.5. Slope Failure and Geoenvironmental Factors. It is not
forthright to explain the correlation between hydrological
and mechanical processes occurred before and during the
slope failure. Although the triggering factors may be clearly
known, the process itself is complex. Rainfall has been
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Figure 7: Variation of soil moisture content versus cumulative rainfall for three experimental tests on site SD2. The slope failure was
observed for the first two tests (a, b) and did not occur during the last test (c).
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Figure 8: Variation of soil moisture content versus rainfall for three tests on site SC2 (a–c) and site SD3 (d–f).
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Figure 9: Variation of soil moisture content versus rainfall for three tests on site SC1 (a–c) and site SC3 (d–f).
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Figure 10: Variation of soil moisture content versus rainfall for sites SA2 (a, b), SB (c, d), and SE1 (e, f).
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discussed in the literature as external landslides’ causing fac-
tor, but cannot be considered alone without the physical
characteristic changes of the soil at the near stage of sliding.
The rainfall intensity and duration that are the basis of the
hazard prediction cannot be determined because their values
cannot be the same in all susceptible areas characterized by
different environment factors. Therefore, the field experi-
mental analysis was crucial in this study to identify the
threshold of both rainfall and soil water content leading to
water-induced shallow landslides in different susceptible
locations.

3.5.1. Landslides, Slope, and Land Cover. Although steep
slopes are associated with landslide occurrence, in this study,
it has been realized that very steep slopes (45° and higher)
are not more prone to soil failure compared to the slopes <
45° and >25° (Figure 13). Two reasons that may justify this
statement are as follows: (i) the most very steep slopes are
characterized by sturdy rocks that make the slopes to be
more stable; (ii) due to the high inclination, much rainfall
water runs off instead of seeping into the soil compared to
the moderate slopes. Apart from the slope inclination, the
rainwater runoff also depends on the land cover and soil
texture.

There was no landslide indication observed on all sites
covered by forest, although long duration has been used
for simulating rainfall (more than 11 hours). This is an indi-
cation of the role of forest cover to slope stability. In the
study area, most of the forest areas are at the same time cov-
ered by Eragrostis spectabilis, which is a natural grass type
found in the high mountains in the study area. Site SA2
was covered by this type of grass and did not show up any
sign of slope failure.

3.5.2. Landslides, Slope, and Soil Types. Table 4 shows that
the soil types in most of the sampled sites are lean clay and
elastic silt. The results do not really indicate which soil type

is more susceptible to landslides. But the sites were selected
based on the historical background of landslide events, and
the laboratory tests reveal the two types of soil that are most
dominant among the sampled sites. It was noted that the
sites (lean clay or elastic silt) that did not indicate any sign
of slope failure are those that were protected by forest or
have the high slope angle. Therefore, lean clay and elastic silt
are the most affected by landslides compared to the other
types of soil in the sampled sites (Figure 14).

3.6. Rainfall and Soil Moisture Thresholds. The maximum
records of rainfall and soil moisture content from the exper-
iments conducted in this study help us establish thresholds
for both parameters in the specific sites (area of study). As
stated earlier, three sensors were placed in various depths
underground for knowing which one can better predict
landslide incidence. Red dots in Figure 15 are more clustered
in the right lower corner of the figures, indicating that the
slope failure was observed when sensor 1 recorded greater
than 80% and 90% for sensors placed deeper (sensor 2 and
sensor 3). The minimum rainfall inducing slope failure as
indicated by the same figure is around 70mm. Therefore,
we can conclude that these values can be used for local
LEWS. On the other hand, rainfall can be used for regional
LEWS as it is not possible identifying the soil moisture con-
tent at each and every site. Even though a rainfall of more
than 100mm did not cause slope failure according to this
study, such daily rainfall depth is also dangerous as the
increased rainwater runoff may cause floods, which can also
depend on different factors (which is out of the scope of this
study). It was also noted that the sites that did not experi-
ence any slope failure are those lands covered by forest or
types of grass that reinforce the shear strength of the topsoil.
But under normal circumstances, a one-day rainfall of more
than 70mm should be taken into consideration for early
warning systems by considering the antecedent rainfall and
other geofactors.
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As mentioned before, most of the nonlandslide cases in
this study are related to the forestland cover that persists
to rainwater penetration and requires more rainfall duration.
This explains the reason of having less incidences with high
total rainfall as shown in Figure 15. It was also explained that
rainwater runoff was much more in very steep slopes than
steep or medium slopes. Hence, the probability of slope fail-
ure increases with soil permeability which is dependent on
the soil texture, rainfall intensity, and duration.

4. Conclusions

In this study, field experiments were conducted at various
sites selected surrounding the areas that had landslide events
in the past. The study consisted of the measurement of rain-
fall and soil water content using a rain gauge and soil mois-
ture sensors. The site sample profile considered different
parameters such as slopes, angles, soil texture, soil depths,
and land coverage.

The experimental results show that rainfall triggers slope
failure, and the total rainfall amount inducing this hazard
depends on various other parameters. Rainfall alone cannot
be considered as a parameter to predict slope failure, and it
has an implication on the hydrological properties of the soil.
In addition, the level of soil water content at the near stage of
slope failure differs from one site to another depending on
the internal and external features. In general, steep slopes
are more susceptible to shallow landslide incidence com-
pared to the very steep slopes. Furthermore, we noticed that
land coverage plays an important role in the slope stability
due to more time required for saturation of land covered
by natural grass or forest than that covered by plants. This
is because the vegetation adjusts the hydrological equilib-
rium of the involved location through the evapotranspira-
tion process, whereas roots add some reinforcement by
increasing soil shear strength [81–82] and the degree of
slope stabilization varies according to the vegetation [83–
86].

According to the experimental results in this study, the
following major insights are taken: (i) a common threshold
for rainfall intensity or soil water content could not be
derived for LEWS. Instead, location-specific thresholds have

to be determined using empirical models. Then, the identi-
fied threshold can specifically be used to predict the slope
failure in areas with identical (or almost) geomorphological
features. (ii) The daily rainfall of more than 70mm and soil
water content of more than 90% may lead to the landslide
hazard depending on other geofactors in specific sites. (iii)
The thresholds found in this study can be used in designing
local LEWS for areas having almost similar environmental
covariates or soil forming factors, especially for cut slopes
(manmade slopes) such as in-house plots or roads. (iv) This
study proposes similar experiments to be conducted at vari-
ous sites to derive site-specific thresholds to feed in to local
IoT-based LEWS as the parameters differ from one zone to
another.

4.1. Future Work. In the next stage of our research, we
expect to perform the environmental and soil analysis dur-
ing the development of the prototype for LEWS.
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Based on the dynamic expressions of permeability and porosity of the coal seam derived in the paper, a multiphysical field
coupling numerical model of gas migration under the interaction of stress field and seepage field was established. The gas
drainage project #3 Coal Seam operated by Sima Coal Industry Co., Ltd., was selected as the study object. Taking different
drainage time periods in various positions of drainage holes into consideration, combined with the advance situation of
the 1207 working face in the Sima Coal Mine, a mixed layout gas drainage scheme featured with the effective borehole
spacing was obtained through the COMSOL multiphysics simulation. In addition, a series of field industrial tests were
performed to validate the research result, revealing that comprehensively considering the extraction time of coal and
optimizing the layout of extraction boreholes can effectively improve the engineering economic benefits.

1. Introduction

Coal seam gas drainage is one of the important measures
to control mine gas [1, 2] However, a majority of
researches take the effective drainage radius as the basis
of drainage hole layout, overlooking the influences of the
superimposed drainage and fracture expansion without
taking the influence of different drainage times of drainage
holes in different positions of the coal seam into account.
Additionally, most researches adopt a single borehole lay-
out, which often causes some common issues such as a
waste of resource, uneven gas drainage, and failure of
meeting relevant standards. Many existing studies fail to
consider the establishment of a multiphysical field cou-
pling model of gas migration under the interaction of
the stress field and seepage field and overlook the dynamic
nature of the permeability and porosity of the coal seam.
All the aforementioned which are lacking in previous

studies have made it necessary to conduct an in-depth
optimization research on coal seam gas drainage.

In this paper, the gas drainage optimization of #3
Coal Seam in Sima Coal Industry Co., Ltd., of Lu’an
Group was studied. Based on the changes of coal seam
stress, gas pressure, and gas adsorption and desorption
which tend to exert an important impact on the coal
seam permeability and porosity, the dynamic expressions
of coal seam permeability and porosity were deduced
which was used to build the numerical model of a multi-
physical field coupling for migration under the interaction
of stress field and seepage field. Additionally, taking dif-
ferent drainage time periods in various positions of drain-
age holes into consideration, combined with the advance
situation of the 1207 working face in the Sima Coal
Mine, a mixed layout gas drainage scheme featured with
the effective borehole spacing was obtained by the COM-
SOL multiphysics simulation. In addition, a series of field
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industrial tests were performed for the purpose of validat-
ing the research.

2. Gas Solid Coupling Analysis of Coal Seam
Gas Migration

2.1. The Migration Law of Coal Seam Gas. Two types of gas
flow in coal seams have been identified including the diffu-
sion flow and the laminar flow targeting different types of
coal seams [3–5]. Generally speaking, in the coal seam with
a microporous structure or low permeability, the diffusion
flow plays a critical role while in the coal seam with micro-
porous structure or high permeability, the laminar flow
dominates [6–8]. In this study, the gas flow in the process
of drainage is treated as laminar flow, following Darcy’s law.

A number of factors can affect the migration of coal
seam gas, such as geological conditions of storage, occur-
rence of coal seam, mechanical properties of coal and rock,
permeability and porosity of coal seam, gas adsorption
capacity of coal seam, and gas pressure. Among those fac-
tors, gas pressure, gas adsorption capacity of coal seam,
porosity, and permeability of coal seam are considered as
the primary ones. Gas pressure is the driving force of gas
migration while the gas adsorption capacity of coal seam
decides the capacity of the coal seam to store gas. Mean-
while, the porosity and permeability are the indicators of
smooth gas migration in the coal seam [9–11].

The gas pressure of the #3 Coal Seam in Sima mine was
measured at 0.31MPa which was used as the basic gas pres-
sure of this study, despite that the gas pressure measured
stayed below the critical value of 0.74MPa. The gas adsorption
constants a and b of the #3 Coal Seam were identified at about
17.52m3/t and 0.75MPa-1, separately, which were considered
low, indicating that the gas adsorption capacity of the #3
Coal Seam was weak. During the field drainage, several
measures can be adopted to facilitate the drainage and
extraction including the selection of the appropriate nega-
tive pressure of the drainage hole, the optimization of the
layout of the hole, the promotion of the desorption of gas,
and the increase of the gas diffusion and migration speed.

2.2. The Derivation of Dynamic Expressions of Porosity and
Permeability of Coal Seam. During the gas extraction, the
gas tends to be desorbed and migrated, exposing the coal
skeleton to stress changes, resulting in small deformation,
and the porosity and permeability change accordingly.
According to the existing research and the field conditions
of Sima mine and the 2D model in the numerical simulation
calculation, the plane strain εs is introduced, leading to a
modified dynamic expression of coal seam porosity [12–14].

φ = 1 − 1 − φ0
1 + εs

1 − Δp
ks

� �
, ð1Þ

where φ0 is the initial porosity of coal, εv is the volume
strain, ΔP is the variation of gas pressure, Δp = P − P0,
P is the real time gas pressure, P0 is the initial gas pres-
sure, and ks is the skeleton modulus of the coal and rock
mass.

According to the Kozeny-Carman formula, combined
with the previous dynamic expression of porosity, the
modified dynamic expression of permeability can be
obtained as follows:

ke =
k0

1 + εs
1 + εs + Δp/ksð Þ 1 − φ0ð Þ

φ0

� �3
, ð2Þ

where k0 is the initial permeability of coal and εs is the
plane strain.

2.3. The Multiphysical Field Coupling Model of Coal Seam
Gas Migration. This study focuses on the deformation of
the coal seam due to the forces imposed and the gas
flow [15–18]. Therefore, the following assumptions have
been made:

(1) The flow field formed by the gas drainage hole
under a certain negative pressure is the radial flow
field

(2) The adsorption content of the gas is described by the
Langmuir equation

(3) Gas flow is described by Darcy’s law

(4) The seepage process of the gas is regarded as an ideal
isothermal process

(5) The coal seam is isotropic with only a small linear
elastic deformation

(6) The influence of water in the coal seam on gas drain-
age is overlooked

Taking the assumptions listed above into consideration,
the seepage movement of coal seam gas as the ideal gas
should follow the control equations of gas flow listed as fol-
lows [13, 14, 19–25].

2.3.1. Law of Conservation of Mass. Gas in the coal seam
often takes two forms including the free state and the
adsorption state. Despite the statuses, the source and total
amount of gas in the coal seam remain unchanged. In other
words, the gas migration should first follow the law of con-
servation of mass:

∂m
∂t

+∇∙ ρgqg
� �

=Qp, ð3Þ

where m is the gas content (kg/m3), ρg is the gas density
(kg/m3), qg is the Darcy seepage velocity of gas (m/s), Qp

is the source or sink items (kg/(m3·s)), and t is the time var-
iable (s).

2.3.2. The State Equation of Gas. The gas in seepage move-
ment is regarded as an ideal gas, which satisfies the equation
of state of ideal gas:

ρg =
MgP

RT
, ð4Þ
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where Mg is the molecular weight of gas (kg/kmol), P is the
gas pressure (Pa), R is the ideal gas constant (kJ/(kmol·K)),
and T is the absolute temperature (Ko).

2.3.3. Langmuir Equation. The coal seam is a porous
medium with many pores and fissures, in which gas coex-
ists in the adsorption state and the free state. The Lang-
muir equation describing the gas content defines the
relationship between gas adsorption and desorption with
gas pressure:

m =
Mg

RT
φ

P0
+ abρs
1 + bP

� �
P2, ð5Þ

where φ is the porosity, P0 is the atmospheric pressure
(Pa), a is the Langmuir constant (m3/kg), b is the Lang-
muir constant (Pa−1), and ρs is the coal seam density
(kg/m3).

2.3.4. Darcy’s Law. When a pressure gradient is identified in
the distribution of gas pressure in the coal seam, the gas
migration will occur, which is often a linear seepage flow
and follows Darcy’s law:

qg = −
ke
μg

∇p + ρgg∇z
� �2

, ð6Þ

where qg is the Darcy flow velocity (m/s), ke is the perme-
ability of the coal seam (m2), μg is the gas dynamic viscosity

(Pa·s), and g is the acceleration of gravity (m · s−2).
The process of gas extraction is featured with two

physical phenomena including the seepage movement of
gas as fluid and the microdeformation of coal. The stress
and deformation of the coal body cause changes to the
pore characteristics and then affect the gas seepage move-
ment. Consequently, the gas seepage tends to change the
gas pressure within the coal body, resulting in different
effective stresses. The interaction of two phenomena acts
like a chain reaction featured with mutual constraint and
influence.

The dynamic expression of coal seam porosity is
substituted into equation (5), then

m =
Mg

RT
1
P0

−
1 − φ0

P0 1 + εsð Þ 1 − ΔP
ks

� �
+ abρs
1 + bP

� �
P2: ð7Þ

The dynamic expression of coal seam permeability is
substituted into equation (6), then

qg = −
k0 ∇p + ρgg∇z
� �2

μg 1 + εsð Þ 1 + εs + Δp/ksð Þ 1 − φ0ð Þ
φ0

� �3
: ð8Þ

By substituting formula (4) and derived formulas (7) and

(8) into formula (3), the following results are obtained:

∂ Mg/RT
� 	

1/P0 − 1 − φ0ð Þ/P0 1 + εsð Þð Þ 1−ΔP/ksð Þ + abρs/ 1 + bPð Þ½ �P2
 �
∂t −∇

·
MgPk0 ∇p + ρgg∇z

� �2

RTμg 1 + εsð Þ 1 + εs + Δp/ksð Þ 1 − φ0ð Þ
φ0

� �38><
>:

9>=
>; =Qp:

ð9Þ

Formula (9) is the gas-solid coupling model finally
derived in this paper. The model is embedded into the
COMSOL multiphysics software for gas drainage
optimization.

3. The Introduction of the Calculation Model

3.1. The Calculation Model Parameter Setting. Before estab-
lishing the numerical model, the determination of the rele-
vant parameters involved is vital. Based on relevant
literature and geomechanics tests, after testing and adjusting
the coefficient of the COMSOL multiphysics 5.0 built-in
module, the main parameters used in the model were
obtained, as shown in Table 1.

3.2. The Model Establishment. The original gas pressure of
the #3 Coal Seam in the Sima mine was 0.31MPa. Due to
the large error of gas concentration measurement, the origi-
nal gas pressure reduced by 30% was selected as the standard
for the simulation, leading to setting the gas drainage stan-
dard pressure at 0.22MPa.

In order to provide direct guidance to the field construc-
tion, the effective borehole spacing was introduced in the
simulation. The gas pressure of the whole seam can be
reduced to the maximum borehole spacing value within
the standard pressure value after drainage for a certain
period of time. In other words, through the numerical simu-
lation, the most reasonable drilling spacing value can be
determined, which not only meets the need of reducing gas
pressure but also reduces the difficulty and cost of on-site
construction.

Table 1: Model parameter.

Items Symbol Value

Gas density (kg/m3) rhog 0.716

Gas dynamic viscosity (Pa·s) vl 1.08e-5

Equivalent compressibility of matrix (1/Pa) χp 2.18e-3

Fluid compressibility (1/Pa) chif 1.3942e-5

Coal density (kg/m3) rhoc 1470

Initial porosity of coal φ0 0.0318

Poisson’s ratio of coal mu 0.33

Initial permeability of coal (m2) k0 0.907e-15

Young’s modulus of coal (MPa) E 3000

Initial pressure of coal gas (MPa) P0 0.31

Standard atmospheric pressure (Pa) Pa 1.01e5

Biot-Willis coefficient αB 0.801
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The method similar to the “bucket theory” was used to
calculate the effective drilling spacing, aiming to find out
the area with the least superimposed effect of borehole
pumping in the simulation calculation model and ensure
that the pressure within the area drops right below the stan-
dard value.

The porous elastic module and Darcy’s law module
[13, 14, 26] in COMSOL were used in this simulation,
and the required variables and parameters were inputted
to the software. According to the actual drilling gas drain-
age process, an idealized two-dimensional calculation
model with length × height of 16m × 6:6m was established
as shown in Figure 1. The drainage boreholes were
arranged in the middle of the model with the bottom as
a fixed constraint. Meanwhile, the upper, left, and right
boundaries have a boundary load of 8.25MPa as the actual
confining pressure condition. All sides of the model were
airtight with an initial gas pressure of 0.31MPa in the
model.

As demonstrated in Figure 1, a drill hole was arranged in
the 2D calculation module. Following the single variable
method, the effective extraction radius corresponds to vari-
ous diameters of extraction drill holes (95mm, 113mm,
and 133mm), extraction pressures (20 kPa, 25 kPa, 30 kPa,
35 kPa, 40 kPa, and 45 kPa), and extraction durations (90 d,
180 d, and 360 d). The detailed calculations are presented
in Table 2.

According to Table 2, as the extraction duration, pres-
sure, and diameter of the extraction drill hole increased,
the effective radius of the single drainage hole increased,
demonstrating a positive correlation.

Currently, the commonly adopted extraction drill holes
are sized at113mm in diameter and 133mm in diameter,
with the extraction pressure between 25 kPa and 40 kPa.
The extraction often consumes substantial time, more than
1 year and even 2 to 3 years. Due to the relatively thicker
coal seal in the Sima mine, multiple extraction holes in mul-
tiple layers were adopted. The extraction holes are often
arranged in three ways including the three-flower style,
four-flower style, and five-flower style, as demonstrated in
Figure 2.

A few simulations with various conditions were per-
formed including the extraction drill holes of 113mm and
133mm in diameter under the extraction pressure of
25 kPa, 30 kPa, 35 kPa, and 40 kPa. The extraction duration
was set at 360 d. The calculation of the effective extraction
radius is demonstrated in Figure 3 below.

According to Figure 3, the drainage hole of 133m in
diameter demonstrated better extraction. The negative pres-
sure of the extraction hole was 35kpa in the coal mining
practice. The five-flower layout of the extraction holes was
superior than the three-flower layout while the three-flower
layout is superior the four-flower layout.

4. The Simulation and Analysis of the 1207
Working Face of Sima Coal

4.1. The Simulation Process Analysis. The strike length of the
1207 working face in the #3 Coal Seam of the Sima mine is
220m with an inclined length of 1092m. During the produc-
tion, in order to ensure the safety of production, gas extrac-
tion was carried out. However, this kind of pumping scheme
is single without considering the specific circumstances.

As mentioned previously, the drainage time greatly
affects the gas drainage. Different drainage time periods
should adopt different drainage hole layout schemes, such

�ree - flower style Four - flower style Five - flower style

8.25 MPa
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 M
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Figure 2: Three arrangements of drainage holes.
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Figure 1: The calculation model.

Table 2: The simulation results of single-bore model.

Single bore
Effective radius of

drainage (m)
Hole diameter Negative pressure 90 d 180 d 360 d

95mm 20 kPa 0.45 0.57 0.72

95mm 25 kPa 0.46 0.57 0.73

95mm 30 kPa 0.46 0.58 0.74

95mm 35 kPa 0.47 0.59 0.75

95mm 40 kPa 0.47 0.60 0.76

95mm 45 kPa 0.48 0.61 0.77

113mm 20 kPa 0.48 0.60 0.76

113mm 25 kPa 0.48 0.61 0.77

113mm 30 kPa 0.49 0.62 0.78

113mm 35 kPa 0.49 0.62 0.79

113mm 40 kPa 0.50 0.63 0.80

113mm 45 kPa 0.51 0.64 0.81

133mm 20 kPa 0.50 0.63 0.80

133mm 25 kPa 0.51 0.64 0.81

133mm 30 kPa 0.51 0.65 0.82

133mm 35 kPa 0.52 0.66 0.83

133mm 40 kPa 0.53 0.67 0.84

133mm 45 kPa 0.53 0.67 0.85
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as different borehole spacings or patterns. As the no. 1207
working face advanced, different extraction durations were
identified in different positions of extraction boreholes in
the mining roadway. Under such circumstance, different
sections should be divided based on the different extraction
durations, allowing individual extraction design correspond-
ing to different field conditions.

According to the comprehensive analysis of the driving
speed, working face layout time, and mining speed of the
mining roadway in the no. 1207 working face, and taking
the drainage effectiveness into consideration, the coal seam
gas drainage in the no. 1207 working face can be divided into
three sections in simulation, as shown in Figure 4. The aver-
age extraction time of the three sections is 110D, 210D, and
310D, respectively.

The average extraction time, negative pressure, and hole
diameter of the three sections were identified, and the gas
extraction optimization of the three sections was also studied
in detail. The calculation model of the optimization of the
extraction changes from the single-row hole layout to the
five-row pattern hole layout until the optimal result was
obtained. Under the extraction of the experimental scheme,

the goal of the whole layer of the #3 coal extraction up to
0.22MPa was achieved.

4.2. The Analysis of Simulation Results

4.2.1. The Analysis of the First and Middle Sections. The
extraction time of the first section and the middle section
was set at 110 days and 210 days, respectively. According
to the simulation calculation, the coal seam gas pressure
can be reduced to the standard value within a fixed time only
when the five-flower layout was adopted. Due to the differ-
ent extraction durations, the effective drilling spaces of the
two sections varied. The gas pressure cloud diagram in the
simulation process is shown in Figures 5(a) and 5(b).

According to Figure 5, with more gas extraction, the
pressure of the gas in the coal seam experienced constant
changes. The gas pressure closer to the drainage hole
dropped most. A further distance from the drainage hole
leads to less decrease in the gas pressure until the threshold
distance was reached where the gas pressure stayed at the
initial value, indicating that the coal outside the impact
boundary was not subject to the impacts of the extraction.
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In order to describe the gas pressure distribution in the five-
flower arrangement, the structure line of the value line graph
shown in Figure 6 was inserted into the simulated gas pres-
sure cloud graph, which can vividly illustrate the distribution
of the gas pressure value in the area wrapped by the five-
flower hole. The value line graph is shown in Figure 7.

According to Figure 5, the maximum gas pressure in the
wrapping area of the five-flower hole is 0.22MPa, and the
gas pressure in other places is lower than the set value. At
this time, the distance between two adjacent drainage holes
at the same level is concluded as the effective drilling
spacing.

According to the simulation results, the effective drilling
spacing values of the two sections in the five-flower arrange-
ment are obtained, as shown in Table 3.
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Table 3: Effective borehole spacing values in different sections.

Roadway
segmentation

Extraction
time

Horizontal effective
drilling spacing value

Longitudinal
row spacing

First
segmentation

110 d 1.15m 2.20m

Middle
segmentation

210 d 2.45m 2.25m
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4.2.2. The Analysis of the Results of the End Sections. The
extraction time of the end section was set at 310 days. The
simulation suggests that the coal seam gas pressure can be
reduced to the standard value within a fixed time when the
three-flower arrangement was adopted. The gas pressure
cloud diagram in the simulation process is shown in
Figure 8.

Similarly, from Figure 8, being closer to the drainage
hole leads to higher pressure drops. The gas pressure
reaches the peak value of 0.22MPa at the triangle center
of gravity. In order to better describe the distribution of
gas pressure in the three-flower hole, the construction line
of the value-taking line diagram shown in Figure 9 was
inserted into the simulated gas pressure cloud diagram,
which can vividly illustrate the distribution of the gas
pressure value in the area wrapped by the three-flower
hole, and the value-taking line diagram is shown in
Figure 10.

According to Figure 10, the maximum gas pressure in
the wrapping area of the three-flower hole is 0.22MPa,
and the gas pressure in other places is lower than the set
value. At this time, the distance between two adjacent
extraction holes at the same level is the effective drilling
spacing.

The simulation has suggested that the horizontal effec-
tive spacing between boreholes is 2.00m with the vertical
row spacing of 2.00m when the three-flower pattern layout
is adopted in the end section.

4.3. A Proposal of a Mixed Layout Scheme. According to the
previous calculation results, a mixed layout scheme was
developed specifically for the gas drainage in the no. 1207
working face of the Sima mine. The details are presented
as follows.

The first section: a five-flower pattern layout was adopted
with the horizontal drilling spacing of 1.15m. The upper
row of drilling is 5.50m away from the floor longitudinally
with the middle row of drilling 3.30m away from the floor,
and the bottom row of drilling1.10m away from the floor.

The middle section: a five-flower pattern layout is
adopted with the horizontal drilling spacing as 2.45m. The
upper row of drilling was 5.55m away from the floor longi-
tudinally with the middle row of drilling 3.30m away from
the floor, and the bottom row of drilling1.05m away from
the floor.

The end section: a three-flower pattern arrangement was
adopted with the horizontal drilling spacing as 2.00m. The
upper row of drilling was 4.92m away from the floor longi-
tudinally with the bottom row of drilling 1.68m away from
the floor.

5. The Industrial Test

5.1. The Detailed Test Plan. In this industrial practice, the
air-return roadway of the no. 1207 working face was
selected. Without affecting the original production and
extraction, the extraction practice test was carried out at
450m~485m in the middle section and 750m~785m in
the end section of the air-return roadway. According to the
previous calculation results, the specific scheme is proposed
as follows:

(1) At 450m~485m in the middle section of the air-
return roadway

The five-flower hole layout was adopted along with a
negative pressure of 35 kPa, a diameter of 133mm, an aver-
age length of 161m, and a horizontal drilling spacing of
2.45m. Longitudinally, the upper row of holes was 5.55m
away from the floor, with the middle row of holes 3.30m
away from the floor, and the bottom row of holes 1.05m
away from the floor.
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(2) At 750m~785m in the end section of the air-return
roadway

The three-flower hole layout was adopted with a negative
pressure of 35 kPa, a diameter of 133mm, an average length
of 161m, and a horizontal drilling spacing of 2.00m. Longi-
tudinally, the distance between the upper row and the floor
was 4.92m, with the distance between the bottom row and
the floor at 1.68m.

5.2. The Analysis of the Field Test. The industrial test scheme
for gas drainage revealed that the drainage boreholes cover
the coal seam effectively and evenly. The residual gas content
in the middle and end sections of the air roadway was
reduced by 31.24% and 32.16%, respectively, with the ana-
lytic gas content reduced by 46.86% and 49.81%, respec-
tively, and the coal seam gas pressure reduced by 45.03%
and 48.33%, respectively.

6. Conclusion

As the extraction duration, the negative pressure of the
extraction, and the extraction drill hole diameter increase,
the effective extraction radius of the single drainage hole
increases, demonstrating a positive correlation.

Based on the simulation, a proposal including an effec-
tive spacing among extraction holes was developed. In the
proposal, the extraction holes are arranged based on the
effective drainage hole distances, taking various extraction
durations corresponding to different locations in the road-
way into consideration.

According to the gas pressure cloud diagram, a greater
pressure drop is identified closer to the extraction hole.
The gas pressure stays stable after reaching the threshold
distance.

The gas pressure decreases with the increase of extrac-
tion time and finally grows stable. Some superposition
effects have been identified between two drainage holes with
a more intensive gas pressure drop in the superposition area.
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A development of overlying strata fractures and an unknown distribution of the two zones, which results from a strong shock
tendency roof short-distance coal seam group mining, are the main problems faced by Xiashijie Coal Mine. Consequently, an
experiment has been conducted; here are the steps: designing an underlying strata development law and the two-zone
distribution physical similarity simulation test under the short-distance coal seam group combined mining, using the BT-AE to
comonitor the fracture development law and the distribution characteristics of the caving zone and the water-conducting
fractured zone, and combining with 3DEC comparative analysis. The results show that after the coal seam mining is over, the
number of overlying fractures increases with depth, controlled by the mining stress field in the direction of 115° west from
north to west. The direction of overlying fracture is mainly concentrated in the area of 300° ~30°; the overlying fracture angles
eventually develop to 81° and 74°, increasing by 15.7% and 8.8%, and the caving ratio and cracking ratio are 4.87 and 17.75.
After comparing with the numerical calculation results, the reliability of the two zones obtained by the physical similarity
simulation test is verified. The AE analysis results show that the “release-accumulate-release” energy evolution process of
overlying rock fracture under mining conditions has a phased relationship with fracture expansion. The energy positioning
results are consistent with the distribution of BT observation cracks, and the large energy events are mostly concentrated in the
collapse zone, indicating that AE has the practicality of disaster warning. The results of this study provide scientific guidance
for water-preserving mining under the combined mining of coal seams with a strong impact tendency roof in Xiashijie Coal Mine.

1. Introduction

As an important industrial raw material in China, coal
resources will not change their dominant position for a long
time. Xie et al. [1] proposed that China’s total energy con-
sumption demand in 2025 will be 5.5 to 5.6 billion tons of
standard coal, accounting for 50% to 52% of full energy con-
sumption. However, the mining of coal will inevitably cause
the movement and fracture of the overlying strata and the
formation of cracks at the same time. The existence of fis-
sures will cause the overlying aquifer to seep to the working
face and cause underground water inrush accidents. While
water resources are wasted, it also brings major hidden dan-
gers to underground safety production. Therefore, it is very

necessary to study the development law of overlying frac-
tures and the distribution patterns of the two zones after
mining in a fully mechanized caving face.

Many scholars at home and abroad have made relatively
mature researches in theory and practical applications for
the evolution of overlying fractures and water conservation
mining. Fan [2] puts forward some suggestions on water-
preserving coal mining based on the perspective of scientific
development. Wang et al. [3] proposed the characteristics of
overburden failure and deformation caused by high-
intensity mining and its impact on the environment and at
the same time gave a formula for calculating the height of
the “two zones” under high-intensity mining. Zhao et al.
[4] suppressed the contact between the height of the water-
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conducting fissure zone and the strong aquifer of the over-
burdened rock to control the problem of water gushing in
the overlying rock. Lai et al. [5] obtained the overlying rock
migration damage height of fully mechanized caving face
through physical similarity simulation research and deter-
mined the relationship between the measured resistance of
the on-site support and the water conduction position and
the amount of water conduction in the overlying rock frac-
ture. Wang et al. [6] used the entropy method-cloud model
to evaluate the ecological environment of certain mining
areas that are mainly based on water conservation mining.
Wang et al. [7] analyzed the positional relationship between
coal seams and aquifers through the combination of indoor
experiment and field and proposed to partition the stability
of the mining water barrier and standardize the coal-
mining method, in order to carry out scientific mining in
mining areas with fragile ecological environment. Guo
et al. [8] obtained the formation mechanism of the “two-
zone” failure mode of overlying strata in high-strength min-
ing by studying the failure transmission process of overlying
strata. Cheng et al. and Xue et al. [9, 10] studied the evolu-
tion characteristics of the overburden fissure zone caused
by the mining disturbance in the soft rock protection layer.
Research by Yang et al. [11] showed that the water-
conducting fracture zone under thick loose layer and weak
overburden will go through four stages, and it will develop
upward in the form of separation layer, mostly in the form
of articulation. Wang et al. [12] found that through theoret-
ical analysis and on-site detection and analysis that the
height of the water-conducting fracture zone is affected by
the thickness of the coal seam and the structure of key layers,
and the height changes stepwise with the thickness of the
coal seam. Zhao et al. [13] found that the height of the
water-conducting fracture zone is affected by the thickness
of the mining, the thickness of the bedrock, and the thick-
ness of the load layer. Liu and Zhao [14] analyzed and veri-
fied the protective mechanism and effect of coal filling
mining on the roof aquifer by constructing a mechanical
model and similar simulation tests. Huang et al. [15] com-
bined numerical calculation model with physical simulation
and theoretical analysis and concluded that the evolution of
overlying strata cracks is affected by the distance between
coal pillars in different sections. Yang et al. [16] obtained
the smallest safe waterproof coal pillar size through RFPA2D
analysis. Fan and Liu [17] observed and analyzed the leakage
vector of flushing fluid in downhole boreholes and the devel-
opment of cracks in the hole wall and found that mining
cracks showed a dynamic evolution characteristic of
“generation-development-bridging.”Wu et al. [18] quantita-
tively evaluated the mining disturbance area through obser-
vation of borehole images. Dong et al. [19] proposed a new
technology for the protection of burnt rock water and its
impact on coal mining. Guo and Dong [20] established a
numerical model of groundwater seepage and studied the
seepage laws of different aquifers affected by the fracture
zone. Du et al. [21] proposed the principle of direct roof
control for coal mining with strip structure filling “water
retention-storage.” Lai et al. [22–25] observed, analyzed,
and determined the height and spatial distribution of the

water-conducting fissure zone in the internal subsidence
zone, and the fracture zone after the coal seam was
excavated.

The abovementioned researches have made useful explo-
rations on the evolution of fractures and the distribution of
the two zones in my country’s coal mine water conservation
mining and laid a solid foundation for subsequent
researches. In this paper, aiming at the joint mining of
close-range coal seams with a strong impact tendency in
Xiashijie Coal Mine, the method of physical similarity simu-
lation test is used, the law of crack development and the dis-
tribution of the two zones are obtained through the drilling
TV and acoustic emission monitoring system and establish
a 3DEC numerical calculation model to verify it and provide
a scientific basis for the safe production of Xiashijie Coal
Mine and the protection of water resources.

2. Engineering Background

2.1. Geological Structure Characteristics and Coal Seam
Occurrence in Xiashijie Coal Mine. Xiashijie Coal Mine is
located in the northwest of Tongchuan City, Shaanxi Prov-
ince. The mine field is 4 km long, with a slope of about
3.3 km wide and a coal-bearing area of 13.2 km2. The mine
has 127 million tons of recoverable reserves, and the original
design service life is 101 years. The buried depth of the coal
seam is 640m, and the roof of the coal seam tends to impact.
The bedding and fissures of the 3-2# coal seam are relatively
developed, and the hardness of the 3-2# coal seam is
medium. The first mining face is 2301 working face, the
slope length is 210m, and the mining thickness is 4.5m.
The 4-2# coal seam is relatively stable, with developed
endogenous fissures, flakes, and collapses. The first mining
face is 222 with an oblique length of 210m and a mining
thickness of 10.0m.

2.2. Coal Roof and Floor Characteristics. The 3-2# coal seam
is directly topped by dark-gray silty mudstone and siltstone,
the rock layer is relatively broken, and the average thickness
is 2.0m. The 3-2# coal seam floor is gray to dark-gray silt-
stone, commonly known as black sandstone, with an average
of 7.35m.

The direct roof of 4-2# coal seam is dark gray-gray black
siltstone, thin-layered, partially sandy mudstone and mud-
stone, and argillaceous cement. 4-2# coal seam floor is car-
bonaceous mudstone, black, thin-layered, and with an
average thickness of 6.16m. The mean distance between 3-
2# coal seam and 4-2# coal seam is 21.76m.

2.3. Mine Hydrological Characteristics. The surface of the
mine is mostly covered by vegetation, with dense forests
and vertical and horizontal valleys. There are no rivers and
other water bodies. Due to the high terrain, there will be
no water accumulation in the rainy season. Since the dis-
tance between 3-2# coal seam and 4-2# coal seam is
21.76m, the water inflow of 3-2# coal seam is the same as
that of 4-2# coal seam. In the mining of 3-2# coal seam,
the normal water inflow of the mine is 100~120 m3/h, and
the maximum water inflow is 170m3/h.
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According to the analysis of mine hydrogeological data,
during the mining process of 222 working face, some sec-
tions of the water-conducting fracture zone will directly
affect the Luohe Formation, and some sections of the Luohe
Formation aquifer water indirectly enter the underground
through the Yijun Formation. After the upper 2301 working
face was mined, the structure of the overlying water-bearing
(impermeable) layer was destroyed, and water in the goaf
poured into the 222 working face. According to the “Mine
Geological Report” (revised), it is estimated that the normal
water inflow of 222 working face is 42.6m3/h, and the max-
imum water inflow is 223.7m3/h.

3. Experimental Study on the Development of
Mining Overlying Strata and the
Distribution of Two Zones

3.1. Physical Model Design. The Xiashijie Coal Mine was
used as the experimental research object, and three-
dimensional models with length, width, and height of
3.0m, 0.2m, and 1.7m were selected. According to the sim-
ilarity theory, the geometric similarity ratio is selected as
1 : 400, the stress similarity ratio is 1 : 600, and the pressure
similarity ratio is 1 : 1:2 × 107. The similar materials
required for the test are mainly sand, white powder, plaster
of paris, mica, and water, among which fly ash is added
when the coal seam is proportioned, and the mica powder
is used for layering. According to the corresponding ratio,
mix and stir evenly and then pave it on the model frame to
simulate the process of deformation and collapse of different
rock layers during the mining process. The physical and
mechanical parameters and material loading ratio of coal-
measure formation are shown in Table 1.

3.2. Test and Equipment Monitoring Program. There are
20 cm boundary coal pillars on both sides of the model.
The working face advances from left to right, and a total of
260 cm is excavated. The experiment first simulates mining
3-2# coal seam, with a 1.5 cm stop for a total of 187 times.
After the 3-2# coal seam is mined, 4-2# coal seam is mined
with a 1.0 cm stop for a total of 260 times.

Two peepholes with the same diameter of 60mm and
depth of 150 cm are evenly arranged along with the model
frame. The number from left to right is 1# drilling and 2#
drilling, and the distance between the two drillings is
96 cm. When the overburden is destroyed by pressure, the
GD3Q-GA drilling TV is used to observe the full-hole 360°

through the peephole, and the collected images are proc-
essed to obtain a plane expansion map to observe the
changes of the overburden. At the same time, the cracks in
the stage can be fitted, the azimuth angle can be measured,
and the number of cracks and the change law of azimuth
can be obtained by analysis. The model test system is shown
in Figure 1.

At the beginning of the test, the Express-8 acoustic emis-
sion system developed by the American company Mistral
was used to monitor the amount of energy released during
the overburden failure, the change in the severity of the
damage, and the location of the event in real-time. By mon-

itoring and analyzing the acoustic emission signal during the
mining process of the working face, it can reflect the over-
burden failure, fracture, and the distribution law of the two
zones during the mining process of the model working face.

4. Analysis of the Development of Cracks in the
Overlying Rock and the Characteristics of the
Two Zones

4.1. The Development Number and Direction Characteristics
of Overlying Rock Fractures. The number of fractures in
the overlying rock can objectively reflect the damage degree
of the rock mass affected by mining disturbance. In this test,
based on the structural plane joints measured by the bore-
hole TV, a set of data for every 10 cm of the borehole depth
is used to draw a figure of the number of cracks in the over-
burden rock in boreholes 1# and 2# after the mining of the
two working faces and compare the two, as shown in
Figure 2. After the end of mining in the 2301 working face
and the 222 working face, due to the support of the main
key layer, the number of cracks in the range of 1# drilling
depth 60 cm~70 cm and 2# drilling 70 cm~80 cm is signifi-
cantly less than the number of cracks in the upper and lower
sections.

It can be seen from Figure 2 that after the rock formation
is affected by mining disturbance, the number of fractures
below the main key layer is more than the number of cracks
above, and the number of overburdened fractures increases
with the increase of drilling depth. That is to say, the roof
overlying rock above the working face is damaged by mining
disturbance, and there are many cracks.

The azimuth rose diagram of the model overlying cracks
monitored by the borehole TV is shown in Figure 3. In the
range of 0° ~360°, the fissures in different orientations of
the 1# and 2# boreholes in the two working faces are drawn
for each 10° as a group. In Figure 3(a), after the end of the
mining in the 2301 working face, the 1# borehole has 1 crack
at 160°, 2 cracks in the range of 292.5° ~315°, 1 crack at 335°,
and 3 cracks in the range of 337.5° ~360°; the remaining fis-
sures are between 22.5° and 90°, of which there are 8 fissures
in the range of 40° to 45°. In Figure 3(b), after the end of
mining in the 2301 working face, the cracks in the 2# bore-
hole are all distributed in the range of 0° ~50°. In Figure 3(c),
after the end of the mining in the 222 working face, there is 1
fissure at 358° and 4 fissures at 94° in No. 1 borehole. The
remaining fissures are distributed in the range of 20° ~90°;
there are 12 cracks in the range of 54° ~58°. Due to the inter-
action between the rock layers during the mining distur-
bance, the azimuth of the 1# borehole fissure after the end
of mining in the 222 working face shifts clockwise from that
of the 1# borehole fissure after the end of the 2301 working
face, and the number of deep borehole cracks increased sig-
nificantly. In Figure 3(d), after the end of the mining in the
222 working face, most of the fractures in borehole 2# are in
the range of 0° ~90°, and only 7 of the fractures are in the
range of 337.5° ~360°.

It can be seen from Figure 3 that the fissures in boreholes
1# and 2# are mainly concentrated in the area of 0° ~90°,
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while the true north direction of the borehole in the model is
60° west of the actual azimuth. Therefore, the overburden
fractures in the mine are mainly distributed in the area of
300° ~30°, indicating that the development and formation
of the fractures in the borehole are mainly controlled by
the mining stress field in the direction of 115° west of the
true azimuth.

4.2. Internal Characteristics of Overlying Fractures. Figure 4
shows the imaging and statistical characteristics of the
cracks of the overburden in the 1# borehole at the end
of mining the 2301 working face. It can be seen from
Figure 4 that within the range of 0~ 35.7 cm of the bore-
hole, mining disturbance has fewer effects on the rock for-
mation in this range, and the rock formation does not

appear to sink or cracks. Within the range of
35.7 cm~73.4 cm in the borehole, the rock formation has
moved with a little loosening and slagging phenomenon,
and the fracture width is about 1.5mm. Within the range
of 73.4 cm~114.6 cm in the borehole, the rock formation
forms fissures due to subsidence, but the fissure width is
2mm. In the range of 114.6 cm~150.0 cm in the borehole,
the roof collapsed, the rock formation is more severely
damaged, the fracture width was 3mm, and the crack
length showed an overall upward trend with the increase
of depth. It can be seen from the borehole TV monitoring
that after the end of the mining in the 2301 working face,
the height of the collapse zone is 4.9 cm, and the height of
the water-conducting fractured zone is 37.4 cm through
the 1# borehole monitoring. Corresponding to the 2301

Table 1: Physical and mechanical parameters of the model and material filling ratio.

Serial number Lithology Single layer thickness/m
1 cm ingredients

River sand/kg Plaster/kg White powder/kg

1 Fine-grained sandstone 26.00 8.40 0.36 0.84

2 Siltstone 12.30 8.40 0.24 0.96

3 Conglomerate 52.10 8.40 0.50 0.72

4 Medium-grained sandstone 52.80 8.40 0.48 0.72

5 Sandstone 22.02 8.40 0.50 0.72

6 Medium-grained sandstone 28.73 8.40 0.48 0.72

7 Sandy mudstone 33.48 8.53 0.21 0.85

8 Coarse-grained sandstone 14.70 8.53 0.32 0.75

9 Sandstone 23.76 8.4 0.5 0.72

10 Medium-grained sandstone 69.11 8.4 0.48 0.72

11 Sandy mudstone 16.20 8.53 0.21 0.85

12 Medium-grained sandstone 5.00 8.4 0.48 0.72

13 Sandstone 17.80 8.4 0.5 0.72

14 Coarse-grained sandstone 14.60 8.53 0.32 0.75

15 Sandy mudstone 3.90 8.53 0.21 0.85

16 Coarse-grained sandstone 33.00 8.53 0.32 0.74

17 Sandstone 13.50 8.4 0.5 0.72

18 Coarse-grained sandstone 12.88 8.53 0.32 0.74

19 Sandy mudstone 27.18 8.53 0.21 0.85

20 Coarse-grained sandstone 12.90 8.53 0.32 0.75

21 Sandy mudstone 4.62 8.53 0.21 0.85

22 Siltstone 21.47 8.4 0.24 0.96

23 Sandy mudstone 23.03 8.53 0.21 0.85

24 Siltstone 7.36 8.4 0.24 0.96

25 Mudstone 8.74 8.53 0.21 0.85

26 Siltstone 11.02 8.4 0.24 0.96

27 Sandstone 9.07 8.4 0.5 0.72

28 Mudstone 7.07 8.53 0.21 0.85

29 Sandstone 12.16 8.4 0.5 0.72

30 Siltstone 7.24 8.4 0.24 0.96

31 3-2# coal 4.50 4.15 0.21 0.42

32 Siltstone 7.21 8.4 0.24 0.96

33 Sandstone 14.55 8.4 0.5 0.72

34 4-2# coal 10.00 4.15 0.21 0.42
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working face of Xiashijie Coal Mine after mining, the rock
collapse zone is 19.6m, and the water-conducting frac-
tured zone is 149.6m.

Figure 5 shows the imaging and statistical characteristics
of the cracks of the overburden in the 2# borehole at the end
of mining the 2301 working face. It can be seen from
Figure 5 that within the range of 0~ 36.2 cm of the borehole,
mining disturbance has fewer effects on the rock formation
in this range, and the rock formation does not sink or crack.
Within the range of 36.2 cm~74.7 cm of the borehole, the
rock strata have moved, and some loosening and slagging
phenomenon occurs. At this time, some cracks with a width
of 1mm are generated. In the range of 74.7 cm~116.8 cm in
the borehole, the rock formations form a narrower and
denser circumferential fissure due to subsidence. At the
same time, the rock formations in this range are accompa-
nied by shear failure, and longitudinal fissures are generated,

and in some areas, the two kinds of fissures are staggered,
forming interlaced fissures, and the width of the fissures is
2mm. In the range of 116.8 cm~150.0 cm of the borehole,
the roof collapsed obviously, and the rock strata suffered a
tensile failure, and the damage is more serious. Within this
range, the average crack width is 2.1mm. Due to mining dis-
turbances, the rock strata above the working face are seri-
ously damaged, so the width and length of the cracks are
larger than the upper strata, and the overall trend is increas-
ing. It can be seen from the borehole TV monitoring that
after the end of the mining in the 2301 working face, the
height of the collapse zone is 5.2 cm, and the height of the
water-conducting fractured zone is 37.6 cm through the
monitoring of the 1# borehole; corresponding to the 2301
working face of Xiashijie Coal Mine after mining, the rock
collapse zone is 20.8m, and the water-conducting fractured
zone is 150.4m.
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Figure 1: Similar material model and equipment layout.
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Figure 2: Number of cracks in the overlying rock.
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Figure 6 shows the imaging and statistical characteristics
of the cracks of the overburden in the 1# borehole at the end
of mining the 222 working face. It can be seen from Figure 6
that within the range of 0~ 31.6 cm in the borehole, the rock
strata bend and sink, and the separation layer has developed
to the surface, producing small fissures with a width of
1mm. In the range of 31.6 cm~62.7 cm in the borehole, there
are a large number of cracks, and the width of the cracks
develops to 2mm; there is no connection between the rock
layers, and this range is at the edge of the bending zone.
Within the range of 62.7 cm~94.5 cm in the borehole, the

rock formation closed the local fissures due to settlement
and its own weight, and the width was reduced to 1mm.
Within the range of 94.5 cm~127.5 cm in the borehole, the
lower rock strata are not compacted due to the collapse of
the key layer to form a structure, and the crack width is
5mm. Within the range of 127.5 cm~160.0 cm in the bore-
hole, the roof collapsed obviously, and cracks with a width
of 7mm and a length of 55mm were generated, and the rock
formation was seriously damaged. It can be seen from the
borehole TV monitoring that after the end of the mining
in the 222 working face, the height of the collapse zone is
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Figure 4: The imaging and statistical characteristics of the overburden cracks in the 1# borehole after the end of mining the 2301 working
face.
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Figure 5: The imaging and statistical characteristics of the overburden cracks in the 2# borehole after the end of mining the 2301 working
face.
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17.5 cm, and the height of the water-conducting fractured
zone is 64.1 cm through the 1# borehole monitoring; corre-
sponding to the 222 working face of Xiashijie Coal Mine,
the rock collapse zone is 70m, and the water-conducting
fractured zone is 256.4m.

Figure 7 shows the imaging and statistical characteristics
of the cracks of the overburden in the 2# borehole at the end
of mining the 222 working face. It can be seen from Figure 7
that within the range of 0~ 40.6 cm in the borehole, the sep-
aration layer has developed to the surface, and the rock for-
mation bends and sinks, resulting in cracks with an average
width of 2.2mm. Within the range of 40.6 cm~121.6 cm in
the borehole, local fissures are closed due to rock settlement
and self-weight, and the width of the fissures is reduced, with
an average value of 1.8mm. Within the range of
121.6 cm~160.0 cm of the borehole, the roof separation
occurred obvious collapse phenomenon, local cracks with a
width of 7mm and a length of 60mm were generated, and
within this range, the average crack width was 5.3mm, and
the rock formation was seriously damaged. It can be seen
from the drilling monitoring that after the end of the mining
at the 222 working face, through the 2# drilling monitoring,
the height of the collapse zone is 17.8 cm, and the height of
the water-conducting fractured zone is 64.6 cm; correspond-
ing to the 222 working face of Xiashijie Coal Mine, the rock
collapse zone is 71.2m, and the water-conducting fractured
zone is 258.4m.

Through the direct observation of the physical similar
simulation test results and the indirect observation of the
internal damage of the overlying rock through the borehole
television, in the process of mining in the 3-2# coal seam

2301 working face, the range and height of the overburden
damage continue to increase with the mining of the model.
However, affected by the fragmentation and expansion effect
of the coal and rock below, the increase in the damage height
of the overburden gradually decreases with the increase in
the number of pressures. After the end of the mining in
the 2301 working face of the 3-2# coal seam, the rock activity
stabilizes. When mining 4-2# coal seam 222 working face,
with the continuous advancement of the working face, the
roof of the coal seam sinks so that the upper collapsed rock
layer continues to sink and damage to the bottom rock layer.
The upper rock layer collapses sequentially due to periodic
pressure. After the end of the stoping, a relatively stable
squeeze equilibrium structure forms between the broken
rock blocks and finally tended to a stable state. Observation
from borehole 2# shows that the cracks have developed to
the surface, and the number of cracks has increased signifi-
cantly. The TV analysis results of the model borehole show
that the evolution process of the overburden rupture is
“Fracture expansion-Fracture-Collapse.”

4.3. Two-Zone Distribution Characteristics. Through the
physical similarity simulation test, the heights of the two
zones were measured in sequence after the end of the mining
at the 2301 working face and the 222 working face, and the
distribution maps of the two zones were drawn, as shown
in Figures 8 and 9. To facilitate the observation of the failure
mode of the rock formation, the fracture line of the rock for-
mation has been added, and the angle measured. It can be
seen from Figure 8 that after the end of mining in the 3-2#
coal seam 2301 working face, the caving zone above the
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Figure 6: The imaging and statistical characteristics of the overburden cracks in the 1# borehole after the end of mining the 222 working
face.
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working face is approximately trapezoidal in distribution.
The breaking angle on the left side of the goaf is 70°, and
the breaking angle on the right side is 68°. Because the coal
pillars at the two ends of the working face have a supporting
effect on the overlying strata, the displacement and deforma-
tion of the middle strata are larger than those on both sides;
therefore, the height of the water-conducting fractured zone
is slightly higher at both ends of the working face and lower
in the middle, showing a “saddle-shaped” distribution.

After the stoping in the 4-2# coal seam 222 face, the dis-
tribution of the two zones is shown in Figure 9. It can be
seen from Figure 9 that the mining of 222 working face
caused a large-scale collapse of the rock layer between the
two coals, and the damaged rock layer of the 3-2# coal seam
continued to be bent and subsided after mining. The break-
ing angle on the left side of the goaf developed to 81°, and
the breaking angle on the right side developed to 74°,
increasing by 15.7% and 8.8%. The development height of
the two zones continued to expand upward, and the devel-
opment of the two zones was like a “saddle shape” until
the end of the stoping.

Through borehole television monitoring, the heights of
the overlying caving zone and water-conducting fractured
zone after the end of mining in the 2301 and 222 working
faces are shown in the table of the height of the two zones
after the end of the mining in Table 2.

The results show that after the 3-2# coal seam is mined,
the average height of the collapsed zone and the water-
conducting fractured zone are 20.2m and 150.0m, and the
caving ratio and the cracking ratio are 4.5 and 33.3. After
the coal seam group stoping, the collapsed zone and water-
conducting fractured zone eventually developed to 70.6m
and 257.4m, and the caving ratio and the cracking ratio
are 4.87 and 17.75, increasing by 15.7% and 8.8%.

According to Yu and Zhang [26], it is known that when
the coal seam inclination angle is 0° ~54° in the range of

0° ~54°, the caving zone height formula (1) and the water-
conducting fractured zone height formula (2) are as follows:

Hc = 100∑M
2:1∑M + 16 ± 2:5, ð1Þ

Hf = 100∑M
1:2∑M + 2:0 ± 8:9: ð2Þ

In which, ∑M is the total thickness of the coal seam, and
its cumulative thickness does not exceed 15m; ± is the
allowable range of error; Hc is the height of the collapse
zone; Hf is the height of the fracture zone.

The average thickness of the 3-2# coal seam in the 2301
working face is 4.5m, which can be calculated in the above
formula (1) and formula (2), and the height of the collapse
zone is in the range of 15.2m~20.2m. The height of the
water-conducting fractured zone is in the range of
51.9m~69.7m. The average thickness of the 4-2# coal seam
in the 222 working face is 10.0m. After the 4-2# coal seam is
stopped, the cumulative thickness of the coal seam is 14.5m.
Take it into the above formula (1) and formula (2) to calcu-
late that the height of the collapse zone is in the range of
28.7m~33.7m. The height of the water-conducting frac-
tured zone is in the range of 65.8m~83.6m. Table 3 shows
the formula to calculate the height range of the two zones.

The development height of the two zones calculated by
the formula has a large deviation from the development
height of the two zones obtained by the physical similarity
simulation experiment, which is not enough to support it.
Because the coal seam of Xiashijie Coal Mine is buried at
640m and belongs to a mine with a strong impact tendency,
the development height of the two zones calculated by the
conventional theoretical formula is quite different from the
value of the physical similarity simulation test. Therefore,
in order to verify the accuracy of the borehole TV
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Figure 7: The imaging and statistical characteristics of the overburden cracks in the 2# borehole after the end of mining the 222 working
face.
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monitoring results, acoustic emission energy evolution posi-
tioning will be used to further analyze the development
height of the two zones.

4.4. Positioning Analysis of Overburden Energy Evolution.
With the aid of the location of acoustic emission events,
the fissure development and the height of the two zones after
joint mining of the coal seam group are inverted to verify the
accuracy of the height of the two zones monitored by the
borehole TV system. According to the size of the event
energy, the acoustic emission events are divided into 4 differ-
ent levels of less than 10,000, 10,000~50,000, and
50,000~100,000 and greater than 100,000mV·μs. According
to the frequency of the occurrence of acoustic emission
events in the overburden and the location of the concen-
trated energy distribution, the distribution range of the col-
lapse zone and water-conducting fractured zone is drawn.

From Figure 10, the three-dimensional location of the
acoustic emission event at the end of mining at 2301 work-
ing face shows that after the end of mining in the 3-2# coal
seam 2301 working face, the heights of the collapse zone and
the water-conducting fractured zone are 20.8m and 150.8m,
respectively, which are 0.6m and 0.8m apart from the aver-
age height of the two zones monitored by the borehole TV
system. Due to coal mining, the overlying rock formations
with a strong impact tendency are severely broken and dam-

aged, so high-energy events are mostly concentrated in the
collapse zone. The 3-2# coal seam is relatively thin. After
the end of the mining, the rock in the middle of the model
moved, and there were slag drop, loosening, and small
cracks between the rock layers, so small energy events were
scattered in the middle of the rock. The upper rock layer is
less affected by mining disturbance, and the rock layer has
no subsidence and cracks, so the acoustic emission monitor-
ing system did not capture the energy event.

From Figure 11, the acoustic emission three-dimensional
space positioning map of the 222 working face shows that,
after the end of coal mining in the 4-2# coal seam 222 face,
the heights of the collapse zone and the water-conducting
fractured zone shown in the upper seismic source envelope
of the face are 71.0m and 258.0m; the average height of
the two zones differs from the height monitored by the bore-
hole TV by 0.4m and 0.6m. When the 4-2# coal seam is
completed mining, the rock layers among the coal seam
groups have collapsed more severely, and the damage forms
are obvious. Therefore, within the collapse zone, the large-
energy events are significantly increased and become denser.
Due to the collapse of the key layer to form a structure, the
central rock layer sinks, and the local fractures are com-
pacted. Therefore, the energy of small events is denser near
the water-conducting fractured zone. After the coal seam
group was mined, the surface subsided, and small cracks
formed, so small energy events were scattered in the upper
part of the model.

Acoustic emission monitoring results corroborate the
results of borehole TV monitoring. The comprehensive anal-
ysis of borehole TV monitoring and acoustic emission mon-
itoring shows that after the combined mining of deep roof
coal seams with a strong impact tendency, the average height
of the final collapse zone obtained from the physical similar-
ity simulation test is 70.8m, and the average height of the
water-conducting fractured zone is 257.7m. Through the
energy location of the acoustic emission monitoring system,
it can be known that large-energy events are mostly concen-
trated in the collapse zone, and there are more energy events
near the contour of the water-conducting fractured zone
than in the upper and lower parts. From this, it is known
that the energy dissipation of the overburden rupture of
the upper strata is “Release-Accumulate-Release,” and the
AE monitoring system can provide early warning for coal
mine safety production.

5. Numerical Simulation Verification Analysis

5.1. Selection of Numerical Simulation Software and
Determination of Calculation Parameters. The 3DEC soft-
ware is currently an ideal numerical simulation software
for simulating the movement process of a rock formation
after it is broken. It can ideally analyze and study the poten-
tial failure modes of rock mass directly related to the discon-
tinuous features. At the same time, it can also simulate the
process of roof falling, collapse, and separation after coal
seam excavation. A discrete element numerical model is
constructed according to the characteristics of the coal and
rock layers in the Xiashijie Coal Mine, and the height of

Water-conducting 
fractured zone

Collapse zone

70° 68°

Figure 8: 3-2# coal seam’s two-zone distribution map.

74°81°

Water-conducting 
fractured zone

Collapse zone

Figure 9: 4-2# coal seam’s two-zone distribution map.
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the two zones is comprehensively determined through
numerical calculation.

According to the field geological data and rock mechan-
ics test results, the final coal rock mechanics parameters are
determined (Table 4) and provide a reliable basis for the
numerical simulation calculation.

5.2. Establishment of the Numerical Calculation Model. The
geological characteristics of the numerical model of the over-
burden failure characteristics and the mining sequence of
the working face are consistent with the physical similarity
simulation experiment, as shown in Figure 12. The model

has a length of 1,200m, a width of 80m, and a height of
650m.

5.3. Numerical Calculation Analysis Results. Figure 13 shows
the distribution of overburden cracks in the 3-2# coal seam
at the end of mining. During the advancing process of the
2301 working face, the continuous increase and expansion
of cracks cause the rock formation to collapse continuously.
Due to the influence of the boundary coal pillars, the overly-
ing strata at both ends of the working face remained in a sus-
pended state after the advancement of the 2301 working face
is completed. The caving zone is mainly concentrated in the
lower black dotted trapezoidal area with a height of about
18.4m, the difference between the average height of the col-
lapse zone measured by the similar simulation test BT-AE
joint monitoring system of 20.5m is 2.1m, and the deviation
is small. The water-conducting fractured zone is mainly con-
centrated in the red dotted trapezoidal area. The yellow rect-
angles on both sides are accompanied by the existence of
fractures. The height of the water-conducting fractured zone
is 147.6m. Compared with the similar simulation test BT-
AE joint monitoring system, the average height of the
water-conducting fractured zone measured by 150.4m dif-
fers by 2.8m, and the error is small.

Table 2: The development height table of the two zones after the end of the working face.

Working face
1# drilling 2# drilling Average

Height of collapse
zone/m

Height of fissure
zone/m

Height of collapse
zone/m

Height of fissure
zone/m

Height of collapse
zone/m

Height of fissure
zone/m

2301 working
face

19.6 149.6 20.8 150.4 20.2 70.6

222 working
face

70.0 256.4 71.2 258.4 150.0 257.4

Table 3: Formula calculates the development height range of the
two zones.

Working face
stoping situation

Strike model overlying two zones
Height range of
collapse zone/m

Height range of
fissure zone/m

2301 working face
stoping end

15.2~20.2 51.9~69.7

222 working face
stoping end

28.7~33.7 65.8~83.6

Water-conducting fractured zone range 
Collapse zone range
<10000
10000~50000
50000~100000
>100000

Figure 10: Three-dimensional location map of acoustic emission
event at the end of mining at 2301 working face.

<10000
10000~50000
50000~100000
>100000

Water-conducting fractured zone range 
Collapse zone range

Figure 11: Three-dimensional location map of acoustic emission
event at the end of mining at 222 working face.
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Figure 14 shows the distribution of overburden cracks in
the 4-2# coal seam after mining. During the advancing pro-
cess of working face 222, the overlying rock strata are
affected by mining disturbances and cause a large number
of cracks and separations, causing collapse and subsidence.

The collapse zone is mainly concentrated in the green trap-
ezoidal range, with a height of about 68.4m. The difference
between the average height of the collapse zone measured
by the similar simulation test BT-AE joint monitoring sys-
tem is 70.8m by 2.4m, and the deviation is small. Serious
fracture damage occurs in the rock above the goaf at both
ends of the working face, and the fracture cracks are more
obvious. The rock layer near the coal roof was damaged to
a greater extent, and the cracks are the most concentrated.
However, the middle and upper rock layers squeeze and
rub against each other after the collapse, and the number
of cracks is significantly less than that of the lower rock
layers. The crack zone is mainly concentrated in the black
trapezoidal area with a height of 252.0m. Compared with
the similar simulation test BT-AE joint monitoring system,
the average height of the fissure zone measured by the BT-
AE joint monitoring system is different by 5.7m, and the
error is small.

Under the combined mining of coal seams with a strong
impact tendency, there is a large error in the height of the
two zones of overlying strata through numerical calculation
and the height of the caving zone and the water-conducting
fractured zone calculated by the empirical formula. The
height of the two zones measured by the 3DEC numerical

Table 4: Main coal and rock mechanical parameters.

Number Lithology
Bulk density
(kN/m3)

Tensile strength
(MPa)

Elastic modulus
(GPa)

Internal friction
angle (°)

Cohesion
(MPa)

Poisson’s
ratio

1
Fine-grained
sandstone

2.21 1.56 1.415 25.48 2.40 0.17

2 Siltstone 2.45 0.78 0.885 15.3 4.90 0.23

3 Conglomerate 2.64 3.02 0.345 34.72 2.91 0.19

4 Sandstone 2.35 0.88 0.925 11.8 3.47 0.25

5
Medium-grained

sandstone
2.31 1.12 1.214 27.77 1.32 0.22

6 Sandy mudstone 2.54 0.23 0.346 26.28 0.48 0.27

7
Coarse-grained

sandstone
2.41 0.48 0.817 30.84 1.65 0.25

8 Mudstone 2.62 0.95 1.321 27.21 1.88 0.25

9 3-2# coal seam 1.35 1.33 1.67 29.74 2.68 0.31

10 4-2# coal seam 1.45 1.86 1.84 30.87 3.61 0.21
65

0 
m

80
 m

1200 m

2301 working face 222 working face

Figure 12: 3DEC numerical calculation model.

End fissure distribution area

Central fissure distribution area Collapse zone

Figure 13: 3-2# coal seam overburden collapse characteristics at
the end of mining.

Collapse zone

Water-conducting 
fractured zone

Figure 14: 4-2# coal seam overburden collapse characteristics at
the end of mining.
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analysis is slightly smaller than the height of the two zones
obtained by the physical similarity simulation experiment
within a reasonable range, which well proves the accuracy
of the two zones’ height measured by the physical similarity
simulation experiment.

6. Conclusions

(1) Under the condition of combined mining of the
strong flushing coal seam group in the lower stone
section, the number of overburden cracks increases
with the depth, mostly near the roof. Controlled by
the mining stress field in the direction of 115° west
from north to west, the direction of the overburden
cracks is mainly concentrated in the area of 300°-30°

(2) After the 3-2# coal seam is mined, the overburden
fracture angles are 70° and 68°, respectively, and the
caving ratio and cracking ratio are 4.5 and 33.3. After
the coal seam group stoping, the overburden fracture
angles eventually developed to 81° and 74°, increas-
ing by 15.7% and 8.8%, and the caving ratio and
cracking ratio are 4.87 and 17.75. After the 4-2# coal
seam is mined, due to the fracture of the upper sub-
key layer, the cracks expand in a wide range, and the
height of the cracked zone increases, which increases
the proportion of the two zones. TV analysis of bore-
holes shows that the evolution characteristic course
of overburden rupture is “fracture expansion-frac-
ture-collapse”

(3) The AE analysis results show that the “release-
accumulate-release” energy evolution process of
overburden rupture under mining conditions has a
phased relationship with fracture expansion, and
the energy positioning results are consistent with
the BT observation fracture distribution. Moreover,
high-energy events are mostly concentrated in the
collapse zone, indicating that AE has the practicality
of disaster warning. When the coal seam is buried
deep and has a tendency to impact, the height values
of the two zones calculated by the empirical formula
differ greatly from the actual height. To ensure the
smooth progress of water-preserving mining, physical
similarity simulation tests should be conducted rea-
sonably through the BT-AE system joint monitoring
and verified through discrete element numerical cal-
culations to comprehensively determine the height of
the water-conducting fractured zone. Formulate
appropriate water prevention and control plans and
programs to solve the problems of the development
height of the two zones of the strong impact tendency
roof and the prevention and control of water in the
close coal seam group of Xiashijie Coal Mine
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In oilfield development, the pore pressure difference between adjacent areas leads to cracks and slipping in the weak structural
surface layer, which triggers the shear failure of the casing. The formation slip involves a large range of formation, and its
amount is not proportional to the size of the slipping rock mass, which conventional physical models cannot simulate. In this
study, based on the abnormal similarity theory, we derived the similarity coefficients of mechanical parameters with different
horizontal and vertical proportions. Furthermore, an experimental device for simulating the formation crack and slip under
interregional formation pressure difference was developed. Through the experiments, we obtained slip conditions under
different pressure differences between adjacent areas and different oil layers and fault surface depths. The study shows that the
pore pressure difference between adjacent areas is the driving force of the formation slips. The slip zone is located in the
middle of two abnormal pressure zones, and the distance between the adjacent areas can affect the slip range. The deep burial
of the oil layer and shallow depth of the weak structural surface can trigger a more significant formation slip. The experimental
method proposed in this paper provides an experimental device and method for understanding the formation of cracks and
slips on weak structural surfaces. The experimental results provide a theoretical basis for the prevention of shear-type casing
damage caused by formation slip.

1. Introduction

When an oil field is developed, the average formation pres-
sure difference between adjacent blocks gradually occurs,
which leads to a formation pressure difference between adja-
cent areas. The pressure difference between adjacent areas
can make the formation produce nonuniform longitudinal
deformation and exert a force on the upper formation. For
formations with weak upper horizontal structural surfaces,
the pressure difference between the adjacent areas can lead
to the formation of cracks and slips at the weak horizontal
structural surfaces, leading to shear-type casing damage.
Taking the Daqing Oilfield in China as an example, at the

bottom of the Nen’er member in the upper oil layers, there
is a mud-shale standard layer, which can be used as a stan-
dard for identifying other layers because of its obvious
logging characteristics. This mud-shale standard layer has a
small dip angle and a stable distribution throughout the
entire region. There are a large number of low-strength fos-
sils in the standard layer, which constitute the horizontal
weak structural surface, and have been damaged in a large
area, forming a horizontal crack surface. For example, after
long-term high-pressure water injection and polymer injec-
tion development in the Daqing Oilfield, the Sazhong Devel-
opment Zone has formed nine casing-damage concentration
areas with a total area of 38.34 km2. The casing damage rate
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in the concentration area is as high as 80%, and most are
shear-type casing damage [1–4]. The casing damage in these
areas has the characteristics of layer concentration, region
concentration, and time concentration.

Domestic and foreign scholars have studied the mech-
anism of casing damage for many years, and both have
confirmed that the change in reservoir injection and pro-
duction pressure can cause the crack and slip of the hori-
zontal weak structural surface [5–8]. At present, the
typical research method is to use a finite element model
and simulations to determine the influence of reservoir
deformation on the degree of cracks, slips, and casing
damage [9–11]. However, with the long-term overpressure
development of oil fields, casing damage is increasingly
frequent, and even regional casing damage is formed in
the standard mud-shale formations of the Daqing Oilfield
[12–14]. Because the mechanism of slip casing damage on
the mud-shale crack surface is still not clear, and the mechan-
ical model of formation slip and experimental methods have
not been formulated, only field experience or conservative
methods can be generally used for prevention measures at
present. Additionally, a large area of injection reduction
and closure of more than 100 injection wells in the casing
damage area seriously affects the production of oil fields.
The means of prevention and control are not informed, and
the pertinence of the problem is poor, resulting in a lack of
active monitoring of casing damage. Understanding the
mechanism of casing damage is the key point to preventing,
controlling, and managing casing damage on weak horizon-
tal structure surfaces. Therefore, establishing a laboratory
experimental device that simulates the sliding casing damage
on a horizontal crack surface and reveals the mechanism of
regional casing damage is critical.

It is important to verify the mechanism of standard layer
shear-type casing damage through laboratory experiments
[15, 16]. However, owing to the limitations of experimental
conditions and measurement methods, there are only direct
dynamic shear-type casing damage experiments and under-
ground mining ground deformation experiments. Sun [17]
used a high-strength expansion agent to simulate formation
stress; they inserted the simulation casing into the middle of
the device, then inserted the expansion agent into one side of
the experimental device, and, through the expansion agent,
simulated the formation near the wellbore to shear the cas-
ing directly. Yin [18] conducted a direct shear test on a J55
casing with a TS-1 casing damage testing machine indepen-
dently developed for in situ stress by the Laboratory of
China Petroleum Exploration and Development Research
Institute. The above two experiments simulated the forma-
tion of shear-type casing damage, but the actual casing dam-
age process was greatly simplified in the experiments. In the
experiments, the source of shear force was a direct thrust
from two sides, but it could not explain the source of shear
stress in the actual formation. In addition, there are no other
reports on laboratory experimental devices for shear-type
casing damage in the petroleum development field.

In an indoor physical simulation experiment of forma-
tion deformation in the mining field, Gong et al. [19] estab-
lished a simulation experiment device for mining subsidence

under complex geological conditions by using a similar
material model with a scale of 1 : 200, model frame length
of 2.1m, and height of 1m. The model was divided into 10
layers. It was laid in layers, and the layers were separated
using an appropriate amount of mica powder. Zou and Chai
[20] established a similar two-dimensional model test-bed
using similar materials for simulated formation and mea-
sured the displacement state of the simulated formation after
mining using laser reflection. However, the above experi-
mental equipment was mainly aimed at underground air
excavation to surface deformation and cannot determine
the role of regional formation pore pressure difference
[21]. The slip of the horizontal weak structural surface was
caused by the relative slip between layers inside the forma-
tion, which was quite different from the measurement
purpose of this experiment. In addition, there are no reports
on laboratory test equipment and methods for shear-type
casing damage caused by formation slip.

In this study, we propose a set of experimental devices
that can simulate and measure formation slip. Based on
the abnormal similarity theory with different horizontal
and vertical scale similarity ratios, we carried out a forma-
tion slip simulation experiment under injection-production
interregional pressure difference. The corresponding mea-
surement method and experimental steps of formation slip
were designed according to the slip characteristics of the
mud-shale crack surface. Based on the abnormal similarity
theory, the corresponding relationship between the experi-
mental model and the prototype formation slip was estab-
lished, and the formation slip at different positions under
different conditions was measured and compared with the
theoretical calculation results, and the factors influencing
the formation slip were analyzed.

2. Materials and Methods

2.1. Experiment Method Based on the Similarity Model. The
formation swelling and deformation caused by pore pressure
changes are from the underground target layer to several
hundred meters above the ground and several thousand
meters in the horizontal direction, which reflects two prom-
inent problems: a big volume is involved [22–25] and the
great difference between horizontal and vertical proportions.
The sliding layer is not a water flooding reservoir, but the
nonproduction horizontal layer is approximately 70m above
it. The geological conditions are shown in Figure 1.

To solve the above problems, the simulated formation
material was used instead of the actual formation, and a sim-
ilar method was adopted to conduct the simulation experi-
ment. Model experiments with different aspect ratios were
designed according to the characteristics of the formation.
The dimensional analysis method (π theorem) is applied to
derive the similarity relationship between each physical
quantity and determine the similarity constant of each phys-
ical quantity. In this experiment, the horizontal and vertical
dimensions of the geometric parameters were analyzed with
different scaling coefficients, and the length dimensions
representing the horizontal and vertical directions were
taken as different dimensions, ½Lr� and ½Lz�, respectively.
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According to the definition of each physical quantity, the
dimensions of each physical quantity based on the above
assumptions were obtained, as shown in Table 1.

D is the radial size (m) H is the vertical dimension (m), u
is the radial displacement (m), w is the vertical displacement
(m), σr is the radial stress (MPa), σz is the vertical stress
(MPa), εr is the radial strain (nondimensional), εz is the
vertical strain (nondimensional), Er is the radial Young’s
modulus (MPa), Ez is the vertical Young’s modulus (MPa),
μzr is the radial Poisson’s ratio (nondimensional), and μrz
is the nondimensional vertical Poisson’s ratio.

In this physical simulation experiment, the dimensions
½T� and ½M� corresponding to the basic dimension are deter-
mined in proportion, so only the change in dimension ½M�
needs to be considered. Therefore, D, H, and Er are taken
as the basic dimensions to obtain the dimensionless π terms
of other physical quantities, as shown in Table 2.

The horizontal and vertical similarity ratios of the phys-
ical model and formation prototype were different. Accord-
ing to the distortion compensation model, the respective π
terms are assumed to form a product relation. Then, the
relation between the independent π terms is as follows:

π = A1π
e1
a1

� �
⋯ Aiπ

ei
ai

� �
f πu1

, πu2
,⋯

� �
, ð1Þ

where πai is the π term with dimensional parameters. When
the parameters of some similar materials fail to meet the
similarity ratio requirements in model design and material
selection, they distort the model system. πu1and πu2 are
dimensionless parameter π terms, ei is distorted idempotent,
and Ai is an infinite constant.

The prediction coefficient δi generated by model distor-
tion is expressed as follows:

δi = β1
−e1ð Þ⋯ βi

−eið Þ
f πu1, πu2,⋯ð Þp
f πu1, πu2,⋯ð Þm

" #
, ð2Þ

where δi is the coefficient of prediction, βi is the distortion
coefficient of each parameter π term, βi = πim/πip, and πim

and πip are dimensionless π terms for each parameter. The
subscript “p” represents the parameters of the formation
prototype, and the subscript “m” represents the parameters
of the experimental model.

Thus, the similarity ratio relation can be obtained as fol-
lows:

Cu = δ1CD,
Cw = δ2CH ,
Cσr

= δ3CEr
,

Cσz
= δ4CD

−2CH
2CEr

,

CEz
= δ5CD

−2CH
2CEr

,

Cμzr
= δ6CD

−2CH
2,

Cμrz
= δ7CD

2CH
−2,

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

ð3Þ

where Cf is the similarity ratio of the parameter f = ðD
,H, u,⋯,μrzÞ and δi is the prediction coefficient generated
by the model distortion.

Both experimental models and stratigraphic prototypes,
simulated stratigraphic materials, and stratigraphic rocks
can be considered as isotropic materials. Therefore, the
following relations are obtained:

δ3 =
CD

2

CH
2 , δ4 = δ5

CD
2

CH
2 , δ6 = δ7

CD
4

CH
4 : ð4Þ

Then, the similarity ratio of the dimensionless param-
eters is obtained as follows:

Upper stratum

Section of mud shale (slip layer)

Reservoir

Ground surface

Figure 1: The geological conditions of slip layer.

Cεr
=

εrp
εrm

=
CEr

Cσr

1 + 2μrzp
1 + 2μrzm

= CH
2

CD
2
1 + 2μrzp
1 + 2μrzm

, Cεz
=

εzp
εzm

CEz

Cσz

1 + 2μrzp
1 + 2μrzm

= CH
2

CD
2
1 + 2μrzp
1 + 2μrzm

: ð5Þ
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In the design of a structure dissimilar model, factors
such as type, material, manufacturing conditions, loading
capacity, arrangement of measuring points, and equipment
conditions should be considered comprehensively in the
geometric size of the model. An experimental model that is
too small will lead to high requirements for experimental
processing and instrument measurement accuracy, and an
excessively large experimental model will inconvenience
the experiment. Therefore, it is necessary to consider these
factors in selecting the experimental size and materials. For
this experiment, given the lateral and vertical dimensional
similarity ratio and mechanical parameters of the simulated
stratum, the similarity ratio of the other parameters and the
corresponding prediction coefficients can be obtained.

Considering the elastic modulus, strength, and actual
processing capacity of each material comprehensively, soft
polyvinyl chloride was selected as the simulated formation
material of the similar model. Considering that the actual
water injection pressure of the experimental model was
generally less than 1.5MPa, the simulated stress of the for-
mation material is in the linear elastic deformation range.
At the same time, under the action of interregional pore
pressure, the formation prototype was in the linear elastic
deformation range regardless of the oil layer, overburden,
or even the surface position and did not involve nonlinear
yield deformation and failure. Therefore, for the experi-
ments, this polymer material could be used as a simulated
stratum instead of rocks.

Thus, the experimental model and formation prototype
parameters were obtained, as shown in Table 3.

According to the similarity theory, the similarity ratio
and prediction coefficient of each parameter between the
actual stratigraphic prototype and the experimental model
of the upper and lower layers are shown in Tables 4 and 5,
respectively.

The values of the corresponding parameters of the actual
formation can be obtained by multiplying the parameters of
the simulated formation in the experimental model with the
corresponding parameter similarity ratio.

2.2. Equipment. The crack and slip of the horizontal weak
structural surface at the bottom of the Nen’er member is
caused by the vertical deformation of the bottom oil layer,
which is characterized by no stress at the top and defor-
mation at the bottom under the action of formation pres-
sure. However, deformation through the formation pore
pressure requires the accumulation of a large thickness,
which cannot be achieved by laboratory experiments to

produce the bottom deformation of the formation slip. In a
previous finite element study, bottom water injection pres-
surization pressure was similar to that of interregional
formation pore pressure. For this reason, we used bottom
water injection pressurization to simulate the interregional
formation pressure difference. However, this type of experi-
mental equipment is unprecedented and requires additional
design andmanufacturing. To experimentally achieve forma-
tion slip deformation with different radial sizes, a flange
adapter was used, which could correspond to the experimen-
tal materials with diameters of 250mm, 300mm, and
400mm. In this experiment, a two-dimensional axisymmet-
ric model was used. To ensure that the deformation of the
equipment is very small when simulating formation defor-
mation, steel equipment with a height of 1000mm and a wall
thickness of 40mm that can withstand a pressure of 5MPa
without leakage was used. The maximum bearing capacity
of the designed physical simulation device of a weak structure
surface slip under the action of the interlayer pressure differ-
ence was 5MPa, and the diagram of its structure is shown in
Figure 2.

In the experiment, a combination of a manual pump and
a constant-flux pump was used to inject liquid into the
device to achieve pressurization. The maximum allowable
pressure of the constant-flux pump was 42MPa, the mini-
mum flow rate was 0.001mL/s, and the maximum flow rate
was 1.000mL/s. First, the manual pump was used for rapid
pressurization. Then, when all the liquid in the pump was
pumped into the equipment to reach the experimental pres-
sure, the constant-flux pump was used for slow and accurate
pressurization until the pressure required by the experiment
was reached. The manual liquid booster pump, advection
pump, and formation deformation test device were con-
nected through six channels, and a pressure gauge was
installed on the six channels to measure the internal liquid
pressure (Figure 2).

2.3. Method for Measuring Formation Slip. By connecting
the water injection pressurization system with the main
experimental equipment, simulated formation expansion
can be achieved. The vertical displacement of the formation
was accurately measured with a displacement measurement
device with an accuracy of 0.001mm and a range of
15.000mm. For continuous and stable measurements of
the formation with the displacement measurement device,
a custom steel plate was made to fix it. The middle and both
ends of the customized steel plate were equipped with a drill
hole. The drill hole in the middle was used to install the

Table 1: Dimensions of physical quantities based on different horizontal and vertical length ratios.

Basic dimensions D H u w σr σz εr εz Er Ez μzr μrz
M½ � 0 0 0 0 1 1 0 0 1 1 0 0

Lr½ � 1 0 1 0 0 -2 0 0 0 -2 2 -2

Lz½ � 0 1 0 1 -1 1 0 0 -1 1 -2 2

T½ � 0 0 0 0 -2 -2 0 0 -2 -2 0 0
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displacement measurement device. The two ends could be
fitted to the flange of the formation-deformation measuring
device.

The soft adhesive of epoxy resin selected in the forma-
tion slip experiment, with an operation time of 4 h and
solidification time of 12 h, was used to simulate the casing
deformation and slip under the formation-deformation
condition. The epoxy resin adhesive was formed by grad-
ual thickening and condensation after mixing liquids A
and B. The hardness and softness of the epoxy resin could
also be adjusted according to the different formulations
and solidification times. In this experiment, a soft adhesive
with a solidification time of 12 h was selected. Both liquids
A and B were of this type of epoxy resin adhesive and were
low-viscosity solutions. After mixing, the viscosity gradually
increases; good fluidity was maintained in the first 30min,
and the initial setting time was 4 h. From 4h to 10 h, it
became a solid, and the mobility almost disappeared, but
the plasticity was strong; that is, after the deformation under
the action of an external force, the shape could not be recov-
ered. After 10 h, the plastic characteristics gradually trans-

formed into elastic characteristics. After 12 h, the epoxy
resin adhesive was set with strong elasticity and a certain
memory effect; that is, after the external force was applied
to deform it, the deformation could be recovered by remov-
ing the external force. The AB epoxy resin adhesive main-
tained a long fluidity time. In the slip experiment of a weak
horizontal structural surface, the amount of expansion of
the simulated material should be kept constant; thus, a mate-
rial with moderate solidification time was needed to simulate
the deformation condition of the casing in maintaining
formation uplift. However, the preparation process took a
long time, so the epoxy resin needed to maintain a certain
period of fluidity before solidification. The solidified epoxy
resin adhesive maintained its deformed state during solidifi-
cation and returned to its original state when the force was
removed. The epoxy resin adhesive is a fluid before curing
and can deform with the internal deformation of the casing.
Soft epoxy adhesives have good scalability after curing and
are not easily damaged by large deformations. This type of
epoxy resin deforms during disassembly, but the deformation
is within the elastic range. After the epoxy resin adhesive was

Table 2: The dimensionless π term of each physical parameter.

Number Parameter Dimensionless π term Number Parameter Dimensionless π term

1 Radial displacement π1 = u/D 2 Vertical displacement π2 =w/H
3 Radial Young’s modulus π3 = σr/Er 4 Vertical stress π4 = σz/u−2w2Er

5 Vertical Young’s modulus π5 = Ez/u−2w2Er 6 Vertical Poisson’s ratio π6 = μzr/u−2w2

7 Vertical Poisson’s ratio π7 = μrz/u2w−2

Table 3: Parameter comparison between the similar model and formation prototype.

Formation parameters Similar model Actual formation model

Elastic modulus 2.04GPa 25GPa

Poisson’s ratio 0.31 0.25

Formation diameter 250mm, 300mm, 400mm 1500m, 1800m, 2400m

The total thickness of the formation
The upper formation 15.0mm
The lower formation 5.0mm

The upper formation 600m
The lower formation 200m

Table 4: Each prediction coefficient of the similar model.

Prediction coefficient generated by model distortion Prediction coefficient generated by model distortion

Transverse modulus of elasticity δ3 = 0:0900 Longitudinal stress δ4 = 0:0081
Longitudinal modulus of elasticity δ5 = 0:0900 Transverse Poisson’s ratio δ6 = 0:0726
Longitudinal Poisson’s ratio δ7 = 8:9606

Table 5: Similarity ratio of parameters between the actual formation prototype and similar model.

D H σr σz εr εz Er Ez μzr μrz
Similarity ratio 12000 40000 62.12 62.12 0.662 0.662 10.288 10.288 7.353 7.353
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removed, it returned to the shape of the formation slip and
did not affect the slip measurement results.

The epoxy resin was solidified in the hole, and after
removing all external forces, the epoxy resin deformed to
the solidified shape, that is, the hole position slippage state
due to the formation expansion. This method can be used
to easily observe the variation characteristics of slip at differ-
ent planes for formation expansion induced by hydraulic
fracturing. To avoid the mutual interference of the stress
concentration near the hole, the spiral layout mode was
selected after observing the hole layout. The holes of the sim-
ulated material were all distributed on the helix. This
ensured that the spacing between the holes was the same
and the straight distance between the holes was not too
short. In the experiment, the distance between the actual
holes was extended to an average of 34.6mm by spiral distri-
bution drilling. The shortest distance between two holes was
25.4mm. The stress between holes with a diameter of 2mm
was very small.

If the method of injecting epoxy resin directly into the
simulated formation was adopted, the epoxy resin glue would
be completely cemented in the inner wall of the observed
hole, and the epoxy resin glue would not be removable or
would be seriously damaged after removal. Therefore, a
method of inserting a polytetrafluoroethylene (PTFE) pipe
into the hole to simulate the casing was designed. PTFE has
a strong resistance to organic solvents and is not easy to glue.
The epoxy resin adhesive did not stick to the PTFE after
solidification and could be easily removed. In addition, in
order to prevent the leakage of epoxy resin glue during injec-
tion and the experiment, a length of 1–2mm at the bottom of
the simulated casing of the PTFE pipe was sealed in advance.
Because the epoxy resin adhesive was transparent, dye was
added to the epoxy resin adhesive to change its color in order
to facilitate observation in the experiment; the dye was very
low in content, with only 0.1% concentration dying the epoxy
resin. After the formation slip experiment was completed, the

morphology of the epoxy resin glue was the internal mor-
phology of the observation hole. Owing to the small amount
of deformation in the observation of the inner shape of the
hole, there would be a large error in the direct measurement
using the measuring tool; thus, the deformation could not be
measured directly. In the actual measurement process, the
deformation was obtained by enlarging a picture of the epoxy
resin for accurate measurement and then reducing the corre-
sponding multiple, as shown in Figure 3.

Through the magnification measurement method, the
transverse shear deformation at the position of the crack-
slip surface in the observation hole was obtained. Combined
with the relationship between the formation slip and trans-
verse shear deformation of the observation hole, the inter-
layer slip at the observation hole position was calculated, as
shown in the following equation:

si = si wð Þ + dwαw −Dc, ð6Þ

where si is the slip amount of the hole at the position num-
bered point i (mm), siðwÞ is the transverse shear deformation
of the bedding crack surface inside the hole at the point
numbered point i (mm), dw is the bit diameter (mm), αw

Distilled water

Manual pump

Constant-flux pump

Pressure
sensor

Upper formation
Lower formation

Displacement measurement device

The crack 
layer of

formation

Wells

Figure 2: The connection diagram of the formation deformation experiment and stress measuring devices.

Figure 3: Enlarged image of simulated wellbore deformation.
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is the reaming rate of the bit (for PVC, an easy-to-drill mate-
rial, the reaming rate is generally 5%), and Dc is the simu-
lated casing outer diameter (mm).

2.4. Experimental Procedure

(1) The flange conversion joint corresponding to the
experimental size of the experimental material was
installed on the experimental equipment, and the
water tank was filled with water in advance

(2) The simulated material was fixed to an experimental
device. The simulated stratum was placed in the
experimental device according to the designed
sequence, and the bottom of the simulated stratum
was sealed to prevent liquid leakage. The top bolt
was tightened to fix the simulated formation bound-
ary. Subsequently, the sealing and connectivity of the
experimental device were examined

(3) The boreholes were marked on the simulated forma-
tion device according to the designed position, and
the simulated boreholes were drilled with an electric
drill, with the drilling depth guaranteed to meet the
experimental requirements. This is shown in
Figure 4

(4) Timing immediately started at the configuration of
the epoxy resin adhesive. The prepared simulated
casing was inserted into the simulated well, and the
configured epoxy resin adhesive was injected into
the simulated casing with a syringe installed with a
long glue injection needle. The casing ensures that
the epoxy resin adhesive will not flow into the micro-
tensioned layer when the formation slips. The thick-
ness of the casing was 0.1mm, which hardly changed
when the formation was deformed, and it did not
affect the experimental results. The viscosity of the
epoxy resin adhesive increased sharply. After
15min, although the epoxy resin adhesive is still a
fluid, it cannot be injected into the casing through
a syringe, resulting in the failure of the experiment.
Therefore, all epoxy resins should be injected into
the simulated casing within 15min

(5) The displacement measuring device was installed on
the formation simulation device to detect the swell-
ing displacement of the simulated material

(6) A manual pump was used to inject water into the
pressurizing device and to apply pressure to the sim-
ulated material for recording the longitudinal defor-
mation and water injection pressure data of the
formation. The changes in value of the pressure
gauge and displacement measuring device were
observed. The water injection pressure in the exper-
iment is different from the pore pressure in the
actual formation; therefore, it cannot be directly used
as the pore pressure of the formation. It must be
equivalent to the pore pressure of the reservoir
required by the simulation of the uplift of the forma-
tion center in the experiment and the corresponding
uplift of the actual formation. During this period, it
is necessary to find the corresponding relationship
between the pore pressure variation and the experi-
mental water injection pressure by numerical simu-
lation. When the displacement measurement device
reached the experimental design of longitudinal
deformation, the pressure was stopped to keep the
pressure unchanged. The above steps were carried
out within 1 h after the epoxy resin adhesive was
mixed, that is, before the initial setting of the epoxy
resin adhesive

(7) A constant-flux pump was used to keep the pressure
value of the bottom booster unchanged. Then, the
epoxy resin adhesive took 12 h to set

(8) After 12 h, the drainage valve was opened to relieve
pressure. Then, the pressure of the experimental
equipment was removed, and the simulated casing
in the simulated formation was removed. After the
simulated casing was cut open, the epoxy resin adhe-
sive reflecting the formation slip shape of each simu-
lated well was removed and pasted on the coordinate
paper with formation information to complete the
slip measurement

Figure 4: Drilling and gluing.
Figure 5: The borehole interior morphology after the formation
slip experiment.
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3. Experimental Result

The experimental device we developed was used to carry
out several groups of formation slip experiments, and the
formation slip distribution was measured under different
pressures, simulated formation diameters, reservoir-buried
thicknesses, and crack surface depths, and the internal
morphology of the simulated well after deformation was
obtained, as shown in Figure 5.

The mechanical parameters of the experimental model
and the formation prototype were based on the data in
Table 3. We conducted a total of 14 groups of experiments,
nine of which were effective. Nine valid sets of experimental
data are listed in Table 6.

The slip distributions on the crack surface between the
top and bottom formations under different water injection
pressures (serial numbers 1, 2, and 3) were compared for a
simulated formation diameter of 250mm, as shown in
Figure 6.

The slip of the crack surface is a relative displacement,
that is, the difference between the radial displacements of
the upper and lower layers of the horizontal crack surface.
In the simulation experiment, the displacement of the upper
and lower parts of the crack surface could not be measured,
and the slip could only be determined by observing the
solidification shape of the epoxy resin adhesive in the bore-
hole. The experimental results showed that after the defor-
mation of the simulated formation bottom, the simulated
formation above was deformed by pressure from the bottom.
Although the layer in the middle of the simulated formation
could maintain the longitudinal continuity of the stratum, it
had a relative displacement in the horizontal direction.
Although the surrounding area of the simulated formation
was completely fixed and the center of the formation did
not slip under symmetric action, there was also a slip in
the middle. It can be seen from Figure 6 that under different
vertical displacements of the formation center, the variation
trend of the interlayer slip was the same, which first
increased and then decreased with an increase in distance
from the center. By comparing the slippage of different
vertical displacements at the center of the formation, it was
found that the slippage on the horizontal crack surface of

the formation had a linear relationship with the longitudinal
displacements at the center.

The actual slip of the formation can be obtained by
multiplying the slip value by the transverse proportionality
coefficient. The interregional formation pressure difference
did not correspond to the water injection pressure at the
bottom of the test equipment. The pressure difference
between the adjacent regions of the actual formation can
be calculated according to its effect on the formation. First,
the corresponding relationship between the formation
pressure difference and the vertical deformation of the
surface center was calculated based on the finite element
simulation. Then, according to the simulated uplift height
multiplied by the longitudinal length ratio, the actual max-
imum vertical deformation height of the formation can be
obtained to determine the regional formation pressure dif-
ference of the actual formation. Through calculations, it
was determined that in the actual formation corresponding
to the experimental conditions, the slip amounts at differ-
ent positions corresponding to the interregional pressure
difference (serial numbers 1, 2, and 3) were as in Figure 7.

Through scale conversion, the size of the experimental
model was converted to the actual size of the formation, as
shown in Figure 7. The origin of the r coordinate was the
center of the abnormally high-pressure area, and the posi-
tion r = 1500m was the center of the low-pressure area.
The slip of the crack surface occurred between the high-
pressure and low-pressure zones, and the slip first increased
and then decreased. In actual oil field production, formation
slip will shear the wellbore on the slip surface, resulting in
shear-casing damage. In the Daqing Oilfield, the crack
surface was uncemented to prevent shear-casing damage,
leaving room for formation slip. When the formation slip
exceeded 60mm, the formation would cause the shear defor-
mation of the casing and affect the production of the oil and
water wells. Based on this amount of slip, the maximum
interregional formation pressure difference was 0.69MPa
for no casing damage occurred on this field.

The range of the interregional formation pressure differ-
ence also affects the slip on the horizontal crack surface of
the horizontal weak structure layer. Therefore, experiments
with different diameters were performed to simulate

Table 6: Experimental parameters of each group.

Serial
number

The interregion formation pressure
difference (MPa)

Abnormal formation
pressure area (m)

The depth of
formation (m)

The depth of horizontal weak
structure surface (m)

1 1.59 1500 800 600

2 1.98 1500 800 600

3 2.38 1500 800 600

4 1.59 1800 800 600

5 1.59 2400 800 600

6 1.59 2400 640 600

7 1.59 2400 960 600

8 1.59 2400 800 560

9 1.59 2400 800 680
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Figure 6: Trend diagram of the slippage experimental results in the mud-shale section under different pressures.
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formation slip. The diameters of the experiment were
250mm, 300mm, and 400mm (serial numbers 1, 4, and
5). The interlayer slip was measured and analyzed where
all the longitudinal displacements of the formation center
were 4.20mm, and it was converted into the actual forma-
tion conditions under the formation pressure difference in
the same area. The results are presented in Figure 8.

After transformation, the formation pressure difference
between regions was 1.59MPa. With an increase in the range
of interregional formation pressure, the maximum value of
slippage on the mud-shale crack surface decreased slightly
and was extrapolated, and the influence range of the inter-
zonal slippage increased. The top depth of the oil layer was
different in different blocks, so the variation degree of slip-
page on the mud-shale crack surface would also change
accordingly.

To study the effect of the reservoir depth on the inter-
layer slip, different simulated formation thickness experi-
ments were carried out to analyze the formation slip under
different standard depth conditions. The simulated material
in this group was 400mm in diameter, and the total thick-
nesses of the simulated formations were 24, 20, and
16mm. The corresponding total thicknesses of the actual
formations were 960m, 800m, and 640m (serial numbers
7, 5, and 6). The relative position of the mud-shale standard
layer remained unchanged, and the thickness ratio of the top
and bottom layers was 3 : 1. Through the transformation of
the measurement results to the actual formation, the slip
distribution on the horizontal crack surface of the standard
layer was calculated and obtained for an interregional
formation pressure difference of 1.59MPa and different top
depths of the oil layers, as shown in Figure 9.

In terms of numerical value and trend, with the increase
in reservoir depth, the maximum slip on the mud-shale
crack surface increased; however, the increase was small.
Within the range of the reservoir top depth in the Daqing
Oilfield, the slip varied by 25% at most. The maximum value
of slip and the distribution law of slip showed no obvious
changes in the three groups of experiments.

To determine the influence of depth on the slippage of
the mud-shale crack surface, 400mm was selected to sim-
ulate the formation and ensure that the total thickness of
the simulated formation was uniformly 20mm. Three
combined conditions of 13mm: 7mm, 15mm: 5mm, and
17mm : 3mm thickness of the upper and lower layers were
studied, and the corresponding horizontal crack surface
depths were 520m, 600m, and 680m, respectively (serial
numbers 8, 5, and 9). Through the transformation of the
measured results to the actual formation, the slip distribution
on the horizontal crack surface of the standard layer with
different top depths of oil layers was calculated and obtained
when the interregional formation pressure difference was
1.59MPa, as shown in Figure 10.

The calculation results showed that the interlayer slip
increased with the upward movement of the relative posi-
tion of the standard layer. When the mud-shale standard
layer was located in the middle of the oil layer and the
surface, the maximum slip was caused by the interregional
formation pressure difference. This law was very similar to
the distribution law of shear stress; that is, under the
action of interregional pressure difference, the formation
shear stress accumulated from the bottom, reached a max-
imum in the middle of the formation, and became zero on
the surface. In addition, from the calculation results, for
different interregional formation pressure differences, action
ranges, formation thicknesses, and crack surface depths, the
comparison between the experimentally measured data and
the theoretically calculated results was in good agreement.
In the simulation experiment, a mud-shale standard inter-
layer slip was observed, the amount of interlayer slip under
different conditions was measured, and the accuracy of the
theoretical model of formation slip under the effect of inter-
regional formation pressure difference was verified.

The experimental analysis showed that the interre-
gional formation pressure difference between the bottom
oil layers was the driving force for the slip of the mud-
shale standard layer in the formation, and the formation
pore pressure did not need to act directly on the
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Figure 9: The section slippage in the actual formation of the mud-shale standard layer at different depths.
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formation where the crack surface was located. The inter-
regional formation pressure difference acted on the forma-
tion below the crack surface at a certain distance; it could
transfer the formation deformation to the crack surface and
form the horizontal relative displacement through the
uneven longitudinal deformation through the formation
rock. When the distance of the interregion was greater than
1500m, with an increase in the distance between regions,
the maximum slip amount generated by the pressure differ-
ence between regions on the crack surface decreased slightly.
However, the influence range of the slip amount increased.
Under the actual stratigraphic conditions, the formation with
a deep oil layer but relatively shallow horizontal weak struc-
ture surface had a relatively large slip amount caused by
cracks. In oilfield development, in order to prevent casing
damage caused by formation slip, the interregional formation
pressure difference should be reduced to less than 0.69MPa
(taking Daqing Oilfield as an example). However, for forma-
tions with deep burial locations and relatively shallow hori-
zontal weak structural surfaces, it should be emphasized to
prevent and control the change in interregional formation
pressure difference.

4. Conclusions

(i) In this study, the influence of formation slip due to
interregional formation pressure difference was
studied using the similarity model. This study solves
the problem that indoor simulation experiments
cannot be carried out because of the large gap
between the horizontal and vertical ratios between
the formation prototype and the experimental
model. By reserving observation holes and placing
soft epoxy resin in the holes and gradually solidify-
ing it under loading conditions, the slip amount of
the formation can be measured

(ii) The interregional formation pressure difference can
cause relative slip at the weak horizontal structural

surface. Shear-casing damage occurs when the local
slip exceeds the limit that the wellbore can bear. The
pressure difference between the safe zones to pre-
vent casing damage can be obtained from the limit
values of the maximum formation slip and shear-
casing slip. Through this method, the safe interre-
gion formation pressure difference in the Daqing
Oilfield is 0.69MPa

(iii) The maximum slip amount is located on the weak
structural surface between the high- and low-
pressure zones. An increase in the interregion spac-
ing can affect the slip range. The formation with a
deep burial location and a relatively shallow crack
surface will result in a more serious formation slip
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The creep behavior of rock has received much attention for analyzing the long-term response and stability of underground rock
engineering structures. Numerous studies have been carried out on the creep properties of various rocks under pure compression
conditions. However, little attention has been paid to the creep behavior of rocks in a combined compression-shear loading state.
In this work, a novel combined compression and shear test (C-CAST) system was used to carry out inclined uniaxial compression
tests and creep tests for various inclination angles (0°, 5°, 10°, and 15°). The results revealed that the peak strength of the coal
decreased with the inclination angle of the specimen, which could provide the basis for setting up a creep test scheme.
Multistage compression-shear creep tests were carried out on specimens with different inclination angles. Based on the analysis
of the creep test data, the creep behavior of the coal in a combined compression-shear state was studied. It was found that the
specimen inclination affected the time-dependent deformation, long-term strength (LTS), and time to failure. Compared with
the specimen under pure compression, the inclination specimens tend to produce large shear strain with time, while they were
more prone to shear failure. The reduction of the long-term strength was closely associated with the increase of the specimen
inclination angle when the angle was more than 5°. Moreover, the ratio of the peak strength to the LTS was not affected by the
specimen inclination, which is considered an inherent characteristic. We anticipate that the results obtained will assist in pillar
design and long-term stability analysis.

1. Introduction

Pillars are common rock structures in underground coal
mining that are used to control ground subsidence [1, 2],
protect a roadway [3–5], and isolate the underground water
in a goaf [6–8]. The reasonable design of a coal pillar to
ensure its long-term stability is the prerequisite for under-
ground disaster prevention and ground-surface environment
protection. Previous studies on the long-term stability of coal
pillars have mostly assumed that the rock structures are in a
pure compression loading condition [9–11]. Then, the uniax-
ial compressive strength (UCS) of coal is incorporated into
the formula of the coal pillar strength estimation. However,
the axes of the pillars are usually not parallel to the direction
of maximum in situ principal stress in mining practices, such

as the loading condition of coal pillars in an inclination coal
seam. In this case, if the UCS of the rock is substituted into
the strength formula of the inclination pillars, the strength
of the coal pillar will be overestimated [12, 13]. Pariseau
[14] and Foroughi and Vutukuri [15] have noted in their
studies that the estimation of the pillar stability in an inclina-
tion coal seam becomes complicated based on whether or not
the rock structures are in a compression-shear loading condi-
tion. Furthermore, some researchers have pointed out that
the instability of pillars is also related to the creep behavior
of rock [16–18]. For example, Yang et al. [17] pointed out
that the creep behavior of rock cannot be ignored in the
design of a coal pillar, as evidenced by a creep test and
numerical analysis. Hence, a detailed understanding of the
creep behavior of coal in a combined compression-shear
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loading condition is very important in mining, since it helps
in the long-term stability analysis of coal pillars.

Creep is a phenomenon in which the deformation of
solid materials increases with time under constant stresses
below their peak strength. In order to better understand
the long-term creep stability of coal pillars in mining pro-
jects, numerous creep experiments for coal have been per-
formed in laboratories, and creep models have been put
forward. Chen et al. [16] carried out a uniaxial creep test
on coal from the Daizhuang Coal Mine in Shangdong,
China, to acquire the initial creep stress and long-term
strength of the coal for the long-term stability analysis of a
coal pillar. Zhao et al. [19] conducted a triaxial creep test
to analyze the effect of the creep load level on a time-
dependent deformation. The results showed that the tran-
sient creep and the steady-state creep were obviously
affected by the creep load, and the steady-state creep rate
depended on the properties of the coal, the creep load, and
the confining pressure. Cai et al. [20] analyzed the hardening
damage mechanism of lean coal creep based on the phenom-
enon for which the instantaneous elastic modulus increased
and the viscosity coefficient decreased in the uniaxial com-
pression creep tests. Yang et al. [21] proposed a nonlinear
viscoelastic and acceleration creep model of coal based on
triaxial creep experiment results at various deviatoric stress
levels, which could describe the complete creep stage of coal.

From the abovementioned studies, it is clear that a large
number of research conclusions about creep can be well
applied on the loading mode of uniaxial compression or tri-
axial compression. However, few researchers have investi-
gated the time-dependent deformation and long-term
strength of coal with a combined compression and shear
loading condition. In recent years, the short-term strength,
deformation, and microcrack fracturing behaviors of various
rocks have been experimentally investigated for dynamic or
quasistatic compression-shear loading conditions [12, 22,
23]. For example, Xu and Dai [23] analyzed the mechanical
responses of brittle rocks with dynamic compression-shear
loading by using a modified split Hopkinson pressure bar
(SHPB) system. The results showed that the elastic modulus
and the shear modulus were affected by the specimen incli-
nation, and they exhibited loading-path insensitivity for high
loading rates. He et al. [12] developed a C-CAST system to
study the quasi-static mechanical properties and failure pat-
terns of various rocks with a compression-shear loading
condition. The experimental results indicated that both the
elastic modulus and the peak strength of the rocks declined
as the inclination angle of the specimens increased, and the
rocks were prone to shear failure.

Previous studies have shed some light on the influence of
specimen inclination perturbation on the short-term
mechanical properties of rocks, and many efforts have been
devoted to investigating the creep behavior of rocks via the
uniaxial or triaxial compressive creep tests as well. There-
fore, these findings can provide a good foundation for
researching the creep behavior of coal with compression-
shear loading. In this research, a series of combined
compression-shear loading tests were performed first using
the novel C-CAST system. The influence of the coal speci-

men inclination on the peak strength for compression-
shear loading was studied. The results will provide guidance
for the design of a compress-shear loading creep test scheme.
Then, creep experiments were conducted under combined
compression and shear loading conditions to investigate
the effects of the specimen inclination on the time-
dependent behavior. Additionally, the relationship between
the long-term strength and peak strength under combined
compression-shear loading conditions was obtained. Finally,
the experimental results were discussed in terms of reducing
the risk of coal pillar instability in mining engineering.

2. Experiments

2.1. Specimen Preparation. The experimental material used
throughout this study was coal, which was collected from
the Yuandian Coal Mine in Anhui Province, China. In order
to maintain the consistency of the specimens, the coal spec-
imens were cored parallel to the bedding of coal seam at the
same construction site and wrapped in plastic sheets to pre-
vent moisture loss. Then, according to the recommendation
of the International Society for Rock Mechanics (ISRM), all
of the specimens were prepared as cylinders with a diameter
of 50mm and precision ground to 100 ± 0:02mm in length
[24], as shown in Figure 1.

All of the prepared specimens for the experiments in this
study needed to undergo strict screening. The specimen
screening process was as follows. First, the specimens that
had obvious flaws (cracks, pores, and inclusions) on the sur-
face (Figure 1) were excluded. Then, the degree of unifor-
mity among the remaining rock specimens was determined
based on the measured P-wave velocity and density of the
specimens. As a result of the obvious bedding effect of the
wave velocity on the coal specimens [25], the P-wave veloc-
ity was measured along with two different diametrical direc-
tions and axial directions. The arrangement of ultrasonic
transducers on a coal specimen for measuring the P-wave
velocity is shown in Figure 2. The average values of the P-
wave velocities in the axial direction and the diametrical
direction for the specimens were 1537.52m/s and
1354.78m/s, respectively. The average density of the speci-
mens was 1453 kg/m3. In view of the P-wave velocity and
density being closely related to the strength of the material
[26], the specimens with densities from 1453 to 1453 kg/m3

and with deviation of wave velocities less than 5% were
selected for the subsequent tests.

2.2. Experimental Apparatus and Procedure. The tests were
performed at room temperature (25°C) using the servohy-
draulic mechanic testing system and the novel C-CAST sys-
tem at the China University of Mining and Technology. The
servohydraulic rock mechanic testing system allowed a max-
imum axial loading of 1000 kN. The axial displacement was
automatically recorded by the system. The C-CAST system
was originally designed by Fidelis T. Suorineni in coopera-
tion with the University of New South Wales, Australia
[12]. Then, He et al. [10] modified the C-CAST system
and obtained some valuable research results. In this study,
the modified C-CAST system was installed in the
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servohydraulic Rock Mechanics Testing System, which
could conduct cylindrical specimen inclination loading
experiments. The external loading force was applied by the
servohydraulic rock mechanic testing system to the adaptors
of the C-CAST system. The specimen and the loading dia-
gram of the C-CAST device are shown in Figure 3. The ver-
tical displacement and the loading force of the specimen
could be monitored during the tests. Based on the monitor-
ing data and the mechanical analysis, the axial stress, shear
stress, axial strain, and shear strain of the specimen under
combined compression-shear loading condition were
obtained (see Section 2.3).

Understanding the compressive strength and deforma-
tion characteristic of rocks is the basis of designing rock
creep tests. Therefore, obtaining the peak strength of speci-
mens under compression-shear loading condition is the pre-
mise of subsequent creep tests. In this study, the uniaxial
compression tests of specimens with four inclined angles
were carried out. The inclination angle in this study was
set to 0°, 5°, 10°, and 15°. The modified C-CAST system
was loaded at a velocity of 0.3mm/min for all the tests in this
study. Five specimens were taken for testing in each test sce-
nario. After the tests, the results that had the highest and
lowest vertical peak load values in each test scenario were
excluded, and then the peak values of the vertical load were
obtained from the remaining three test results. The average
values of the peak load for different test scenarios were 34,
31, 21, and 16 kN, which could be used to determine the
loading level in the subsequent creep tests.

After the compression-shear tests, creep tests were con-
ducted on the specimens with inclination angles of 0°, 5°,

10°, and 15° with multilevel loading. In the creep tests, six
creep loading stages were set up, and the vertical loading
increment (Figure 3) from one level to the next was 4 kN.
The vertical loading levels in the compression-shear creep
tests are shown in Figure 4. Each loading level was main-
tained for 21600 s, except for the last step (at which point
the specimens failed).

2.3. Data Processing. For the case of the conventional uniax-
ial compressive test and the uniaxial creep test, the specimen
was in a pure compression state. The deformation state of
the specimen before and after loading is shown in Figure 5.
Then, the axial stress and strain of the specimen could be
obtained from the following equations:

σ0 =
Fv

A0
, ε0 =

S
L
, ð1Þ

where σ0 and ε0 are the axial stress and axial strain of the
specimen, respectively, Fv and S are the load and displace-
ment signals output directly from the rock mechanic testing
system, respectively, and A0 and L are the initial cross-
sectional area and the axial length of the cylindrical speci-
men, respectively. Based on the laboratory tests and the
above theoretical formulas, the mechanical properties of
rock under uniaxial loading condition could be evaluated.

In this study, the specimen was obliquely installed on the
C-CAST system with a certain inclination, and it was not in
pure compression state after loading (i.e., a compression-
shear state). Hence, the above equation (1) was no longer
applicable for calculating the stress and deformation of the
specimen for the compression-shear loading condition. In
order to gain insight into the stress and deformation charac-
teristics of the inclined specimen with the vertical loading
condition (i.e., the specimen in the compression-shear state),
it was necessary to propose a new data processing algorithm
based on the experimental monitoring data.

Figure 6 shows the deformation shape of the specimen
with the inclination angles of 0°, 10°, and 15° after the quasi-
static compression-shear loading tests. From the figure, it
can be noted that the deformation behavior of the specimen
in the compression-shear loading test was obviously differ-
ent from that in the pure compression tests. The cylindrical
specimen showed axial compression and lateral expansion in
the pure compressive state. However, there was a shear slip
surface in the specimen in the compression-shear loading

50 mm

10
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m
m

Crack

Figure 1: A selection of the coal specimens.

Diametrical direction 1 (y)

Diametrical direction 2 (z)

Axial direction (x)

Figure 2: Arrangement of ultrasonic transducers on the coal
specimen.

Vertical displacement

Vertical load applied by MTS system

Bottom adaptor

Top adaptor
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s

Figure 3: Specimen and loading diagram of C-CAST.
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state. Thus, it could be concluded that the mechanical prop-
erties and the deformation behavior of the inclination spec-
imen might be closely related to the shear stress component.
According to the compression-shear loading test approach,
the force analysis was sketched as shown in Figure 7 based
on the small deformation hypothesis. The vertical loading
force was decomposed to obtain the axial force (Fn) and
the shear force (Fs) applied on the contact surface of the
specimen. Additionally, after a certain vertical displacement

(S) on the adaptor of the C-CAST system, there was some
compressive and shear deformation. Hence, based on the
above analysis, the axial stress and strain as well as the shear
stress and strain could be calculated with the following equa-
tions:

σθ =
Fn

A0
= Fv cos θ

A0
, τθ =

Fs

A0
= Fv sin θ

A0
, ð2Þ

εθ =
S cos θ

L
, γθ ≈ tan γθ =

S sin θ

L
, ð3Þ

where θ denotes the inclination angle of the specimen on the
C-CAST system, σθ and τθ are the axial stress component
and the shear stress component of the specimen, respec-
tively, and εθ and γθ are the axial strain and shear strain,
respectively.

3. Experimental Results

3.1. Influence of Specimen Inclination on Peak Stress. As
pointed out in Section 2.2, the peak stresses of the coal spec-
imens at the inclination angles of 0°, 5°, 10°, and 15° were
analyzed before the creep tests. According to equations (2)
and (3), the axial stress, axial strain, shear stress, and shear
strain of the inclination specimens were calculated. Then,
the stress-strain curves of the specimens at various inclina-
tion angles were obtained, as shown in Figure 8. From the
figure, it can be seen that the deformation characteristics of
the coal samples at different inclination angles were basically
the same. These deformation characteristics could be succes-
sively divided into the crack compaction, elasticity, yielding,
and post peak failure stages. However, the peak strength and
strain of the specimens with different inclination angles
showed great diversity. As a whole, the peak strength and
strain decreased with the increase of the inclination angle,
but this law was not obvious when the inclination angle
was in the range of 0°–5°.

Based on the vertical force data at the peak point of load-
ing curves, the corresponding compression stress and shear
stress (i.e., the peak stress) of each specimen were calculated,
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Figure 4: Creep loading levels conducted on the C-CAST system.
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as listed in Table 1. The relationships between the average
peak stresses and inclination angles of the specimens are
shown in Figure 9. We concluded that the inclination angle
had some effect on the peak stresses of the coal specimens.
According to the comparison of the compression strength
for uniaxial compressive condition, the peak compression
stress of the specimen at the inclination angles of 5°, 10°,
and 15° decreased by approximately 5.59%, 35.08%, and
51.11%, respectively. When the inclination angle was greater
than 5°, the peak compression stress decreased linearly with
the increase of the inclination angles. Moreover, it can be
seen from Figure 9 that with the increase of the inclination
angle of the specimen, the peak shear stress in the specimen

increased gradually, and the failure pattern of the rock chan-
ged from splitting failure to shear failure.

3.2. Influence of Specimen Inclination on Time-Dependent
Deformation. According to the creep test procedure
described in Section 2.2, the variation of the axial and shear
strains with time for the coal specimens with various inclina-
tion angles was plotted, as shown in Figure 10. It can be seen
from the figure that the strain-time curves were smooth
without fluctuation, which indicated that the deformation
had good continuity with time. The deformation of the spec-
imens included the instantaneous deformation in a sudden
manner after the application of the load and the time-
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Figure 8: Stress-strain curves of the coal specimen at various inclination angles for the compression-shear loading condition.

Table 1: Compression stress and shear stress of specimens
corresponding to the peak points.

Test
scenario

Specimen
number

Axial
stress
(MPa)

Shear
stress
(MPa)

Mean value
of axial
stress
(MPa)

Mean value
of shear

stress (MPa)

θ = 0°
US0-1 16.21 0

16.65 0US0-2 17.15 0

US0-4 16.59 0

θ = 5°
US5-2 15.57 1.36

15.72 1.36US5-3 16.69 1.46

US5-5 14.45 1.26

θ = 10°
US10-1 11.46 2.02

10.81 1.90US10-4 11.12 1.96

US10-5 9.86 1.73

θ = 15°
US15-1 8.45 2.26

8.14 2.18US15-2 7.91 2.12

US15-4 8.05 2.16
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dependent deformation with the constant loading condition.
Further, compared with the conventional uniaxial creep test
(when the inclination angle was 0°), the specimens with a
combined compression-shear condition seemed to be more
prone to creep failure. The test results indicated that the
duration of the creep for the coal specimens was significantly
affected by the inclination angle for the same test scenario.
For example, the durations of creep for the specimens with
inclination angles of 0°, 5°, 10°, and 15° before specimen fail-
ure were 113764, 108634, 93496, and 65034 s, respectively. It
could be deduced that the failure of the coal pillars was
affected by the inclination angle of the coal seam. In deep
coal pillar design and long-term stability analysis, the influ-
ence of the coal pillar inclination angle on the overall struc-
tural safety cannot be ignored.

According to the results of the multistage loading
creep tests, the axial creep curves of the coal specimens
with different inclination angles at each creep loading
levels were obtained by using the Boltzmann superposition
principle [27–29]. These curves are shown in Figure 11. It
can be found from the figure that the axial creep strain
increased over time under constant loading. The creep
curves of the coal specimens clearly showed that the
time-dependent behavior was related to the levels of the
external load. At low creep stress levels (i.e., the first creep
stress level in this study), there were only primary creep
stages in which the strain rates gradually decreased to zero
with time. With the increase of the creep load, the time-
dependent deformation could be divided into two stages,
a primary creep and a steady creep with a constant strain
rate. At the final creep stress levels, three creep stages were
exhibited, and the coal specimens failed after the tertiary
creep stage of the accelerating strain rate. Additionally, it
should be pointed out that the tertiary creep did not
appear in the creep tests for specimens with inclination
angles of 5° and 15°, which might have been due to the
short duration of each creep level.

3.3. Influence of Specimen Inclination on Long-Term
Strength. Many studies have shown that the strength of a
rock mass with a long-term load is lower than its peak
strength, and the instability of a rock structure shows obvi-
ous time correlation [30–32]. The long-term strength
(LTS) of rock is a mechanical parameter reflecting the
time-dependent characteristics, which plays a key role in
the long-term stability analysis and life prediction of a rock
structure [33–35]. At present, the methods used to deter-
mine the long-term strength of rock are mature, including
the isochronous stress-strain curves method, the transition
creep method, and the steady creep rate inflection point
method. Among these methods, the isochronous stress-
strain curves method is the most widely used method for
determining the LTS of rock. Therefore, this method was
used to identify the LTS of coal for different combined
compression-shear states in this study.

The isochronous stress-strain curves reflected the varia-
tion of the creep stress and strain at the same duration. It
should be pointed out that the inflection points of the iso-
chronous stress-strain curves indicated the transformation
of the deformation characteristics from viscoelasticity to vis-
coplasticity. Moreover, the accumulation of viscoplastic
deformation with time would eventually lead to rock failure.
Therefore, the stress corresponding to the inflection point of
an isochronous stress-strain curve is generally defined as the
LTS of rock [34–36]. In this study, for the sake of acquiring
the LTS of coal specimens with different combined
compression-shear conditions, the isochronous stress-strain
curves (Figure 12) were drawn based on the process intro-
duced by Tan [37].

As shown in Figure 12, the inflection point of the iso-
chronal stress-strain curve was not evident with the limited
test data and short test duration. However, the stress range
of the inflection point of the isochronal curve could be
obtained according to the creep stress levels. It can be seen
from Figure 12 that the stress range of the LTS identified
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Figure 10: Strain-time curves of specimens with different inclination angles.
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from the isochronous stress-strain curves was small. Thus, in
order to quantitatively obtain the LTS of the coal for differ-
ent combined compression-shear conditions, the average
values of the stress range could be used as the LTS, and these
values were 9.68, 9.64, 7.525, and 5.415MPa, respectively.
Figure 13 shows the relationship between the inclination
angle of the specimens and the LTS of the coal. It can be seen
that the LTS of coal decreased with the increase of the incli-
nation angle. However, when the inclination angle of the
specimen was less than 5°, the attenuation of the LTS was
not obvious. When the inclination angle increased from 0°

to 5°, 10°, and 15°, the LTS of the coal decreased by 0.41%,
22.26%, and 44.06%, respectively. It should be noted that

the LTS of the coal specimen decreased noticeably if the
specimen inclination was more than 5°.

The peak strength and the LTS of coal specimens with
different inclination angles for the combined compression-
shear loading condition are listed in Table 2. Moreover, the
ratio of the peak strength to the LTS of the specimen under
pure compression state was 55.41%, and the ratios of the
inclined specimens in a combined compression-shear state
were 61.32%, 66.53%, and 66.52%, respectively. The rela-
tionship between the peak strength and the LTS of the spec-
imens in a combined compression-shear state seemed not to
be affected by the specimen inclination angle. Therefore, this
meant that if the ratio of the peak strength to the LTS of the
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rock in a combined compression-shear state had been deter-
mined, the LTS of the rock specimens at any inclination
angle could be estimated using the corresponding peak
strength.

4. Implications for Mining Engineering

During the design and construction of underground engi-
neering, understanding the creep behavior of rock is very
important when evaluating the stability of rock construction,
such as for deep rock pillars, underground oil or gas storage
projects, and nuclear waste repositories. It is worth noting
that these rock structures are commonly not in a pure com-
pression state, such as the coal pillar in an inclined coal
seam. However, it is very common to analyze the strength
of a coal pillar based on the mechanical parameters obtained

from a uniaxial compression test or creep test. Obviously,
the inclination angle of a coal pillar is ignored when estimat-
ing the strength of the coal pillar based on this method. In
fact, the coal pillar is in a combined compression-shear load-
ing condition. Therefore, it can be inferred that if only the
mechanical properties of rock under pure compression are
analyzed to guide the underground rock engineering, then
the design is not comprehensive.

In this research, we studied the influence of a combined
compression-shear load on the creep behavior of coal via the
uniaxial loading creep test of coal specimens with different
inclination angles. The results obtained from these tests are
useful for better understanding the deformation and creep
failure of the coal pillar in an inclined coal seam under con-
stant stress. It could be concluded from these test data that
the angles between the axes of the coal pillars and the
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direction of the maximum principal stress would have a sig-
nificant impact on the stability of the coal pillar. Since the
shear deformation increased with time due to the shear
stress component that was induced by the inclination angle,
the incremental accumulation of the shear strain could dras-
tically shorten the time-to-failure, as seen in the test illus-
trated in Figure 10. Moreover, the tests results showed that
the long-term strength would decrease with the increase of
the inclination angle. When analyzing the stability of a coal
pillar in an inclined coal seam, if the existence of the shear
strain was ignored, it might therefore lead to mine disaster.
Therefore, we suggested that the influence of the seam incli-
nation on the pillar strength should be considered while
designing the pillar dimensions during mining activities.

In addition, the experimental results also showed that
the time-dependent deformation and the long-term strength
of the specimens with an inclination angle of 5° were not sig-
nificantly different from those specimens under pure com-
pression (i.e., inclination angle is 0°). It could be concluded
that it was safe and feasible to design a coal pillar according
to the conventional method when the inclination angle of
the coal seam was less than 5°. The above results not only
deepened the understanding of the time-dependent behavior
of coal in a complex stress state but also provided a theoret-
ical basis for a specific engineering application. However, it
should be recommended that other rock types be similarly
tested to gain a better understanding of the influence of a
combined compression-shear load on creep behavior.

5. Conclusions

In this study, in order to investigate the time-dependent
mechanical behavior of coal under a combined compression-
shear load, a novel C-CAST system was used to carry out the
creep tests. Then, a mechanical model was established, and a
data processing method was proposed. The influence of the
inclination angle on the peak strength, time-dependent defor-
mation, and long-term strength of the coal specimens was ana-
lyzed. Some noteworthy conclusions are summarized as follows.

(i) The deformation and failure characteristics of coal for
a quasistatic combined compression-shear loading
condition were obviously different from those under
pure compression. In the combined compression-
shear tests, the shear deformation component
increased with the inclination angle before failure.
Moreover, the peak strength of the coal specimens
decreased with the increase of the inclination angle
as a result of the shear stress component

(ii) The pattern of the time-dependent deformation of
coal in the combined compression-shear creep test
was basically consistent with that of the uniaxial or
triaxial compressive creep test, which included pri-
mary creep, steady creep, and tertiary creep. How-
ever, the duration of the creep before rock failure
was obviously different for various compression-
shear states (i.e., various inclination angles of the
specimens). For the same vertical load, the larger
inclined specimen was more prone to creep failure

(iii) The LTS of the coal under different compression-
shear states was determined with the isochronous
stress-strain method. When the inclination angle
of the specimen was more than 5°, the LTS of the
coal gradually decreased with the increase of the
inclination angle. The ratio of the long-term
strength to the corresponding peak strength of the
coal was in the range of 61%–66%, which indicated
that the relationship between the long-term strength
and the peak strength was not significantly affected
by the inclination angle of the specimen
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Table 2: Peak strength (PS) and LTS of coal for different
compression-shear states.

Inclination angle
(°)

Peak strength
(MPa)

LTS
(MPa)

Ratio of PS to
LTS

0 16.65 9.68 55.41%

5 15.72 9.64 61.32%

10 10.81 7.525 66.53%

15 8.14 5.415 66.52%

9Geofluids



References

[1] W. J. Guo, H. L. Wang, and S. J. Chen, “Coal pillar safety and
surface deformation characteristics of wide strip pillar mining
in deep mine,” Arabian Journal of Geosciences, vol. 9, no. 2,
pp. 1–9, 2016.

[2] W. B. Zhu, J. M. Xu, J. L. Xu, D. Y. Chen, and J. X. Shi, “Pier-
column backfill mining technology for controlling surface sub-
sidence,” International Journal of Rock Mechanics and Mining
Sciences, vol. 96, pp. 58–65, 2017.

[3] Z. Zheng, Z. Q. Yang, H. Z. Zhu, F. L. He, C. Y. Du, and B. Q.
Liu, “Study on reasonable coal-pillar width and surrounding-
rock control of gob-side irregular roadway in inclined seam,”
Journal of Mining and Safety Engineering, vol. 36, no. 2,
pp. 231–233, 2019, in Chinese.

[4] F. L. He and G. C. Zhang, “Pillar width determination and sur-
rounding rocks control of gob-side entry with large cross-
section and fully-mechanized mining,” Rock and Soil Mechan-
ics, vol. 37, no. 6, pp. 1721–1728, 2016, in Chinese.

[5] Y. Xue, Z. Z. Cao, and Z. H. Li, “Destabilization mechanism
and energy evolution of coal pillar in rockburst disaster,” Ara-
bian Journal of Geosciences, vol. 13, no. 13, pp. 1–13, 2020.

[6] Q. Y. He, Y. C. Li, B. J. Zhou, B. Y. Wu, X. W. Zhang, and
S. Zhang, “Mechanical properties of granite under quasi-
static compression combined shear loading,” Journal of Min-
ing and Safety Engineering, vol. 37, no. 3, pp. 162–169, 2020,
in Chinese.

[7] Y. Xue, J. Liu, P. G. Ranjith, X. Liang, and S. Wang, “Investiga-
tion of the influence of gas fracturing on fracturing character-
istics of coal mass and gas extraction efficiency based on a
multi-physical field model,” Journal of Petroleum Science and
Engineering, vol. 206, article 109018, 2021.

[8] Q. L. Yao, Q. Hao, X. Y. Chen, B. J. Zhou, and J. Fang, “Design
on the width of coal pillar dam in coal mine groundwater res-
ervoir,” Journal of China Coal Society, vol. 44, no. 3, pp. 890–
898, 2019.

[9] Y. Zhang, F. Ren, and X. Zhao, “Characterization of joint set
effect on rock pillars using synthetic rock mass numerical
method,” International journal of geomechanics, vol. 17,
no. 3, article 06016026, 2017.

[10] Q. Y. He, Y. C. Li, J. H. Xu, and C. G. Zhang, “Prediction of
mechanical properties of igneous rocks under combined com-
pression and shear loading through statistical analysis,” Rock
Mechanics and Rock Engineering, vol. 53, no. 2, pp. 841–859,
2020.

[11] L. Chen, X. B. Mao, and P. Wu, “Effect of high temperature
and inclination angle on mechanical properties and fracture
behavior of granite at low strain rate,” Sustainability, vol. 12,
no. 3, article 1255, p. 25, 2020.

[12] Q. Y. He, Y. C. Li, and S. She, “Mechanical properties of basalt
specimens under combined compression and shear loading at
low strain rates,” Rock Mechanics and Rock Engineering,
vol. 52, no. 10, pp. 4101–4112, 2019.

[13] F. Suorineni, P. Kaiser, J. J. Mgumbwa, and D. Thibodeau,
“mining of orebodies under shear loading part 1–case histo-
ries,” Mining Technology, vol. 120, no. 3, pp. 137–147, 2011.

[14] W. G. Pariseau, “Shear stability of mine pillars in dipping
seams,” in The 23rd U.S. Symposium on Rock Mechanics
(USRMS), American Rock Mechanics Association, 1982.

[15] M. Foroughi and V. Vutukuri, Estimating elastic pillar stresses
in inclined coal seams, vol. 302, Transactions of Society for
Mining, Metallurgy, and Exploration, Inc, 1997.

[16] S. J. Chen, W. J. Guo, G. Q. Cheng, and T. P. Zhao, “Research
on creep supporting effect of deep strip pillar,” Journal of Min-
ing and Safety Engineering, vol. 29, no. 1, pp. 52–57, 2012, in
Chinese.

[17] Y. J. Yang, H. Q. Duan, C. X. Liu, and Y. R. Hao, “Reasonable
design of coal barrier pillar of roadway in deep mining consid-
ering long-term stability,” Journal of Mining and Safety Engi-
neering, vol. 34, no. 5, pp. 921–927, 2017, in Chinese.

[18] A. Sainoki and H. S. Mitri, “Numerical investigation into pillar
failure induced by time-dependent skin degradation,” Interna-
tional Journal of Mining Science and Technology, vol. 27, no. 4,
pp. 591–597, 2017.

[19] H. B. Zhao, G. Z. Yin, and W. Z. Zhang, “Study of creep char-
acteristics and constitutive relation of briquette under confin-
ing pressure,” Rock and Soil Mechanics, vol. 30, no. 8,
pp. 2305–2308, 2009, in Chinese.

[20] T. T. Cai, Z. T. Feng, D. Zhao, and Y. L. Jiang, “A creep model
for lean coal based on hardening-damage mechanism,” Rock
and Soil Mechanics, vol. 39, no. s1, pp. 61–68, 2018, in Chinese.

[21] S. Q. Yang, P. Xu, and P. G. Ranjith, “Damage model of coal
under creep and triaxial compression,” International Journal
of Rock Mechanics and Mining Sciences, vol. 80, pp. 337–345,
2015.

[22] H. B. du, F. Dai, Y. Xu, Z. L. Yan, and M. D. Wei, “Mechanical
responses and failure mechanism of hydrostatically pressur-
ized rocks under combined compression-shear impacting,”
International Journal of Mechanical Sciences, vol. 165, article
105219, 2020.

[23] Y. Xu and F. Dai, “Dynamic response and failure mechanism
of brittle rocks under combined compression-shear loading
experiments,” Rock Mechanics Rock Engineering, vol. 51,
no. 3, pp. 747–764, 2018.

[24] Ö. Aydan, T. Ito, U. Özbay et al., “ISRM suggested methods for
determining the creep characteristics of rock,” Rock Mechanics
and Rock Engineering, vol. 47, no. 1, pp. 275–290, 2014.

[25] X. L. Xu, R. Zhang, F. Dai, B. Yu, M. Z. Gao, and Y. F. Zhang,
“Effect of coal and rock characteristics on ultrasonic velocity,”
Journal of China Coal Society, vol. 40, no. 4, pp. 793–800, 2015.

[26] X. H. Liu, Q. J. Hao, S. Y. Wu, R. Zhang, and J. Yu, “Nonlinear
mechanical properties of coal rock under quasi-static strain
rate,” Journal of China Coal Society, vol. 44, no. 5, pp. 1445–
1473, 2019.

[27] R. B. Hou, K. Zhang, J. Tao, X. R. Xue, and Y. L. Chen, “A non-
linear creep damage coupled model for rock considering the
effect of initial damage,” Rock Mechanics and Rock Engineer-
ing, vol. 52, no. 5, pp. 1275–1285, 2019.

[28] Y. J. Song, Y. X. Che, L. T. Zhang, J. X. Ren, S. J. Chen, and
M. L. Hu, “Triaxial creep behavior of red sandstone in
freeze-thaw environments,” Geofluids, vol. 2020, Article ID
6641377, 20 pages, 2020.

[29] Z. W. Zhou, W. Ma, S. J. Zhang, C. Cai, Y. H. Mu, and G. Y. Li,
“Damage evolution and recrystallization enhancement of fro-
zen loess,” International Journal of Damage Mechanics,
vol. 27, no. 8, pp. 1131–1155, 2018.

[30] N. A. Chandler, “Quantifying long-term strength and rock
damage properties from plots of shear strain versus volume
strain,” International Journal of Rock Mechanics and Mining
Sciences, vol. 59, pp. 105–110, 2013.

[31] L. Jian-feng, W. Lu, P. Jian-liang, Z. Lu, and B. Yu, “Experi-
mental study on creep deformation and long-term strength
of unloading-fractured marble,” European Journal of

10 Geofluids



Environmental and Civil Engineering, vol. 19, supplement 1,
pp. s97–s107, 2015.

[32] Y. Zhang, P. J. Jin,W. Y. Xu, H. B. Zhao, and S. H.Mei, “Exper-
imental study of triaxial creep behavior and long-term
strength of clastic rock in dam foundation,” Rock and Soil
Mechanics, vol. 37, no. 5, pp. 1291–1300, 2016, in Chinese.

[33] M. R. Shen and H. J. Chen, “Testing study of long-term
strength characteristics of red sandstone,” Rock and Soil
Mechanics, vol. 32, pp. 3301–3305, 2011.

[34] L. Cong and X. L. Hu, “Triaxial rheological property of sand-
stone under low confining pressure,” Engineering Geology,
vol. 231, pp. 45–55, 2017.

[35] Z. W. Zhou, W. Ma, S. J. Zhang, H. M. Du, Y. H. Mu, and G. Y.
Li, “Multiaxial creep of frozen loess,” Mechanics of Materials,
vol. 95, pp. 172–191, 2016.

[36] R. B. Hou, K. Zhang, and J. Tao, “Effects of initial damage on
time-dependent behavior of sandstone in uniaxial compressive
creep test,” Archives of Mining Sciences, vol. 64, no. 4, pp. 687–
707, 2019.

[37] T. Tan, “The mechanical problems for the long-term stability
of underground galleries,” Chinese Journal of Rock Mechanics
and Engineering, vol. 1, pp. 1–20, 1982.

11Geofluids



Research Article
Study on Fracture Distribution and Local Brittleness
Characteristics Based on Stepwise Regression Method

Wanchun Zhao ,1 Xiaohan Feng,2 and Tingting Wang 3

1Institute of Unconventional Oil & Gas, Northeast Petroleum University, Daqing, Heilongjiang 163318, China
2School of Petroleum Engineering, Northeast Petroleum University, Daqing, Heilongjiang 163318, China
3School of Electrical Engineering & Information, Northeast Petroleum University, Daqing, Heilongjiang 163318, China

Correspondence should be addressed to Tingting Wang; wangtingting@nepu.edu.cn

Received 24 February 2021; Revised 10 May 2021; Accepted 17 August 2021; Published 29 August 2021

Academic Editor: Jia Liu

Copyright © 2021 Wanchun Zhao et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The brittleness of rock is an important parameter that influences and controls the evolution mechanism of the fracture and
formation of a fracture net. The existing methods of brittle characterization are describing the brittleness of rock mass as a
whole. They lack reliability descriptions to guide the fracture strike and improve the volume of the reservoir. It is considered
that the macroscopic brittle fracture of a rock is the process of continuous initiation and propagation of local fractures in the
rock mass under the action of external loads. The macroscopic fracture is the appearance caused by a local rupture to a certain
extent, and the local rupture is the root cause of macroscopic fracture. The study of the local brittleness of a rock can reveal
the intrinsic nature of its fracture behavior and can reflect the evolution mechanism of fracture more directly and accurately.
In this paper, coring sampling in field outcrop is first carried out, and the break evolution law of core is described by a CT
scanner. The mineral compositions in the core are determined by a mineral analysis diffractometer. The regulation of the rock
local brittleness with different mineral contents is analyzed. And a new method for local brittle region division and
characterization of rock has been developed. This method gives the connotation relation of the rock brittle fracture as a whole
induced by a local brittle fracture. And it provides a new approach to study the law of a rock fracture.

1. Introduction

With the shortening of the proven oil and gas reserves,
unconventional oil and gas exploitation is the inevitable
development trend in the future to ensure the sustained
and stable oil and gas production. As a new type of clean
energy, unconventional oil and gas has the advantages of
wide resource distribution, abundant reserves, and long
exploitation life. It has become a hot spot in global oil and
gas exploration and development.

For unconventional oil and gas reservoir development,
the large-scale volume fracturing method is often used to
reform. This method is efficient and economical, and the
effect of improving reservoir permeability is outstanding.

The study shows that the brittleness of a rock can signifi-
cantly affect the reservoir fracturing effect and wellbore
stability [1]. Therefore, the evaluation of brittleness charac-
teristics has become the primary factor to be considered in
fracturing well selection and scheme design [2]. Statistical
analysis shows that there are more than 30 methods to char-
acterize brittleness [3–23]. Most of these methods are put
forward to specific problems, applicable to different disci-
plines, each with its own advantages and limitations. During
this period, Zhaoping and Suping [24] applied the methods
of X-ray diffraction, fluorescence spectrum analysis, and
mechanical test to study the mineral composition and chem-
ical composition characteristics of coal-bearing mudstone.
They established a qualitative and quantitative relationship
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between the mechanical properties (including uniaxial com-
pressive strength and elastic modulus) of mudstone and its
chemical composition (including SiO2 and FeO) and found
that the uniaxial compressive strength and modulus of elas-
ticity of mudstone increased with the increase of SiO2 con-
tent. Burnaman and other scholars [25, 26] consider that
mineral composition is the internal reason for controlling
rock brittleness and causing a difference in the fracture net
fracturing effect and makes a three-terminal element dia-
gram of a rock brittle to evaluate the brittleness qualitatively
according to the relative content of minerals in shale. Wen-
Long’s [27] analysis shows that the rock with high contents
of quartz, feldspar, and carbonate is brittle. This kind of rock
is easy to form natural fractures and induced fractures under
the action of external forces, and its development degree is
generally positively correlated with the content of brittle
minerals. Liu et al. [28] found that the mineral content, com-
position distribution, and fracture development characteris-
tics are important internal controlling factors affecting the
brittleness of rock mass. In the same year, Gale et al. [29]
found a negative correlation between the clay mineral con-
tent and natural fracture development characteristics, as
shown in Figure 1. Lin et al. [30] established a nonlinear vis-
coplastic element on the basis of time-dependent shear
strength by connecting the plastic element representing
shear strength with the viscous element in parallel and stud-
ied effectively the mechanical properties of rock from the
point of difference of shear strength. Zhang et al. [31] are
using the discrete element numerical method to establish
five different numerical models of regular sawtooth joints,
study the shear mechanical characteristics of joints under
creep condition, and analyze the influence of creep on the
mechanical characteristics of joints. Xiangyuan et al. [32]
obtained that reservoir brittleness controlled the develop-
ment characteristics and degree of natural fractures based
on the analysis of Chang 7 tight reservoir in Longdong Area.
The larger the reservoir brittleness is, the more likely the
fracture will occur under the action of tectonic stress, which
will lead to the increase of fracture development. That is, the
higher the content of brittle minerals (quartz, calcite, dolo-
mite, and feldspar) in shale, the more developed the natural
fractures in the area and the larger the brittleness. And the
higher the content of clay minerals, the less developed the
natural fractures in the area and the larger the toughness,
as shown in Figure 2.

At present, the following two methods are widely used to
calculate the rock brittleness in the industry. One is the rock
mineral analysis method proposed by Jravie et al. [33] in
2009. In this method, quartz is regarded as a brittle mineral.
And the contents of quartz, carbonate rock, and clay are
measured, so as to calculate the rock brittleness, as shown
in formula (1).

BRIT =
Vquartz

Vquartz +Vcarbonaterock +Vclay
× 100, ð1Þ

where BRIT is the rock brittleness index and V is the
mineral volume.

Another commonly used method for calculating rock
brittleness is the elastic parameter method proposed by
Xue et al. [34] in 2007, as shown in formula (2). According
to this method, the higher the elastic modulus of rock is,
the lower Poisson’s ratio is, and the larger the rock brittle-
ness is, as shown in Figure 3. The brittleness index of the
rock is defined by the method of mechanics parameters,
which is generally accepted and adopted in the field.

BRIT =
1
2

E − Emin
Emax − Emin

+
ν − νmax

νmin − νmax

� �
× 100, ð2Þ

where Emax is the maximum elastic modulus of the rock,
Emin is the minimum elastic modulus of te rock, νmax is
maximum Poisson’s ratio of the rock, and νmin is minimum
Poisson’s ratio of the rock.

Both of these methods can accurately characterize the
brittleness of reservoir rocks to a certain extent. However,
the brittleness description is based on the analysis of the
overall brittleness of the research object, and the influence
of natural fracture development on rock brittleness in reser-
voir cannot be described. In 2015, Bing et al. [36] analyzed
the acoustic emission signal of the fracturing test and found
that the peak of AE accumulation events occurred before the
pump pressure reached the peak rupture pressure. This phe-
nomenon shows that before the macrofracture of the rock
mass, many microfractures have appeared in it, and the
accumulation of microfracture finally leads to the fracture
of the core as a whole. Wang et al. [37] proposed a new
index for the brittleness evaluation of rock mass based on
catastrophe theory and found that the softening modulus
and brittleness index changed in polynomial with the
increase of confining pressure.

Therefore, it is considered in this paper that the macro-
brittle fracture of the rock is a process of local fracture initi-
ation, propagation, microfracture, and gradual deterioration
of rock matrix under external loads. The study of the local
brittleness characteristics of the rock mass can reveal the
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Figure 1: Mineral composition and fracture development diagram.
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intrinsic essence of the rock microfracture behavior and can
more directly and accurately reflect the fracturing capacity
and fracture evolution mechanism. Firstly, the law of local
fracture propagation and fracture in shale during compres-
sion test is analyzed by CT scanning. And a method for
characterizing local brittleness of shale is established by
means of diffraction analysis of the core mineral composi-
tion and stepwise regression method. Finally, the local brittle
fracture law of an artificial fracture is analyzed by a hydrau-
lic fracturing test.

2. Analysis of Shale Core Compressive Fracture
Law by CT Scanning

In this paper, the SkyScan 1172 high-resolution CT machine
is used for the CT scanning test, as shown in Figure 4. This
machine is a product of SkyScan company in Belgium. It

uses the principle of microfocus X-ray imaging to perform
ultrahigh-resolution three-dimensional imaging, which can
obtain high-precision three-dimensional images without
damaging the core. It is small in size, high in resolution,
and can observe very fine structure without sample prepara-
tion, dyeing, and slicing. The test cores are taken from layer
B in block A in Liaohe Oilfield, as shown in Figure 5. The
core is scanned by CT, and the fracture distribution of the
sample after CT scanning is obtained in 30 s, 90 s, 120 s,
and 180 s, as shown in Figure 6 [38].

The CT scan results show that the process of shale rup-
ture begins with the formation of local short microfractures
in the core between 0 and 30 s. With time between 30 s and
90 s, local microfractures grow longer and new ones form
elsewhere. When the time reaches 120 s, the microfractures
intersect and connect with others to form larger microfrac-
tures, which cause core instability and fracture at 180 s.
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Therefore, the macrofracture of shale is the phenomenon
caused by local fracture to a certain extent, and the local
fracture is the fundamental cause of macrofracture.

3. Establishment of Rock Local Brittleness
Characterization Method

Because the macrofracture of a rock is caused by the local
brittle fracture and expansion, how to characterize the rock
local brittleness has become an important research content
in this paper. It is impossible to analyze the rock brittle dis-
tribution from the microscopic field by means of rock
mechanical parameters or stress-strain tests. The mineral
component analysis method is used to describe the rock brit-
tle distribution in this paper. The mineral analysis method
proposed by Rickman only considers the rock mineral com-
position itself, without considering the influence of rock het-
erogeneity, reservoir environmental factors, and the
development of natural fractures. Therefore, this method is
improved and perfected.

In this paper, the rock local brittleness distribution is
analyzed based on reservoir heterogeneity. And the stepwise
regression analysis is used to screen the main controlling

factors to study the influence of different mineral compo-
nents on the elastic modulus and Poisson’s ratio of rock.
This method means that when a phenomenon is affected
by multiple factors at the same time, the inversion compact
transformation method and bidirectional test method are
used to gradually analyze the contribution of influencing
factors to the explained variables. If the factor is discrimi-
nated, it will be introduced into the stepwise regression
model. According to the F test, the significance analysis of
the introduced parameters is conducted to determine
whether the relevant parameters in the regression model
need to be eliminated because of the change of contribution.
After repeated screening and elimination, the optimal
regression equation is established. The stepwise regression
analysis can include many explanatory variables. The
explanatory variables of this method are the rock elastic
modulus and Poisson’s ratio, and the explained variables
are the content determination values of quartz, potassium
feldspar, plagioclase, calcite, dolomite, analcite, siderite,
pyrite, and clay minerals. The general form of the established
regression model is

Ŷ = β0 + β1Zquartz + β2Zpotassium‐feldspar+⋯+βjZ j, ð3Þ

where βjðj = 0, 1, 2,⋯,9Þ are regression coefficients, Ŷ are
explained variables including the rock elastic modulus and
Poisson’s ratio, and Zj (j = quartz, potassium,⋯, clay
minerals) are the experimental values of 9 explanatory vari-
ables that have significant influence on Ŷ .

Because of the experimental data with n periods, the cor-
relation coefficients between explanatory variables and
explained variables are calculated based on these data, as
shown in formula (4). The initial correlation coefficient
matrix of regression analysis is established according to the
correlation coefficient between different parameters, as
shown in formula (5).

rXY =
∑n

i=1 Xi − �X
� �

Yi − �Y
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i=1 Xi − �X
� �2q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑n
i=1 Yi − �Y
� �2q , ð4Þ

R =

rquartzquartz ⋯ rquartzY

⋯ ⋯ ⋯

rYquartz ⋯ rYY

2
664

3
775, ð5Þ

where Xi and Yi are the experimental values of parameters,
�X and �Y are the average values of parameters’ experimental
data, rXY are the correlation coefficients between parameters
X and Y , and R is to obtain the initial correlation coefficient
matrix by one-to-one correspondence calculation of the
research parameters.

According to the initial correlation coefficient matrix,
the partial regression square sum ui between explanatory
variables and explained variables which represents the

Figure 4: SkyScan 1172 high-resolution CT scanner.

Figure 5: The core sample for CT scan.

4 Geofluids



contribution of different parameters in regression equation,
as shown in formula (6).

ui =
r2iY
rii

: ð6Þ

The parameter which has a maximum partial regression
square sum is selected as the introduction parameter and
tested by the F test method. When the test result is larger
than the empirical threshold, this parameter can be intro-
duced into the regression equation as a regression parame-
ter. Conversely, the parameter cannot be introduced into

the regression equation and need to be eliminated. Its F test
method is shown in formula (7). The critical threshold is
determined by referring to the F distribution table.

Fin =
ui/f1

rYY − uið Þ/f2
, ð7Þ

where Fin is the F test value when the parameter is
quoted; f1 is the number of independent variables intro-
duced this time, usually 1 is appropriate; f2 = n −m − 1,
in which n is the number of experimental groups and m

(a) Scanning image in 30 s (b) Scanning image in 90 s

(c) Scanning image in 120 s (d) Scanning image in 180 s

Figure 6: The fracture distribution images of CT scan core.
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is the number of independent variables introduced into
the regression equation.

When the parameter is quoted successfully, it is required
to use it as the primary element. The contribution of this
parameter should be eliminated by the inversion compact
transformation method, and the new correlation coefficient
matrix should be calculated. Through the new correlation
coefficient matrix, the contribution degree of residual
parameters can be calculated by partial regression square
sum of research parameters, and then, the parameters of
the newly introduced regression equation can be determined
by F test. At the same time, due to the introduction of new
parameters, the contribution of parameters in the regression
equation needs to be redistributed, and the selected parame-
ters need to be tested by F test in reverse to eliminate the
parameters that cannot pass, as shown in formula (8).

Fout =
ui/f1
r lð Þ
YY /f2

, ð8Þ

where Fout is the F test value when the parameter is
eliminated.

Repeatedly quoting and eliminating parameters until the
regression equation cannot quote and eliminate any vari-
ables. In this case, all the selected parameters are indepen-
dent variables for the regression equation.

After choosing the influencing parameters of the regres-
sion equation, the regression coefficients of each parameter
can be calculated by formula (9). The regression coefficients
of the unselected variables are all 0. After the calculation, the
average value of the experimental data is substituted into the
regression equation to calculate the regression coefficient β0,
as shown in formula (10).

βi =
σY

σi
r lð Þ
iY , ð9Þ

β0 = �Y − 〠
9

i=1
βi
�Zi, ð10Þ

where σi is the variance of the experimental data of
parameter i, σY is the variance of the experimental data of
explained variable Y , �Zi is the average value of the experi-
mental data of parameter i, and �Y is the average value of
the experimental data of explained variable Y .

After establishing a complete regression equation, the
accuracy of the regression equation can be verified by signif-
icance analysis, and the calculation process is shown in for-
mula (11). When the calculation result is larger than the
critical threshold value, it shows that the regression equation
is significant and the linear relationship is accurate, which
can be used as an effective result.

Fsignificant =
1 − r lð Þ

YY

� �
/k

r lð Þ
YY / n − k − 1ð Þ

, ð11Þ

where Fsignificant is the significant analysis result of regression
equation and k is the principal element of the correlation
coefficient matrix.

The regression equations of the rock elastic modulus and
Poisson’s ratio calculated by the stepwise regression analysis
method are �E and �ν, respectively. So for a new core sample,
it can be discretized into infinitesimal units, as shown in
Figure 7.

At this time, each core unit can be represented by
ðo, p, qÞ in azimuth. The corresponding modulus of elasticity
�Eðo,p,qÞ and Poisson’s ratio �νðo,p,qÞ are calculated according to
the regression equation after the mineral composition
content of each unit is determined. By substituting the
results into the elastic parameter method in formula (2),
the rock local brittleness expression formula can be
obtained as follows:

BRIT o,p,qð Þ =
1
2

�E o,p,qð Þ − Emin

Emax − Emin
+
�ν o,p,qð Þ − νmax

νmin − νmax

 !
× 100:

ð12Þ

Formula (12) is the expression of rock local brittleness.
This formula combines the study of reservoir environment
to analyze and quantify the influence of mineral composi-
tion on the rock brittleness. The results are scientific and
representative. And the local brittleness change low can
be accurately characterized according to the heterogeneity
of reservoir.

4. Case Verification

In this paper, the microarea mineral composition diffraction
test is carried out by D8-ADVANCE X-ray diffractometer,
as shown in Figure 8. This machine is produced by
BRUKED-AXS Co. Ltd. of Germany, which is one of the
most advanced X-ray diffractometer systems in the world.
Its high-precision goniometer can satisfy the error of mea-
suring peak position of any diffraction peaks in the whole
spectrum range with the standard peak position not exceed-
ing 0.01 degrees. The test cores are taken from layer B in
block A in Liaohe Oilfield, with a total of 22 cores, as shown
in Figure 9.

Firstly, mechanical parameters such as the elastic modu-
lus and Poisson’s ratio of test cores are measured by

(o, p, q)

Figure 7: Sketch map of core discretization.
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simulating the actual stress of the formation through the tri-
axial compressive test, and the mineral compositions of test
cores are analyzed by an X-ray diffractometer. The specific
data obtained are shown in Table 1.

According to the data analysis, the core samples
taken in block A of Liaohe Oilfield are mainly com-
posed of quartz, potassium feldspar, plagioclase, dolo-
mite, and clay minerals. Some cores contain calcite,
analcite, siderite and pyrite, and others are too low to
be considered in this paper. The core elastic modulus
is in the range of ½21:42, 31:79� and the Poisson’s ratio
is in the range of ½0:268, 0:312�.

Through stepwise regression analysis, the initial corre-
lation coefficient matrix R among elastic modulus,
Poisson’s ratio, and mineral contents are calculated as
shown in Table 2.

The critical threshold of the model is mainly related to
reliability and free degree, so the screening limit should not
be too large; otherwise, the introduction of fewer variables
will make the model impractical. In this paper, four param-
eters are introduced to establish the regression model, and

the critical threshold is Fð4,17Þ
0:05 . From the F distribution table,

we can see that Fð4,17Þ
0:05 = 2:96.

According to the stepwise regression analysis, the
process of quoted and eliminating parameters of core
elasticity modulus and Poisson’s ratio by inversion compact
transformation method and bidirectional test method is
shown in Table 3.

After the influence parameters of the core elastic modu-
lus and Poisson’s ratio are quoted and eliminated for many
times, the regression coefficients of the elastic modulus and

Figure 8: D8-ADVANCE X-ray diffractometer.

Figure 9: The core samples.
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Poisson’s ratio are calculated by formulas (10) and (11), as
shown in Table 4.

By substituting the results of the stepwise regression
analysis into formula (3), the regression model between
the core elastic modulus, Poisson’s ratio, and mineral
compositions can be obtained as follows:

E = 37:6374 + 20:1992xquartz − 38:5568xcalcite
+ 9:5781xanalcite − 60:0874xsiderite − 68:1563xclay,

ð13Þ

ν = 0:2472 − 0:0714xquartz + 0:0911xclacite
+ 0:0813xdolomite + 0:154xclay:

ð14Þ

According to the stepwise regression analysis, the main
factors affecting the rock elastic modulus under simulated
confining pressure include the contents of quartz, calcite,
analcite, siderite, and clay minerals. And the main factors
affecting rock Poisson’s ratio include the contents of
quartz, calcite, dolomite, and clay minerals. Among them,
the content of quartz and analcite is positively correlated

Table 1: The determination result of core mineral compositions and mechanical parameters.

Serial
number

The type and content of minerals
Clay

minerals
Elastic modulus

(GPa)
Poisson’s
ratioQuartz

Potassium
feldspar

Plagioclase Calcite Dolomite Analcite Siderite Pyrite

1 0.203 0.031 0.168 0.033 0.202 0.132 0.021 0.025 0.185 29.23 0.285

2 0.197 0.036 0.073 0.089 0.095 0.291 0.018 0.019 0.182 31.79 0.278

3 0.148 0.038 0.166 0.044 0.217 0.121 0.014 0.028 0.224 24.65 0.307

4 0.289 0.032 0.138 0 0.248 0.089 0 0 0.204 26.98 0.271

5 0.211 0.04 0.159 0.052 0.151 0.136 0.015 0.02 0.216 26.74 0.283

6 0.195 0.037 0.165 0.011 0.214 0.14 0 0 0.238 24.88 0.288

7 0.177 0.054 0.273 0 0.153 0.033 0 0.015 0.295 21.56 0.281

8 0.096 0.043 0.125 0 0.116 0.341 0.075 0.032 0.172 22.56 0.274

9 0.106 0.07 0.117 0.02 0.267 0.16 0.03 0.018 0.212 26.27 0.274

10 0.12 0.073 0.242 0.11 0.18 0.05 0.013 0.024 0.188 21.93 0.297

11 0.203 0.071 0.169 0.024 0.073 0.182 0.056 0 0.222 22.1 0.28

12 0.218 0.027 0.114 0.011 0.313 0.109 0.101 0 0.107 29.53 0.271

13 0.251 0.103 0.164 0 0.189 0.04 0.087 0.03 0.136 31.63 0.268

14 0.196 0.065 0.096 0.02 0.139 0.309 0 0 0.175 30 0.271

15 0.124 0.058 0.063 0.017 0.054 0.429 0.019 0 0.236 28.84 0.279

16 0.131 0.148 0.21 0.039 0.256 0.028 0.017 0.042 0.129 29.53 0.281

17 0.068 0.144 0.316 0.037 0.245 0 0.022 0.015 0.153 26.28 0.289

18 0.122 0.067 0.375 0.019 0.177 0.048 0.031 0 0.161 28.6 0.273

19 0.095 0.101 0.113 0.036 0.359 0.045 0.016 0.027 0.208 23.49 0.312

20 0.125 0.12 0.192 0.144 0.141 0.095 0.013 0.046 0.124 25.21 0.272

21 0.198 0.059 0.103 0.15 0.108 0.168 0.048 0 0.166 21.42 0.274

22 0.061 0.084 0.458 0.034 0.137 0.017 0.049 0 0.16 22.53 0.284

Table 2: The initial correlation coefficient matrix R.

R =

1 -0.50037 -0.45817 -0.13212 -0.05214 0.09481 0.05809 -0.24719 0.08393 0.35372 -0.39678

-0.50037 1 0.36313 0.19435 0.19137 -0.45001 -0.03055 0.44192 -0.41878 0.00199 0.090176

-0.45817 0.36313 1 -0.05867 0.01911 -0.65828 -0.02337 -0.07040 -0.12159 -0.27625 0.110721

-0.13212 0.19435 -0.05867 1 -0.24949 -0.04570 -0.15995 0.27187 -0.27396 -0.23883 0.098718

-0.05214 0.19137 0.01911 -0.24949 1 -0.57396 -0.00198 0.19780 -0.19621 0.11737 0.3602

0.09481 -0.45001 -0.65828 -0.04570 -0.57396 1 0.02244 -0.20717 0.20291 0.19098 -0.27216

0.05809 -0.03055 -0.02337 -0.15995 -0.00198 0.02244 1 -0.05565 -0.52406 0.06922 -0.36284

-0.24719 0.44192 -0.07040 0.27187 0.19780 -0.20717 -0.05565 1 -0.24243 0.05379 0.230505

0.08393 -0.41878 -0.12159 -0.27396 -0.19621 0.20291 -0.52406 -0.24243 1 -0.39416 0.357259

0.35372 0.00199 -0.27625 -0.23883 0.11737 0.19098 0.06922 0.05379 -0.39416 1 /

-0.39678 0.090176 0.110721 0.098718 0.3602 -0.27216 -0.36284 0.230505 0.357259 / 1
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with the rock elastic modulus and the content of calcite,
siderite, and clay minerals is negatively correlated with

the rock elastic modulus. The content of calcite, dolomite,
and clay minerals is positively correlated with rock Pois-
son’s ratio, and the content of quartz is negatively corre-
lated with rock Poisson’s ratio.

The regression equations are tested and analyzed by sig-
nificance test and R2. The calculation by formula (12) shows

that Felastic mod ulus = 5:396 > Fð4,17Þ
0:05 = 2:96 and FPoisson′sratio

= 6:073 > Fð4,17Þ
0:05 = 2:96. And the R2 of the elastic modulus and

Poisson’s ratio are 0.913 and 0.936. This shows that the regres-
sion equations of the rock elastic modulus and Poisson’s
ratio are significant, and the linear relationships between
rock mechanical parameters and mineral compositions are
highly accurate, which can be used as an effective result.

According to the relationship between the elastic modulus,
Poisson’s ratio, and rock mineral composition, the elastic
parameter method is introduced to analyze rock brittleness,
and the following formula is obtained after substitution:

Formula (15) is the rock local brittleness evaluation
model in Block A of Liaohe Oilfield. This model quantita-
tively establishes the relationship between the mineral com-
position in rock and the local brittleness, taking into account
the actual reservoir environment and the influence of differ-
ent mineral components on the development of natural
fractures.

As shown in Figure 10, it can be found that the
brittleness trend of different calculation methods is basically
the same, which compared the rock brittleness calculated by
mineral composition analysis method, elastic parameter
method, and the new method. However, the rock mineral
analysis method lacks quantitative characterization of

mineral composition, and its calculated brittleness index is
seriously low, which is quite different from the actual situa-
tion in the field. The difference of brittleness variation calcu-
lated by the elastic parameter method is large, which leads to
great calculation errors. In this paper, the trend of the brit-
tleness index of the new calculation method is the same as
that of the elastic parameter method. However, considering
the effect of different mineral compositions on reservoir
brittleness, the calculation results are more precise and the
calculation error of elastic parameter method is reduced.
The calculation results are more in line with the actual situ-
ation of the study block.

Table 4: Stepwise regression analysis results.

Regression coefficient Elastic modulus E Poisson’s ratio ν

Initial coefficient 37.6374 0.2472

Quartz 20.1992 -0.0714

Potassium feldspar 0 0

Plagioclase 0 0

Calcite -38.5568 0.0911

Dolomite 0 0.0813

Analcite 9.5781 0

Siderite -60.0874 0

Pyrite 0 0

Clay minerals -68.1563 0.154

Table 3: Flow table for introducing the elastic modulus and Poisson’s ratio parameters.

Introduced variables
Elastic modulus E Poisson’s ratio ν

umax Fin umin Fout Results umax Fin umin Fout Results

First variable 0.155 3.679 Clay minerals in 0.157 3.737 Quartz in

Second variable 0.151 4.126 Quartz in 0.154 4.237 Clay minerals in

Third variable 0.101 3.081 0.181 4.954 Calcite in 0.179 6..334 0.183 5.059 Dolomite in

Fourth variable 0.121 4.377 0.122 3.708 Siderite in 0.098 4.043 0.170 6.011 Calcite in

Fifth variable 0.099 4.253 0.143 5.144 Analcite in 0..008 0.314 0.135 5.572 End of regression

Sixth variable 0.013 0.530 0.126 4.467 End of regression

BRIT =
1
2

37:6374 + 20:1992xquartz − 38:5568xcalcite +

9:5781xanalcite − 60:0874xsiderite − 68:1563xclay

 !
− Emin

Emax − Emin
+

0:2472 − 0:0714xquartz + 0:0911xclacite
+0:0813xdolomite + 0:154xclay

 !
− νmax

νmin − νmax

2
66664

3
77775 × 100: ð15Þ
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5. Conclusion

(1) In this paper, the fracture states of the shale core at
different times are observed by CT scanning tests.
The results show that with the increase of time, local
microfractures are first formed in the core. While the
microfractures grow longer, new microfractures are
formed elsewhere. Until a large number of micro-
fractures intersect and communicate with each
other, eventually leading to core instability and frac-
ture. Therefore, it can be seen that the rock macro-
fractures are the appearance of local fractures after
reaching a certain degree, and the local fractures
are the fundamental cause of macrofractures

(2) The stepwise regression analysis method is used to
quantitatively analyze the relationships between the
rock elastic modulus, Poisson’s ratio, and rock
mineral compositions combined with the environ-
ment of the Liaohe Oilfield actual reservoir, which is
the basis of establishing the characterization method
of local shale brittleness. A newmethod for character-
izing shale brittleness by rockmineral compositions is
established in combination with the elastic parameter
method, thus realizing the characterization of local
brittleness of the discrete core. This method is scien-
tific and representative and can describe the change
rule of rock local brittleness accurately

(3) The results show that quartz, calcite, siderite, ana-
lcite, and clay minerals are the main influencing fac-
tors of the rock elastic modulus. Dolomite, calcite,
quartz, and clay minerals are the main influencing
factors of Poisson’s ratio. Among them, quartz and
analcite have a positive correlation with the elastic
modulus, and calcite, dolomite, and clay minerals
have a positive correlation with Poisson’s ratio.
Other minerals have negative correlations

(4) It can be seen from the comparative analysis that the
new method of the local brittleness index character-
izes the change rule of rock brittleness from the
microcosmic point of view, and the results are the
same as those of the elastic parameter method. It
can precisely quantify the influence of different min-
eral components on the reservoir brittleness, reduce
the calculation errors of elastic parameter method,
and avoid the low calculation results of the rock
mineral analysis method. The results are more in line
with the actual situation of the study block
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Grouting is an effective technical way for the construction of deep tunnels in unfavorable geological conditions. The fluid-solid-chemical
coupling mechanism of grouting process is analyzed from the following three aspects: influence of physical properties of silica sol on
permeability coefficient, dynamic changes of porosity and permeability of geotechnical media with seepage pressure, and governing
equations for flow and mass transfer characteristics. A dynamically changing model for nanosilica sol grouting in deep tunnels is
established, considering the changing physical properties of grout and surrounding rock. Based on the Xianglushan Tunnel of
Yunnan Water Diversion Project, the temporal and spatial evolution of silica sol grout is studied. The effect characteristics of
grouting pressure and initial permeability are clarified. The rationality of this model is verified by classical Newtonian fluid grouting
theory. The main conclusions: with the molar concentration as the index, the grout range can be divided into the raw grout region
and the transition region; with the decrease of the grouting pressure, the growth rate of the normal grouting radius and the axial
grouting radius will gradually decrease; due to the mechanical dispersion and molecular diffusion, the range of the transition region
will gradually increase with time. The ratio of the transition region to grouting radius fluctuates slightly with time under the initial
permeability of 5 D. The fluctuation increases with the decrease of initial permeability, and the average ratio increases with the
decrease of grouting pressure. This study can provide theoretical guidance for grouting design of deep tunnel engineering.

1. Introduction

Due to the influence of crustal movement, human excavation
engineering, and weathering erosion, the rock mass contains
not only macroscopic defects such as joints and cracks but
also microscopic defects such as microcracks and micropores
[1–4]. Grouting is an effective technical way for the construc-
tion of deep tunnels in unfavorable geological conditions [5–
7]. Due to nanoparticle size, low viscosity, high injectability,
and friendly to ecological environment, silica sol grouting
has been widely used in petroleum engineering, groundwater
protection engineering, tunnel construction, nuclear waste
storage, liquefiable soil improvement, and other geotechnical
fields [8–11].

Wang et al. [10, 12] investigated the rheological proper-
ties of nanosilica sol grout and derived an equation of real-
time viscosity and permeability length. Fujita and Kobayashi
[13] studied the transport mechanism of colloidal silica in
unsaturated sand and the effect of charging properties of
sand and silica particles by sand column experiment. In
order to study the penetration law of silica sol in micro-
cracks with a width of 40-50 microns, fluorescent whitening
agent-ultraviolet observation method, microscopic observa-
tion method, and hydraulic experiment method were used
to jointly predict and verify the penetration length and
sealing effect of silica sol [14]. The influence of gel effect
on the migration ability of silica sol in liquefied soil was
studied by using soil column experiments and a pilot-scale
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facility [15–17]. The migration process of silica sol along the
whole length of soil column, the gel capacity of silica sol
when it reached the target area, the injection amount of silica
sol, and the migration amount of silica sol with the concen-
tration of chloride ion as the indexes were monitored during
the soil column experiment. The flow laws of silica sol,
epoxy resin, polyurethane, and cement-based grout in one-
dimensional and two-dimensional fractured rock mass with
different grouting modes (constant flow grouting, constant
pressure grouting, and constant energy grouting) were
studied by theoretical analysis [18]. An analytical model of
colloidal silica gelling in groundwaters with varying pH
and background electrolyte concentrations was developed
and validated [19]; the model was then applied to a hypo-
thetical case study to demonstrate its use in grout design,
based on published in situ groundwater data from the
Olkiluoto area of Finland. The pulsating grouting technol-
ogy of silica sol was tested in a 500-meter-deep tunnel at
Mizunami Underground Research Laboratory in Japan
[20]. Pan et al. [21, 22] studied the influence characteristics
and mechanism of fragmental size of broken coal mass on
the injection regularity of silica sol grouting. Injection regu-
larity of silica sol grouting in broken coal mass generally pre-
sented a three-stage regularity. The fragmental size had a
great impact on the 2nd and 3rd stages.

In summary, previous experts have achieved fruitful
research results about the injection law of silica sol grouting
through numerical simulations, column tests, and field
experiments. However, there are still some deficiencies in
the study of the synergy effect of grouting material-
surrounding rock physical properties on silica sol grouting
in deep tunnels, and the study of multifield mechanism for
silica sol grouting in deep tunnels is still insufficient.

In this paper, in order to explore the theoretical mecha-
nism of nanosilica sol grouting technology for deep tunnels
in unfavorable geological conditions, a dynamically chang-
ing model for silica sol grouting in deep tunnels is estab-
lished, taking into account the changing physical properties
of grout and surrounding rock. Based on the project back-
ground of Xianglushan Tunnel of Central Yunnan Water
Diversion Project, the temporal and spatial evolution of
Darcy velocity, viscosity, molar concentration, and fluid
pressure of silica sol grouting are analyzed. The effects of
grouting pressure and initial permeability of surrounding
rock on permeability grouting characteristics of silica sol
are explored. The rationality of this model is verified by
combining the column theory and sphere theory.

2. Engineering Background and
Grouting Material

Xianglushan Tunnel was located on the head of the Dali I
Section, which was the first section of the main channel of
the Central Yunnan Water Diversion Project (Figure 1). At
the feasibility study stage, the total length of the section
was 63.426 km [23]. For Xianglushan Tunnel, the burial
depth in the area to the north of the trough valley of the
Runan River was 600~1000 m. According to the stress

assessment results of tunnel surrounding rock in the
geological survey stage, the average weight of rock mass can
be calculated as 26.5 kN/m3. The vertical stress of the
surrounding rock at a buried depth of 1000 m was
26.50 MPa, which was a high level of ground stress. The
statistics of conventional water pressure tests results showed
that the overall permeability of the rock formations in the study
area was weak water permeability (1  ≤  q ðpermeability
rateÞ  < 10 Lu, 10−5  ≤ K ðpermeability coefficientÞ  <
10−4 cm/s), and some were medium permeable. The per-
meability of karst strata was stronger than that of nonkarst
strata. Part of the medium permeability is mainly concen-
trated limestone, dolomitic limestone, argillaceous limestone,
and sandstone of Songgui formation.

The drilling and blasting method and TBM method were
used to construct the Xianglushan Tunnel, in which the
TBM section was 35.37 km long. According to the informa-
tion of exploration and design, the tunnel diameter of down-
stream TBM section was 9.8m, in which Class IV and V
surrounding rocks accounted for 53.14% (Table 1), and large
deformation surrounding rocks accounted for 16.62%.
Under the condition of naked tunnel, the length of the main
tunnel section of Xianglushan Tunnel was 33.085 km with a
specific yield greater than 3m3/m·d in dry season.

Considering environmental protection, ecology, and
flow control in the tunnel, in order to avoid more leakages
in the tunnel, reduce the impact of pumping and drainage
on groundwater environment and tunnel construction,
groundwater should be plugged and drained in a way that
followed the principle of “first plugging, and limited drain-
age.”When the local hydraulic head of groundwater was less
than 60m, it was better to adopt the full plugging method;
when the hydraulic head of groundwater was more than
60m, drainage and guide mode should be adopted.

Silica sol was selected as sealing grouting material. It was
a one-component nanogrouting material, which belonged to
colloidal solution, odorless and nontoxic. Silica sol had a
typical double-electron layer structure. The dominant size
of the silica particles in silica sol was 8–12 nm. When strong
electrolyte solution (i.e., catalyst) was added, the double-
electron layer of colloidal particles was compressed and
thinned, and the gel reaction began to take place. The viscos-
ity of colloidal particles increased gradually [25, 26]. The cat-
alyst chosen in the experiment was NaCl solution (Table 2).
The gel time of silica sol can be adjusted according to the
amount of catalyst. The gel reaction products had a good
transmittance and compact microstructure (Figure 2).

3. A Dynamically Changing Model for Silica Sol
Grouting in Deep Tunnels Based on the
Multifield Coupling Mechanism

The injection process in a tunnel is a complex and change-
able system problem: (a) geotechnical medium is multiscale,
and different stress states of surrounding rocks at different
positions in a tunnel lead to uneven development of fracture
and pore; (b) geotechnical environment is multi-interface,
such as grout-rock, grout-gas, and grout-water interfaces;
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the permeability grouting presents nonlinear characteristics
because of the different states, structures, and physical and
chemical properties of the interfaces; (c) in the grouting pro-

cess, there are many reactions, such as convection, molecular
diffusion, mechanical dispersion, adsorption and retention,
and gel reaction between silica sol and catalyst. These
reactions will change the migration characteristics of fluids
[27]. In this paper, the injection process of silica sol in deep
tunnels is regarded as a multireaction coupled flow in
porous media. The fluid-solid-chemical coupling mecha-
nism of grouting process is analyzed from the following
three aspects.

3.1. Influence of Physical Properties of Silica Sol on
Permeability Coefficient. Assuming that the rock mass does
not undergo hydration or expansion, the permeability
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Figure 1: Overview of the downstream TBM (Tunnel Boring Machine) section of Xianglushan Tunnel. (a) Planning curve of the Central
Yunnan Water Diversion Project and location of Xianglushan Tunnel; (b) working condition of the downstream TBM section of
Xianglushan Tunnel.

Table 1: Mechanical parameters of Class IV and V rock mass in Xianglushan Tunnel.

Rock mass quality [24]
Uniaxial compression

strength (MPa)
Intactness index of

rock mass
Unit weight
(kN/m3)

Shear
strength (MPa)

Deformation
modulus (GPa)

Poisson’s
ratio

Major
classification

Minor
classification

IV

IVa 30-40 0.45 23.5 0.6-0.7 3-5 0.27-0.28

IVb 15-25 0.6 23.5 0.4-0.6 2-3 0.28-0.29

IVc 5-10 0.55 22 0.3-0.4 1.5-2 0.29-0.30

V

Va 10-20 0.4 22 0.2-0.3 0.7-1.5 0.30-0.31

Vb 5-10 0.3 22 0.1-0.2 0.2-0.7 0.31-0.32

Vc 1-3 0.24 22 0.05-0.1 0.1-0.2 0.32-0.34

Table 2: Basic physical properties of silica sol and catalyst.

Properties Silica sol Catalyst

Viscosity ~10mPa·s ~1mPa·s
Density 1.1 kg/L 1.07 kg/L

pH 10 7

Concentration (% by weight) SiO2 15% NaCl 10%
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Figure 2: Continued.
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coefficient of grout is mainly restricted by two aspects: (a)
the redistribution of surrounding rock stress field caused
by engineering disturbances such as excavation and grout-
ing; (b) the change of viscosity and density of grout caused
by self-gel and dilution in groundwater. Self-gel is embod-
ied in the dependence of viscosity on time; adsorption
retention and dilution in groundwater are embodied in
the dependence of viscosity on concentration and density
on concentration.

3.1.1. Three-Dimensional Surface Equation for Viscosity-
Time-Concentration of Grout. For silica sol with mass
fraction of 15%, the molar concentration of silica is
2750mol/m3. The grout is prepared with silica sol : catalyst
volume ratio of 9 : 1, and the viscosity is measured with an
NDJ-5S rotary viscometer [28]. The function expression of
fitting viscous time curve is as follows:

μ = 7:32 × 10−13et/1309:55 + 7:71 × 10−3, ð1Þ

where t is in seconds and μ is in Pa·s.

By using the linear interpolation algorithm [29], the
three-dimensional surface equation of grout with respect to
time and concentration can be obtained:

μ c, tð Þ = 7:32 × 10−13et/1309:55 + 7:71 × 10−3 − 0:001
2750 c + 0:001,

ð2Þ

where the preferable range of t is 0-36000 s and the prefera-
ble range of c is 0-2750mol/m3. As shown in Figure 3, a
three-dimensional surface diagram is drawn.

3.1.2. Relationship between Density and Molar Concentration
of Grout. The molar concentration of grout (9 : 1) is
2750mol/m3, and the density is 1097 kg/m3; however, the
molar concentration of water is 0mol/m3 and the density
is 1000 kg/m3. The molar concentration of silica sol grouting
is basically proportional to its density, and the density of
grout can be expressed as follows:

ρ = 1000 + 97
2750 c, ð3Þ

where ρ is the density of grout, kg/m3.

(d)
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Figure 2: Double-electron layer structure and gel process of silica sol. (a) Double-electron layer structure of silica sol; (b) photo of silica sol
and NaCl solution; (c) viscosity versus time curves for grout with different proportions; (d) gel reaction products; (e) scanning electron
microscope photo of gel reaction products.
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Figure 3: Rotation viscosity experiment: (a) NDJ-5S rotary viscometer; (b) linear interpolation three-dimensional surface of viscosity with
time and concentration for grout.
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3.2. Dynamic Changes of Porosity and Permeability of
Geotechnical Media with Seepage Pressure. In the process
of geotechnical grouting, the seepage pressure of grouting
fluid will change the spacing or pattern of geotechnical
particles, so that the actual porosity, permeability, and other
physical parameters will dynamically change with the
change of the seepage pressure, thereby affecting the seepage
process. When neglecting the temperature effect, the
relationship between the dynamic changes of porosity and
permeability in geotechnical media under seepage pressure
can be given as follows [30]:

φ = 1 − 1 − φ0
1 + εv

1 − Δp
Es

� �
, ð4Þ

k = k0
1 + εv

1 + εv
φ0

−
Δp 1 − φð Þ
φ0 ⋅ Es

� �3
, ð5Þ

where φ is the dynamic porosity; k is the dynamic perme-
ability; φ0 is the initial porosity; k0 is the initial permeability;
εv is the volumetric strain; Δp = p − p0 (p0 is the initial
pressure; p is current pressure); Es is the bulk modulus of
geotechnical media.

Combined with Equations (2), (3), and (5), a variable
permeability coefficient model of silica sol grouting in the
tunnel can be constructed:

K = kρg
μ

, ð6Þ

where K is the permeability coefficient.

3.3. Governing Equations for Flow and Mass
Transfer Characteristics

3.3.1. Governing Equations for Grout Flow. The governing
equations of grout flow can be expressed by Darcy’s law [2].

∂ φ ⋅ ρð Þ
∂t

+∇ ⋅ ρuð Þ =Qm,

u = −
k
μ

∇p + ρg∇Dð Þ,
ð7Þ

where u is the Darcy velocity, m/s; ∇D is the unit vector in
gravity direction; D is the vertical coordinates.

3.3.2. Governing Equation for Mass Transfer. Silica sol grout-
ing approximately satisfies transport of diluted species in
porous media [11]. Assuming that only convection, molecu-
lar diffusion, and mechanical dispersion are considered and
that adsorption is not considered, the basic equation of sol-
ute transport is shown in the following:

∂ci
∂t

+∇ ⋅ ‐Di∇cið Þ + u ⋅ ∇ci = Ri, ð8Þ

where ci is the concentration of component i, mol/m3; Di is
the molecular diffusion, m2/s; Ri is the reaction rate of
component i, mol/(m3·s).

Because the gel reaction of silica sol is the gradual con-
nection of colloidal particles into a network structure, the
gel reaction can be regarded as not affecting the molar con-
centration of silica.

4. Numerical Model and Boundary Conditions

4.1. Parameter Values. COMSOL software is used for
numerical calculation. As shown in Figure 4, the model size
is 100 × 100m, the diameter of tunnel is 9.8m, the diameter
of grouting borehole is 5 cm, and the length of borehole is
3m. The numerical simulation process can be divided into
three steps: in situ stress initialization, tunnel excavation,
and borehole grouting. The values of parameters in the
numerical model are shown in Table 1.

4.2. Boundary Conditions

4.2.1. Boundary Conditions for Solid Mechanics. The upper
boundary condition is given stress of 25MPa, the lower
boundary condition is fixed constraint, the left boundary
condition is symmetrical boundary condition, and the right
boundary condition is roller support. The boundary condi-
tion of the tunnel is simplified to free. After boring, the
grouting pipe is put in, and the boundary condition is sim-
plified to zero radial displacement.

4.2.2. Boundary Conditions for Darcy’s Law. The upper,
lower, and right boundary conditions of the model are given
hydraulic head of 50m, and the left boundary condition is
symmetrical. After tunnel excavation, timely grouting
behind shield closes the cracks in surrounding rock, and
the boundary condition for surrounding rock of tunnel is
nonflowing. The boundary condition of borehole is given
pressure of 2MPa to simulate grouting pressure.

4.2.3. Boundary Conditions for Transport of Diluted Species
in Porous Media. The upper, lower, and right boundary con-
ditions of the model are given pressure of 0mol/m3, and the
left boundary condition is symmetrical. The boundary con-
dition of borehole is 2750mol/m3, which simulates the grout
concentration at the injection end.

5. Results and Discussion

5.1. Injection Characteristics of Model with a Grouting
Pressure of 2MPa and an Initial Permeability of 5 D. Taking
a calculation model with a grouting pressure of 2MPa and
an initial permeability of 5 D as an example, a monitoring
line of 80m in length is laid vertically in the grouting hole,
and the permeability law of silica sol grouting in tunnel is
analyzed. As shown in Figures 5(a)–5(e), there is a certain
transition zone between groundwater and grout. Because
Darcy velocity, viscosity, and permeability coefficient are
dependent variables of molar concentration, 10% of initial
molar concentration of grout (27.50mol/m3) is used as the
index of grout penetration radius. Define the 10%~95%
(27.50~2612.50mol/m3) of initial molar concentration for
the transition region and 95%~100% of initial concentration
for the raw grout region. The grouting radius and transition

7Geofluids



region in different directions at different times are calcu-
lated, as shown in Figure 5(f).

The viscosity, molar concentration, and permeability
coefficient in the raw grout region remain basically
unchanged at the same time. The viscosity and molar con-
centration in the transition region decrease with the distance
from the grouting hole, while the permeability coefficient
increases with the distance from the grouting hole. More-
over, when the gel time is not exceeded, the viscosity
increases slowly and remains at a low level for a long time,
which basically coincides with the indoor test.

The Darcy velocity at the same location decreases with the
increase of time. The maximum Darcy velocity at the 15th
minute is 3:21 × 10−4m/s, the maximum Darcy velocity at
the 480th minute is 1:37 × 10−4m/s, and the maximumDarcy
velocity at the 560th minute drops sharply to 1:32 × 10−5m/s.
This is closely related to the late sharp increase in viscosity.

The normal grouting radius is higher than the axial
grouting radius; the normal grouting radius, the axial grout-
ing radius, and the transition region all increase with time,
but the ratio of the transition region to the grouting radius
remains at 36.22%.

5.2. Effect of Grouting Pressure on the Injection
Characteristics. Silica sol grout can be regarded as Newto-
nian fluid. Column theory and sphere theory for uniform
permeability of Newtonian fluid in stratum are shown in
Equations (9) and (10) [32]. According to the values of
parameters in Tables 2 and 3, the theoretical grouting radius
is calculated:

h1 =
r1

2φβ

2Kt ln r1
r0
, ð9Þ

r1 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Kpr0t
nβ

3

s
, ð10Þ

where h1 is the difference between grouting pressure head
and groundwater head, cm; r1 is the grouting radius, cm; β
is the viscosity ratio of grout to water; and r0 is the radius
of grouting pipe, cm.

Under the same initial permeability of 5 D, the numeri-
cal models with a grouting pressure of 2MPa, 1.5MPa, and
1MPa are calculated, respectively. As shown in Figure 6,
the numerical simulation and theoretical calculation of grout
frontier under different grouting pressures are presented.
The normal grouting radius is slightly higher than the axial
grouting radius, the axial grouting radius is significantly
higher than the column theoretical value, and the column
theoretical value is higher than the sphere theoretical value.
With the decrease of grouting pressure, the growth rates of
normal grouting radius and axial grouting radius gradually
decrease. When the grouting pressure is 2MPa and
1.5MPa, respectively, the numerical simulation value is
larger than the calculation value of column theory, and the
excess value is equal to the range of the transition region.
The coincidence between the axial raw grout region and
the column theoretical value is high, which indicates that
column theory can explain the injection characteristics of
raw grout region. The range of the transition region
increases with time, which is attributed to the increasing
effect of mechanical dispersion and molecular diffusion.
The ratio of transition region to grouting radius fluctuates
slightly with time under the same grouting pressure, and
the average ratio increases slightly with the decrease of
grouting pressure. The grouting design of the tunnel engi-
neering should take into account not only the scope of the
raw grout region but also the affluence factor of the transi-
tion region.

5.3. Effect of Initial Permeability on the Injection
Characteristics. Under the same grouting pressure of
2MPa, the numerical models with an initial permeability
of 5 D, 0.5 D, and 0.05 D are calculated, respectively. As
shown in Figure 7, the numerical simulation and theoretical
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Figure 4: Schematic diagram of the numerical model.
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calculation of grout frontier under different grouting pres-
sures are presented.

The normal grouting radius is slightly higher than the
axial grouting radius, and the axial grouting radius is signif-
icantly higher than the value of column theory. With the
decrease of initial permeability, the growth rates of normal

and axial grouting radius decrease gradually. Under all
initial permeability conditions, the axial raw grout region
has a high degree of coincidence with the column theory,
which indicates that the column theory can explain the
injection characteristics of the axial raw grout region. And
under the initial permeability of 0.05 D, the range of the

Surface: pressure (Pa) isoline: molar concentration (mol/m3)
arrow: darcy velocity
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Figure 5: Permeability characteristics of the model with a grouting pressure of 2MPa and an initial permeability of 5 D. (a) Distribution
characteristics of Darcy velocity at different times; (b) distribution characteristics of viscosity at different times; (c) distribution
characteristics of molar concentration at different times; (d) distribution characteristics of permeability coefficient at different times; (e)
distribution characteristics of pressure, molar concentration, and Darcy velocity at 420th minute; (f) grouting radius and transition
region in different directions at different times.
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raw grout region is basically equal to the calculated values of
column theory and sphere theory, which indicates that in the
geotechnical medium media with low permeability, the mul-
tifield coupling mechanism of permeability grouting can
explain the column theory and sphere theory well. The range

of the transition region increases with time. Under the initial
permeability of 5 D, the fluctuation of the ratio of the tran-
sition region to grouting radius is small, and the fluctuation
increases with the decrease of the initial permeability, and
the average ratio increases gradually with the decrease of

Table 3: Value of parameters in the numerical model.

Number Medium Parameters Unit Value or expression

1

Geotechnical medium

Deformation modulus [Pa] 1:1 × 109

2 Poisson’s ration [1] 0.3

3 Density [kg/m3] 2200

4 Cohesion [Pa] 0:25 × 106

5 Angle of internal friction [degree] 30

6 Initial porosity [1] 14%

7 Initial permeability [m2] 5 × 10−12

8 Dynamic porosity [1] Equation (4)

9 Dynamic permeability [m2] Equation (5)

10

Grout

Viscosity [Pa·s] Equation (2)

11 Density [kg/m3] Equation (3)

12 Molecular diffusion∗ [m2/s] 1:2 × 10−11

13 Mechanical dispersion [m2/h] 8:4 × 10−4 [17]
Note: ∗Stocks-Einstein equation can be used to calculate molecular diffusion [31].
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Figure 6: Comparisons between numerical simulation and theoretical calculation of grouting radius under different grouting pressures: (a)
2MPa; (b) 1.5MPa; (c) 1MPa.
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the grouting pressure. The results show that for the grouting
of low-permeability rock and soil medium, although the
grouting radius is small, the range of the concentration gra-
dient increases. Therefore, it is necessary to make full use of
this phenomenon to develop a grouting material which is
easy to diffuse and disperse. In addition, the maximum
grouting radius is more than 16m, so the “super grouting”
technology can be developed without affecting the construc-
tion period. The fully enclosed grouting in full section of
tunnel can be completed by using only two symmetrical
grouting boreholes.

6. Conclusions

In order to explore the theoretical mechanism of nanosilica
sol grouting technology for deep tunnels in unfavorable geo-
logical conditions, a dynamically changing model for nano-
silica sol grouting in deep tunnels is established, taking
into account the changing physical properties of grout and
surrounding rock. Injection characteristics of nanosilica sol
grouting in deep tunnels affected by grouting pressure and
initial permeability are analyzed based on the project back-
ground of Xianglushan Tunnel of Central Yunnan Water
Diversion Project. The rationality of this model can be veri-
fied by combining the column theory and sphere theory for
Newtonian fluid. The main conclusions are as follows:

(1) The grout range can be divided into the raw grout
region and the transition region with the molar con-
centration of silica as the index. Viscosity, molar
concentration, and permeability coefficient in the
raw grout region remain basically unchanged at the
same time; in the transition region, viscosity and
molar concentration decrease with the distance from
the grouting hole, while the permeability coefficient
increases with the distance from the grouting hole

(2) With the decrease of grouting pressure, the growth
rates of normal grouting radius and axial grouting
radius will gradually decrease; due to mechanical dis-
persion and molecular diffusion, the range of the
transition region will gradually increase with time

(3) The ratio of the transition region to grouting radius
fluctuates slightly with time under the initial perme-
ability of 5 D, and the fluctuation increases with the
decrease of initial permeability, and the average ratio
increases with the decrease of grouting pressure

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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Water inrush is a serious disaster in tunnel construction. Because the process of water inrush is complicated and there is no
effective monitoring and early warning method, the control of water inrush disaster is passive. Firstly, the failure mode and
determination method of safety thickness of the antioutburst structure are summarized. The key breakthrough directions
and development trends of water inrush mechanism was analyzed. Secondly, the sensitivity ranking and the adjunct
characteristics of different types of precursor information are determined by the model test. An improved scheme of
microseismic monitoring technology is proposed to locate the spatial position of the water inrush channel, and a
multi-information time-space integrated monitoring method for an antioutburst structure is established. By analyzing the
evolution law of multi-information in the process of water inrush, the evolution model and its identification method are put
forward. Finally, the level of water inrush was determined through the analysis of the dynamic and static reserves of disaster
source, and a multilevel and comprehensive warning system of tunnel water inrush is established. Through the remote real-time
monitoring and early warning platform and its engineering application, the early warning of water inrush time trend and the
early warning of water inrush rupture space position are realized.

1. Introduction

In recent years, with the development of infrastructure
construction in China, a large number of tunnels were built
in western mountainous areas. There are some difficulties in
the construction of the tunnel, such as large buried depth,
long tunnel line, high stress, strong karst, high water
pressure, and frequent disasters [1]. Some serious geological
disasters often occur during the construction of deep-buried
tunnels [2, 3], which have the characteristics of high conceal-
ment, strong suddenness, and strong destructiveness. There
have been many cases of casualties, equipment damage,
and delays in construction due to water inrush of tunnels,
as shown in Table 1 [4, 5].

With the large-scale construction of karst tunnels, many
researchers carry on the study about the prevention and
control techniques of water inrush [6, 7]. The occurrence
and evolution of water inrush is a process of coupling force
field and seepage field. For the progressive failure of water-
resisting rock mass or the infiltration and instability of filling

medium, researchers put forward the failure mode of the
antioutburst structure using fracture mechanics and hydrau-
lics, and proposed the mechanical model and criteria of
water inrush [8, 9]. Some researchers analyzed the mecha-
nism and evolution process of the seepage instability of
filling [10–13]. The calculation method of the safe thickness
of the antioutburst structure was established [14–17].
Numerical simulation is an important method to study
water inrush [18, 19]. At present, the commonly used anal-
ysis software mainly includes FLAC-3D, RFPA, COMSOL
PFC-3D, and PD, etc., and the research content includes
seepage-stress coupling of rock mass, pore water pressure
characteristics of mining rock mass, and stability of water-
bearing faults and surrounding rocks [20–25]. However,
due to limitations in software development, it is difficult to
consider the complex construction geological environment
of tunnel engineering. To verify the theory and make up
for the inability of a mechanical model, researchers carried
out some water inrush model tests, because of the unfavor-
able geological environment, the high osmotic pressure,
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complex stress, and construction disturbance encountered
during the construction process [26]. The test system of a
similar physical model was used to study the seepage and
deformation laws of surrounding rock under the combina-
tion of multiple factors, which provided a theoretical basis
for the antiseepage reinforcement technology during the
construction process [27–32].

Damage and destruction of the antioutburst structure
will lead to the occurrence of water inrush. The damage pro-
cess will be accompanied by various physical information
(stress, strain, acoustic emission, etc.). Rock failure test is
the basis to obtain the evolution law of multiple information.
It is also an important basis for the monitoring design of
the precursory information of the antioutburst structure
[33–41]. Nevertheless, most of the basic mechanical tests
use single information to explain the damage process of
rock mass, and the influence of multiphysics coupling is
not considered. Many researchers have developed similar
material for the fluid-solid coupling model test [42]. Based
on the different formation and experimental conditions,

researchers found out the developmental characteristics
of fissures under different stress and seepage pressures.
In the real-time monitoring of geological disasters, the net-
work application system was developed based on the inter-
net of things, which was successfully applied in the
instability monitoring of slope stability, mine impact pres-
sure, and water inrush [43–48]. However, the monitoring
method of water inrush mainly relies on geological precur-
sor information and hydrogeological report. In the early
warning of water inrush, D-S evidence theory, extension
theory, and fuzzy evaluation [49–53] are applied to the
fusion analysis of multi-information. The severity of the
disasters induced by the disaster-causing structure was
graded. This method determines the monitoring items
such as water pressure, water quantity and quality, initial
support, and surrounding rock stability [54]. Nevertheless,
the correlation between precursor information and the
water inrush model is not clear, and it is difficult to carry
out the research work of early warning for a specific water
inrush model.

Table 1: Statistics on water inrush and mud disasters in tunnels.

Tunnel type Tunnel name Time/year Disaster description

Railway tunnel

Yuanliangshan tunnel 2002
Large-scale water and mud inrush occurred 71 times. The highest water pressure
reached 4.6MPa. The maximum water inflow was 72,000m3/h, causing 9 deaths

Maluqing tunnel 2005 A large-scale water and mud inrush occurred 19 times, causing 11 deaths

Yesanguan tunnel 2007
In a half-hour, water irruption quantity is 151,000m3, and mudstone eruption

quantity is 53,500m3, causing 10 deaths

Guzishan tunnel 2011 A major water inrush occurred and the surface collapsed, causing 2 deaths

Taoshuping tunnel 2014 Water inrush, causing 9 deaths

Wulong tunnel 2002
There have been more than 10 large-scale water and mud inrush, with a maximum

water inflow of 7.18 million m3/d

Yunwushan tunnel 2008 The water inflow is 46,000m3/d, and the maximum water inflow is 172,000m3/d

Qiyueshan tunnel 2005
Exposing 187 large-scale karst pipes and caves, and causing large-scale water inrush

for more than 20 times

Dazhiping tunnel 2006
The water and mud inrush reaches more than 60,000m3 and then stabilizes

at 8000m3

Xiangshan tunnel 2009
The maximum water inflow reaches 7300m3/h, and multiple water inrush occurs

within two years.

Bahuashan tunnel 2006
The total water inflow is 15,000m3, and the protruding angle crushed stone is about
1800m3. There are 13 sudden water and mud inrush accidents before and after, and

the 200m long tunnel is inundated.

Chaoyang tunnel 2018
The maximum water inflow was 1100m3/h, and the water output was estimated to

be about 100,000m3 causing 3 deaths

Road tunnel

Zhongjiashan tunnel 2012
The water and mud inrush occurred 14 times in 3 months, the total mud volume

exceeded 27,900m3, and the total water inrush exceeded 20,000m3

Longtan tunnel 2006
Large-scale burst mud 2 times; the mud volume exceeded 9000m3, causing

large-scale landslide 3 times

Baiyunshan tunnel 2010
Large-scale instant burst mud 2000m3, maximum water inflow 300m3/h, surface

subsidence 300m2, depth 20m, 6 deaths

Foling tunnel 2012 The inflow of water is 30,000m3, and the pumping water is 1.3 million cubic meters.

Shangjiawan tunnel 2013
Three large-scale water inrush occurred in the same section, and the maximum

amount of inrush of clay and water suddenly reached 7700m3.

Anshi tunnel 2019
About 15,000m3 of mud and 800m3 of water gushed into the disaster site causing

12 deaths. Ten people were injured.
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Due to the complexity, suddenness, and diversity of the
water inrush disasters in deep tunnels, it is necessary to sum-
marize the different cases of water inrush disasters, analyze
the types of different water inrush disasters, and study the
mechanism of water inrush under different failure modes
and the evolution law of precursor multiple information.
Data mining is used to establish an information fusion rec-
ognition model to provide a basis for water inrush pattern
recognition and fusion warning. Based on the analysis of
multi-information fusion of water inrush, a monitoring
and early warning system for water inrush disasters is estab-
lished to realize early warning of water inflow, water inrush
time, and location, which are effective measures to prevent
and control sudden water disasters. Based on systemati-
cally summarizing the mechanism of sudden flooding,
the research of this paper focuses on the multi-information
fusion analysis and prediction and early warning of water
inrush, and divides the water inrush hazard level by dynamic
and static water quantity assessment. Through multi-
information monitoring combined with microseismic
monitoring technology positioning to carry out time-space
warning, and achieve effective active prevention and control
of major water inrush disasters, it can provide some reference
and support for monitoring and warning of tunnel water
inrush disaster.

2. Catastrophic Evolutionary Mechanism of
Water Inrush

The formation of water inrush disasters of a tunnel is
affected by many factors. According to different division
principles, water inrush disasters are divided into various
types. From the perspective of disaster sources, water inrush
disasters are divided into crevice-type water inrush, fault-
type water inrush, dissolution-cavity-type water inrush,
and pipeline and underground dark river water inrush.
Considering the different forms of disasters, water inrush
disasters are divided into instantaneous water inrush, stable
water inrush, and seasonal water inrush. According to the
formation form of the water inrush channel, water inrush
disasters are divided into geological defect type and nongeo-
logical defect type [10]. The evolution process of the water
inrush channel is not only related to the properties of the
channel but also closely related to external disturbance fac-
tors such as water pressure, ground stress, and blasting
disturbance.

2.1. The Failure Mode of Antioutburst Structure. Based on
the failure mode of the antioutburst structure, the water
inrush type is divided into the progressive failure of the
resistance structure and filling medium infiltration and
instability. The progressive failure of the resistance structure
is mainly caused by dynamic disturbance and hydraulic
cleavage under high osmotic pressure. The instability of
the filling structure can be divided into local osmotic insta-
bility and overall slip instability.

2.1.1. The Progressive Failure of Resistance Structure. Based
on the division of the failure mode of the antioutburst

structure, combined with the theory of fracture mechanics,
structural mechanics, and rock mass dynamics, some
mechanical models and water inrush criteria were estab-
lished, such as tensile shear failure and compression shear
failure models [55]. The discriminating conditions of the
water inrush were obtained. The karst fissure water is prom-
inently defined as the accumulative stage and the unstable
stage, and the mechanical mechanism of the long-term
interaction of water and rock before water inrush is studied.
It is suitable for analyzing the control effect of karst water
and water pressure on the stability of surrounding rock [56].

2.1.2. Filling Medium Infiltration and Instability. For filling
faulty geological structures such as large cracks, faults, and
karst pipes, the formation of water inrush channels is caused
by seepage and catastrophic changes of internal filling
media, such as fault activation and karst pipeline filling infil-
tration. From the permeability characteristics of the filling,
the filling medium infiltration and instability can be divided
into the permeation instability of the filling medium and slip
instability of a filling belt [10].

(1) Permeability Instability of Filling Medium. When the
filling geological structure is under strong osmotic pressure
and excavation, the internal filling medium is continuously
eroded which may lead to piping and soil flow. When the
filling material is quickly flushed out, it leads to the forma-
tion of water inrush channels and causing the seepage insta-
bility of the filling medium [57].

(2) Slip Instability of Filling Belt. When there is a large-scale
disaster source nearby and the filling geological structure is
relatively weak or impervious, the filling structure has the
dual characteristics of water blocking and water filling. This
type of filling structure is relatively stable and has high
water-blocking properties. When the filler is dense, hetero-
geneous structure with poor water permeability, or imper-
meable, the entire structure of the filling does not have the
conditions for the formation of a potential water inrush
channel. Sliding instability of filling belt is easy to occur
under the action of strong seepage.

2.2. Minimum Antiburst Safety Thickness. By analyzing the
failure mode of the anti-outburst structure and the evolution
process of the catastrophe, the calculation method of the
minimum antioutburst safety thickness of the tunnel is sum-
marized. The water inrush from the karst tunnel face is
caused by the dual action. On the one hand, the tunnel blast-
ing excavation causes the intrinsic crack activation and
expansion of the rock mass. On the other hand, under the
continuous action of high karst water pressure, the rock
mass is softened. Corrosion changes the effective stress
between the cracks in the rock mass, causing the crack to
expand and penetrate.

Different scholars have proposed some calculation
models of antioutburst safety thickness for different engi-
neering geological conditions. The tunnel floor is simplified
as a cantilever beam for mechanical analysis using elastic
theory. According to its structural integrity, it is divided into
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“complete rock formation” and “incomplete rock forma-
tion,” and the calculation formula of the safe thickness of
the tunnel floor is obtained [58]. Using fracture mechanics
and hydraulics theory to analyze the hysteresis effect and
multipath effect of tunnel water inrush, a safe thickness cal-
culation model of rock wall based on critical water pressure
is established [9]. Based on the analysis of system potential
energy control parameters and catastrophic evolution path,
a folding catastrophe model is proposed and the minimum
safe thickness calculation formula for water inrush is estab-
lished [59]. The existence of a safe thickness zone increases
the difficulty of fracture propagation in hydraulic fracturing.
As the excavation progresses, the relaxation zone gradually
extends to the safe thickness zone, and the energy threshold
of the hydraulic fracturing of the rock mass under the action
of the high head is getting lower and lower. When the tunnel
face is located within the minimum safe thickness range, the
rock mass undergoes splitting and water inrush. The “three
districts” theory holds that the area between the tunnel face
and water-bearing body can be divided into three parts: the
excavation disturbance zone in front of the face, the fracture
zone around the water-bearing body, and the intact rock
mass protection zone [55]. The water inrush is a dynamic
process in which the excavation disturbs the fissure zone
and the permeable fissure zone gradually increase, which is

the progressive failure process of the antioutburst structure,
and is shown as follows:

hs ≥ h1 +
1
π

kIc
1:12pw

� �2
+ h3, ð1Þ

where hs is the area of rock protection thickness; h1 is the
slack thickness zone caused by construction; h3 is a fractured
zone, which is determined by geophysical exploration and
drilling methods; kIc is the fracture toughness of rock; pw is
fissure water pressure.

In view of the water inrush caused by dynamic distur-
bance such as blasting excavation, the antioutburst structure
of the karst tunnel is divided into blasting excavation distur-
bance zone Lc and hydraulic fracturing zone Lw [56]. In
engineering practice, the blasting excavation disturbance
zone Lc can be obtained by a field test, empirical estimation,
and theoretical calculation. Hydraulic fracturing zone Lw
under the action of the explosive stress wave is derived by
analyzing the critical water pressure of the expansion and
failure of water-bearing cracks in the tunnel face, as shown
in equation (2) and equation (3). The formula for calculating
the minimum safe thickness of the fractured rock mass is
L = Lc + Lw.

2.3. Key Issues of Water Inrush Mechanism Research. The
existing theoretical model has certain applicable conditions.
For example, in view of the existence of karst caves at the
tunnel floor, the beam-slab model simplifies the blast distur-
bance to the additional force on the rock mass, and hydro-
static pressure is treated as water pressure. The natural
rock mass may not only break water in the intact rock mass
but also break in the structural plane of the rock mass.
Therefore, the criterion of water inrush for the progressive
failure of resistance structure established by the theory of
fracture mechanics is generally applicable to the brittle
failure of rock mass which immediately changes from elastic
deformation to sudden fracture. The applicability of this
method is poor for large plastic deformation and failure of
rock mass after elastic deformation. The calculation model
of the safe thickness of the antioutburst structure only calcu-
lates the thickness of the protection zone, but the value of
the fracture zone depends on the accuracy of the geophysical

results, leading to a large error in the results. In summary,
there are still many typical and difficult problems in the
study of the evolution mechanism of water inrush in deep
tunnels.

Firstly, detonation pressure and excavation unloading are
the important factors affecting the water inrush of deep-
buried rock mass. It is important to research the failure mech-
anism and seepage characteristics of rockmass under dynamic
disturbance, strong unloading, and high osmotic pressure. It
can reveal the mathematical relationship between stress,
strain, seepage parameters, and groundwater flow variables.
The establishment of a mathematical model of the evolution
process of water inrush under the unloading disturbance and
osmotic pressure is one of the difficulties in the study of the
evolution mechanism of the inrush hydrodynamics.

Secondly, the deep burial depth and long tunnel line of
tunnels bring high ground stress, strong osmotic pressure,
and more complex regional seepage field evolution, making
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the catastrophe process of water inrush more complicated.
Some research still needs improvement. Examples of these
include the iterative method of seepage-stress-damage cou-
pling of the calculation unit for transferring fluid pressure
during rock mass rupture, the assignment method of transi-
tion conditions, and the boundary conditions between the
fracture flow and the pipe flow model. There is no mature
numerical method to simulate the water inrush.

Finally, the key control factors and corresponding con-
trol methods in the evolution process of water inrush and
burst mud disasters under different disaster modes are still
uncertain, making it difficult to establish corresponding
decision-making models. Few scholars carry out research
on the “control theory” of water inrush and burst mud disas-
ters. It is an urgent need to carry out evolution mechanism
of water inrush and disaster controlling method for collabo-
rative research. A breakthrough is needed on the basic
theoretical problem of the evolution mechanism with high
pressure and large flow. It can effectively determine the key
control factors and optimal control opportunities in differ-
ent evolution stages of water inrush and provide theoretical
support and method guidance for the active prevention
and control of deep tunnel water inrush.

3. Real-Time Monitoring Method of
Catastrophe Precursor Information

The evolution process of the water inrush disaster is a kind of
dynamic damage process. The hydrothermal medium system,
the hydrodynamic system, and the equilibrium state of sur-
rounding rock mechanics changes sharply due to tunnel exca-
vation, and the energy stored in the underground water is
instantaneously released, carrying sediment and debris to the
high speed of the excavation face [10]. It is a multifield cou-
pling process integrating solid, liquid, and gas, which is
accompanied by changes in information of multiple physical
quantities. In view of the real-timemonitoring of the evolution
process of water inrush, the targets and contents of the water
inrush disaster monitoring are clarified, and the fusion analy-
sis is carried out under the coordination of multiple informa-
tion monitoring to achieve effective disaster early warning.

3.1. Real-Time Monitoring Object for Water Inrush. During
the construction of the tunnel, the static reserves of disaster
sources can be detected through the geological forecast. The
dynamic reserves of groundwater recharge can be estimated
by the regional estimation of the supply channel [59], and
the damage level can be quantified by the total quantity of
water inrush. Through multi-information monitoring, the
security situation of the antioutburst structure and the loca-
tion of microseismic monitoring are analyzed. Finally, a
comprehensive monitoring and early warning method based
on the geological prediction of the disaster source, multi-
information fusion monitoring of the antioutburst structure,
and microseismic location of the water inrush channel is
established.

3.1.1. Anti-outburst Structure Monitoring. The antioutburst
structure is the last barrier to the occurrence of water inrush

disaster. In the process of water inrush evolution, a large
amount of mechanical physics information will change
on the antioutburst structure. A monitoring method for
the fusion analysis of displacement (on the surface), force
field (inside), and microseismic (in the far field) is pro-
posed. Through the long-term stable monitoring of the
water inrush channel and the evolution state, combined
with the water inflow estimation, the time and space
warning of water inrush are finally realized, as shown in
Figure 1 [60].

Based on the multi-information characteristics of the
seepage instability of water-blocking rock mass and the filling
structure, the monitoring principle and design method of
“microseismic-seepage dominant, multi-information fusion”
are proposed. Combined with previous numerical simulation
results, water inrush simulation test was carried out to obtain
the fusion evolution law of precursor information of rockmass
instability and water inrush. Aiming at the types of different
typical water inrush disasters, the sensitivity ranking of
multi-information is proposed, as shown in Table 2, and the
multi-information evolution model of different water inrush
types can be obtained.

For the water inrush of the type of water-blocking rock
mass destruction, the multi-information monitoring sensi-
tivity of the microseismic information is stronger than other
information because its antioutburst structure is fractured
rock mass. During the process of rock mass rupture and
stress redistribution, the microrupture develops inside the
rock mass. The energy is released in the form of elastic
waves, and the microseismic information is highlighted. In
the water inrush caused by filling infiltration instability type,
the antioutburst structure is mostly fault filling and pipeline
filling. The brittle fracture of the medium is not obvious,
resulting in the microseismic reaction that is not obvious,
but the displacement information is sensitive during the
evolution process.

3.1.2. Monitoring of Disaster Sources. The geological explora-
tion technology is adopted to realize the spatial location and
scale determination of the disaster source. The groundwater
migration information is monitored, and the recharge water
flow near the tunnel is estimated. The total amount of water
inrush is the decisive factor in the classification of hazard
levels, and it depends on the static and dynamic reserves of
the disaster source. At present, the static reserves of disaster
sources can be determined by advanced prediction methods
such as induced polarization [61]. Determining the total
amount of water inrush disasters and predicting the level
of disaster damage can provide a theoretical basis for disaster
control.

3.2. Monitoring of the Rupture Channel of the Anti-outburst
Structure. As a kind of dynamic disaster, making full use
of the information of a large number of mechanical and
physical fields during the catastrophic process is the key
to solving the problem of forecasting and warning of
water inrush disasters. Therefore, a dynamic and static
combined monitoring method is established by combining
wireless sensing and cloud platform technology to realize
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surface information monitoring, internal information
monitoring, and far field information monitoring in the
disaster area, as shown in Figure 2. The surface informa-
tion is mainly the displacement information of the sur-
rounding rock surface, which can be obtained by
monitoring and measuring means. The force field infor-
mation such as stress and osmotic pressure inside the
rock mass is monitored by sensor network in real time.
At the same time, the remote field microseismic informa-
tion monitoring in the disaster area is introduced, and a
new multi-information monitoring method based on
microseismic is proposed.

Through the research on multi-information monitoring
and early warning methods of water inrush precursors in
complex environment, the method of effective information
identification and interference information elimination for
water inrush precursors is proposed. Through the establish-
ment of the basic theory of multi-information monitoring
and early warning of the antioutburst structure and the com-
prehensive analysis of the evolution correlation and match-
ing characteristics of each field of information to identify
the evolution state of the disaster, the situation of the water
inrush disaster is assessed. The time-oriented warning of the
occurrence of the disaster is realized.

Surface
information

Internal information
monitoring 

Far field information
monitoring

Figure 2: Dynamic monitoring of multifield information of water inrush.

Table 2: Multi-information sensitivity ranking of water inrush [30].

Type of disaster Monitoring object Information sensitivity ranking Nature

Water inrush caused by
water-blocking rock mass
destruction

Structure of fractured
rock mass

Microseismic>stress field>displacement
field>seepage field

Influence of seepage on
microseismic information

during rupture

Water inrush caused by filling
infiltration instability

Fault filling, pipe filling
Displacement field>osmotic pressure>stress

field>microseismic information

Influence of disturbance
on the evolution process of

multi-information

Safety monitoring
room

Information
telemetry

Mobile terminal

PC terminal

Water inrush
warning platform

Water inrush caused by filling
infiltration instability

Water inrush caused by water-
blocking rock mass rupture

Microseismic
acquisition instrument

Microseismic event

Sensor

Figure 1: Microseismic monitoring design of antioutburst structure.

6 Geofluids



3.2.1. Positioning Method of Rupture Channel Based on
Microseismic Monitoring. The research on monitoring and
early warning of tunnel water inrush disaster shows that
the water-blocking rock mass is anisotropic heterogeneous
material. After the tunnel excavation disturbance, the stress
redistribution occurs in the rock, so that the accumulated
energy is released in the form of elastic waves. After the fluc-
tuation is received by the sensor network, a shock response
occurs, which is called a microseismic event. A large amount
of microfracture leads to the penetration of cracks, which
causes abnormal loosening of the original stable water-
blocking surrounding rock. Therefore, the microseismic
signal becomes an important precursor feature of dynamic
disasters.

Figure 3 shows the positioning principle of the micro-
seismic event. The sensor’s point positions xk, yk, zk and
the signal acquisition time tk by the sensor are known both
in the initial construction and in the operation of the system.
After measuring the original rock wave velocity VP·S by a
blasting experiment, the path length of the microseismic
signal collected by each sensor is shown as follows:

ΔLk = VP⋅S × Δtk =VP⋅S × tk+1 − Δtkð Þ: ð4Þ

The distance from each sensor to the source point can be
expressed as follows:

ΔLk =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xk − xð Þ2 + yk − yð Þ2 + zk − zð Þ2

q
: ð5Þ

By arranging the sensor array in the tunnel, the automatic
acquisition, transmission, and processing of the microseismic
data can be realized. The location of the internal damage of
the rock is determined by the microseismic positioning
principle and is displayed on the three-dimensional map.

The microseismic monitoring technology has the character-
istics of long-distance overall monitoring and 3D real-time
monitoring, which achieves the purpose of monitoring the
stability of the water-blocking rock mass.

3.2.2. Improved Microseismic Technology for Monitoring
Water Inrush Disasters. The traditional microseismic moni-
toring technology is mostly used for monitoring and early
warning of rockburst disasters in underground engineering.
There are few applications for monitoring antioutburst
structure in the water inrush disaster. As shown in
Figure 4, the model test method is used to compare and

Sensor 1

Rupture source

Sensor 3

Sensor 2

(t1, x1, y1, z1)

(t3, x3,y3, z3)

(t0, x0, y0, z0)

(t2, x2, y2, z2)

L1 = V(t1–t0)

L2 = V(t2–t0)

L3 = V(t3–t0)

Figure 3: Microseismic event and positioning principle.

Figure 4: Model test of microseismic positioning.

Figure 5: Field verification of upgrades for microseismic
equipment.
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analyze the microseismic response law during the process of
rupture of dry rock mass and water-rich rock mass, and pro-
vide a basis for exploring the difference between rock burst
disaster and water inrush disaster [62]. Through the field
application of microseismic technology in the water inrush
disaster of tunnel engineering, the difference of the monitor-
ing signal between the water inrush disaster and the rock
burst disaster is found, as shown in Figure 5. The traditional
microseismic monitoring system could not be directly
applied to the monitoring of the water inrush disaster.

The parameters of the monitoring hardware are improved
by upgrading the microseismic monitoring system from the
software layer and the hardware layer, which is different from
the conventional rockburst monitoring. The software is
embedded in the filter program for rock cracking signal of
water-rich mass. At the same time, in the aspect of data pro-
cessing, the self-developed multi-information fusion analysis
software TMIWS is embedded in the microseismic informa-
tion processing system. It realizes the dual function of the
identification of precursor information and the location of
the water inrush channel.

4. Multi-Information Fusion Analysis and Early
Warning Technology

4.1. Matching Model of Multitype Water Inrush

4.1.1. Multifield Information Evolution Law of Rupture in
Water-Bearing Rock Mass. The physical basis of monitoring
and early warning of water inrush information is a large
amount of precursor information generated during the

instability of rock mass. These precursor information
includes acoustic emission, apparent resistivity, stress, and
displacement, as shown in Figure 6. It is more difficult to
obtain all of this information accurately during the actual
tunnel construction process, but the occurrence of this
information is actually present.

Figure 6: Model test and precursor information collection of water-blocking rock mass [30].
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Through the model test of the rupture state of the tunnel
surrounding rock, and combined with the numerical simula-
tion results of the predecessors, the evolution law of the
precursory information of the rock mass instability and
water inrush is obtained and the multiphysical parameter
sensitivity ranking of the rock mass rupture is performed,
as shown in Figure 7. The sensitivity ranking of the critical
points of the precursory information of the water inrush
rock damage is acoustic emission information > stress infor-
mation > displacement information > osmotic pressure
information.

4.1.2. Evolution Law of Multifield Information of Water
Inrush of Infiltration Instability. During the tunnel construc-
tion process, with the influence of the water-induced
disaster-causing structure, as the tunnel surface is gradually
approaching the water-induced disaster-causing structure,
the water inrush channel gradually penetrates. When the
excavation disturbance continues to occur, a large amount
of water infiltrates into the tunnel. When the exposed struc-
ture is a filling medium, the filling medium is unstable and
water inrush occurs. Figure 8 is a physical simulation test
system for seepage instability and water inrush in tunnel
filling medium.

The filling medium has less stress redistribution effect
than the rock mass. Under the action of excavation distur-
bance, the filling structure is easy to deform. The internal
stress redistribution is mainly concentrated in the weak
boundary position, and the large-scale stress change occurs
at the boundary, causing the slippage of the entire filling
body or deformation near the dominant seepage channel.
The sensitivity rankings of the precursor information are
seepage information, displacement information, stress infor-
mation, and acoustic emission information, as shown in
Figure 9. In the construction process of the tunnel, com-
bined with the results of the simulation test, the time node
of the water quality changing from turbid to clear can be
used as a discontinuity of precursor information for the
seepage instability.

4.2. Time-Oriented Warning Based on Multi-Information
Fusion Analysis. The “five factors” that affect the occurrence

of water inrush are physical properties, structure, stress,
energy, and time. Based on these factors and the real-time
monitoring data such as microseismic, displacement, stress,
osmotic pressure, temperature, and resistivity, the situation
assessment theory [63, 64] is introduced into the disaster
prediction of water inrush. Using the method of log auditing
[65, 66], real-time monitoring and correction of multiheter-
ogeneous information is used to establish the water inrush
potential prediction model. In view of the disadvantages of
the Yager formula, based on the previous D-S fusion theory,
an average weighted fusion algorithm of the probability of
conflict of evidence is proposed. The distribution function
of the probability of conflict of evidence is weighted accord-
ing to the average support degree of each proposition and
then distributed. Finally, a new D-S fusion theory is pro-
posed. This method overcomes the shortcomings of the
previous methods and forms a multivariate information
fusion analysis method for the precursor of water surge.
Based on the improved D-S fusion theory, a situational
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Figure 8: Physical simulation test system for seepage instability of water in the filling medium [30].
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fusion prediction method for water inrush predicting is pro-
posed. Using this fusion prediction method, the water inrush
condition is obtained in continuous time. The time tendency
of the occurrence of a water inrush disaster is finally
determined.

The implementation process of fusion prediction method
of water inrush situation is as follows. First, the monitoring
data and construction log obtained in the monitoring system
such as microseismic, displacement, stress, osmotic pressure,
temperature, and resistivity are converted into time series
information. Secondly, during the entire information change
process, a sliding window of ΔT (time) is set (the trailing
edge of the sliding window is the real-time display time, the
size of ΔT is freely set according to actual needs). Using the
log audit method, the probability of occurrence of water
inrush in the ΔT is quantified. Finally, multiphysical data is
fusion analyzed by introducing the D-S fusion theory. The
real-time data of the monitoring system corrects the fusion
analysis results to meet the prediction of the change of the
water inrush state. Based on the accurate prediction, the
real-time status is obtained which fully reflects the actual sit-
uation of water inrush. Because the result of the water inrush
prediction is a time series, the linear visual display is realized
by using the GMð1, 1Þ, ARMA, and Holt-Winters model to
predict the probability of the water inrush, as shown in
Figure 10.

All the water inrush expectations are fused analysis by
using improved D-S evidence fusion methods [30] to obtain
the occurrence probability of water inrush. The precursory
multi-information accompanying the occurrence of tunnel
water inrush disaster includes microseismic, displacement,
stress, osmotic pressure, temperature, and apparent resistiv-
ity. The information data that can be obtained in the actual

construction process is limited. The formula for synthesizing
the probability of occurrence of water inrush in three types
of physical quantity monitoring systems is deduced.

m ϕð Þ = 0,

m Að Þ =
Y5
id=1

mid Að Þ + λ ⋅ f Að Þ,

m �A
� �

= 1 −m Að Þ,
m Hð Þ = 0,

8>>>>>>>><
>>>>>>>>:

ð6Þ

where

λ = 1 −
Y5
id=1

mid Að Þ −
Y5
id=1

mid
�A

� �
,

f Að Þ = 1
5 〠

5

id=1
mid Að Þ:

ð7Þ

According to equation (6), the alarm log information
data of the multiphysical monitoring system is analyzed by
fusion to obtain the occurrence probability of water inrush,
δhp =mðAÞ.

Through the data mining of the precursor multi-
information of water inrush in the ΔT , the real-time moni-
toring data of the around ΔT time are corrected to obtain
the time series-based water inrush situation. Therefore, the
water inrush situation can be predicted by GMð1, 1Þ. The
GMð1, 1Þ is the content of the grey system theory. It can find
the regular and make predictions in a limited number of
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Figure 10: Fusion prediction method of water inrush situation.
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Figure 12: Monitoring and integration warning system for precursor information of water inrush [30].
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data or discrete data, and draw the situational curve for
visual expression. It also can assist the engineer to fully
understand and grasp the development trend of the tunnel
water inrush situation. A propensity warning for the occur-
rence of water inrush is achieved, as shown in Figure 11.

4.3. The Early Warning of Water Inrush Based on
Microseismic Monitoring. If there are many recharge chan-
nels near the disaster source of the water inrush, when a
water inrush disaster occurs, the water inrush channel will
have a large amount of water supply. The turbulence signal
generated by the water flow impinging on the channel wall
can propagate in the anisotropic rock soil medium. Through

the simulation test, the feasibility of capturing signals and
inverting the positioning supply channel in the tunnel sur-
face was verified. Therefore, a hydroacoustic detector and a
microseismometer suitable for the monitoring of water
inrush disasters of tunnel have been developed.

The microseismic monitoring equipment is combined
with the wireless sensor network to form a real-time moni-
toring method for the water inrush multi-information car-
ried by microseismic. Through the quantitative analysis of
the multi-information situation, based on the established
multi-information depth fusion algorithm, the situation of
water inrush and the location of rupture channel are pre-
dicted to realize the continuous real-time monitoring and

Figure 14: On-site water discharge.
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early warning of water inrush disaster, as shown in
Figures 12 and 13.

During the tunnel construction process, disaster source
static reserves are detected through the whole process of geo-
logical prediction. The dynamic reserve of groundwater
recharge is estimated by the regional estimate of the recharge
channel. The hazard level is quantified by the amount of
water in the water inrush. Through the multi-information
monitoring of the antioutburst structure, the analysis of
the security situation of the antioutburst structure to deter-
mine the time tendency, and the microseismic monitoring
to determine the location of the water inrush channel, a
comprehensive monitoring and early warning method was
established, based on the geological prediction of the disaster
source, the multi-information fusion monitoring of the
antioutburst structure, and the microseismic positioning of
water channels.

5. Engineering Applications

The Yuelongmen tunnel of Sichuan Chenglan Railway is one
of the most difficult railway projects in China. It is located in
the alpine valley area on the eastern edge of the Qinghai-
Tibet Plateau. Mountains and steep valleys surround it. It
passes through Jiuzhaigou and the Giant Panda Protection
Base. Accompanied by the collision between the Indian plate
and the Eurasian plate, the topographical and geological
conditions show typical “four poles and three highs” charac-

teristics. The Yuelongmen tunnel is a double-hole tunnel
with a total length of 19981m for the left line and 20042m
for the right line. The tunnel passes through the Longmen-
shan active fault zone and fault fracture zone. The maximum
depth of the tunnel is 1445m. In the process of construction,
disasters such as large deformation and water inrush fre-
quently occur under high ground stress. In the D2K94
+645~D2K94+675 mileage, through the deployment of
monitoring sensors, video monitoring devices, and remote
wireless transmission systems, a multi-information monitor-
ing platform based on microseismic is built to monitor real-
time multivariate precursor information, as shown in
Figures 14 and 15. During the construction period, 27 small
and medium-sized water inrush were accurately warned, and
the water inrush situation was effectively controlled. The
estimation method of the hydrostatic volume and dynamic
reserves of the disaster source was proposed, and the hazard
level warning was realized, ensuring safe construction in
water. It guarantees the safe construction of the extremely
high-risk section of the Yuelongmen tunnel and promotes
its application throughout the entire railway.

The remote monitoring and early warning analysis sys-
tem for major water inrush includes data acquisition, data
processing, pattern discrimination, and fusion warning.
Based on the remote real-time acquisition of physical
quantity information to find the evolution law of precursor
information of two kinds of water inrush, the water inrush
pattern recognition and discrimination model was
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Figure 16: Monitoring data of physical quantity.
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established to carry out accurate type identification of water
inrush, as shown in Figure 16. A fusion analysis model of
tunnel water inrush was established. Through the analysis
of multi-information fusion, the evolution state of the water
inrush was predicted in time. In space, the early warning
technology of microseismic positioning channel and inte-
grated multi-information prediction situation was used as
an auxiliary to monitor and warn. Multiterminals, such as
total monitoring center, on-site subcenter, base station, and
internet, have realized real-time monitoring and early warn-
ing of tunnel water inrush in different places.

6. Conclusions

This paper systematically summarizes the failure mode, the
occurrence criterion, and the safe thickness determination
method of the antioutburst structure and expounds the cat-
astrophic evolution process of the formation of the water
inrush channel. The disaster source and antioutburst struc-
ture of water inrush were monitored in real-time to obtain
the evolution law of precursory multi-information. Finally,
the identification method of the precursor information of
water inrush was established, and the propensity prediction
of water inrush time was realized. The remote monitoring
and early warning analysis system of major water inrush
was established, which can provide the basis for prevention
and control of disasters.

(1) The catastrophic evolution mechanism of the pro-
gressive failure of the resistance structure and the
infiltration and instability of filling medium was
explained. By systematically summarizing the exist-
ing theoretical model of water inrush, calculation
method, and applicable conditions, this paper
focuses on the hot and difficult problems, key break-
through directions, and development trends of the
mechanism research of water inrush. The research
on the dynamic evolution mechanism of water
inrush in deep tunnels provides theoretical support
and method guidance for the active prevention and
control of water inrush

(2) By comparing the application of microseismic
monitoring in rockburst and water inrush, the
improvement schemes of software and hardware
for traditional microseismic technology of antiout-
burst structure were proposed to locate the rupture
of the antioutburst structure. The scheme was
embedded in the fusion early warning software.
Then, the cluster analysis theory was used to realize
the effective acquisition of precursory information
of water inrush. The identification problem of the
evolution of state and precursor information of
water inrush was solved

(3) An improved D-S fusion method was introduced for
the fusion analysis of multidimensional heteroge-
neous information. Combined with real-time moni-
toring data to correct the fusion analysis results, the
tendency to predict the water inrush time was real-

ized. Besides, the true state of the water inrush situ-
ation was comprehensively reflected. Considering
the estimation of the static reserve and the dynamic
reserves under the water supply replenishment of
disaster sources, it can achieve the magnitude predic-
tion of the water inrush. Finally, a monitoring and
early warning analysis system for major water inrush
was established

(4) Yuelongmen tunnel relies on the multi-information
collection wireless transmission platform to establish
a multilevel and comprehensive early warning sys-
tem. It realized data cloud storage analysis and
real-time monitoring and early warning of multiter-
minals. It realizes the time and space warning of
major water inrush and promotes the development
of active prevention and control of disasters

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The research for this paper was supported by a project of the
National Science Foundation for Distinguished Young
Scholars of China (Grant No. 52025091), the National Nat-
ural Science Foundation of China (Grant Nos. 51909143,
52009076, and 52009070), a project of the Joint Funds of
the National Natural Science Foundation of China (Grant
No. U1934218), the Shandong Provincial Key Research
and Development Program (Major Scientific and Techno-
logical Innovation Project) (Grant Nos. 2019JZZY010601
and 2019JZZY010428), and the China Postdoctoral Science
Foundation (Grant Nos. 2020M682182 and 2021T140414).

References

[1] R. Q. Huang and X. N. Wang, “Analysis of major disaster geo-
logical problems in deep tunnel engineering,” Hydrogeological
Engineering Geology, vol. 4, pp. 21–24, 1998.

[2] X. W. Luo and F. L. He, “A study of geological structures
inclined to disaster and models of water burst in deep-buried
long tunnels,” Modern Tunnelling Technology, vol. 51, no. 1,
pp. 21–25, 2014.

[3] M. S. Wang and Z. S. Tan, “China tunnel and underground
construction technology,” Strategic Study of CAE, vol. 12,
no. 12, pp. 4–10, 2010.

[4] D. Y. Chen, Study on water inrush mechanism and real-time
monitoring method of karst cave in tunnels [Ph.D. thesis],
Shandong University, Jinan, 2016.

[5] Y. G. Wang, Study on scourge and prevention of karst tunnel
water inrush [Ph.D. thesis], China Academy of Railway Sci-
ences, Beijing, 2010.

14 Geofluids



[6] Z. W. Liu, Karst waterburst mechanism and prevention coun-
termeasures in Yuanliangshan tunnel [Ph.D. thesis], China
University of Geosciences, Beijing, 2004.

[7] Z. W. Liu, M. C. He, and S. R. Wang, “Study on karst
waterburst mechanism and prevention countermeasures in
Yuanliangshan tunnel,” Rock and Soil Mechanics, vol. 27,
no. 2, pp. 228–232, 2006.

[8] J. X. Wang, B. Feng, and X. S. Zhang, “Hydraulic failure mech-
anism of karst tunnel surrounding rock,” Chinese Journal of
Rock Mechanics and Engineering, vol. 29, no. 7, pp. 1363–
1370, 2010.

[9] J. Q. Guo and C. S. Qiao, “Study on water inrush mechanism
and thickness of rock wall of karst tunnel face,” Journal of
The China Railway Society, vol. 34, no. 3, pp. 105–111, 2012.

[10] L. P. Li, Study on evolution mechanism and application of
water inrush disaster in high risk karst tunnel [Ph.D. thesis],
Shandong University, Jinan, 2009.

[11] L. P. Li, D. Y. Chen, and S. C. Li, “Numerical analysis and
fluid-solid coupling model test of filling-type fracture water
inrush and mud gush,” Geomechanics and Engineering,
vol. 13, no. 6, pp. 1011–1025, 2017.

[12] Z. L. Nie, Analysis for water burst mechanism and study on
mechanical features of tunnel lining in water filled karst area
[Ph.D. thesis], Southwest Jiaotong University, Chengdu, 2009.

[13] Z. Q. Zhou, L. P. Li, S. S. Shi et al., “Study on tunnel water
inrush mechanism and simulation of seepage failure process,”
Rock and Soil Mechanics, vol. 41, no. 11, pp. 3621–3631, 2020.

[14] R. Q. Huang and X. N. Wang, “Analysis of hydraulic splitting
in deep water tunnel gushing process,” Chinese Journal of Rock
Mechanics and Engineering, vol. 19, no. 5, pp. 573–573, 2000.

[15] X. J. Weng, Study on inrush of water and mud mechanism and
grouting control technology in water-rich fault fracture zone of
tunnel [Ph.D. thesis], Shandong University, Jinan, 2014.

[16] J. W. Zhang, Y. Tan, and T. Chen, “Study on mechanism of
batholite water inrush in lateral karst tunnel,” Journal of High-
way and Transportation Research and Development, vol. 34,
no. 5, pp. 109–115, 2017.

[17] S. Q. Sun, P. He, G. Wang et al., “Shape characterization
methods of irregular cavity using Fourier analysis in tunnel,”
Mathematics and Computers in Simulation, vol. 187, pp. 191–
214, 2021.

[18] X. Zhang, D. J. Sanderson, and A. J. Barker, “Numerical study
of fluid flow of deforming fractured rocks using dual perme-
ability model,” Geophysical Journal International, vol. 151,
no. 2, pp. 452–468, 2002.

[19] L. Jing, Y. Ma, and Z. Fang, “Modeling of fluid flow and solid
deformation for fractured rocks with discontinuous deforma-
tion analysis (DDA) method,” International Journal of Rock
Mechanics and Mining Sciences, vol. 38, no. 3, pp. 343–355,
2001.

[20] L. Q. Ma, D. S. Zhang, and X. X. Miao, “FLAC3D simulation of
seepage law of mining rock mass,” Journal of Hunan Univer-
sity of Science and Technology (Natural Science Edition),
vol. 21, no. 3, pp. 1–5, 2006.

[21] L. C. Li, C. A. Tang, and Z. Z. Liang, “Numerical analysis of
pathway of groundwater inrush from faults in coal seam floor,”
Chinese Journal of Rock Mechanics and Engineering, vol. 28,
no. 2, pp. 290–297, 2009.

[22] C. A. Tang, T. H. Yang, L. C. Li et al., “Numerical simulation of
influence of pore water pressure on rock crack propagation,”
Rock and Soil Mechanics, vol. 24, no. S2, pp. 17–20, 2003.

[23] Z. Q. Zhou, P. G. Ranjith, W. M. Yang, S. S. Shi, C. C. Wei, and
Z. H. Li, “A new set of scaling relationships for DEM-CFD
simulations of fluid–solid coupling problems in saturated
and cohesiveless granular soils,” Computational Particle
Mechanics, vol. 6, no. 4, pp. 657–669, 2019.

[24] Z. Q. Zhou, Z. H. Li, C. L. Gao et al., “Peridynamic micro-
elastoplastic constitutive model and its application in the fail-
ure analysis of rock masses,” Computers and Geotechnics,
vol. 132, article 104037, 2021.

[25] C. L. Gao, Z. Q. Zhou, Z. H. Li, L. P. Li, and S. Cheng, “Peridy-
namics simulation of surrounding rock damage characteristics
during tunnel excavation,” Tunnelling and Underground Space
Technology, vol. 97, article 103289, 2020.

[26] S. C. Li, C. L. Gao, Z. Q. Zhou et al., “Analysis on the precursor
information of water inrush in karst tunnels: a true triaxial
model test study,” Rock Mechanics and Rock Engineering,
vol. 52, no. 2, pp. 373–384, 2019.

[27] Y. C. Mo, Stability research on high water pressure filled karst
caves tunnel [Ph.D. thesis], Southwest Jiaotong University,
Chengdu, 2009.

[28] Y. Q. Hu, Y. S. Zhao, and D. Yang, “Simulation theory &
method of 3D solid-liquid coupling,” Journal of Liaoning
Technical University, vol. 2, pp. 204–206, 2007.

[29] S. C. Li, Y. Zhou, and L. P. Li, “Development and application of
a new similar material for underground engineering fluid-solid
coupling model test,” Chinese Journal of Rock Mechanics and
Engineering, vol. 31, no. 6, pp. 1128–1137, 2012.

[30] Y. C. Yuan, Study on precursor information evolution law of
water inrush and early warming method in tunnels and its
engineering applications [Ph.D. thesis], Shandong University,
Jinan, 2017.

[31] S. G. Song, S. C. Li, L. P. Li et al., “Model test study on vibration
blasting of large cross-section tunnel with small clearance in
horizontal stratified surrounding rock,” Tunnelling and
Underground Space Technology, vol. 92, p. 103013, 2019.

[32] L. P. Li, C. S. Shang, K. W. Chu et al., “Large-scale geo-
mechanical model tests for stability assessment of super-large
cross-section tunnel,” Tunnelling and Underground Space
Technology, vol. 109, article 103756, 2021.

[33] Z. P. Meng, M. S. Li, and P. Q. Lu, “Temperature and pres-
sure under deep conditions and their influences on mechan-
ical properties of sandstone,” Chinese Journal of Rock
Mechanics and Engineering, vol. 25, no. 6, pp. 1177–1181,
2006.

[34] H. R. Li, C. H. Yang, and Y. G. Liu, “Experimental research on
ultrasonic velocity and acoustic emission properties of granite
under failure process,” Chinese Journal of Geotechnical Engi-
neering, vol. 36, no. 10, pp. 1915–1923, 2014.

[35] J. Li, J. H. Yue, Y. Yang, X. Zhan, and L. Zhao, “Multi-res-
olution feature fusion model for coal rock burst hazard
recognition based on acoustic emission data,” Measure-
ment, vol. 100, pp. 329–336, 2017.

[36] X. P. Zhang, Q. Zhang, and S. C. Wu, “Acoustic emission char-
acteristics of the rock-like material containing a single flaw
under different compressive loading rates,” Computers and
Geotechnics, vol. 83, pp. 83–97, 2017.

[37] S. C. Li, X. J. Xu, and Z. Y. Liu, “Electrical resistivity and acous-
tic emission response characteristics and damage evolution of
sandstone during whole process of uniaxal compression,” Chi-
nese Journal of Rock Mechanics and Engineering, vol. 1, no. 33,
pp. 14–23, 2014.

15Geofluids



[38] S. C. Li, L. P. Li, S. C. Li et al., “Development and Application
of Similar Physical Model Test System for Water Inrush of
Underground Engineering,” Journal of Mining & Safety Engi-
neering, vol. 27, no. 3, pp. 299–304, 2010.

[39] S. C. Li, C. Hu, L. P. Li, S. G. Song, Y. Zhou, and S. S. Shi,
“Bidirectional construction process mechanics for tunnels in
dipping layered formation,” Tunnelling and Underground
Space Technology, vol. 36, pp. 57–65, 2013.

[40] S. X. Ling, Y. Ren, and X. Y.Wu, “Study on reservoir and water
inrush characteristic in Nibashan tunnel, Sichuan Province,
China,” Engineering Geology for Society and Territory, vol. 6,
pp. 577–582, 2015.

[41] Z. H. Wang, T. Su, H. Konietzky, Y. L. Tan, and G. L. Zhou,
“Hydraulic properties of Beishan granite after different high
temperature treatments,” Bulletin of Engineering Geology and
the Environment, vol. 80, no. 4, pp. 2911–2923, 2021.

[42] G. M. Zhang, K. Zhang, L. J. Wang, and Y.Wu, “Mechanism of
water inrush and quicksand movement induced by a borehole
and measures for prevention and remediation,” Bulletin of
Engineering Geology and the Environment, vol. 74, no. 4,
pp. 1395–1405, 2015.

[43] H. Yuan, H. M. Zhong, and D. J. Lai, “Geological disaster
online realtime monitoring and early-warning system research
based on the Flex Viewer framework,” Journal of Natural
Disasters, vol. 22, no. 2, pp. 177–184, 2013.

[44] S. E. Ma, Z. R. Mei, and J. W. Zhang, “Geological structure
quantitative evaluation and monitoring and early warning of
water inrush andmud disaster in long tunnel,”Modern Tunnel
Technology, vol. 46, no. 2, pp. 99–104, 2009.

[45] Y. Q. Xu and J. Ma, “Dynamic monitoring and early warning
system for geological disasters based on internet of things tech-
nology and its architecture,” Chinese Journal of Geological
Hazard and Control, vol. 24, no. 3, pp. 90–93, 2013.

[46] G. L. Sun, Z. G. Tao, andW. L. Gong, “Slope disaster monitor-
ing and early warning network system and its engineering
application,” Journal of China University of Mining and Tech-
nology, vol. 46, no. 2, pp. 285–291, 2017.

[47] J. P. Sun, “Technologies of monitoring and communication in
the coal mine,” Journal of China Coal Societ, vol. 35, no. 11,
pp. 1925–1929, 2010.

[48] S. Wang, L. P. Li, S. Cheng et al., “Study on an improved real-
time monitoring and fusion prewarning method for water
inrush in tunnels,” Tunnelling and Underground Space Tech-
nology, vol. 112, article 103884, 2021.

[49] X. Kuang, M. Z. Bai, and C. L.Wang, “Research of comprehen-
sive warning of water inrush hazards in karst tunnel based on
fuzzy evolution method,” Journal of Highway and Transporta-
tion and Development, vol. 27, no. 11, pp. 100–103, 2010.

[50] P. Zhao, X. L. Pei, and J. Xue, “Research on safety pre-warning
management of building construction based on information
fusion technique,” China Safety Science Journal, vol. 19,
no. 10, pp. 106–110, 2009.

[51] Y. N. Yang, H. P. Cao, andM. Xu, “Index system of risk assess-
ment on karst tunnel water inrush disasters and value of quan-
titative method,” Geosience, vol. 2, pp. 414–420, 2015.

[52] J. Liu and W. M. Wu, “Research on safety risk early warning
model of large coal water disaster,” Chinese Coal, vol. 5,
pp. 122–124, 2017.

[53] P. Liu, J. F. Wang, and L. Y. Zhang, “Reliability study on coal
mine water disaster early warning system based on extension
evaluation,” Coal Technology, vol. 34, no. 6, pp. 136–138, 2015.

[54] S. C. Li, Z. Q. Zhou, L. P. Li, Z. H. Xu, Q. Q. Zhang, and S. S.
Shi, “Risk assessment of water inrush in karst tunnels based
on attribute synthetic evaluation system,” Tunnelling and
Underground Space Technology, vol. 38, pp. 50–58, 2013.

[55] L. P. Li, S. C. Li, and Q. S. Zhang, “Study of mechanism of
water inrush induced by hydraulic fracturing in karst tunnels,”
Rock and Soil Mechanics, vol. 31, no. 2, pp. 523–528, 2010.

[56] S. C. Li, Y. C. Yuan, and L. P. Li, “Water inrush mechanism
and minimum safe thickness of rock wall of karst tunnel face
under blast excavation,” Chinese Journal of Geotechnical Engi-
neering, vol. 37, no. 2, pp. 313–320, 2015.

[57] Z. Q. Zhou, Evolutionary mechanism of water inrush through
filling structures in tunnels and engineering applications
[Ph.D. thesis], Shandong University, Jinan, 2016.

[58] S. J. Zang, “Theoretical on study minimum safe thickness of
floors of tunnels in heavy karst areas during construction,”
Tunnel Construction, vol. 27, no. 5, pp. 17–19, 2007.

[59] M. Sun and W. N. Liu, “Research on water inrush mechanism
induced by karst tunnel face with high risk,” Rock and Soil
Mechanics, vol. 32, no. 4, pp. 1175–1180, 2011.

[60] S. Cheng, Microseismic mechanism and monitoring analysis
method for water inrush in tunnels [Ph.D. thesis], Jinan,
Shandong University, 2019.

[61] B. Liu, Research on real-time monitoring of tunnel water-
bearing geological structure based on resistivity method and
IP method for advanced detection and water inrush disaster
[Ph.D. thesis], Shandong University, Jinan, 2010.

[62] R. S. Jian, X. H. Ya, and H. M. Sun, “Situation assessment
method of rock burst based on multi-source information
fusion,” Journal of Mining & Safety Engineering, vol. 31,
no. 2, pp. 187–195, 2014.

[63] S. Bjørn and S. W. Hystad, “Situation awareness as a determi-
nant for unsafe actions and subjective risk assessment on off-
shore attendant vessels,” Safety Science, vol. 93, pp. 214–221,
2017.

[64] Y. Wei, Y. F. Lian, and D. G. Feng, “A network security situa-
tional awareness model based on information fusion,” Journal
of Computer Research and Development, vol. 46, no. 3,
pp. 353–362, 2009.

[65] Y. Wei and Y. F. Lian, “A network security situational aware-
ness model based on log audit and performance correction,”
Chinese Journal of Computers, vol. 32, no. 4, pp. 763–772,
2009.

[66] S. Wang, Regional dynamic risk assessment and early warning
of tunnel water inrush and application [M.S. thesis], Shandong
University, Jinan, 2016.

16 Geofluids



Research Article
Experimental Study on Water-Sand Seepage Characteristics in
Fractured Rock Mass under Rheological Effect

Jiarui Chen ,1 Hai Pu ,2,3 Jianxiong Liu ,1 Jihua Zhang ,1 Peitao Qiu ,4

Wenhu Gu ,1 Qirong Li ,1 and Zhendong Chen 1

1Faculty of Architecture and Civil Engineering, Huaiyin Institute of Technology, Huai’an, Jiangsu 223001, China
2State Key Laboratory for Geomechanics & Deep Underground Engineering, China University of Mining & Technology, Xuzhou,
Jiangsu 221116, China
3College of Mining Engineering and Geology, Xinjiang Institute of Engineering, Urumqi, Xinjiang 830091, China
4School of Civil Engineering, Xuzhou University of Technology, Xuzhou, Jiangsu 221018, China

Correspondence should be addressed to Jianxiong Liu; 1011103615@qq.com

Received 24 February 2021; Accepted 13 August 2021; Published 21 August 2021

Academic Editor: Yi Xue

Copyright © 2021 Jiarui Chen et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This study investigates water-sand bursting disasters associated with fractured rock that affect safe mining in the mining areas of
Western China. A broken rock water-sand seepage rheological test device was developed, and rheological tests were conducted on
multiple groups of broken rock samples with single-stage axial loading and different load levels. When the rheology of each group
of broken rock samples was stable, water-sand mixed fluid was injected into the samples at a certain pressure gradient to conduct
water-sand seepage tests on broken rock masses. It was found that when the porosity of a fractured rock mass is within a certain
range, the water-sand mixed fluid does not completely pass through the fractured rock mass and some sand particles are filtered
by the fractured rock sample. There is an exponential relationship between the sand breaking ability and the sand filtration ability
of fractured rock and its initial porosity, and the permeability of fractured rock decreases by a certain extent after sand filtration.
However, for different load levels, when the flow through a fractured rock mass tends to be stable, the final porosity of the
fractured rock mass decreases exponentially with axial compression. Based on the classical Kelvin rheological model and the
basic theory of fractional calculus, a new fractional rheological model has been proposed and the rheological parameters under
different load levels were fitted to the model. The new fractional rheological model is better able to describe the rheological
characteristics of broken mudstone.

1. Introduction

The removal of underground coal in China’s western coal
mining regions results in the formation of a goaf. Unsup-
ported overburdened rocks undergo fractures that lead to
interconnected cracks [1]. The seepage of mixed fluids
formed by water and sand through the connected cracks
within overburdened rocks can cause serious disasters from
water and sand inrush [2], which seriously threaten produc-
tion safety in western coal mines. The disasters caused by
penetrating cracks are a threat to many projects [3, 4] and
therefore a topic of intense research [5–11].

Backfilling of a goaf is currently considered to be the
most effective manner to solve the problem of sedimenta-

tion. Rheological effects are encountered due to loading com-
paction of broken rock that occurs during backfilling. The
creep mechanical properties of saturated bulky gangue mate-
rials have been studied by other researchers [12]. However,
several problems involving the long-term stability of backfill
projects are related to the passage of time [13], which include
the creep properties of the filling material under the long-term
effect of loading. The water-bearing state of broken rock is an
important factor that affects its creep mechanical properties,
and major project accidents may occur due to the instability
of loose rock that increases with time [14–17].

Significant progress has been made in the research on the
rheological characteristics of various types of rocks [18, 19].
However, most research has been conducted on whole-rock
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blocks [20] and research on the deformation characteristics of
broken rock samples is lacking. Experimental research on
creep has been conducted [21] on limestone rockfill material
with a three-parameter model of rockfill material. When
crushed rock is saturated with water, particle transfer and
rearrangement occur due to external forces and the lubrication
from water. Also, there are some differences between the rhe-
ological characteristics of saturated rock and dry rock. When
rock particles are pushed against each other, they slide and
deform to achieve a balance in the rheological process of the
fractured rock. Rock particles are crushed directly due to
external loads [22, 23], or smaller particles exit due to internal
breakage or unstable crushing, which results in changes to the
mechanical properties of broken rock. The changes in
deformed seepage characteristics with time have been studied
for broken sandstone [24], and unlike that of the entire rock
blocks, the deformation scale of broken rocks under external
forces is usually large. Also, changes in volume are much
larger [25], resulting in changes in the porosity of broken rock
and the surrounding rock space. These are crucial factors to
consider [26] when addressing problems related to water
and sand inrush in western coal mines. Physical quantities like
elastic modulus and coefficient of viscosity of fractured rock
change constantly during creep and compaction, and tradi-
tional rheological models are unable to fully describe such
phenomena; the rheological equation of fractional calculus
introduced in this study is well suited for the purpose.

The fractional-order system is a fundamental theory [27]
that studies arbitrary order differentials and integrals.
Integer-order differentials and integrals for arbitrary order
extensions [28] in fractional calculus of mechanics are pri-
marily applied in research on constitutive models of visco-
elastic materials [29–31] and are currently one of the most
active fields of research [32]. Kabwe et al. [33] proposed a
fractional derivative viscoelastic (FDVP) constitutive model,
which can estimate delayed deformation due to compres-
sion. Lokoshchenko et al. [34] considered the piecewise-
constant time dependence of bending moment magnitude
and direction and used a linear fractional creep model to
determine the fracture time of a plate. A new rheological
parameter for fractional derivative models has been pro-
posed [35] by combining drawing-fitting and numerical
methods in terms of the viscoelastic properties of materials.

This paper considers that the seepage characteristics of
water-sand mixtures in a fractured rock mass are affected by
the compaction characteristics of fractured rock mass and
the water pressure gradient. The elastic modulus and coeffi-
cient of viscosity change continuously during the process of
compaction and rheology of fractured rock. However, the elas-
tic modulus and viscosity coefficient are constants in tradi-
tional rheological models. Hence, using traditional models to
describe the rheological properties of fractured rock masses
results in large errors. This paper adopts the fractional param-
eter α to represent equivalent changes in the relationship
between elastic modulus and coefficient of viscosity. It replaces
a Newton dashpot with an Abel dashpot based on a saturated
broken mudstone compaction rheological experiment, and a
new rheological model is obtained via a fractional Kelvin
model connected in series to a three-parameter model using

a combination theory. Also, the water-sand seepage character-
istics of broken rock due to rheological effects are studied
based on the new model. This study provides a reference for
safe mining in China’s western coal mines.

2. Test System and Solution

2.1. Test System and Material. Lateral flow occurs readily in
loosely confined, pressure-free crushed rocks under axial
pressure that are therefore unable to bear large loads. How-
ever, in certain situations, such as in coal mines and tunnels,
broken rocks bear both large and small confined pressures.
Therefore, a broken rock rheology-water and sand seepage
test device (Figure 1(a)) was designed for testing, using an
MTS816 electrohydraulic servo-controlled test system
(Figure 1(b)).

The broken rock samples were mudstone particles with
particle diameters of 5~8, 8~10, 10~12, 12~15, and
15~20mm evenly mixed with a ratio of 1 : 1 : 1 : 1 : 1, and
the density was ρ = 2420 kg/m3 in the natural state. Sand in
western mining areas is natural aeolian sand, with a particle
size distribution of 20~220 mesh. Each test used a total of
1200 g of broken rock, and 500 g of sand. The inner diameter
of the cylinder was 100mm with a height of 250mm.

2.2. Test Solution. A broken rock mass of mass m, fully
moistened with water, was packed in the penetrator sleeve.
Aeolian sand was then placed in the pressure-bearing ring
and the sleeve was tapped lightly to compact the broken
rock sample. The MTS816 was then started for loading,
with the load being held at 0.05 kN for 10 minutes to stabi-
lize the system and set the initial state. A preset load σi was
then applied for the rheological test and the strain-stress
curve of the broken rock was obtained. After a certain time
ti, the deformation of the broken rock sample stabilized and
the distance hi between the piston and the lower permeable
plate was measured, which represented the height of the
broken mudstone sample and was used to calculate the
porosity of the broken mudstone, as shown in equation
(1) as follows:

ϕi = 1 − m
ρmudstoner

2πhi
i = 1, 2, 3, 4ð Þ, ð1Þ

where ϕi is the porosity of broken mudstone at time ti of
the test; m is the mass of the broken mudstone sample;
ρmudstone represents mudstone density; r is the radius of
the permeameter sleeve; hi is the height of the mudstone
test sample.

The pump was then switched on and water was pressur-
ized to a certain pressure in the permeameter at which the
deformation of the broken rock stabilized. The water-sand
mixture formed when the water flow stirred up the sand par-
ticles inside the pressure-bearing ring via the broken rock,
and seepage occurred. The sand particles were divided into
three parts when the seepage was stable: one part (m1) infil-
trated with the water flow; a second part (m2) resided within
the broken rock due to the filtering of the broken rock
framework; a third part (m3) remained within the
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pressure-bearing ring. Among these, m2 was the sand fil-
tered by the broken rock and changed the porosity of the
broken rock framework with the variation ∇ϕi:

∇ϕi =
m2

ρaeolian sandr
2πhi

, ð2Þ

where ρaeolian sand represents the aeolian sand density.
Here, the porosity of the broken rock framework is rep-

resented by φi:

φi = ϕi−∇ϕi i = 1, 2, 3, 4ð Þ: ð3Þ

In the test, the pressure differential of the seepage
decreased linearly along the axial permeameter when the
seepage stabilized. The outlet and inlet pressures p were
measured by the pressure gauge directly, and the outlet of
the permeameter was connected to the atmosphere at pres-
sure p0. Hence, the formula for the pressure gradient Δp is
as follows:

Δp = −
∂p
∂z

= p − p0
hi

, ð4Þ

where z is the direction of the pressure gradient.
The volume flow (Q) through the permeameter per unit

time was measured by the flowmeter and was used to calcu-
late the speed of seepage v:

v = Q
πr2

: ð5Þ

In the test, when the water-sand seepage occurred, some
of the particles resided inside the broken rock framework
due to the effect of filtering and changed the porosity of
the broken rock framework. It was very difficult to dynami-
cally observe the internal framework since the entire test
sample was in a confined environment. The change in the

porosity and framework structure of the broken rock sample
led to changes in its seepage characteristics. This paper
reports an investigation of the characteristics of permeabil-
ity, porosity, water infiltration, water-sand seepage, and sand
filtration of broken rock through an analysis of the various
deformation processes of broken rock. The seepage process
can be assumed to conform to the law of Darcy:

−
∂p
∂z

= vμ
k
, ð6Þ

where k is permeability and μ is the kinetic viscosity of
the fluid.

3. Analysis of the Rheological Characteristics of
Broken Rock Based on the
Fractional Calculus

3.1. Curve of the Rheological Test of Broken Mudstone. Axial
loads of 12, 30, 60, and 120 kN were successively applied on
the samples during the tests, with the corresponding stresses
being 1.53, 3.82, 7.64, and 15.29MPa. The corresponding
heights at which the broken rock test samples for the above
four loads stabilized rheologically were 119, 109, 101, and
94mm, respectively. Figure 2 shows the strain-stress curves
of the broken mudstone test samples.

It was observed that rock particles pushed against each
other, slid to deform, and achieved a balance during the rhe-
ological processes of fractured rock samples. Rock particles
were crushed directly under the effect of external load,
smaller particles exited due to internal breakage or unstable
crushing, and particle transfer and rearrangement were
enhanced under the joint effect of water lubrication and
external force. Unlike entire-rock compression tests, the rhe-
ological parameters of broken rocks vary due to the above
reasons. The rheological parameters of rocks under varying
loads, however, can be presumed to be constant and equal

1
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13M

(a) Test system for rheology and seepage of broken rock (b) MTS816 electrohydraulic servo-controlled test system

Figure 1: Test equipment. 1: MTS816; 2: permeameter base; 3: upper permeable plate; 4: pressure-bearing ring; 5: lower permeable plate; 6:
broken rock; 7: permeameter sleeve; 8: piston; 9: tray outlet; 10: water-sand collection tray; 11: pressure gauge; 12: flowmeter; 13: speed
regulation pump.
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to the values obtained before crushing, for the entire-rock
compression creeping test.

3.2. Basic Knowledge of Fractional Calculus. Among the
many ways to define fractional calculus, the Riemann-
Liouville definition is the most common. For any complex
α > 0, the integral fractional Riemann-Liouville definition is

Iαa+ f tð Þ = 1
Γ αð Þ

ðt
a

f τð Þdτ
t − τð Þ1−α t > a, α > 0ð Þ, ð7Þ

where ΓðαÞ = Ð∞
0 tα−1e−tdt is the Gamma function. When α

is an integer, the definition of fractional calculus and integer
calculus is

Iαa+ f tð Þ = 1
n − 1ð Þ!

ðt
a

f τð Þdτ
t − τð Þ1−n n ∈Nð Þ: ð8Þ

The fractional Riemann-Liouville definition has super-
singularity which is inconvenient for engineering and phys-
ical modeling. An Italian geophysicist, Caputo, proposed a
definition of weakly singular fractional differentials, for 0 <
α < 1, which is expressed as

Dα
t f tð Þ = 1

Γ 1 − αð Þ
ðt
a

f ′ τð Þdτ
t − τð Þα t > að Þ: ð9Þ

The fractional derivative adopts the form ðdα/dtαÞf ðtÞ
for practical applications.

3.3. Fractional Form of the Viscous Element. The Newton
dashpot, when extended from the integer to fraction form,
is known as the Abel dashpot (Figure 3). Its constitutive
equation is stated as

σ tð Þ = ηα
dαεb
dαt

0 ≤ α: ð10Þ

Equation (10) may be rearranged as

dαε
dαt

= σ tð Þ
ηα

, ð11Þ

where ε is the strain on the viscous element and η is the vis-
cous coefficient.

When σðtÞ is constant, i.e., the stress is unchanged, the
two sides of equation (11) for the fractional integral can be
written per the operator theory of fractional calculus of
Riemann-Liouville as

J tð Þ = ε tð Þ
σ

= 1
ηα

tα

Γ 1 + αð Þ : ð12Þ

Equation (12) may be converted to a dimensionless
form, from which the strain curve of the fractional Abel
dashpot can be obtained (Figure 4).

When α = 1, the element represents an ideal fluid; when
α = 0, it represents ideal elasticity. The Abel dashpot can rep-
resent the properties of both solids and fluids and can hence
be used to study the mechanical properties of rheological rock.

3.4. A Constitutive Model of Fractional Rheology. Figure 5
shows a fractional rheologicalmodel based on the Kelvinmodel:

This model is based on a three-parameter model in
series, i.e., a fractional Kelvin model with Abel dashpots
(Figure 5). The Kelvin model with an integer solution alone
does not agree well with experimental data at the initial stage
of creep, resulting in errors. After the introduction of frac-
tional orders, the model was able to solve this problem well.

The total strain of the model can be expressed as follows:

ε = ε0 + ε1 + ε2: ð13Þ

(1) Hooke’s law for solids

ε0 tð Þ = σ

k0
ð14Þ

(2) Integer Kelvin model

σ = k1ε1 + η_ε1, ð15Þ

0
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0.00
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Figure 2: Test strain-time curves.

Figure 3: Abel dashpot.
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ε1 tð Þ = σ

k1
1 − e−tk1/η1

� �
ð16Þ

(3) Fractional Kelvin model

σ = k2ε2 tð Þ + η
dε2 tð Þ
dt

ð17Þ

According to the basic theory of fractional calculus,
assume that a = k2/η2, b = σ/η2. At t = 0, ε2 = 0.

Equation (17) may then be written as follows:

dαε2 tð Þ
dαt

+ aε2 tð Þ = b: ð18Þ

Applying a Laplace transform to equation (18) yields

sαε sð Þ + aε sð Þ = b
s
: ð19Þ

The following equation is then obtained:

ε sð Þ = b
s sα + að Þ½ � : ð20Þ

An inverse Laplace transform on equation (20) yields

ε2 tð Þ = b
ðt
0
t − sð Þα−1Eα,α −a t − sð Þα½ �ds, ð21Þ

where Eα,βðzÞ =∑∞
n=0z

n/Γðnα + βÞ. Replacing a, b in
equation (21), the following equation is then obtained:

ε2 tð Þ = η−1 〠
∞

n=0

−1ð Þn
Γ αn + α + 1ð Þ η

tα

k

� �n+1
: ð22Þ

Considering the three-part strain, the constitutive equa-
tion of the fractional rheological model can be expressed as

ε tð Þ = σ

k0
+ σ

k1
1 − e−tk1/η1

� �
+ η−1 〠

∞

n=0

−1ð Þn
Γ αn + α + 1ð Þ η

tα

k

� �n+1
:

ð23Þ

3.5. Analysis of the Experimental Results of Broken Mudstone
Based on the New Fractional Rheological Model. To study the
rheological characteristics of saturated broken mudstone
and validate the accuracy of the new fractional rheological
model, the 1stOpt mathematical software is applied to fit
the parameters according to the data obtained from the
experiment. The fitting effect is shown in Figure 6, based
on the fractional rheological model (equation (23)).

It can be seen in Figure 6 that the fitting accuracy
between the theoretical and experimental values is high.
The fitting parameters are shown in Table 1.

Broken mudstone has remarkable creep characteristics,
which can cause substantial changes in porosity and perme-
ability. It is an important parameter that affects the safety of
coal mining.

Porosity refers to the ratio of the pore volume and the
total volume of the particles in the broken state:

n = Vs −V
Vs

, ð24Þ

where n is the porosity; V is the particle volume of the
broken rock sample; Vs is the total volume of the bro-
ken rock sample in the test. In this paper, the variation
of the porosity of broken mudstone in a stable state of
deformation for different levels of pressure is shown in
Figure 7.
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Figure 4: Strain characteristics of the Abel dashpot.
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Figure 5: A fractional rheological model based on the Kelvin
model.
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By fitting the data of steady-state porosity changes for
different levels of pressure, the equation of the porosity
curve is obtained as follows:

n = a ⋅ eb⋅P + c, ð25Þ

where n is porosity; P is the axial pressure; parameters a,
b, and c are constants, where a = 0:193, b = −0:228, and
c = 0:335.

4. Water-Sand Seepage Characteristics of
Fractured Rock due to Rheological Effects

The porous characteristics of a fractured rock skeleton are
the basic factors that determine its permeability. According
to the different heights, hi, of the broken rock samples, the
pump speed was adjusted and the water pressure P was
changed to maintain the water pressure gradient Δp at 8 ×
10−3MPa/mm. The test data is shown in Table 2.

During the water and sediment seepage test, the porosity
of broken rock changed due to filtration and the barrier
effect of the broken rock skeleton. When the water and sed-
iment seepage was stable, the masses of permeable sand par-
ticles (m1) and filtered sand particles (m2) were different for
broken rock skeletons with different initial porosities.
Figure 8 shows the relationship between the final porosity
and permeability when the water-sand seepage was stable.

It can be seen in Figure 8 that water and sand seepage
reduced the permeability of the fractured rock samples.
When the initial porosity of the fractured rock was small,
the change in porosity was large. In other words, sand parti-
cles may play a role in filling voids, thus reducing the possi-
bility of a large-scale water inrush. When the initial porosity
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Fitting curve

0.32

0.24

0.16

0.08

0.00
0.0 1.5

1.53 MPa

3.82 MPa

7.64 MPa

15.29 MPa
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ε

Figure 6: Rheological model fitting curve obtained from test
results.

Table 1: Parameters of new fractional model.

Axial compression (MPa) 1.53 3.82 7.64 15.29

k0 (MPa) 58.60 12.10 6.67 5.21

k1 (MPa) 10.70 12.30 13.8 18.40

k2 (MPa) 58.55 36.89 33.22 29.34

η1 103 s ⋅MPa
� �

1.80 2.08 2.20 2.40

η2 103 s ⋅MPa
� �

1.90 2.00 2.22 2.82
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Table 2: Water and sediment seepage test data of broken rock
samples under different loads.

Stress level (MPa) Initial porosity v (mm/s) m1 (g) m2 (g)

1.53 0.263 4.69 42 112

3.82 0.296 4.71 65 111

7.64 0.331 4.78 106 109

15.29 0.374 4.96 161 103
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Figure 8: Relationship between initial porosity and seepage
characteristics under axial loading.
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increased to a certain value, the porosity variation ∇ϕi
tended to be 0, the broken rock lost the ability to filter sand,
and almost all sand particles exited the broken rock. Under
these conditions, there was a great risk of water inrush and
sand break.

When a steady seepage state was reached, the framework
of the broken rock was filled with sand particles. It can be seen
in Figure 8 that with an increase in initial porosity, the filtra-
tion quality of a broken rock sample decreased and the perme-
ability increased. The relationship between the initial porosity
and the quality of sand burst and filtration can be expressed by
an exponential function (equation (26)):

m1 = −57:68 + 15:12eϕ/0:14,
m2 = −112:74 − 0:00213eϕ/0:04428:

ð26Þ

5. Conclusion

In this paper, an experimental study on the water-sand seep-
age characteristics of fractured rock under rheological action
was conducted:

(1) Creep-time characteristic plots were obtained by
conducting axial compression experiments on sev-
eral groups of broken mudstone samples. During
compaction of saturated broken rock samples, parti-
cle crushing and sliding deformations were encoun-
tered. During the compaction rheological process,
the elastic modulus and viscosity coefficient of the
samples changed continuously and the deformation
characteristics were quite different from those of
whole-rock compression. In this paper, a fractional-
order parameter α was used to equivalently represent
the continuous changes in the elastic modulus and
viscosity coefficient. Based on fractional calculus
and a three-parameter model, a fractional Kelvin
model was connected in series with an Abel dashpot
to form a new rheological model

(2) Creep data of broken mudstone under different pres-
sures were obtained from axial compression tests of
several groups of broken rock samples. The parame-
ters of the new fractional rheological model were fitted
using 1stOpt software, by inputting the creep parame-
ters of broken mudstone samples under different pres-
sures. Compared with the three-parameter model, the
fitting accuracy of the fractional rheological model was
higher. From the rheological data of broken mudstone
samples, the values of the stable porosities of broken
mudstone under various pressures were determined
and the relationship between pressure and porosity
was obtained by fitting the test data

(3) When the rheological tests of each group of bro-
ken rock were stable, a water pressure gradient
of 8 × 10−3MPa/mm was applied to the permea-
meter using a pump for each sample. The water-
sand mixed fluid percolated through the broken rock
samples, and the value of permeability obtained was

10−13m2. However, sand particles could not
completely pass through the broken rock samples.
Some sand particles were filtered and intercepted by
broken rock and became part of the broken rock sam-
ple, thus changing its porosity and permeability. An
exponential relationship between the initial porosity
and the quality of sand burst and filtration was
thereby obtained. This study guides the risk predic-
tion and assessment of water and sand inrush in bro-
ken rock
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Most of the existing electrical-resistivity-based ahead prospecting methods in tunnel use only the tunnel cavity and tunnel face
space to locate the water-bearing structures in front of the tunnel. However, due to the limitation of the narrow available space
for arranging electrodes in tunnel, this kind of method is difficult to achieve more accurate image for water-bearing structures.
The cross-hole electrical resistivity tomography (CHERT) and borehole-to-surface electrical resistivity tomography (BSERT)
methods using borehole space have been proved effective means to achieve better images of deep anomalies on the surface. In
this paper, the tunnel-face and borehole ERI (TBERI) method in tunnels was studied. To less affect the construction progress,
the pole-pole configuration using a single borehole was studied in this paper. Moreover, the configuration is optimized based
on the block weighted CR optimization strategy. After considering the data combination, an effective measurement
configuration suitable for TBERI detection was formed. To accelerate calculation, some redundant data are removed from the
obtained data after proposed block weighted optimization is conducted. By adopting the proposed configuration, the abnormal
objects in the target area in the inversion are more accurate. The effectiveness of proposed configuration is verified by
numerical simulation.

1. Introduction

In the past two decades, tunnel engineering has developed
rapidly in the worldwide. Especially in Southwest China, a
large number of roads, railways, and water diversion projects
need to rely on tunnels to cross the complex terrains. How-
ever, disasters such as water inrush, collapse, and other geo-
logical disasters occurred during construction period would
threat the construction progress even safety of the construc-
tors. Geophysical prospecting method plays an important
role in detecting anomalous bodies [1, 2]. In the field of
water-conducting structure detection, the electrical resistivity
(ER) method is widely applied because of its high sensitivity
to water bodies [3–8]. However, conventional configuration
which arrange electrodes on the surface is not close enough
to the abnormal body located deep underground. Therefore,
electrodes are then arranged in boreholes to obtain data

containing more information of the abnormal body located
deep underground, which is cross-hole or borehole-to-
surface detection. This is an effective way to achieve fine detec-
tion of underground low-resistivity bodies [9, 10]. Similarly,
for ahead prospecting methods conducting in tunnel environ-
ments, the space of ahead drilling borehole can also be used for
borehole electrical resistivity (BER) detection.

At present, the cross-hole electrical resistivity tomogra-
phy (CHERT) is a hot spot in engineering geophysical pro-
specting especially in the surface electrical detection.
However, due to the narrow space in the tunnel, only one
single borehole is often used. Therefore, the single-hole ER
detection in the tunnel is the focus of our research. Recently,
some scholars have conducted systematic research on the
single borehole-to-surface ERT (BSERT) method in the sur-
face detection situation. For example, Tsourlos et al. analyse
the different types of BSERT configurations through the
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sensitivity distribution and the inversion result and conclude
that the “in-hole data” is the main cause of symmetric arti-
facts [11]. They proposed solutions based on data deletion
and weighted inversion and to a certain extent solved the
problem of symmetric artifacts of the BSERT. Wang and
Lin believe that the highly symmetrical distribution of sensi-
tivity is the cause of symmetric artifacts [12]. The balance
between detection resolution and the intensity of symmetric
artifacts is a key issue in the selection of configurations. They
optimized the data of the two configurations for joint inver-
sion and used the weighted MOST method to improve the
inversion results, effectively solving the problem of symmet-
ric artifacts. Li et al. proposed the tunnel-face and borehole
ERI (TBERI) configuration and applied in a subway tunnel
engineering [13]. They proved the effectiveness of this
method for detecting water bodies in front of the tunnel.

By adopting the TBERI configuration, more observed
data can be obtained by increasing electrodes. However,
due to the complex electromagnetic interference of the
machine in the tunnel, the quality of the obtained data is
uncertain. In order to solve similar problems in surface
ERT, Wilkinson et al. proposed the Compare-R (CR) config-
uration optimization method based on the model resolution
matrix of the data set in the surface ERT detection [14]. This
optimization strategy can optimize the observation device
based on the sensitivity matrix, which can reduce the num-
ber of electrodes and basically ensuring the overall quality
of the data set, finally greatly reduce the amount of data.
This method has been subsequently applied to a variety of
electrical detection situations and has been further devel-
oped in the past decade [15, 16]. Wilkinson et al. improved
the goodness function (GF) of CR method and realized
adaptive optimized survey design by introducing block
weighting [16]. Uhlemann et al. had made further improve-
ments on this basis [17]. They introduced a weighting factor
for electrode placement to achieve combined optimization of
both measurement configuration and electrode placement.

In this paper, the optimization of measurement configu-
ration of TBERI was studied. First, a measurement configu-
ration of TBERI is proposed based on the application
research of Li et al. [13]. Then, the TBERI measurement con-
figuration is optimized based on the block weighted optimiza-
tion method, and the optimized configuration is verified by
one numerical simulation. Next, the optimization algorithm
is introduced in the second chapter. Then, the results of block
weighted optimization is shown in chapter 3 through the dis-
tribution image of the model resolution matrix. Finally, the
effectiveness of the proposed method is verified by the inver-
sion simulation results of the two anomalies.

2. Methodology

2.1. TBERI Measurement Configurations. TBERI is proposed
to make full use of the tunnel face and forward drilling
space. As shown in Figure 1(a), the size of the tunnel is
assumed to be 9m × 7m with shape of horseshoe, and a
30m long advance borehole was drilled in front of the tunnel
face. Figure 1(b) shows the specific arrangement of elec-
trodes on the tunnel face. The electrodes are divided into 7

rows; the spacing between each row is 1m, and the distance
between electrodes in the row is also 1m. There is a 0.5m
gap between the electrode array and the upper and lower
boundaries of the tunnel, and a total of 45 electrodes are
arranged on the tunnel face. The electrodes in the borehole
are arranged at equal intervals of 1m, with a total of
30 electrodes.

It has to be noted that the pole-pole configuration was
mainly discussed in this paper. Based on the configuration
of A-M (A is located on the tunnel face, and M is located
in the borehole) introduced by Wang and Lin [12], the
AM configuration was additionally discussed (all electrodes
are located in the borehole); these two kind of configurations
are as shown in Figure 2. The A-M configuration can obtain
1,350 data, and the AM configuration can obtain a maxi-
mum of 435 data without considering the reciprocity of
the electrodes. Combining the two pieces of data forms the
basis for the next configuration optimization, the compre-
hensive data set Sc. Although Tsourlos et al. have clearly
pointed out that the in-hole data like AM configuration is
not recommended [11], Wang and Lin believe that a balance
should be struck between symmetric artifacts and resolution
(however, they also exclude in-hole data) [12]. In the follow-
ing content, the reason why we consider AM configuration
will be explained.

Apparently, the AM configuration data is a kind of “in-
hole data.” This type of data has the typical characteristics
of symmetrical distribution of sensitivity, which makes it dif-
ficult to perceive the orientation information of anomalies.
This is also the cause of symmetrical artifacts. However,
due to the full use of the drilling space, this type of data is
sensitive to the depth information of the anomaly and is nec-
essary for ensuring the deep detection capabilities of BSERT.
Therefore, Wang and Lin recommended to combine differ-
ent configuration data in order to improve the inversion
result [12]. To verify the conclusion in tunnel environment,
a numerical test is conducted. A 4 × 4 × 4m3 block with
resistivity of 10 Ω·m is assigned at a distance of 2m from
the borehole and 4.5m from the tunnel face. Figure 3 shows
the least-squares inversion results of different configurations
(A-M or A-M+AM). It can be seen that although the addi-
tion of AM results in symmetry artifacts, the resistivity of the
anomalies located deep in front of the tunnel face can be eas-
ily seen. Therefore, the AM configuration was considered to
obtain a better inversion result.

2.2. Block Weighted CR Optimization Strategy. The optimi-
zation strategy will be briefly introduced in this part; detail
content could refer to Tsourlos et al., Uhlemann et al., and
Wilkinson et al. [11, 17, 18]. In the generalized inversion
theory, the model resolution matrix R can be defined by
the following formula [19]:

mfit = Rmtrue, ð1Þ

where the mfit and mtrue are simulated model and real
model, respectively. The model resolution matrix quantifies
the resolved degree of each grid. If each grid is perfectly
resolved then R = I [14]. For ease of calculation, after
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linearization, R can be calculated by the following for-
mula [20]:

R = JT J + C
� �−1JT J, ð2Þ

where J is Jacobian matrix and C is the regularization matrix
[21]. The CR strategy is based on the calculation ofR, selecting
a subset Sb (the base set) from Sc. Although Sb contains less
data, its model resolution value is similar to Sc. The complete
flow chart of optimization progress is shown in Figure 3. In
this progress, the goodness function (GF) is the key point to
controlling the optimization process. It determines which data
will eventually be selected into Sb. The calculation formula of
GF is as follows [14]:

GF = 1
m
〠
m

j=1

Rt,j
Rb,j

, ð3Þ

where Rt is the resolution of the base set plus the test configu-
ration and Rb is the resolution of the base set. In each iteration
of optimization, the single or multiple configurations with the
highest GF value will be selected to be added to the base set. In
order to add artificially controllable factors in the optimization

process, Uhlemann et al. and Wilkinson et al. improved the
calculation formula of GF [17, 18]:

GF = 1
mwe

β
〠
m

j=1

wt,jΔRb,j
Rc,j

, ð4Þ

where wt is the so called block weighting factor while we
β is

the weighting factor for electrode selection. In this paper, wt
was mainly considered because there is no need in this study
to produce an “extremely focused” measurement configura-
tion in TBERI. Therefore, β is set to 0, and we

β will not work
in the formula. In the subsequent numerical simulations, the
depth range of the anomaly is assumed to be known based
on the borehole information (for example, a low-resistivity
body exists between 10 and 15m). Based on this, the weighting
factor wt of the grid within the range of 10-15m will be set to
1, while other grids will be set to 10-12.

3. Numerical Simulations

3.1. Optimization Simulation. Firstly, an array optimization
experiment was conducted, using the block weighted CR
optimization strategy. A 15 × 15 × 30m3 cube zone is

Electrodes in borehole
Electrodes on tunnel face&

&

Tunnel face

……

30 m long borehole

Totally 30 electrodes

Borehole

Totally 45 electrodes

Enlarge

Excavation direction
Enlarge

Figure 1: Sketch of TBERI electrode arrangement. (a) The three-dimensional overall diagram. (b) Electrode arrangement on the tunnel face.
The electrodes arranged in rows as much as possible to cover the tunnel face. Totally 45 electrodes are placed in this case. (c) Electrode
arrangement in the borehole. Generally, the electrodes in the borehole are arranged at equal intervals. Totally 30 electrodes are placed in
this case.

Configuration A-M

A

M

(a)

Configuration AM

A M

(b)

Figure 2: Sketch of two types of configurations. (a) A-M configuration. Electrode A is placed on the tunnel face while electrode M is placed
in the borehole. (b) AM configuration. Both electrodes A and M are placed in the borehole.
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arranged in front of the tunnel face as the target as shown in
Figure 4. The target zone is close to the borehole and the
tunnel face. In the target zone, the weight factor wt is set
to 1, while the other zone is 10-12. In this optimization, the
comprehensive data set is the collection of all AM and A-
M data. The electrode arrangement has been described in
detail in Section 2.1. Under this electrode arrangement, the
comprehensive data set could contain up to 1090 data. The
initial data set is a set of data obtained by single data selected
arbitrarily. After each optimization iteration is completed,
30 optimal data with the largest GF value will be added to
the base set. The number of iterations is selected according
to detecting requirement of the optimized configuration. In
this paper, the optimization iteration process continues until
there are more than 390 data in the base set.

Figures 5(a)–5(d) show the change process of the relative
model resolution during the optimization iteration. Under
the influence of the weighting factor in the GF formula,
the optimization strategy tends to give priority to increasing
the model resolution in the 0-15m area in front of the tunnel
face. It can be seen from the figure that the optimization
strategy is to increase the model resolution of all grids in
the range of 0-15m overall, although half of the grids in this
area have a weighting factor of 10-12. For the area in 15m to
30m on the Z axis, the model resolution is obviously lower,
which shows that the weighting factor plays a role in the
optimization process. Figures 5(e) and 5(f) show the com-

paration of the model resolution of the base set and compre-
hensive set. The model resolution of the base set is
symmetrically distributed, and there is almost no asymmetric
distribution although it has the difference in weight factors.

Figure 6 shows the value of the average relative model
resolution during iteration. The solid purple line represents
the change in the average relative model resolution in the
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and single A-M for model in (a), respectively; the results are similar. However, there is a symmetrical artifact shown in (c). (e, f)
Inversion result of combined A-M+AM and single A-M for model in (d), respectively. Obviously, for deep anomalies, the AM data can
effectively improve the inversion result.

15m

30
m

0 40302010

0

–15

15

–10

Z (m)

X 
(m

)

Target zone
W = 1.0

W = 10–12
Y (m

)

15

15
m

0

–15

Figure 4: The three-dimensional schematic diagram of the TBERI
model used in the optimization simulation. The cube marked with
dotted line is the target zone, and the weighting factor inside is 1,
while the factor of the other zone is 10-12.

4 Geofluids



target zone, and the red dotted line represents the change
in the average relative model resolution in the whole zone.
The average relative model resolution of the target zone is
always greater than that of the whole zone. After 13 itera-
tions, the average relative model resolution of the target
zone reached about 0.85, while the whole area only
reached about 0.7. This shows that the weighted optimiza-
tion strategy can give priority to improving the model res-
olution of the target zone.

3.2. Inversion Simulation. In this section, three inversion
simulations are calculated to compare the performance of
the data set before and after optimization in the inversion.
The first column of Figure 7 shows the model schematic
diagrams of the three simulations. In the first simulation, a
4 × 4 × 4m3 block with resistivity of 10 Ω·m is assigned at
a distance of 2m from the borehole and 5m from the tunnel
face, and the low-resistance block is located in the target
zone. In the second simulation, the low-resistance block of
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Figure 5: The relative model resolution distribution (a–d) of each stage of the optimization process and the model resolution comparison of
the final result (e, f). (a–d) The relative model resolution distribution of the base set after 2, 6, 10, and 13 times optimization iteration. (e)
The model resolution distribution of the base set after 13 times iteration. (f) The model resolution distribution of the comprehensive set.

5Geofluids



the same size is set at a distance of 2m from the borehole
and 20m from the tunnel face and is no longer in the target
zone. In the third model, two low-resistance blocks were
arranged inside and outside the target zone, and the size of
the blocks is the same as the last two models. The resistivity
of mentioned blocks above is 10Ω·m, and the background
resistivity is 1000Ω·m. Three-dimensional least-squares
inversion method with smooth constraints was used for
inversion imaging. The forward simulation data used for
inversion has been added with a certain degree of noise,
and the noise application method can be referred to Bell-
munt et al. [9]. The selection of noise-related parameters is
related to Wang and Lin [12]. The iteration is terminated
when the RMS value is less than 5%, and the number of iter-
ations for each simulation is between 5 and 6 times. The sec-
ond column is the inversion results using the comprehensive
set, and the third column is the inversion results using the
optimized measurement configuration. The centers of the
low-resistance blocks are all located on the X = 0m section,
so the inversion results with the two-dimensional slice image
of the X = 0m section are also shown.

As shown in Figures 7(b) and 7(c), for the anomalous
body located near to the tunnel face, the value of resistivity
in the inversion result is more approach to the forward
model. It is probably because the model resolution of the
grid near to the tunnel face is higher than that of far grid.
Because the optimized configuration uses less data than the
original comprehensive configuration, some artifacts appear
in the inversion results. Nevertheless, the resistivity value of
the artifacts is much less than the anomalous bodies. There-
fore, the optimized configuration is able to image the anom-
alous bodies. As shown in Figures 7(e) and 7(f), the location
of the anomalous body is accurately imaged. As shown in

Figures 7(h) and 7(i), both the anomalous bodies are imaged
accurately. Similarly, the resistivity value of anomalous body
near to the tunnel face is closer to the forward model than
the farer one.

In the first simulation, the inversion results of the com-
prehensive set and the optimized data set are similar to each
other, and both produce a certain degree of symmetrical
artifact. In the second simulation, for the block located out-
side the target zone, the optimized data set showed a
“blurred” imaging effect. In the third calculation example,
when two blocks exist at the same time, the optimized data
set can image the blocks in the target zone well but can only
roughly image the block outside the target zone.

4. Discussions

Model resolution is one of the standard to evaluate the
detecting ability of a configuration. Therefore, an optimiza-
tion strategy could help select configuration pertinently. In
the optimization simulation, selected one side of the bore-
hole within the range of 0-15m is selected as the target zone
to get better inversion result within this area. In our thought,
the distribution of resolution should be symmetrical because
the model resolution on the side where the target zone is
located is higher than the other side. However, the result
obtained is an almost symmetrical model resolution distri-
bution. We believe that this phenomenon is caused by the
“in-hole data.” As discussed by Tsourlos et al. and Wang
and Lin [11, 12], the sensitivity of “in-hole data” is symmet-
rically distributed, and it has the same sensitivity to the grid
at any angle around the borehole. Therefore, it is reasonable
to speculate that the influence of “in-hole data” on the model
resolution is also symmetric. Since we have considered
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change in the average relative model resolution in the target zone, and the red dotted line represents the change in the average relative
model resolution in the whole zone.
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“in-hole data” in the comprehensive set, these data will
inevitably be selected into the base set during the optimization
process. This results in a symmetrical distribution of the reso-
lution of the optimized model. Although it is impossible to
achieve accurate block weighting optimization in the range
of 0-15m, this algorithm still effectively distinguishes two
regions in the depth direction. This is reflected in that the
model resolution in the 0-15m area is significantly higher than
the 15-40m area. At the same time, for specific engineering
condition, the area of the target zone could be selected accord-
ing to the demand.

The inversion result verifies the optimization effect. For
anomalies in the target zone, the optimized data set basically
retains the sensitivity to this zone, and the inversion results
before and after optimization are basically the same. For
anomalies after 15m, due to the lower optimized model res-
olution of this zone, the inversion result of the optimized
data set is obviously inferior to the inversion result of the
comprehensive set. Through this optimization method of

measurement configuration, we can greatly reduce the
amount of data while preserving the model resolution of
the target zone.

It has to be noted that the number of iterations is
selected according to subjective demand. A method based
on data set and resolution matrix should be proposed to
the balance between calculation effectiveness and accuracy
of the inversion result to evaluate the optimization progress
objectively. The effectiveness of proposed strategy should be
verified in field test.

5. Conclusions and Outlook

In this paper, a single-hole electrical resistivity detection
method TBERI and two pole-pole configurations suitable
for tunnels are proposed to obtain accurate inversion result.
However, symmetrical artifacts appear in the inversion
result of AM configuration. This confirms that the azimuthal
information can only be retrieved by the potential electrodes
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arranged on tunnel face. Therefore, a comprehensive configu-
ration including a single-hole electrical resistivity detection
method TBERI and two pole-pole configurations is proposed.
Then, block weighted CR optimization strategy is proposed to
optimize the configuration for accurate and effective inver-
sion. Based on the comprehensive set composed of A-M
+AM configurations, about 60% of the data and achieved an
average relative model resolution of 80% in the target zone
are streamlined. Through three sets of inversion simulations,
the effectiveness of this optimization method is verified: the
imaging effect in the target zone is basically retained, while
the imaging effect outside the target zone is weakened.

It has to be noted that only initially considered pole-pole
configurations are considered in this paper. However, in the
research of Wang and Lin [12], they have fully considered the
tripole or quadrupole configurations. This will be what we will
further study and discuss in TBERI in the future. In addition,
this paper carried out a preliminary attempt on the pole-pole
configuration of the measurement configuration optimization
strategy and verified its effectiveness. In the follow-up study
of the tripole or quadrupole configurations, as the amount of
data will increase exponentially, it will be necessary to study
its data reduction and optimization methods.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors have no conflicts of interest to declare.

Authors’ Contributions

Dr. Zhengyu Liu did the instruction and revision work of
this paper. Mr. Wei Zhou and Mr. Lichao Nie completed
the design of electrode arrangement and measurement con-
figuration of the TBERI method in this paper. Mr. Yongheng
Zhang carried out the work of writing this paper. Mr. Yon-
ghao Pang and Mr. Zhao Dong carried out the block weighted
optimization of the TBERI measurement configuration.
Mr. Zhimin An and Mr. Chuanyi Ma carried out the cal-
culation work of the numerical examples in this paper.

Acknowledgments

The research was supported by the Science & Technology
Program of Department of Transport of Shandong Province
(2019B47_2).

References

[1] S. Li, B. Liu, X. Xu et al., “An overview of ahead geological pro-
specting in tunneling,” Tunnelling and Underground Space
Technology, vol. 63, pp. 69–94, 2017.

[2] S. Li, R. Liu, Q. Zhang, and X. Zhang, “Protection against water
or mud inrush in tunnels by grouting: a review,” Journal of
Rock Mechanics and Geotechnical Engineering, vol. 8, no. 5,
pp. 753–766, 2016.

[3] S. Li, B. Liu, L. Nie et al., “Detecting and monitoring of water
inrush in tunnels and coal mines using direct current resistiv-
ity method: a review,” Geotechnical Engineering, vol. 7, no. 4,
pp. 469–478, 2015.

[4] B. Liu, Q. Guo, S. Li et al., “Deep learning inversion of electrical
resistivity data,” IEEE Transactions on Geoscience and Remote
Sensing, vol. 58, no. 8, pp. 5715–5728, 2020.

[5] Y. Pang, L. Nie, B. Liu, Z. Liu, and N.Wang, “Multiscale resistiv-
ity inversion based on convolutional wavelet transform,” Geo-
physical Journal International, vol. 223, no. 1, pp. 132–143, 2020.

[6] M. H. Loke, J. E. Chambers, D. F. Rucker, O. Kuras, and P. B.
Wilkinson, “Recent developments in the direct-current geoe-
lectrical imaging method,” Journal of applied geophysics,
vol. 95, pp. 135–156, 2013.

[7] A. Revil, M. Karaoulis, T. Johnson, and A. Kemna, “Some low-
frequency electrical methods for subsurface characterization
and monitoring in hydrogeology,” Hydrogeology Journal,
vol. 20, no. 4, pp. 617–658, 2012.

[8] Y. Rubin and S. S. Hubbard, Hydrogeophysics Vol 50, Springer
Science & Business Media, 2006.

[9] F. Bellmunt, A. Marcuello, J. Ledo, and P. Queralt, “Capability
of cross-hole electrical configurations for monitoring rapid
plume migration experiments,” Capability of cross-hole electri-
cal configurations for monitoring rapid plume migration exper-
iments, vol. 124, pp. 73–82, 2016.

[10] K. Leontarakis and G. V. Apostolopoulos, “Laboratory study of
the cross-hole resistivity tomography: the model stacking
(MOST) technique,” Journal of Applied Geophysics, vol. 80,
pp. 67–82, 2012.

[11] P. Tsourlos, R. Ogilvy, C. Papazachos, and P. Meldrum, “Mea-
surement and inversion schemes for single borehole-to-
surface electrical resistivity tomography surveys,” Journal of
Geophysics and Engineering, vol. 8, no. 4, pp. 487–497, 2011.

[12] H. Wang and C.-P. Lin, “Cause and countermeasures for the
symmetric effect in borehole-to-surface electrical resistivity
tomography,” Journal of Applied Geophysics, vol. 159,
pp. 248–259, 2018.

[13] S. Li, S. Xu, L. Nie et al., “Assessment of electrical resistivity
imaging for pre-tunneling geological characterization - a case
study of the Qingdao R3 metro line tunnel,” Journal of Applied
Geophysics, vol. 153, pp. 38–46, 2018.

[14] P. B. Wilkinson, P. I. Meldrum, J. E. Chambers, O. Kuras, and
R. D. Ogilvy, “Improved strategies for the automatic selection
of optimized sets of electrical resistivity tomography measure-
ment configurations,” Geophysical Journal International,
vol. 167, no. 3, pp. 1119–1126, 2006.

[15] F. M. Abdullah, M. H. Loke, M. Nawawi, and K. Abdullah,
“Improving the resolution of 3-D resistivity surveys along
the perimeter of a confined area using optimized arrays,”
Pure and Applied Geophysics, vol. 176, no. 4, pp. 1701–1715,
2019.

[16] P. B. Wilkinson, M. H. Loke, P. I. Meldrum et al., “Practical
aspects of applied optimized survey design for electrical resis-
tivity tomography,” Geophysical Journal International,
vol. 189, no. 1, pp. 428–440, 2012.

[17] S. Uhlemann, P. B. Wilkinson, H. Maurer, F. M. Wagner, T. C.
Johnson, and J. E. Chambers, “Optimized survey design for
electrical resistivity tomography: combined optimization of
measurement configuration and electrode placement,” Geo-
physical Journal International, vol. 214, no. 1, pp. 108–121,
2018.

8 Geofluids



[18] P. B. Wilkinson, S. Uhlemann, P. I. Meldrum et al., “Adaptive
time-lapse optimized survey design for electrical resistivity
tomography monitoring,” Geophysical Journal International,
vol. 203, no. 1, pp. 755–766, 2015.

[19] W. Menke,Geophysical Data Analysis: Discrete Inverse Theory,
Academic press, 2018.

[20] M. H. Loke and R. D. Barker, “Least‐squares deconvolution of
apparent resistivity pseudosections,” GEOPHYSICS, vol. 60,
no. 6, pp. 1682–1690, 1995.

[21] M. H. Loke, I. Acworth, and T. Dahlin, “A comparison of
smooth and blocky inversion methods in 2D electrical imaging
surveys,” Exploration Geophysics, vol. 34, no. 3, pp. 182–187,
2003.

9Geofluids



Research Article
Deformation Mechanism and Control of the Surrounding
Rock during Gob-Side Entry Driving along Deeply Fully
Mechanized Caving Island Working Face

Fei Liu 1 and Yongsheng Han 2

1School of Resources and Civil Engineering, Suzhou University, Suzhou, Anhui 234000, China
2Department of Water Resources Engineering, Shandong Water Conservancy Vocational College, Rizhao, Shandong 276826, China

Correspondence should be addressed to Yongsheng Han; yongshenghan998@126.com

Received 24 February 2021; Accepted 30 July 2021; Published 19 August 2021

Academic Editor: Jia Liu

Copyright © 2021 Fei Liu and Yongsheng Han. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The deformation control of the surrounding rock during gob-side entry driving along deeply fully mechanized caving island
working face is one of the main bottlenecks affecting the successful and efficient production in modern mining. The prior
ordinary fully mechanized caving theories have been difficult in ensuring the safe and efficient mining along island
working face during gob-side entry driving under the complex conditions in the west. Therefore, it is of great theoretical
and practical significance to carry out the research on the deformation mechanism and control of the surrounding rock
during gob-side entry driving along deeply fully mechanized caving island working face. This paper, by means of
experimental research, theoretical analysis, numerical calculation, and field industrial test, systemically researched the
deformation characteristics of the surrounding rock and the law of strata behaviors during gob-side entry driving along
deeply fully mechanized caving island working face.

1. Introduction

Fully mechanized caving mining is an advanced coal mining
method. Since it came out in the late 1950s, after decades of
testing and application, it has been rapidly developed in
nearly ten coal-producing countries [1] in the world. From
the late 1970s to the early 1980s, fully mechanized caving
mining became one of the main methods of mining high
seams in France, Hungary, and the former Yugoslavia [2].
Fully mechanized caving mining technology [3–5], with its
characteristics of low cost, low input, high yield, high effi-
ciency, high benefit, safety and reliability, and simple system
as well as its technical storage advantages has gradually
replaced the slice longwall method and has become the main
technical method to achieve high yield and high efficiency in
mining high seams in China.

During fully mechanized caving mining, the backstop-
ping roadway of the working face generally is developed
along the coal seam floor. The roadway is a full coal road

[6] whose roof and two sides are all coal. Setting coal pillars
[7–10] has always been the traditional roadway protection
method in coal mines. The traditional method of setting coal
pillars is to set a coal pillar with a certain width between the
transportation roadway in the upper section and the ventila-
tion roadway in the lower section, so that the roadway in the
lower section can avoid the fixed peak area of abutment pres-
sure. The drifting and application of double transportation
roadways in sections is simple in technical management,
which is beneficial to ventilation, transportation, drainage,
and safety [11]. However, the coal pillar loss is as high as
10%~30%; in addition, influenced by secondary mining [12,
13] of the ventilation roadway, it is difficult to maintain the
roadway and the supporting cost is high. The propagation
of abutment pressure from the coal pillar to the floor not only
affects the mining of the adjacent coal seam and the stability
of the floor roadway but also becomes a hidden trouble that
causes strong strata behaviors. In order to improve the recov-
ery rate of coals during fully mechanized caving mining,
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domestic scholars put forward a method, namely, setting nar-
row coal pillars in the backstopping roadway at the gob side
during gob-side entry driving [14–19], and the coal pillar
width is generally between 4and 7m. Due to the increase of
mining depth year by year, it is more and more difficult to
maintain the roadway at the gob side during fully mecha-
nized caving mining, which restricts the developing speed
of a fully mechanized caving face and seriously affects the
construction of a high-yield and efficient working face.

The coal pillar width is closely related to the strata behav-
iors [20] of the coal pillar, backstopping roadway support,
maintenance cost, safe mining at the working face, and coal
resource recovery rate. At present, some coal mines in China
still rely on experience to determine the coal pillar width [21,
22], which lacks scientificity and pertinence. How to give
consideration to resource recovery rate and the prevention
of large deformation of the coal pillar and how to reasonably
determine the coal pillar width has become a research topic
for many scholars. Influenced by geological conditions, min-
ing successions, and other factors [23], some mines adopt
island working face mining in the mining process. However,
compared with the nonisland working face, the law of overly-
ing strata activity of the stope is very intense, the stress con-
centration degree is high [24, 25], and the strata behavior
pressure is high. Therefore, it is of great theoretical signifi-
cance and practical application value to carry out the
research on the deformation mechanism and control of the
surrounding rock during gob-side entry driving along the
deeply fully mechanized caving island working face. Statistics
of the roof fall accidents from year 2001 to 2013 is shown in
Table 1.

2. Engineering Geological Conditions

The experimental mine is located in Shaanxi province
(Figure 1). The coal seam in the working face of the test area
is stable, and the thickness of the coal seam is 7.2~8.46m,
with an average thickness of 7.83m. The coal seam is nearly
horizontal, and the dip angle is between 2° and 4°, with an
average of about 3° coal seam with gangue 1~5 layers, thick-
ness 0.20m~2.10m, average 1.15m, and coal seam structure
of 0.80 (0.20), 0.50 (0.30), 0.80 (0.70), 1.90 (0.30), and 5.60.
Through the actual exposure of three main roadways and
two roadways in the working face of 42 panels, the geological
structure of the working face is simple, and no large structure
is found. It is expected that there is no large geological struc-
ture in the process of mining. The roof lithology of the coal
seam is mainly gray medium-grained feldspar quartz sand-
stone, followed by gray-black, dark gray siltstone, and fine
sandstone interbeds. The floor is mainly gray miscellaneous
carbonaceous mudstone, with a small amount of gray-white
argillaceous sandstone. Detailed lithological descriptions of
the rock strata are illustrated in Figure 2.

It can be seen from the experimental results (Figure 3 and
Table 2) that the local surrounding rock components of road-
way mainly include illite/montmorillonite mixed layer,
quartz, calcite, kaolinite, siderite, and dolomite. Kaolin, illite,
and montmorillonite are clay argillaceous expansive rocks
with strong hydrophilicity and swelling in water. The fracture

joints in the local surrounding rock of the roadway in the
northern wing strata are developed, and the roadway is seri-
ously flooded. Water is easy to enter the surrounding rock.
The kaolinite and illite are softened, broken, and disinte-
grated when encountering water, while the montmorillonite
expands when encountering water and then softens and
loosens.

3. Theoretical Calculation of Narrow Coal Pillar
Width along Goaf Roadway

Reasonable selection of the narrow coal pillar width in the
roadway along the goaf is one of the key links in roadway exca-
vation and support technology. A large or small coal pillar size
is not conducive to roadway surrounding rock support and
maintenance. According to the roadway protection mecha-
nism of the narrow coal pillar along the goaf, the coal pillar
is as small as possible under the premise of considering the
improvement of the anchor force and support effect.

Table 1: Statistics of the roof fall accidents from year 2001 to 2013.

Year Number of roof fall events Deaths

2001 267 380

2002 771 913

2003 1036 1239

2004 787 988

2005 749 913

2006 103 218

2007 36 144

2008 19 85

2009 14 43

2010 16 57

2011 15 64

2012 13 58

2013 9 21

Total 3835 5123

ShaanXi

Figure 1: Location of the experimental mine, Shaanxi, China.
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According to the limit equilibrium theory [26] of coal pillar
stability,

B = X1 + X2 + X3, ð1Þ

where X1 is the width of plastic zone generated in the coal
body at the goaf side after the mining of the upper working
face, and its value is calculated according to the following for-
mula:

X1 =
mA
2tgφ0

ln kγH + C0/tgφ0
C0/tgφ0 + Pz/A

�
�
�
�

�
�
�
�
, ð2Þ

where B is the coal pillar width; m is the height of roadway,
4.6m; A is the coefficient of the horizontal pressure, 0.85; φ0

is the internal friction angle of the coal seam interface, 30o;
C0 is the cohesive force of the coal seam interface, 5MPa; k
is the stress concentration factor, 3; γ is the average bulk den-
sity of overlying strata, 25kN/m3; H is the depth of the road-
way, average 491m, 500m in the calculation; Pz is the
support resistance of the anchor bolt to the coal side,
0.08MPa; X2 is the effective length of the anchor, 2.5m; X3
is the enrichment of the coal pillar width considering the large
thickness of the coal seam and is generally calculated by
15~35% of the X1 + X2 value.

Substituting the mechanical parameters of the roadway
surrounding rock and the assumed supporting parameters
into the above formula, the theoretical value of the width of
the narrow coal pillar along the goaf can be obtained, and
the final calculated coal pillar width is 13.9-15.7m. The
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Figure 2: Stratigraphic column and geological description.
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calculation model of theoretical coal pillar width is shown in
Figure 4.

4. Finite Element Method Simulation

4.1. 3-D Fast Lagrangian Method. The 3-D fast Lagrangian
method is a numerical analysis method based on the 3-D
explicit finite difference method, which can simulate the 3-
D mechanical behavior of rock and soil or other materials.
3-D fast Lagrangian analysis adopted the explicit finite differ-
ence scheme to solve the governing differential equation of
the field and applied a mixed-unit discrete model to accu-
rately simulate the yield, plastic flow, softening, and large
deformation of materials. It had its unique advantages espe-
cially in the elastic-plastic analysis and large deformation
analysis of materials, construction process stimulation, and
other fields. The solving process of FLAC3D is shown in
Figure 5.

4.2. Establishment of Mechanical Calculation Model. The coal
pillar width between the 4204 working face and the 4208
working face was 246~248m. After roadway driving, the
stress of the roof and the floor was redistributed, and the sur-
rounding rock was deformed, moved, and even damaged.

However, the range of the influence on the surrounding rock
after roadway driving was definite, and the stress change
could be ignored at a distance away from the roadway. There-
fore, the sizes of the model of the 4206 island working face,
the transportation roadway, and the ventilation roadway
were designed as follows: length × width × height = 800 ×
300 × 40m, as shown in Figure 6.

Displacement boundary conditions of the model: rolling
support was adopted in the X direction to limit the displace-
ment in the X direction; rolling support was adopted in the Y
direction to limit the displacement in the Y direction; dis-
placement boundary was adopted at the bottom boundary
of the model to limit the displacement in the Z direction;
and the free boundary was adopted at the upper boundary
of the model to apply vertical stress. The specific boundary
conditions of the numerical model are shown in Figure 7.

4.3. Numerical Simulation Scheme Calculation. The displace-
ment of the roof and floor of the transportation roadway and
the stress state of the surrounding rock mass in the 4206
island working face in different support parameters were
studied. According to the theoretical calculation results, the
following three supporting schemes were selected for optimi-
zation. The simulation scheme is shown in Table 3.

5. Numerical Result Analysis

5.1. Stress Distribution Characteristics of the Surrounding
Rock along the Island Working Face. From the perspective
of safety, the narrow coal pillar was set in the stress-relaxed
area or the original rock stress area as much as possible dur-
ing gob-side entry driving. Therefore, the coal pillar width
left in the two roadways along the 4206 working face should
be larger than the range of the stress-relaxed area.

When backstopping the 4204 working face and the 4208
working face, with the development of the working face, the
first weighting of the main roof formed an “O-X” fracture;
the periodic weighting formed an arc triangle block at the

Table 2: Experimental results of X-ray diffraction.

Sample number #1 #2 #3 #4 #5

Main components I/S, Q, C I/S, Q, K, S Q, K, D, S I/S, Q, D, K Q, S, K

B
_X2 X3 X1

Figure 4: Calculation model of theoretical coal pillar width.
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end of the working face, which formed lateral abutment pres-
sure along the 4206 island working face and directly influ-
enced the stability of the set coal pillars during gob-side
entry driving. The distribution of the lateral abutment pres-
sure is shown in Figure 8.

A monitoring point was set up every 1m from the edge of
the gob, to monitor the vertical stress in the coal seam and
determine the range of the stress-relaxed area and the
stress-increased area. The monitoring data are shown in
Table 4.

As can be seen from Figure 9, near the edge of the gob,
due to the gob near the working face, the coal changed from
the 3-D stress state to the 2-D stress state, and the stress
inside the coal could be released to the gob. The closer it
was to the gob, the more obviously the stress was released,
so that the stress-relaxed area was formed at the edge of the
gob; at the same time, the roof was broken at the edge of
the gob, forming an arc triangular block. This structure
caused pressure on the coal and formed stress concentration
in front of the stress-relaxed area. That was the stress-
increased area. For safety’s sake and to reduce the deforma-
tion of the coal pillar, the stress-increased area was avoided
when setting the coal pillar. As the position advanced for-
ward into the coal, the influence of the stress release at the
edge of gob and the bearing pressure of the arc triangle block

on the original rock stress inside the coal became less. When
the distance advanced forward enough, the surrounding rock
stress returned to be the original rock stress. That was origi-
nal rock stress area.

It can be seen from the curve that the stress-relaxed area
was located 0 to 3m from the edge of the gob and that the
stress-increased area was located 3 to 25m from the edge of
the gob. The minimum vertical stress appeared at 1m away
from the gob, and the vertical stress concentration coefficient
was 0.47. The maximum vertical stress appeared at 7m away
from the gob, and the vertical stress coefficient was 2.49;
between 3 and 7m, the vertical stress gradually rose at a faster
rate, so it was not suitable to set the coal pillar. When it was
15m, the vertical stress was 16.9MPa and the vertical stress
coefficient was 1.24, which was 124% of the original rock
stress. The minimum vertical stress appeared at 25m, and
the vertical stress concentration coefficient was 1.

5.2. Optimization of Coal Pillar Size at the Island Working
Face. In the theoretical calculation, the reasonable range of
the width between two coal pillars in the roadway was
13.9~15.7m, and the width of 12 to 16m between two coal
pillars was considered in the numerical calculation model.
Theoretically, after the overlying strata of the gob at 4204
and 4208 working faces became stabilized, the distribution

Table 3: Supporting scheme.

Bolt Anchor cable Spacing between bolts
Spacing between
anchor cables

Preload (moment) Material

Scheme I
Roof: Φ20 × 2500
Side: Φ20 × 2500

Roof: Φ21:8 × 9600
Side: Φ21:8 × 6500

Roof: 800 × 800
Side: 800 × 800

Roof: 1600 × 800
Side : row
spacing 800

Bolt: 300N·m
Anchor cable:

210 kN

Bolt: screw thread
steel anchor cable:

steel strand

Scheme II
Roof: Φ20 × 2500
Side: Φ20 × 2500

Roof: Φ21:8 × 9600
Side: Φ21:8 × 6500

Roof: 800 × 700
Side: 800 × 700

Roof: 1600 × 700
Side : row
spacing 700

Bolt: 300N·m
Anchor cable:

210 kN

Bolt: screw thread
steel anchor cable:

steel strand

Scheme III
Roof: Φ20 × 2500
Side: Φ20 × 2500

Roof: Φ21:8 × 9600
Side: Φ21:8 × 6500

Roof: 700 × 700
Side: 700 × 700

Roof: 1600 × 700
Side : row
spacing 700

Bolt: 300N·m
Anchor cable:

210 kN

Bolt: screw thread
steel anchor cable:

steel strand

Figure 7: Boundary setting of numerical calculation model for gob-side entry driving in fully mechanized top coal caving face.
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of the surrounding rock stress and the coal pillar stress in the
two roadways at the 4206 working face was the same. How-
ever, considering that the cross-section size of the transporta-
tion roadway was larger than that of the ventilation roadway
(the curved cross-section of the transportation roadway was
5800 ðwidthÞ × 4600mm (medium height); the arc cross-
section of the ventilation roadway was 5200 ðwidthÞ × 3700
mm (medium height)), the surrounding rock stability of the
transportation roadway and its influence on the coal pillar
were greater than that of the ventilation roadway. Therefore,
taking the coal pillar width in the transportation roadway as
an example, the simulation research was carried out to select
a reasonable coal pillar width. According to the simulation
results, the vertical stress inside the coal pillar at 40m behind
the working face was largest, and the plastic zone was most
completely developed. Considering that there was no air
leakage among the 4206, 4204, and 4208 gob, the coal pillar

in the gob shall not be permeated by cracks and still had a
certain bearing capacity. When the coal pillar in the gob
could ensure no air leakage and had a certain bearing capac-
ity, the coal pillar during the driving period and the coal pillar
in front of the working face during the backstopping period
could also ensure no air leakage and have a bearing capacity.
Therefore, taking the state of the coal pillar at the working
face during the driving and backstopping period and that of
the coal pillar 40m from the back of the gob as the basis for
comparison, we, respectively, compared the distribution of
stress, deformation, and plastic zone of the coal pillars when
the width was 12, 13, 14, 15, and 16m, to determine the rea-
sonable range of the coal pillar width.

5.2.1. During the Driving Period of the Roadway. The coal pil-
lar stress and roadway deformation state during the driving
period of the roadway are shown in Figure 10.

Contour of ZZ-Stress
Plane: on
Calculated by: volumetric averaging
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Figure 8: Lateral abutment pressure distribution of 4206 island working face.

Table 4: Monitoring table of vertical stress.

Monitoring point Vertical stress (MPa)
Vertical stress

concentration factor
Monitoring point Vertical stress (MPa)

Vertical stress
concentration factor

1 6.4 0.47 14 18.2 1.34

2 9.0 0.66 15 16.9 1.24

3 12.6 0.93 16 16.3 1.20

4 19.8 1.46 17 15.9 1.17

5 28.5 2.10 18 15.5 1.14

6 33.3 2.45 19 15.5 1.14

7 33.9 2.49 20 14.7 1.08

8 29.8 2.19 21 14.6 1.07

9 26.1 1.92 22 14.3 1.05

10 23.5 1.73 23 14.3 1.05

11 21.4 1.57 24 14.0 1.03

12 19.9 1.46 25 13.6 1.00

13 18.7 1.38
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It can be seen from the curve trend that as the coal pillar
width increased between 12 and 15m, the maximum vertical
stress inside the coal pillar decreased. When the coal pillar
width was small, the coal pillar was influenced by the abut-
ment pressure of the roof, the bearing area was small, and
the stress value was relatively large. As the coal pillar width
increased continuously between 15 and 16m, the maximum
vertical stress inside the coal pillar continued to decrease,
but the decreasing speed was slow. Therefore, it is not recom-
mended to set the coal pillar at 16m.

Although the maximum vertical stress inside the 15m
coal pillar was not the minimum, it differed from the 16m
coal pillar by less than 1%, which could be regarded as the
same. At the same time, compared with the 16m coal pillar,
the width of the 15m coal pillar was more reasonable and
could save coal resources. Therefore, the 15m coal pillar is
preferred.

5.2.2. The Working Face during the Backstopping Period. The
coal pillar stress and roadway deformation state at the work-
ing face during the backstopping period are shown in
Figure 11.

When the coal pillar width was 12m, the roadway defor-
mation was largest. When the coal pillar width was 16m, the
deformation of the roadway was least, the surface displace-
ment of the coal pillar side was 821mm, the displacement
of entity coal side was 441mm, and the subsidence of the roof
was 750mm, so the deformation of the roadway was small.
When the coal pillar width was 15m, the curve tended to
be stable. With the increase of the coal pillar width, the defor-
mation of the surrounding rock continued to decrease but
the change was not obvious.

When the coal pillar width was 12m to 15m, the defor-
mation of the coal pillar in the roadway was reduced from
1513 to 845mm, which was reduced by 44%; when the coal
pillar width was 15m to 16m, the deformation of the coal pil-

lar in the roadway decreased from 1513 to 821mm, which
was reduced by 46%. Compared with the 15m wide coal pil-
lar, the change was not obvious. Therefore, the 15m coal pil-
lar is preferred.

5.2.3. 40m behind the Gob. The vertical stress, vertical stress
concentration coefficient, and roadway deformation of the
40m coal pillar behind the working face are shown in
Figure 12.

When the coal pillar width was 12 to 15m, the vertical
stress inside the coal pillar in the roadway was reduced by
16% from 58.9 to 49.4MPa; when the coal pillar width was
12 to 16m, the vertical stress in the coal pillar in the roadway
was reduced by 17% from 58.9 to 48.8MPa. Compared with
the 15m coal pillar, the change was not obvious. Therefore,
the 15m coal pillar is preferred.

When the coal pillar width was 12 to 15m, the deforma-
tion of the coal pillar was reduced by 27% from 3208 to
2327mm; when the coal pillar width was 12 to 16m, the
deformation of the coal pillar was reduced by 30% from
3208 to 2258mm. Compared with the 15m coal pillar, the
change was not obvious. Therefore, the 15m coal pillar is
preferred.

The distribution status of the stress, deformation, and
plastic zone inside the coal pillar when the coal pillar width
was 12, 13, 14, 15, and 16m was analyzed, respectively, by
numerical simulation calculation based on the state of the
coal pillar during the roadway driving, of that at 40m behind
the gob, and of that at the working face. The results showed
that when the coal pillar width was 15m, the stress value
inside the coal pillar was basically reduced to the lowest,
and there was a 4m elastic zone inside the coal pillar, which
had better fire prevention and gas prevention ability; when
the coal pillar width was between 12m and 15m, the maxi-
mum vertical stress inside the coal pillar was reduced with
the increase of the coal pillar width; when the coal pillar
width was 15m, the roadway deformation tends to be stable,
and the deformation of the surrounding rock continued to
decrease with the increase of the coal pillar width, but the
change was not obvious. Through the above analysis, it is
determined that the recommended width of the coal pillar
set in the two roadways of the 4206 island working face is
15m.

5.3. Research on the Supporting Effect of the Island
Working Face

5.3.1. Simulation Analysis of the Transportation Roadway
during the Driving Period. As can be seen from Table 5, there
was a big difference in the stress and deformation of the sur-
rounding rock by different supporting schemes. In Scheme 1,
the stress of the roadway side was relatively concentrated, the
subsidence of the roof was large, the floor heave was obvious,
and the deformation of the two sides was serious, indicating
that the roadway support is insufficient in Scheme 1. Com-
pared with Scheme 1, the stress of the surrounding rock
was significantly reduced, and the deformation of the sur-
rounding rock could be reduced by up to 81.7% in Scheme
2 and Scheme 3, indicating that Scheme 2 and Scheme 3
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Figure 9: Lateral abutment pressure distribution curve of 4206
island working face.
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can maintain the stable state of the surrounding rock of the
roadway, improve the stress distribution, and reduce defor-
mation. Therefore, Scheme 2 or Scheme 3 should be selected
as a reasonable supporting scheme.

It can be found from the table that both Scheme 2 and
Scheme 3 had achieved a good effect on roadway support
and significantly improved the deformation of the surround-
ing rock, while the supporting effects in Scheme 2 and
Scheme 3 were not much different. Considering the eco-
nomic benefits, Scheme 2 is preferred.

5.3.2. Simulation Analysis of the Transportation Roadway
during the Backstopping Period at the 4206 Working Face.
As can be seen from Table 6, there was a big difference in

the stress and deformation of the surrounding rock in differ-
ent supporting schemes. In Scheme 1, the stress of the road-
way side was relatively concentrated, the subsidence of the
roof was large, the floor heave was obvious, and the deforma-
tion of the two sides was serious, indicating that the roadway
support is insufficient in Scheme 1. Compared with Scheme
1, the stress of the surrounding rock was significantly
reduced, and the deformation of the surrounding rock could
be reduced by up to 41.1% in Scheme 2 and Scheme 3, indi-
cating that Scheme 2 and Scheme 3 can maintain the stable
state of the surrounding rock of the roadway, improve the
stress distribution, and reduce deformation. Therefore,
Scheme 2 or Scheme 3 should be selected as a reasonable sup-
porting scheme.
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Figure 10: Variation trend of surrounding rock stability with coal pillar width during roadway excavation.

12 13 14 15 16

44

46

48

50

52

54

56

58

Vertical stress
Vertical stress concentration factor

Coal pillar width (m)

V
er

tic
al

 st
re

ss
 (M

Pa
)

3.2

3.4

3.6

3.8

4.0

4.2

V
er

tic
al

 st
re

ss
 co

nc
en

tr
at

io
n 

fa
ct

or

(a) Vertical stress and stress concentration factor in coal pillar

Coal pillar side
Solid coal wall
Roof

12 13 14 15 16
400

600

800

1000

1200

1400

1600

D
isp

la
ce

m
en

t (
m

m
)

Coal pillar width (m)

(b) Deformation of roadway

Figure 11: Variation trend of surrounding rock stability with coal pillar width during working face mining.

8 Geofluids



It can be found from the table that both Scheme 2 and
Scheme 3 had achieved a good effect on roadway support
and significantly improved the deformation of the surround-
ing rock, while the supporting effects in Scheme 2 and
Scheme 3 were not much different. Considering the eco-
nomic benefits, Scheme 2 is preferred.

6. Practice of 4206 Transportation
Roadway Support

6.1. Support Parameters of 4206 Transportation Roadway.
Roof and side anchors are, respectively, Φ20 × 2500mm
left-handed and right-handed nonlongitudinal reinforce-
ment screw steel anchors, with spacing of 800 × 700mm,

and preload of 300N·m. The roof anchor cable adopts Φ
21:8 × 9600mm steel strand, spacing of 1600 × 700mm,
and preload of 210 kN. The side anchor cable adopts Φ21:8
× 6500mm steel strand, the row spacing is 700mm, and
the preload is 210 kN. The anchor mesh is laid flat, and the
steel mesh and the mesh are pressed against each other for
100mm, and each 100mm is connected with iron wire. The
specific support parameters are shown in Figure 13.

6.2. Observation Data Processing and Analysis. The 4206
island working face adopts gob-side entry driving with a coal
pillar of 15m and adopts the above strengthening support
scheme. In the mining process of the 4206 isolated island
working face, the cross point method is used to monitor the
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Figure 12: The stability of coal pillar 40m behind goaf changes with the width of coal pillar.

Table 5: Comparison of simulation schemes for 4206 transport CIS trough.

Scheme name Scheme I
Scheme II Scheme III

Increment of decrease Decrease percentage Increment of decrease Decrease percentage

Vertical stress (MPa) 25.8 4.4 17.1% 5.4 20.9%

Roof subsidence (mm) 310.8 244.2 78.6% 247.7 76.7%

Floor heave (mm) 88.1 39.5 44.8% 38.5 43.7%

Deformation of two sides (mm) 330 257.7 78.1% 269.7 81.7%

Table 6: Comparison of simulation schemes for 4206 transport CIS trough.

Scheme name Scheme I
Scheme II Scheme III

Increment of decrease
Decrease
percentage

Increment of decrease
Decrease
percentage

Vertical stress (MPa) 35.1 3 9% 3.1 9%

Roof subsidence (mm) 714 211 29.5% 238 33.3%

Floor heave (mm) 163 55 33.7% 67 41.1%

Deformation of coal pillar side (mm) 934 221 23.7% 267 28.6%

Deformation of stope side (mm) 430 141 32.8% 149 34.7%
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deformation of the surrounding rock of the roadway. Under
the mining influence of the 4206 isolated working face, the
roof and floor convergence and the two-side convergence of
the roadway are stable within 100mm, and the coal pillar of
roadway protection has not been significantly damaged. The
deformation of the roadway is effectively controlled, which
ensures the safety and stability of gob-side entry driving.

7. Conclusion

(i) The X-ray diffraction of the complete coal and rock
samples in the test mine was studied. It was found
that there were more illite and montmorillonite
mixed layers in the #1, #2, and #4 samples, and kao-
linite components were found in the #2, #3, #4, and
#5 samples. The kaolinite and illite soften, break,
and collapse when encountering water, while the
montmorillonite expands when encountering water
and then softens and loosen, resulting in serious
deformation and failure of the roadway

(ii) According to the limit equilibrium theory of coal pil-
lar stability, it is theoretically determined that the
narrow coal pillar width of gob-side entry driving
is between 13.9 and 15.7m

(iii) The surrounding rock deformation mechanism of
gob-side entry driving in the isolated island working
face is analyzed, and the stress, deformation, and
plastic zone distribution in the coal pillar are simu-
lated and analyzed when the width of the coal pillar
is 12, 13, 14, 15, and 16m. Between 12m and 15m,
with the increase of the coal pillar width, the maxi-
mum vertical stress in the coal pillar decreases.
When the coal pillar width is 15m, the deformation
of the roadway tends to be stable. With the increase
of the coal pillar width, the deformation of the sur-
rounding rock continues to decrease, but the change
is not obvious. Based on comprehensive consider-
ation, it is determined that the recommended width
of the coal pillar in two gateways of the 4206 island
working face is 15m

(iv) The support parameters of three different schemes
are verified by numerical simulation, and the final
support design scheme is determined. The field
practice effect is good
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In order to reveal the evolution law of gas discharge of carbon monoxide in mining an extra-thick coal seam of the Datong mining
area by the numerical simulation and field monitoring test, the 8202 working face and 8309 working face in the Tongxin coal mine
are chosen as the test sites. The results show that the seepage flow of carbon monoxide gas reaches 1:854 × 10−8 m3/s in the #1
fracture after the #3 key stratum in the far field breaks in the 8202 working face, the seepage flow of carbon monoxide gas
reaches 1:307 × 10−7 m3/s in the #2 fracture, the seepage flow of carbon monoxide gas reaches 4:276 × 10−7 m3/s in the #3
fracture, the seepage flow of carbon monoxide gas reaches 4:192 × 10−7 m3/s in the #4 fracture, and the seepage flow of carbon
monoxide gas reaches 1:623 × 10−7 m3/s in the #5 fracture. The initial caving of the #3 key stratum in the far field occurs and
collapses to the gob, when the working face in the #3-5 coal seam advances to 180m, and the voussoir beam forms in the #3 key
stratum. Besides, a shower shape was formed by the seepage flow of carbon monoxide gas, and the maximum flow in the
working face reaches 4:562 × 10−4 m3/s. When the 8309 working face advances from 521.2m to 556.4m, the air pressure at the
working face gradually rises and reaches the maximum magnitude and then begins to decrease; when the working face advances
to 556.4m, the air pressure at the working face reaches the maximum magnitude of 91.35 kPa. The gas discharge disaster of
carbon monoxide in mining the extra-thick coal seam of the Datong mining area is effectively controlled by the dynamic
balance multipoint control technology. The research results can be treated as an important theoretical basis for the prevention
and treatment for carbon monoxide discharge disaster in mining the extra-thick coal seam of the Datong mining area.

1. Introduction

Coal resource is the one of the kinds of basic energy for econ-
omy and social development, and the sustainable develop-
ment of the coal industry is closely related to economic and
social development and energy security in China [1]. Besides,
CO (carbon monoxide) is widely recognized as the most
important symbol gas for detecting coal spontaneous com-
bustion at the early stage [2]. However, CO overrunning
occurs in a large number of field practices in coal mines,
especially in mining the thick coal seam [3, 4]. Meanwhile,
CO is a toxic and harmful gas, which poses a serious threat
to the safety and health of miners [5]. The concentration of
CO in the working face cannot exceed 0.0024%, which is

the requirement of “the safety regulation for coal mining”
in China [6, 7]. For example, the carbon monoxide gas dis-
charge disaster occurred in the Tongxin coal mine in Shanxi
province, which greatly affected the safety mining production
[8, 9]. Therefore, it is of great significance to research the evo-
lution law of gas discharge of carbon monoxide in mining an
extra-thick coal seam, in order to guarantee the safe mining
in the Datong mining area.

The scholars at home and aboard have carried out lots of
research on the evolution law of gas discharge of carbon
monoxide in mining a coal seam. Zhai et al. [10] analyzed
the CO gas sources and influence factors in the working face
and established a quantitative calculation model of the CO
gas content, based on the CO gas produced mechanism from
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the coal oxidization process. Jia et al. [11] put forward the
viewpoint that the source of carbon monoxide was com-
prised of the primal and secondary carbon monoxide by
means of theoretical analysis combining with coal mine fire
prevention theory, coal geology theory, gas geology theory,
and coal chemistry theory. Yu et al. [12] analyzed the roof
collapse of a crack zone in a carboniferous coal seam and
the stress influence law of a coal pillar in a mined-out area
of the Jurassic coal seam and obtained the mechanism of
strong pressure revealed under the influence of a mining
dual system of the coal pillar. Chen et al. [13] analyzed the
overburden movement and failure law caused by double
period coal seam mining by using the key strata theory,
physical detection, and numeric simulation technology.
Tang et al. [14] investigated the microseismic events of
space-time evolution characteristics under the influence of
a complex mined-out area at the upper Jurassic coal seam
group and obtained the relationship of strata movement
and rock pressure under the influence of double series coal
seams. Meng [15] determined the cracking connection in
the overburden strata above the double system seam mining
in the Datong mining area, according to the discharging
disaster of accumulated water and harmful gas in the gob,
caused by the developed and connected cracks in the over-
burden strata above each seam after the mining of the multi-
seams. Zhang et al. [16] established a dynamic load
calculation method for the unextracted area, coal pillar area,
and mining collapse area of the upper coal seams and stud-
ied the dynamic deformation of overlying strata and pres-
sure behavior, according to the mining condition of
multiple coal seams with deep overburden strata and a large
panel in the Datong mining area. Yu et al. [17] analyzed the
impact process of a hard roof breaking to the gob and got the
relationship between the axial force of the broken block and
the broken expansion coefficient of caving coal-rock in the
gob, in order to deal with the issue of the abnormal gas emis-
sion during periodic weighting, based on the “O-X”-type
breaking of the hard roof.

At present, many scholars at home and abroad have
studied the evolution law of gas discharge of carbon mon-
oxide in mining a coal seam, whose thickness is less than
8m [18–20]. The average mining thickness of the #3-5 coal
seam in the Datong mining area is 15m; therefore, the
working face is easily connected with the above abandoned
gob, where CO gas is accumulated by the mining-induced
fractures in the overburden, leading to the gas discharge
disaster of carbon monoxide. However, the evolution law
of gas discharge of carbon monoxide in mining the extra-
thick coal seam of the Datong mining area is not
researched systematically and deeply [21–23]. Based on
the mining and geological conditions of the 8202 working
face and the 8309 working face in the Tongxin coal mine
in Shanxi province, the evolution law of the gas discharge
of carbon monoxide in mining the extra-thick coal seam
of the Datong mining area is studied, by the numerical sim-
ulation and field monitoring test. The research results can
be treated as an important basis for the prevention and
treatment of carbon monoxide discharge disaster in mining
extra-thick coal seams.

2. Numerical Calculation Simulation of Gas
Discharge of Carbon Monoxide

2.1. Numerical Calculation Model. The numerical calculation
model of the CO gas discharge is established in UDEC soft-
ware, which is shown in Figure 1. The extra-thick coal seam
is the coal seam whose thickness is larger than 8m. There
are three key strata in the overburden of the 8202 working
face, namely, the #1 key stratum (lower part in the near field),
#2 key stratum (upper part in the near field), and #3 key stra-
tum (whole part in the near field). The key stratum refers to
the stratum which controls the whole or partial overburden
movement from the overburden to the surface. Besides, the
thickness of the #14 coal seam is 4m, the thickness of the
#3-5 coal seam is 15m, and the distance between the #14 coal
seam and the #3-5 coal seam is 160m.

In the numerical calculation simulation, the #14 coal
seam is mined, followed by the #3-5 coal seam, and the min-
ing step is 15m. The gas pressure in the gob in the #14 coal
seam is set to 0.1MPa, and the gas pressure in the gob in
the #3-5 coal seam is set as negative. The physical parameters
of the rock mass are obtained by the rock mechanics experi-
ments, as shown in Table 1.

2.2. Numerical Calculation Results. The initial caving of the
direct roof occurs, when the 8202 working face in the #3-5
coal seam advances to 45m, and the transverse fractures on
the top rapidly develop to the bottom of the #1 key stratum
in the near field. The pore pressure at the top of the #3 key
stratum in the far field reaches the maximum of 0.1MPa,
and the pressure is not transferred to the bottom of the #3
key stratum in the far field, as shown in Figure 2.

The harmful gas in the gob comes from the left coal spon-
taneous combustion [24, 25]. And the discharge of harmful
gas is controlled by negative pressure ventilation. From the
perspective of flow distribution, the CO gas flow rate at both
ends of the floor of the coal seam reaches the maximummag-
nitude 0.0293m3/s, since both ends of the gob of the #14 coal
seam have the largest fracture development depth and frac-
ture opening degree, located within 1m below the floor at
both ends. Besides, the flow rate outside 1m below the floor
of the coal seam rapidly drops to 1:362 × 10−7 m3/s, which
varies greatly in magnitude. Meanwhile, it is obvious that
the seepage phenomenon occurs in some primary joints pre-
fabricated in the #3 key stratum in the far field, and the seep-
age flow is 1:634 × 10−7 m/s, with the extremely low seepage
flow. In addition, the maximum seepage flow of the roof of
the #3-5 coal seam is 3:285 × 10−8 m/s, located at 7m in the
direct roof, which is mainly derived from the extremely low
seepage flow generated by partial primary fractures, as shown
in Figure 3.

The initial caving of the #1 key stratum in the near field
occurs and collapses to the gob, when the working face in
the #3-5 coal seam advances to 105m. The distance between
the #1 key stratum and the #2 key stratum in the near field is
only 6m. The overburden deformation and movement
caused by the break of the #1 key stratum have a significant
impact on the #2 key stratum, resulting in obvious longitudi-
nal and transverse fractures in the #2 key stratum. The
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maximum pore pressure above the key stratum in the far field
is 0.1MPa, as shown in Figure 4.

From the perspective of flow distribution, the fractures in
overburden above the #1 key stratum in the near field further
develop, especially the primary fractures of the key stratum in
the far field; therefore, the CO gas penetrates down through
primary fractures in the #3 key stratum with a small flow rate
and enters the key seepage passage in the working face. The

seepage flow of the #3 key stratum in the far field increases
to 2:250 × 10−7 m3/s, and the maximum flow in the working
face reaches 1:655 × 10−4 m3/s, which increases by nearly ten
thousand times, as shown in Figure 5.

The initial caving of the #2 key stratum in the near field
occurs and collapses to the gob, when the working face in
the #3-5 coal seam advances to 120m. Tensile fractures occur
in the lower part of the #3 key stratum in the far field and the

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

100 m 300 m 100 m

Free permeable
boundary Gob in 14# coal seam

Free permeable
boundary

3# key stratum (far field)

194 mImpermeable
boundary

Impermeable
boundary

2# key stratum (near field)

1# key stratum (near field)

Negative gas pressure100 m

3-5# coal seam
Impermeable boundary

100 m

Figure 1: The numerical calculation model of gas discharge of carbon monoxide.

Table 1: The physical parameters of rock mass.

Rock strata K (GPa) G (GPa) d (N·m-3) f (°) C (MPa) t (MPa)

Coarse sandstone 10.85 7.5 2540 35 12.5 2.56

Sandy mudstone 30.35 14.74 2693 35 12.5 4.4

Medium sandstone 23.24 15.93 2654 35 12.5 5.72

Fine sandstone 19.79 19.86 2700 34 4.8 6.4

Siltstone 18.50 16.02 2604 34 4.8 4.89

Coal seam 3.89 1.59 1426 42 2.01 1.6

Cycle 73095
Time 1.592E+01 sec
Block plot
Joints with FN or SN = 0.0
Domain pore pressures
Maximum pressure = 1.000E+05

1.000E+04
2.001E+04
3.001E+04
4.002E+04
5.002E+04
6.003E+04
8.004E+04
9.004E+04
1.000E+05
1.101E+05

Figure 2: The pore pressure distribution in initial caving of direct roof.
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upper part of the #3 key stratum above the central position of
the gob. However, the development of fractures above the #3
key stratum is low, because the #3 key stratum is unbroken,

whose deformation and movement is small. Meanwhile, the
maximum pore pressure at the top of the #3 key stratum is
almost constant, as shown in Figure 6.

Cycle 73095
Time 1.592E+01 sec
Block plot
Joints with FN or SN = 0.0
Flow rates
Max flow rate = 2.930E+02

2.930E–03
5.860E–03
8.790E–03
1.172E–02
1.465E–02
1.758E–02
2.051E–02
2.344E–02
2.637E–02

3.223E–02
2.930E+02

Figure 3: The flow distribution in initial caving of direct roof.

Cycle 311762
Time 6.955E+01 sec
Block plot
Joints with FN or SN = 0.0
Domain pore pressures
Maximum pressure = 1.000E+05

1.000E+04
2.001E+04
3.001E+04
4.002E+04
5.002E+04
6.003E+04
7.003E+04
8.004E+04
9.004E+04
1.000E+04
1.101E+04

Figure 4: The pore pressure distribution in initial caving of #1 key stratum.

Cycle 311762
Time 6.955E+01 sec
Block plot
Joints with FN or SN = 0.0
Flow rates
Max flow rate = 1.466E+00

1.466E-01
2.933E-01
4.399E-01
5.866E-01
7.332E-01
8.798E-01
1.026E+00
1.173E+00
1.320E+00
1.466E+00
1.613E+00

Figure 5: The flow distribution in initial caving of #1 key stratum.
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From the perspective of the flow distribution, the fracture
opening of the #3 key stratum in the far field continues to
increase, after the break of the #2 key stratum in the near
field. Specifically, the seepage flow of the CO gas reaches

1:393 × 10−8 m3/s in the #1 fracture, the seepage flow of the
CO gas reaches 6:143 × 10−8 m3/s in the #2 fracture, the seep-
age flow of the CO gas reaches 3:736 × 10−7 m3/s in the #3
fracture, the seepage flow of the CO gas reaches 2:329 ×

Cycle 413762
Time 9.285E+01 sec
Block plot
Joints with FN or SN = 0.0
Domain pore pressures
Maximum pressure = 1.001E+05

1.001E+04
2.001E+04
3.002E+04
4.002E+04
5.003E+04
6.003E+04
7.004E+04
8.004E+04
9.005E+04
1.001E+05
1.101E+05

Figure 6: The pore pressure distribution in initial caving of #2 key stratum.

Cycle 413762
Time 9.285E+01 sec
Block plot
Joints with FN or SN = 0.0
Flow rates
Max flow rate = 1.974E+00

1.974E-01
3.948E-01
5.922E-01
7.897E-01
9.871E-01
1.184E+00
1.382E+00
1.579E+00
1.777E+00
1.974E+00
2.172E+00

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

Figure 7: The flow distribution in initial caving of #2 key stratum.

Cycle 821762
Time 1.880E+02 sec
Block plot
Joints with FN or SN = 0.0
Domain pore pressures
Maximum pressure = 1.001E+05

1.001E-01
2.001E-01
3.002E-01
4.002E-01
5.003E-01
6.003E+00
7.004E+00
8.004E+00
9.005E+00
1.001E+00
1.101E+00

Figure 8: The pore pressure distribution in initial caving of #3 key stratum.
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Cycle 821762
Time 1.880E+02 sec
Block plot
Joints with FN or SN = 0.0
Flow rates
Max flow rate =5.637E+00

5.637E-01
1.127E+00
1.691E+00
2.255E+00
2.818E+00
3.382E+00
3.946E+00
4.509E+00
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Figure 9: The flow distribution in initial caving of #3 key stratum.

(a) Empty box barometer (b) Medium speed air gauge

(c) Dry and wet thermometer (d) Ventilation multiparameter tester

Figure 10: Air pressure observation instruments.
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10−7 m3/s in the #4 fracture, and the seepage flow of the CO
gas reaches 1:128 × 10−7 m3/s in the #5 fracture. Besides, a
shower shape is formed by the seepage flow of the CO gas,
and the maximum flow in the working face reaches 8:285 ×
10−4 m3/s, as shown in Figure 7.

The initial caving of the #3 key stratum in the far field
occurs and collapses to the gob, when the working face in
the #3-5 coal seam advances to 180m, and the voussoir
beam forms in the #3 key stratum. The upper strata of
the #3 key stratum in the far field are in the state of com-
pression, and the strata dislocation appear in the tensile
fractures, located in the two solid ends of the strata. With
the continuous advance of the panel, the overburden strata
fracture periodically, and a fracture surface with a certain
angle is formed in the coal seam, which is called the frac-
ture surface. Besides, the formed tensile fractures are the
key seepage passage for the CO gas, which flows into the
fractures in the #3 key stratum in the far field and enters
the working face, through the fracture surface in the under-
lying overburden. The maximum pore pressure at the top of
the #3 key stratum in the far field is almost constant, as
shown in Figure 8.

From the perspective of the flow distribution, when the
break of the #3 key stratum in the far field occurs, the seep-
age flow of the CO gas reaches 1:854 × 10−8 m3/s in the #1
fracture, the seepage flow of the CO gas reaches 1:307 ×
10−7 m3/s in the #2 fracture, the seepage flow of the CO
gas reaches 4:276 × 10−7 m3/s in the #3 fracture, the seepage
flow of the CO gas reaches 4:192 × 10−7 m3/s in the #4 frac-
ture, and the seepage flow of the CO gas reaches 1:623 ×
10−7 m3/s in the #5 fracture. Besides, a shower shape is

formed by the seepage flow of the CO gas, and the maximum
flow in the working face reaches 4:562 × 10−4 m3/s, as shown
in Figure 9.

3. Field Monitoring Test of Gas Discharge of
Carbon Monoxide

3.1. Field Monitoring for Air Pressure. The Carboniferous #3-
5 coal seam is mined at the working face in the Tongxin coal
mine, and the fully mechanized caving mining technology is
adopted. In order to verify whether the gas in the mined-out
area has leaked, field monitoring for air pressure is carried
out in the 8309 working face. Eight air pressure observation
points are designed and arranged in the working face. The
instruments used for barometric observation include empty
box barometers, medium-speed wind meters, dry and wet
thermometers, and ventilation multiparameter detectors, as
shown in Figure 10.

The observation time of each measuring point is 15
minutes, and the field observation is made at the same time
every day, ensuring that the observation interval is 24 hours,
and the total observation period is 10 days. The observation
results are shown in Table 2.

During the observation period, the air pressure of obser-
vation points is basically similar; therefore, the data of the #4
measuring point and the #5 measuring point are selected.
When the working face advances from 521.2m to 556.4m,
the air pressure in the working face gradually rises and
reaches the maximum value and then begins to decrease;
when the working face advances to 556.4m, the air pressure
at the working face reaches the maximum value of 91.35 kPa.

Table 2: Comprehensive table of air pressure observations at the working face.

Number of times Measurement points 1 2 3 4 5 6 7 8

1
Barometric pressure reading (mmHg) 679.8 679.6 679.5 679.1 678.5 678.0 678.5 678.5

Pressure (kPa) 90.34 90.32 90.30 90.25 90.17 90.10 90.17 90.17

2
Barometric pressure reading (mmHg) 680.6 680.1 680.5 680.0 680.3 679.8 680.0 679.9

Pressure (kPa) 90.45 90.38 90.43 90.37 90.40 90.34 90.37 90.36

3
Barometric pressure reading (mmHg) 683.4 683.3 683.2 682.9 682.6 683.1 682.6 682.2

Pressure (kPa) 90.82 90.81 90.79 90.75 90.71 90.78 90.71 90.66

4
Barometric pressure reading (mmHg) 683.0 683.2 683.0 682.6 682.9 683.0 683.1 683.5

Pressure (kPa) 90.77 90.79 90.77 90.71 90.75 90.77 90.78 90.83

5
Barometric pressure reading (mmHg) 683.7 683.4 683.1 682.9 682.9 682.9 683.0 683.5

Pressure (kPa) 90.86 90.82 90.78 90.75 90.75 90.75 90.77 90.83

6
Barometric pressure reading (mmHg) 687.5 687.3 687.0 687.2 687.2 687.5 687.4 687.4

Pressure (kPa) 91.37 91.34 91.30 91.33 91.33 91.37 91.35 91.35

7
Barometric pressure reading (mmHg) 687.8 687.8 687.6 687.8 687.0 686.2 686.5 687.2

Pressure (kPa) 91.41 91.41 91.38 91.41 91.30 91.19 91.23 91.33

8
Barometric pressure reading (mmHg) 683.8 683.6 683.0 683.0 683.3 683.8 683.5 683.2

Pressure (kPa) 90.87 90.85 90.77 90.77 90.81 90.87 90.83 90.79

9
Barometric pressure reading (mmHg) 684.5 684.6 684.6 684.5 684.6 684.7 684.9 684.6

Pressure (kPa) 90.97 90.98 90.98 90.97 90.98 90.99 91.02 90.98

10
Barometric pressure reading (mmHg) 683.2 683 683.4 683.1 683.4 683.2 683.6 683.5

Pressure (kPa) 90.79 90.77 90.82 90.78 90.82 90.79 90.85 90.83
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When the working face advances from 521.2m to 546.8m,
the difference of the air pressure between the working face
and the ground surface gradually decreases, the difference
of the air pressure gradually increases from 546.8m to
556.4m, and the difference of the air pressure decreases from
556.4m to 570.8m.

3.2. Dynamic Balance Multipoint Control Technology. The
negative pressure ventilation is adopted in the working face,
which induces the CO gas from the overlying gob to leak to
the working face, resulting in the CO gas concentration and
harmful gas being overrun in the working face. Therefore,
the dynamic balance multipoint control technology is put
forward to deal with the practice problem. Three pressure-
equalizing regulating valves are constructed in the intake air-
way. The first regulating valve is about 30m away from the
roadway entrance, and three local fans are installed in the
intake airway in turn. Each fan has two stages, and the suc-
tion air volume is about 1000m3/min, the three fans are
started at the same time, and the supply air volume reaches
2300m3/min. By gradually adjusting the intake airway and
return airway to adjust the pressure difference and air volume
inside and outside the damper, the purpose of CO emission
control is effectively achieved.

4. Conclusions

(1) The initial caving of the #2 key stratum in the near
field occurs when the 8202 working face in the #3-5
coal seam advances to 120m. The seepage flow of
the CO gas reaches 1:393 × 10−8 m3/s in the #1 frac-
ture in overburden, the seepage flow of the CO gas
reaches 6:143 × 10−8 m3/s in the #2 fracture, the seep-
age flow of the CO gas reaches 3:736 × 10−7 m3/s in
the #3 fracture, the seepage flow of the CO gas
reaches 2:329 × 10−7 m3/s in the #4 fracture, and the
seepage flow of the CO gas reaches 1:128 × 10−7 m3/
s in the #5 fracture. Besides, the maximum flow in
the 8202 working face reaches 8:285 × 10−4 m3/s

(2) The initial caving of the #3 key stratum in the far field
occurs when the working face advances to 180m. The
seepage flow of the CO gas reaches 1:854 × 10−8 m3/s
in the #1 fracture, the seepage flow of the CO gas
reaches 1:307 × 10−7 m3/s in the #2 fracture, the seep-
age flow of the CO gas reaches 4:276 × 10−7 m3/s in
the #3 fracture, the seepage flow of the CO gas
reaches 4:192 × 10−7 m3/s in the #4 fracture, and the
seepage flow of the CO gas reaches 1:623 × 10−7 m3/
s in the #5 fracture. Besides, a shower shape is formed
by the seepage flow of the CO gas, and the maximum
flow in the working face reaches 4:562 × 10−4 m3/s

(3) When the working face advances from 521.2m to
556.4m, the air pressure at the working face gradu-
ally rises and reaches the maximum value and then
begins to decrease; when the working face advances
to 556.4m, the air pressure at the working face
reaches the maximum value of 91.35 kPa. The differ-

ence of the air pressure gradually increases from
546.8m to 556.4m and decreases from 556.4m to
570.8m. Besides, the gas discharge disaster of carbon
monoxide in mining an extra-thick coal seam is effec-
tively controlled by the dynamic balance multipoint
control technology
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In order to develop textile reinforced concrete (TRC) with good flowability and strength, colloidal nano-SiO2 (CNS) is adopted to
improve the performance of TRC. The flowability, compressive strength, flexural strength, and four-point bending tests of TRC
matrix with CNS are carried out, and the changes of internal micromorphological characteristics of TRC matrix are analyzed by
combining with scanning electron microscopy. The results show that the CNS has an inhibitory effect on the flowability of TRC
matrix, and the greater the amount of admixture is, the smaller the slump expansion of TRC matrix is. The compressive
strength and flexural strength of TRC matrix show a trend of increasing and then decreasing as the amount of CNS increases,
and the compressive strength reaches the maximum at each age (7 d, 14 d, 28 d) when CNS and silica fume replace 5% cement
by 1 : 4 equal mass. The flexural strength reaches the maximum at each age (7 d, 14 d, 28 d) when 5% cement is replaced by
CNS and silica fume with 3 : 7 equal mass. The flexural strength increases with the increase of CNS admixture. It is found by
electron microscope scanning that the incorporation of CNS consumes more Ca(OH)2, refines the Ca(OH)2 crystal size, and
generates more C-S-H gels. These C-S-H gels are distributed in a net-like pattern inside the concrete, filling the internal pores,
effectively densifying the interfacial transition zone between the cementitious material and the aggregates, and optimizing the
internal structure.

1. Introduction

Textile reinforced concrete (TRC) has the superior character-
istics of crack resistance, impact resistance, and durability
properties, which has been widely applied in lightweight
thin-walled structures, such as large span arches, shells, and
domes [1–3]. TRC matrix has a better flowability because of
the coarse aggregates completely replaced by the fine aggre-
gates with different gradations, but the strength, stiffness,
and elastic modulus of TRC matrix are adversely affected [4,
5]. Therefore, developing a fine-grained matrix concrete with
good strength and flowability is the first step is to achieve the
excellent performance of TRC. In recent years, nanotechnol-
ogy has made effective progress in improving the mechanical
and work-ability properties of cement composites [6].

More studies have shown that incorporation of CNS
results in significant increase in compressive and flexural
strength of concrete [7, 8]. Hani [9] compared the change

in compressive strength of self-compacting concrete at differ-
ent water-cement ratios after incorporation of appropriate
amount of nano-SiO2 and found higher compressive strength
at larger water-cement ratio. Adak et al. [10] studied the
effect of nano-SiO2 on the strength and durability of fly ash
based geopolymer mortar and found that the compressive
and flexural strength of the oligomeric mortar with 6%
nano-SiO2 added was significantly improved after 28 days.
Gülşan [11] found that the combined use of silica nanoparti-
cles and steel fibers greatly increased the compressive
strength and flexural properties of the material. Madadi
[12] also found that the effect of silica nanoparticles on
improving the bond strength of reinforced concrete was
greater compared to that of fibers. In addition, incorporation
of silica nanoparticles improved the durability of concrete
[13]. A study by Li [14] showed that the combined addition
of silica fume and nano-SiO2 further improved the corrosion
resistance of sulfate and chloride ions. Nano-SiO2 also
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improved the high temperature resistance of concrete. Wang
[15] studied the mechanical properties and microstructure at
25°C, 200°C, 400°C, and 600°C by static load test, scanning
electron microscopy, and X-ray diffraction and found that
the addition of nano-SiO2 improved the high temperature
performance of concrete at different temperatures. There
are two reasons why the mechanical properties of concrete
are enhanced by the addition of nano-SiO2, either because
the addition of silica nanoparticles improves the early hydra-
tion reaction of concrete [16–18] or because the nanoparti-
cles act as fillers to fill the interfacial transition zone
between aggregates and improve the denseness of concrete
[19–21]. In summary, it can be tentatively judged that it is a
viable option to introduce nano-SiO2 into the preparation
of TRC for improving the mechanical properties of TRC
[22, 23]. Therefore, it is the focus of this study to investigate
the mechanism of the effect of nano-SiO2 on the mechanical
properties of TRC matrix.

However, a number of studies have shown that the incor-
poration of nano-SiO2 affects the flowability of concrete. Yu
[24] investigated the effect of nano-SiO2 on the hydration
and microdevelopment of ultra-high performance concrete
and found that the viscosity of ultra-high performance con-
crete increased with the addition of nano-SiO2. This resulted
in more air retention in the mixture and increased porosity of
the concrete. Mosavinezha [25] found that the addition of
water reducer and air inducing agent (AEA) at 2% and
0.2% by weight of cement, respectively, improved the poor
matrix fluidity caused by the addition of nano-SiO2. Puetens
[26] investigated the effect of nano-SiO2 and carbon
nanotubes on self-compacting concrete and found that
nano-SiO2 inhibited concrete segregation, increased water
demand, and reduced flowability, but the addition of fly ash
reduced the loss of flowability properties. Therefore, it is
important to study the mechanism of the effect of nano-
SiO2 on the fluidity of TRC matrix and analyze its micro-
scopic mechanism in order to make the aggregates of TRC
can have good workability in the preparation process.

In this paper, a high-performance TRC matrix is formu-
lated by using CNS instead of silica fume to compare the
difference in performance between the CNS and silica
fume-doped TRC matrix. The changes in the microstructure
of the TRC matrix are analyzed to compare the differences
between them in improving the interfacial properties and to
reveal the mechanism of the effect of CNS on the perfor-
mance of fine-grained concrete. These experiments in this
paper are designed to further investigate the effect of nano-
SiO2 on the flowability and strength of TRC matrix.

2. Test Materials and Test Design

2.1. Materials

2.1.1. Cementitious materials. The cementitious material con-
sists of cement, fly ash, and silica fume. The P. O 42.5 cement
has a specific surface area of 362 m2/kg and apparent density
of 3.11 g/m3. The specific surface area of silica fume (SF) is
30000 m2/kg and apparent density of 2.23g/m3. The cementi-
tious material chemical composition is shown in Table 1.

2.1.2. Colloidal Nano-SiO2 (CNS). The nano-SiO2 is made of
colloidal nano-SiO2 (CNS) with an average particle size of
13 nm, a solid content of 30%, and a sample purity of more
than 99%. The physical properties are shown in Table 2.

2.1.3. Sand. Two types of river sand with particle sizes of
0~0.6mm and 0.6~1.2mm are used for the experiments, to
ensure good working performance of fine-grained concrete.

2.1.4. Water reducer. Polycarboxylic acid high efficiency
water reducer with water reduction rate > 30% is used to
preparate the TRC matrix.

2.2. Mix Properties. In this test, silica fume is mixed with
CNS for the TRC matrix with a water-cement ratio of 0.38,
a cement-sand ratio of 0.7.20% cement is replaced by equal
mass of fly ash in the cementitious material, and 5% cement
is replaced by equal mass of silica fume and CNS in different
proportions. The amount of CNS is 0.5%, 1%, 1.5%, and 2%,
respectively, according to the solid content of nano-SiO2 as a
percentage of the mass of cementitious material. The
amount of water reducer is 0.7% of the total mass of cemen-
titious material. The mix properties of TRC matrix are
shown in Table 3.

2.3. Test Method

2.3.1. Specimen Preparation. The TRC matrix is mixed by a
forced mixer. Firstly, sands of two different grain sizes are
mixed for 2 minutes; then, cement, fly ash, and silica fume
are added to the mixer for 5 minutes dry to mix the sand
with the cementitious material. Then, the water reducer is
added to the mixer with 1/4 of water and mixed at slow
speed for 2 minutes, pouring the CNS and the remaining
water into the mixture, mixing quickly for 1 minute, and
finally loading to the standard triplex test mold with the
specification of 40mm × 40mm × 160mm for molding.
When the CNS is mixed with more, it is properly vibrated
according to the test condition. The molded specimens are
placed in the standard curing room for 24h and then
demolded. The demolded specimens are placed in the stan-
dard curing room (temperature (20 ± 2°C), relative humidity
95% or more) and cured to different ages and then tested for
compressive and flexural strength.

2.3.2. Slump Expansion. In this paper, the slump expansion
test is used to evaluate the fluidity of TRC matrix after CNS
modification according to GB/T 2419-2005 [27]. For the
slump expansion test, a slump cylinder with an upper open-
ing diameter of 100mm, a lower opening diameter of
200mm, and a height of 300mm is used. Firstly, the aggre-
gate mix was poured into the slump cylinder, and each time

Table 1: Chemical compositions of cementitious materials (wt/%).

Materials SiO2 CaO Al2O3 Fe2O3 MgO Loss

Cement 22.85 60.16 6.18 3.85 2.15 4.81

Fly ash 49.91 3.72 37.69 4.40 0.55 3.73

Silica fume 93.52 0.32 0.31 0.73 0.12 3.81
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the amount poured was 1/3 of the volume of the slump cylin-
der. Then, the slump cylinder was lifted vertically and
smoothly so that the concrete could flow freely, when the
concrete is no longer flowing, measure the diameter of the
two extensions in the mutual vertical direction and as shown
in Figure 1. In order to meet the self-compaction require-
ment of the TRC matrix, the flow expansion is not less than
550mm.

2.3.3. Compressive Strength and Flexural Strength. The test is
carried out according to GB/T 17671-1999 to study the effect
of different dosings of CNS on the compressive strength and
flexural strength of fine-grained concrete [28]. The flexural
strength is tested by using 40mm × 40mm × 160mm pris-
matic specimens, three specimens are formed for each ratio,
and the loading speed is constant at 50N/s. After the flexural
strength test, the fractured specimens are taken for the com-
pressive strength test, and the loading speed is 2.4 kN/s for
each group of three specimens.

2.3.4. Four-Point Bending Test. The flexural strength of the
TRC is tested by the four-point bending test, which consists
of a woven fiber mesh and a matrix doped with nano-SiO2,
with the dimensions of 280mm × 50mm × 12mm. The
mold is demolded after 24 h of curing at room temperature,
then standard curing is carried out, and the formed sheet is
loaded by the four-point bending test. The schematic dia-
gram of the formed sheet and the four-point bending test
are shown in Figure 2.

2.3.5. Microscopic Tests. After the specimen is maintained to
60 days for compressive testing, a small number of frag-
ments are removed as samples for testing. The small pieces
are impregnated in anhydrous ethanol to terminate hydra-
tion before the sample test and dried in a vacuum drying
oven at 60°C for half a day, and after drying, the sample sur-
face is gold plated with 20 nm for conductivity by vacuum
sputtering [29]. The test acceleration voltage is 10-15 kV,
and the acceleration current is adjusted according to the
image quality.

3. Discussion and Analysis of Test Results

3.1. Effect of CNS on the Flowability of TRC Matrix. The var-
iation of slump expansion of fine-grained concrete at 0, 0.5%,
1.0%, 1.5%, and 2% of CNS admixture is shown in Figure 3.
The slump expansion of TRC matrix decreases in different
magnitudes with the increase of CNS admixture. The slump
expansion of TRC matrix decreases by 59.8% compared with
the TRC matrix without CNS, when the amount of CNS is
2%. When the amount of CNS is increased from 0.5% to
1.5%, the slump expansion of fine-grained concrete is
reduced by 25.6%, 32.9%, and 53.7% relative to that of
unadulterated CNS. The incorporation of water reducer thins
the thickness of the surface water and improves the fluidity
by repulsion between cement particles, but the amount of
filled water does not change. The average particle size of silica
particles in CNS is 13nm, which fills the cement particle gap
and improves the compactness, reducing the amount of fill-
ing water on the one hand, but increasing the specific surface
area on the other hand. Therefore, in the case of the constant
water-cement ratio, the effect of CNS on the slump flow of
fine-grained concrete depends on the contrast between its
filling effect and surface water absorption effect.

The addition of CNS affects the fluidity of concrete for
two main reasons. On the one hand, because CNS has a large
specific surface area, with the increase of CNS admixture, the

Table 2: Physical properties of CNS.

Product model Appearance SiO2 content pH Density Viscosity Particle size

GS-30 Lightly milky 30.5% 9.6 1.204 g/cm3 6.2 cP 13 nm

Table 3: Mix properties of TRC matrix (kg/m3).

Number Cement Fly ash Silica fume CNS
Sand (mm)

Water Water reducer Flowability (cm)
0~ 0.6 0.6~1.2

A 472 168 35 — 325 650

256.5 6.1

82

S1 472 168 31.6 11.3 325 650 76

S2 472 168 28.2 22.5 325 650 69

S3 472 168 25 33.8 325 650 38

S4 472 168 21.5 45 325 650 33

Note: No. A is the reference group; S1 to S4 are the CNS modified groups.

Figure 1: Test of slump flow.
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required surface water increases rapidly, which increases the
water requirement of concrete. On the other hand, CNS fur-
ther refines the fineness of the cementitious material, which
has strong water absorption and is easy to produce floccula-
tion during the mixing process, wrapping the surrounding
water in it. Under the combined effect of the above factors,
the free water around the cement particles is reduced, thus
decreasing the fluidity of the TRC matrix. The slump expan-
sion of fine-grained concrete decreases slowly, when the
amount of CNS is between 0 and 1%; when the amount of
CNS is greater than 1%, the slump expansion of fine-
grained concrete is less than 550mm and no longer meets
the liquidity requirements.

3.2. Effect of CNS on the Compressive Strength of TRCMatrix.
The changes of postfolding compressive strength of fine-
grained concrete at different ages (7 d, 14 d, 28 d) with the
increase of CNS admixture are shown in Figure 4. The post-
folding compressive strength of fine-grained concrete at each
age increases from 0 to 1.5%. Compared with the compres-
sive strength of the reference group (mixed with 5% silica
fume), the compressive strength of each modified group
increases by 17.4%, 23.9%, and 8.8% at the age of 7 days,
shown in Figure 4(a). The compressive strength of each mod-

ified group increases by 16.6%, 28.9%, and 16.6% at the age of
14 days, shown in Figure 4(b). The compressive strength of
each modified group increases by 4.6%, 14.9%, and 1.8% at
the age of 28 days, shown in Figure 4(c). The compressive
strength of each modified group at the age of 60 days
increases by 9.4%, 19.9%, and 12.7%, respectively, shown in
Figure 4. The compressive strength of fine-grained concrete
at each age shows a decreasing trend as the amount of CNS
admixture continues to increase to 2%. When the appropri-
ate amount of CNS is incorporated into the fine-grained con-
crete (less than 1.5%), due to the extremely small particle size
of CNS (average particle size of 13 nm), it increases the
matrix compactness by refining the internal pores of fine-
grained concrete and finally improves the compressive
strength of the specimens.

On the one hand, the incorporation of CNS forms
monomers of silicon (e.g., -OSi(OH)3, -OSi(OH)2) in the
fine-grained concrete, and these monomers combine with
Ca(OH)2 generated by the reaction of cement to form C-S-
H gels filled into the microscopic pores of fine-grained con-
crete, thus defensing the microstructure of the matrix and
improving the compressive strength of the specimens. On
the other hand, the test uses a large proportion of SiO2 and
Al2O3 in the fly ash, the fly ash activity is low, and the ratio
of n(SiO2)/n(Al2O3) in the slurry has a greater degree of
influence on its compressive strength. With the increase of
CNS admixture, the concentration of silicon monomer in
the matrix gradually increases, promoting the secondary
hydration reaction of fly ash and the formation of three-
dimensional mesh structure of silica-aluminate gel. When
the amount of CNS is greater than the optimal value of 1%,
the system of excessive SiO2 is easy to deposit on the surface
of the cement particles, combined with H2O reaction, reduc-
ing the water required for cement hydration, unfavorable to
the polymerization reaction, and reducing the compressive
strength of fine-grained concrete gradually.

3.3. Effect of CNS on the Flexural Strength of TRCMatrix. The
variation law of flexural strength of fine-grained concrete at
different ages (7 d, 14 d, 28 d) with the increase of CNS
admixture is shown in Figure 5. The postfolding compressive
strength of fine-grained concrete at all ages increases in dif-
ferent magnitudes, when the amount of CNS is increased

(a) Preparation of specimens (b) Four-point bending test

Figure 2: Textile reinforced concrete and four-point bending test.
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from 0 to 2%. Compared with the base group (with 5% silica
fume), the flexural strength of each modified group increases
by 0%, 25%, 44.4%, and 14.4% at 7 days of age, shown in
Figure 5(a)and 5.9%, 17.6%, 23.5%, and 19.6% at 14 days of
age, shown in Figure 5(b). The flexural strength of each mod-
ified group increases by 9.5%, 12.7%, 23.8%, and 19.6% at 28
days of age, respectively, shown in Figure 5(c). With the con-
tinuous increase of CNS admixture, the growth of flexural
strength of fine-grained concrete at each age shows a trend
of first increase and then decrease.

When the admixture amount is 1.5%, the flexural
strength at all ages reaches the maximum. After adding
CNS, the cement particle gaps are filled by nano-SiO2, which
reacts with Ca(OH)2, and the hydration product of cement.
Hydrated calcium silicate gel is distributed between cement
particles in a net shape and connected cement particles

together. In the process of concrete tension, it weakens the
pore stress concentration and increases the tensile stress of
the matrix. Since the denser the internal structure of
concrete is, the higher the energy required to be absorbed
during crack expansion is, and the increase of flexural
strength is facilitated.

3.4. Effect of CNS on the Bending Capacity of TRC. The bend-
ing cracking stress and ultimate stress of TRC with different
doping of CNS are shown in Figure 6, and the bending crack-
ing stress and bending ultimate stress of the specimens are
significantly increased with the increase of CNS doping.
The flexural cracking stresses of TRC with 0.5, 1, 1.5, and 2
CNS doping increase by 2.3%, 8.6%, 34.1%, and 95.5%,
respectively, and the flexural ultimate stresses increase by
49.4%, 56.8%, 51.4%, and 72.7%, respectively, compared with
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Figure 4: Effect of CNS dosing on compressive strength at different ages.
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Figure 5: Effect of CNS doping on flexural strength at different ages.
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those of TRC without CNS doping. When basalt fiber fabric
is laid out, the load-bearing capacity of TRC sheet is higher
than that of the sheet specimens without CNS, and the
load-bearing capacity of the sheet increases with the increase
of CNS doping in the dosing range of this test. Therefore, the
bending test data of each group of specimens show that the
higher the doping of CNS is, the more beneficial for improv-
ing the flexural load bearing capacity of TRC in the doping
range of this test is.

The main reason for the lower strength of the TRC with-
out CNS is that the strength of the fine-grained concrete is
lower, the fluidity is poorer, and less fine-grained concrete
is invaded inside the fiber bundles. Only the outer fiber
roving is bonded to the matrix, and the inner and outer fiber

filaments are not synergistically stressed during the stressing
process of the thin plate. Therefore, the inner fiber yarn is
pulled out sequentially, and bond slip damage occurs, which
leads to a decrease in specimen load. However, for the spec-
imens with CNS, the presence of CNS makes the hydration
reaction of the TRC matrix more adequate and the bonding
with the fibers more tight; therefore, the bending cracking
stress of TRC is enhanced by the external nano-SiO2 doping.

3.5. Microscopic Morphology Analysis. Scanning electron
microscopy analysis results demonstrating the internal
microstructural morphology of mixed-doped fine-grained
concrete and CNS after 28 days of curing are shown in
Figures 7–9. A common feature is demonstrated in all of
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Figure 7: Microscopy images of fine grained concrete.
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Figure 8: Microscopy images of designed fine grained concrete with 0.5% CNS.
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Figure 9: Microscopy images of designed fine grained concrete with 1% CNS.
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these micromorphological feature maps. When CNS is
employed together with silica fume, the interface between the
aggregate particles and the hardened cement matrix is effec-
tively densified, resulting in a denser bond between the aggre-
gate and cement interface and an increase in the hardness of
the interface transition zone. In addition to the change in inter-
face transition, other structures in the matrix become dense.

The microscopic morphology of the benchmark group is
shown in Figure 7. When it is magnified to 1000 times, the
natural fine sand particles are tightly bound to the cement
paste interface; in addition, the fly ash are not involved in
hydration, silica fume particles form solid glass spheres,
and hollow spherical shells exist. The surface of the spheres
is smooth, and no hydration products are generated, indicat-
ing that the hydration reaction of fly ash and silica fume is
incomplete, which plays the role of filler. When is magnified
to 5000 times, the honeycomb pores between the interface of
the aggregate and the cement paste are obvious. The partially
intact Ca(OH)2 crystals are attached to the surface of the
aggregate and are arranged in a directional distribution,
tending to form a directional layer, which is conducive to
the emergence of pores and microcracks.

The changes in the microstructure of the fine-grained
concrete with the addition of 0.5% CNS are shown in
Figure 8, comparing the benchmark group specimens. At a
magnification of ×2000, the hydration products are shown
on the surface of the fly ash. The synthesized C-S-H gel is
mainly presented as flocs or flakes, wrapped around the fly
ash in a laminar distribution, and a small amount of layered
Ca(OH)2 crystals is observed as the reaction residue of the
synthesized C-S-H gel. When it is magnified to ×8000, the
fibrous filamentous hydration products form a continuous
whole, filling the microscopic cracks within the concrete.
The hydration product crystals grow in empty spaces (e.g.,
larger capillaries) or in entrapped pores, refining the pores
and densifying the concrete structure.

The change in the interfacial transition zone between the
fine-grained concrete cement matrix and the aggregate parti-
cles is shown in Figure 9, when 1.0% CNS is added. The void
space between the cement paste and the aggregate particles is
completely filled with hydration products, and it is difficult to
observe Ca(OH)2 crystals in the interfacial transition zone.
On the one hand, the CNS volcanic ash effect consumes a
large number of calcium hydroxide crystals, generating more
C-S-H gels, reducing the voids, and compacting the interfa-
cial transition zone and cement paste structure; on the other
hand, in the hardening stage of the matrix of cementitious
materials containing CNS and silica ash, there is a lack or
almost no water-filled space around the concrete, and the
aggregate is surrounded by a dense and hard matrix with a
dense and homogeneous structure.

In summary, the enhancement of the TRC matrix by
CNS incorporation is mainly reflected in the strengthening
of the interfacial transition zone. One is that the micronized
silica fume plays a filling role on the interfacial transition
zone, and more importantly, the SiO2 in CNS reacts with
the Ca(OH)2 to generate a C-S-H gel that is more dense
than Ca(OH)2, which reduces the voids in the interfacial
transition zone.

4. Conclusion

(1) As the water-to-cement ratio is constant, the effect of
CNS on the fluidity of the TRC matrix depends on its
filling effect and the surface water absorption effect.
As the CNS content increases, the slump expansion
of fine-grained concrete decreases slowly, when the
CNS content is 0%~1%. Besides, the decreased
amplitude becomes larger, and the fluidity is poor,
when the content is more than 1%

(2) On the one hand, silicon monolayers are formed in
fine-grained concrete after adding CNS. These
monolayers form Ca (OH)2 that is formed by cement
hydration reaction C-S-H, and the gel is filled into the
microscopic pores of fine-grained concrete. On the
other hand, fly ash secondary hydration is promoted
to improve the compressive strength of fine-grained
concrete. With the increase of CNS content, the com-
pressive strength of different ages increases first and
then decreases. When the CNS content is 1, the com-
pressive strength of each age is the largest

(3) The filling effect of CNS makes the hydrated calcium
silicate gel distribute between cement particles in a
network. During the tensile process of concrete, the
pore stress concentration is weakened, and the tensile
stress of the matrix is increased. Thus, the flexural
strength of fine-grained concrete is improved. With
the increase of CNS content, the flexural strengths
in different ages increase first and then decrease.
When the CNS is 1.5, the flexural strength of each
age is the largest

(4) A large amount of Ca(OH)2 crystals with directional
distribution in the interface transition region are con-
sumed by the use of CNS, which reduce the internal
pores, and dense the internal structure, and effectively
improve the interfacial properties between aggregate
particles and hardened cement matrix, thereby
enhancing the strength of fine-grained concrete
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For the sake of studying the catastrophe mechanism of stress-fissure coupling field in mining close distance seams in southwest
China, a test working face in Guizhou province in southwest China is adopted and researched by the methods of numerical
calculation and similar experiment. When the working face advances to 180m in 4# coal seam in a similar experiment, the
overlying rock breaks to the central base plate of Yulongshan limestone, and the conductive fractures run through the
Changxing limestone karst cave and Yulongshan limestone karst cave. When the 1402 working face advances to 350m, the top
of vertical karst caves in the middle of the model produces extrusion damage, forming a penetrating water inrush passage.
When the 1402 working face advances to 480m, the top slab of the working face comes under periodic weighting with the short
step. Besides, the mining of 9# coal seam starts after 4# coal seam in mining close distance seams. When the working face in 9#
coal seam advances to 340m in numerical simulation, the maximum opening of the overburden fractures is 51.16mm. The
fractures in the roof are mainly caused by the periodic breaking and falling of the basic roof, connected with the floor fractures
of 4# coal seam. When the working face in 9# coal seam advances to 500m, the maximum opening of the overburden fracture is
93.09mm. Specifically, as the working face advances, the opening of fracture in the roof after collapse of the basic roof
periodically is mainly greater than 5mm, and the compaction closure is mainly 1mm-5mm. The fractures in the gob floor are
mainly 0.1mm-1mm, and the fracture opening of the collapsed rock mass in the gob is mainly 1mm-5mm and greater than
5mm. The karst caves in the overburden reduce the periodic weighting step of working face and play a guiding role in the
direction of fracture development and water inflow passage formation. The karst caves are connected to surface waterfall holes
and trap pits, and atmospheric precipitation recharges the water in the caves. The research results can be treated as an
important basis for the prevention and treatment for water inrush disaster in mining close distance seams in the karst area of
southwest China.

1. Introduction

China is one of the countries with the most extensive karst
distribution and the close distance seams in the world [1].
Meanwhile, China has the largest coal mining production
in the world [2]. Therefore, there are many coal mines in
the karst area in China [3]. However, the ecological environ-
ment of the karst mining area is fragile [4]. The underground

mining of coal seam causes rock strata movement and
induces the development of mining-induced fractures of
karst caves in the overburden, which has a great impact on
the ecological balance in the karst area [5, 6]. Specifically,
the water inrush disaster is easily induced in the downward
mining in close distance seams in the karst mining area.
For example, the water inrush disasters in downward mining
caused by karst caves occurred in the Xintian coal mine in
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Guizhou province, which greatly affected the safety mining
production [7, 8]. Therefore, it is of great significance to
research the evolution mechanism of water inrush passage
in the overburden induced by karst caves in downward min-
ing, in order to guarantee the safe mining in the karst mine
area.

The scholars at home and aboard have carried out lots of
research on the evolution mechanism of water inrush passage
in the overburden induced by mining. Liu et al. [9]
researched the mechanism of the karst water burst and its
prevention countermeasures in Yuanliangshan tunnel sys-
tematically, which shows that the karst water burst in tunnels
is a gradually developed process, influenced by water pres-
sure, different filling materials, and the plastic zones around
the tunnel. Zhao et al. [10] established a nonlinear model of
coupled seepage-pipe flows to study the change of flow state
of water inrush of confined karst cave, with the introduction
of the equivalent hydraulic conductivity of pipe flow for the
water inrush of confined karst cave. Jiao et al. [11] investi-
gated the mechanism of delayed groundwater inrush from a
covered karst cave in coal seam floor through the analysis
of the formation of karst cave with special environment and
physical process, in order to prevent the delayed groundwa-
ter inrush occurring from a covered karst cave in coal seam
floor in north China coalfield. Zhao et al. [12] established
the linkage analysis between fluid-solid coupling and
strength reduction method of water bursting from concealed
confined karst cave before roadway, on the basis of fluid-solid
coupling theory of water bursting from confined karst cave
and strength reduction method of rock pillar to prevent
water inrush. Zhu et al. [13] established four kinds of a gen-
eralized model of the overlying rock cave collapse, respec-
tively, under the action of mining; meanwhile, it was
mainly analyzed on the basis of the conceptual model of the
causes for the collapse caused by the mining. Pan et al. [14]
applied a self-developed new type of model test system to
the solid-fluid coupling model tests on lagging water-inrush
of karst cave and revealed the variation of the multifield
information such as displacement, stress, and seepage pres-
sure effectively. Wang et al. [15] established a frustum model
for the instability of tunnel face considering the influences of
the location and size of the cavern on the stability of the
intermediate rock wall, in order to study the bearing capacity
and failure mode of the intermediate rock wall in the pres-
ence of orthogonal high-pressure caverns in front of horse-
shoe tunnels. Zhu et al. [16] built the model of mining
under karst caves and analyzed the stratum movement law
and the failure characteristics of karst caves, in order to study
the development law of mining-induced fracture and its
influences on fracture development of karst caves when min-
ing in karst area.

The above research results are focus on the evolution
mechanism of water inrush passage in the overburden
induced by mining, which provide the significant reference
for safe and high-efficiency mining [17–20]. In consider-
ation of the wide spread of close distance seams and karst
zone in a mining area in China, the disastrous mechanism
of stress-fissure coupling field and prevention for water
inrush in close distance seams have not been revealed

recently. Therefore, it is obvious that the catastrophe mech-
anism of stress-fissure coupling field in mining close dis-
tance seams in southwest China has not been researched
systematically and deeply [21, 22]. Based on the mining
and geological condition of 1402 working face in Xintian
coal mine in Guizhou province, the catastrophe mechanism
of stress-fissure coupling field in mining close distance
seams in southwest China is studied, by the physical simi-
larity experiment and numerical calculation simulation.
The research results can be treated as an important basis
for the prevention and treatment for water inrush disaster
in mining close distance seams in the karst area of
southwest China.

2. Physical Similarity Experiment for Water
Inrush Passage Evolution

2.1. Physical Similarity Model. The 1402 working face in the
Xintian coal mine has a strike length of 147m and a dip
length of 1148m. The single strike longwall mining method
is adopted for coal mining. The main coal seams are 4# coal
seam and 9# coal seam. The mining heights of two coal seams
are 4m and 3m, and the mining depths are 262m and 294m,
respectively. According to the geological and mining condi-
tions of the 1402 working face in the Xintian coal mine, there
are five large karst caves arranged in the overburden rock in
Figure 1, marked as 1# cave, 2# cave, 3# cave, 4# cave, and
5# cave. Specifically, 1# cave and 2# cave are on the left side
in physical similarity experiment, and 1# cave is above 2#
cave; and 5# cave are in the right side in physical similarity
experiment, and there are 3# cave and 4# cave in the middle
position from left to right in physical similarity experiment.
Meanwhile, the shape characteristics of 1# cave and 2# cave
are horizontal caves from top to bottom, and 3# cave is a
combination of the longitudinal cave and inclined cave, 4#
cave is a vertical cave, and 5# cave is a combination of the
horizontal cave, vertical cave, and inclined cave. The spatial
position of 1# cave and 2# cave are distributed vertically;
besides, 1# cave, 3# cave, 4# cave, and 5# cave are distributed
horizontally.

In order to study the spatial and temporal evolution of
the mining-induced fracture of Changxing formation chert
and the Yulong section chert during the mining of 4# coal
seam, physical similarity experimental research for water
inrush passage evolution is carried out. The basic physical
and mechanical parameters of each rock formation are
shown in Table 1, based on the comprehensive histogram
of the working face and relevant experiments. The physical
similarity model is left with 60m protective coal pillars on
the left and right boundaries. The mining direction is from
left to right, with 2 hours interval between each mining.

2.2. Experiment Results. When the 1402 working face
advances to 180m, the overlying rock breaks to the central
base plate of Yulongshan limestone, the conductive fractures
run through the Changxing limestone karst cave and
Yulongshan limestone karst cave, and the delaminations
occur between the central and lower Yulongshan limestone.
Large damage occurs to the near-horizontal bead-like karst
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cave located in the lower part. Large damage occurs in the
near-horizontal bead-like karst cave located in the lower part.
The right-hand boundary of the karst cave is subjected to
tensile stress and the rupture surface develops upwards along
the right-hand boundary of karst caves, with a small amount
of rock at the top of the lateral karst cave collapsing into the
karst cave. The central and upper parts of the Yulongshan
section are disturbed and remain in a stable structure, as
shown in Figure 2.

When the 1402 working face advances to 290m, the over-
burden fractures continue to develop upwards, reaching the
top of Yulongshan limestone and forming two fracture faces.
Due to the guiding effect of karst caves on the expansion of
the fractures, the through-fracture surface on the side of the
opening cut passes through the beaded karst caves in the
middle of Yulongshan limestone. There is a vertical karst

cave on the upper left side of 1402 working face, which is
skewed to the left side of the model by a certain angle, and
runs through the upper, middle, and lower parts of the lime-
stone in the Yulongshan section. The gushing fractures enter
at the bottom of the karst cave and penetrate at the top,
creating a rupture surface, as shown in Figure 3.

When the 1402 working face advances to 350m, the top
of vertical karst caves in the middle of the model produces
extrusion damage. The limestone on the top of the cave col-
lapses, and the bottom is subjected to tensile stress to produce
open fractures, forming a penetrating water inrush passage.
Due to the continuous compaction of broken rocks in the
mined-out area, the broken rock layer further revolves and
descends, and the conduction fractures behind the mined-
out area are gradually closed by squeezing, as shown in
Figure 4.

Figure 1: Physical similarity model.

Table 1: Physical and mechanical properties of rock mass.

No. Lithology
Height
(m)

Buried
depth (m)

Density
(kg/m3)

Volume
modulus
(GPa)

Shearing
modulus (GPa)

Internal
friction angle

(°)

Internal
cohesion
(MPa)

Tensile
strength
(MPa)

1 Limestone 180 183 2800 3.06 2.39 42 6.53 5.70

2 Marl 15 198 2750 2.27 1.56 38 4.43 3.53

3 Mudstone 12 210 2670 1.48 0.65 28 2.14 1.38

4 Limestone 30 240 2800 3.06 2.39 42 6.53 5.70

5 Siltstone 10 250 2840 1.94 0.90 33 2.65 2.10

6
Muddy
siltstone

3 253 2770 2.50 1.16 35 3.15 2.31

7 Siltstone 5 258 2840 1.94 0.90 33 2.65 2.10

8 4# coal 4 262 1500 1.18 0.55 34 1.56 1.12

9
Muddy
siltstone

6 268 2770 2.50 1.16 35 3.15 2.31

10 Mudstone 4 272 2670 1.48 0.65 28 2.14 1.38

11 Siltstone 3 275 2800 2.78 1.28 37 3.64 2.25

12 Siltstone 6 281 2840 1.94 0.90 33 2.65 2.10

13
Fine-grained
sandstone

4 285 2800 2.78 1.28 37 3.64 2.25

14 Siltstone 6 291 2840 1.94 0.90 33 2.65 2.10

15 9# coal 3 294 1500 1.18 0.55 34 1.56 1.12

16 Siltstone 3 297 2840 1.94 0.90 33 2.65 2.10
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The periodic weighting is the roof pressure phenomena
caused by the periodical collapse of the basic roof in the frac-
tured zone. When the 1402 working face advances to 480m,
the top slab of the working face comes under periodic
weighting with the short step. The large stress concentration
causes a shear break downwards at the boundary of the cen-
tral part of the cavern. The cavern in the middle of Changx-
ing limestone has a guiding effect on the development of the
fractures so that the fractures pass through the rounded cav-
ern of the Changxing limestone up to the top of the working
face. When the trapezoidal fractured rock comes into con-

tact with the mined-out area, the overburden stresses are
further transferred to the mined-out area, and eventually,
the overburden as a whole forms a stable structure, as shown
in Figure 5.

It is obvious that karst caves play a guiding role in the
direction of fracture development and water inflow passage
formation. The water inflow passage develops from bottom
to top, and when it develops to a certain height, it expands
towards the karst caves and, finally, leads to the karst caves.
When the fractures are sufficiently developed, the conductive
fractures tend to be formed between two caves.

Figure 2: Water inrush passage in the overburden (mining distance is 180m).

Figure 3: Water inrush passage in the overburden (mining distance is 290m).

Figure 4: Water inrush passage in the overburden (mining distance is 350m).
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3. Numerical Calculation Simulation for Water
Inrush Passage Evolution

The evolution of the mining-induced fracture field of the cav-
ernous overburden at the 1402 working face is researched by
numerical calculation simulation in this section, and the
scheme is designed by downwardmining, namely, the 4# coal
seam in mined firstly, followed by mining the 9# coal seam.
The numerical simulation model is established in UDEC
numerical software, on the basis of the mining geological
conditions of 1402 working face, with five karst caves in the
overburden. TheMohr-Coulombmodel is chosen as the con-
stitutive model, and the Coulomb slip model of surface con-
tact is chosen as the joint constitutive model. The length and
the height of the numerical model are 600m and 297m,
respectively. The mining heights of 4# coal seam and 9# coal
seam are 4m and 3m, and the mining depths are 262m and
294m, respectively. The left and right boundary in the
numerical simulation model is the fixed horizontal velocity
boundary condition, and the bottom boundary in the numer-

ical simulation model is the fixed vertical velocity boundary
condition. The advance length in 4# coal is 400m, and each
step is 20m; besides, the advance length of 9# coal seam is
400m, and each step is 20m. The evolution law of the frac-
ture field during each mining process is analyzed.

3.1. Mining-Induced Fracture Field in 4# Coal Seam. When
the working face in 4# coal seam advances to 180m, the
mining-induced fracture field in the overburden is shown
in Figure 6. The maximum opening degree of the fracture is
31.68mm. The fractures in the overlying roof of the working
face are mainly concentrated at the front and rear ends of the
stope, and the fracture opening is mainly greater than 5mm.
The fractures in the stope floor are mainly 0.1mm-1mm.
After the collapsed rock mass in the gob is compacted, the
fracture opening is mainly greater than 1mm.

Specifically, the fracture opening greater than 5mm is
mainly used to analyze the penetration characteristics of
water inrush passage between overlying karst caves. The 1#
cave and 2# cave have a thorough connection. The

Figure 5: Water inrush passage in the overburden (mining distance is 480m).

UDEC (Version 6.00)

Cycle 371947
–3.000E+01 <x< 6.300E+02
–1.817E+02 <y< 4.783E+02
joint opening
max jnt opening = 3.168E–02

5.000E–03

1.000E–03

1.000E–04

Figure 6: Mining-induced fracture field (mining distance is 180m in 4# coal seam).
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overburden fractures in 1# cave develop up to the surface,
and the overburden fractures in 2# cave connect downward
to the working face, forming a water inrush passage from
the surface to the working face through 1# cave and 2# cave.
Meanwhile, the opening degree of secondary development
fractures in 3# cave is mainly 1mm-5mm, and the opening
degree of secondary development fractures in 4# cave is
mainly 0.1mm-1mm, and the overlying rock fractures of
5# cave basically have no secondary development. Therefore,
when the working face in 4# coal seam advances from 100m
to 180m, the water in the aquifer flows into the working face
through the vertical water inrush passage.

When the working face in 4# coal seam advances to
320m, the mining-induced fracture field is shown in

Figure 7. The maximum opening of the overburden fracture
is 49.27mm. The fractures in the roof are mainly concen-
trated at the front and rear ends of the stope, and the opening
degree is mainly greater than 5mm. The fractures in the bot-
tom of the working face are mainly 1mm-5mm, and the bot-
tom of the gob is mainly 0.1mm-1mm. After the collapsed
rock mass in the mined-out area is compacted, the fracture
opening is mainly greater than 1mm. As the working face
advances, the mining-induced fractures in the roof form after
the basic roof collapsed periodically, decrease from greater
than 5mm to 1mm-5mm, and finally compacted to
0.1mm-1mm.

Specifically, the fractures in 3# cave develop upward to
the surface and connect downward to the working face,

UDEC (Version 6.00)

Cycle 882598
–3.000E+01 <x< 6.300E+02
–1.817E+02 <y< 4.783E+02
joint opening
max jnt opening = 4.9276E–02

5.000E–03

1.000E–03

1.000E–04

Figure 7: Mining-induced fracture field (mining distance is 320m in 4# coal seam).

UDEC (Version 6.00)

Cycle 1599661
–3.000E+01 <x< 6.300E+02
–1.817E+02 <y< 4.783E+02
joint opening
max jnt opening = 3.788E–02

5.000E–03

1.000E–03

1.000E–04

Figure 8: Mining-induced fracture field (mining distance is 500m in 4# coal seam).
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forming a water inrush passage connecting the 3# cave to the
surface and the working face. Meanwhile, 1# cave, 3# cave,
and 4# cave are connected through the secondary developed
fractures in the overburden. The opening degree of the sec-
ondary developed fractures of 4# cave has increased from
0.1mm-1mm to 1mm-5mm and greater than 5mm.

When the working face in 4# coal seam advances to
500m, the mining-induced fracture field is shown in
Figure 8. The maximum opening of the overburden fracture
is 37.88mm. The fractures in the overlying roof are mainly
concentrated at the front and rear ends of the stope, especially
at the working face, and the fracture opening is mainly greater
than 5mm. The fractures on the bottom of the working face
are mainly 1mm-5mm, while the fractures on the bottom of

the working face are mainly 0.1mm-1mm after the compac-
tion of the collapsed rock. The fractures on the collapsed rock
are mainly 1mm-5mm and greater than 5mm. As the work-
ing face advances, the opening of the fractures in the roof after
the collapse of the basic roof is mainly greater than 5mm, and
the compaction closure is 1mm-5mm.

Specifically, the overburden fractures in 4# cave and 5#
cave develop up to the surface and connect downward to
the working face, forming a water inrush passage connecting
4# cave and 5# cave to the surface and working face, respec-
tively. Meanwhile, 4# cave and 5# cave are connected by
secondary developed fractures, and the opening of the over-
burden fracture at the upper right of 5# cave has increased
from 1mm-5mm to greater than 5mm. When the 4# coal

UDEC (Version 6.00)

Cycle 2205400
–3.000E+01 <x< 6.300E+02
–1.817E+02 <y< 4.783E+02
joint opening
max jnt opening = 5.116E–02

5.000E–03

1.000E–03

1.000E–04

Figure 9: Mining-induced fracture field (mining distance is 340m in 9# coal seam).

UDEC (Version 6.00)

Cycle 2692632
–3.000E+01 <x< 6.300E+02

5.000E–03

1.000E–03

1.000E–04

–1.817E+02 <y< 4.783E+02
joint opening
max jnt opening = 9.309E–02

Figure 10: Mining-induced fracture field (mining distance is 500m in 9# coal seam).
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seam is mined, the overlying karst caves are formed with
transverse intersecting fractures. The secondary developed
fractures of the karst caves develop upward to the surface
and connect downward to the stope, forming the good water
inrush passages in the overburden.

3.2. Mining-Induced Fracture Field in 9# Coal Seam. The
mining of 9# coal seam starts after 4# coal seam in downward
mining. When the working face in 9# coal seam advances to
340m, the mining-induced fracture field is shown in
Figure 9. The maximum opening of the overburden fractures
is 51.16mm. The fractures in the roof are mainly caused by
the periodic breaking and falling of the basic roof, connected
with the floor fractures of 4# coal seam. The opening of the
fractures is more than 5mm, forming the water inrush pas-
sage from the gob in 4# coal seam to the working face in 9#
coal seam.

Specifically, as the working face advances, the opening of
fracture in the roof after collapse of the basic roof periodically
is mainly greater than 5mm, and the compaction closure is
mainly 1mm-5mm. The fractures in the gob floor are mainly
0.1mm-1mm, and the fracture opening of the collapsed rock
mass in the gob is mainly 1mm-5mm and greater than
5mm.

When the working face in 9# coal seam advances to
500m, the mining-induced fracture field is shown in
Figure 10. The maximum opening of the overburden fracture
is 93.09mm. The fractures in the roof are mainly caused by
the periodic breaking and falling of the basic roof, connected
with the floor fractures in 4# coal seam. The opening of the
fractures is greater than 5mm, forming the water inrush pas-
sage from the gob in 4# coal seam to the working face in 9#
coal seam.

Specifically, with the advance of working face, the open-
ing of mining-induced fracture in the roof is greater than
5mm, and the compaction closure is 1mm-5mm. The open-
ing of fractures on the main floor is 0.1mm-1mm, while
those of collapsed rock mass in the gob are 1mm-5mm
and greater than 5mm. The working face in 9# coal seam
has little effect on the evolution of water inrush passage
induced by karst caves in the overburden.

4. Conclusions

(1) The cavities in the overburden reduce the periodic
weighting step of the working face. On the one hand,
the caves accelerate the breakage of the overburden;
on the other hand, the caves intensify the develop-
ment of the overburden fractures and form ultrahigh
water inrush passage in the overburden. The karst
caves in the overburden hydraulic fracture zone are
strongly affected by mining, and the fracture opening
at the cave is larger than that of the intact rock layer

(2) Karst caves in the overburden play a guiding role in
the direction of fracture development and water
inflow passage formation. The water inflow passage
develops from bottom to top, and when it develops
to a certain height, it expands towards the karst caves

and, finally, leads to the karst caves. When the frac-
tures are sufficiently developed, the conductive frac-
tures tend to be formed between two caves. The
secondary developed fractures of karst caves develop
upward to the surface and connect downward to the
stope

(3) The water inrush passage is formed with the Yulong-
shan limestone caves by the influence of the working
face. The caves are connected to surface waterfall
holes and trap pits, and atmospheric precipitation
recharges the water in the caves. The overlying rock
is subjected to periodic breakage. The cavern is con-
nected to the lower overburden hydraulic fractures
and forms a hydraulic passage with the surrounding
trap pillars, eventually forming a water inrush pas-
sage between the working face and the karst caves
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The type-III oil formations in Daqing Oilfield are the representatives of medium-low permeability reservoirs in ultrahigh water cut
oilfields of China, which is characterized by bad connectivity of pores and throats, dispersed residual oil distribution, and difficult to
displace effectively. In order to produce the residual oil, we propose a new EOR (enhanced oil recovery) method which is hydraulic
fracturing by an oil displacement agent at high pressure. In this paper, firstly, we have performed three sets of displacement
experiments under different conditions to provide the basis for the analysis of changes in core pore structure and wettability.
Next, overburden pressure porosity and permeability tests were used to analyze the effect of the injection of an oil displacement
agent at high pressure on core physical properties. Correspondingly, the constant speed mercury injection tests were used to
determine the radius distribution of pore throat and change of seepage resistance under different displacement conditions.
Moreover, the scanning electron microscopy (SEM) tests of cores were carried out to observe and analyze changes in pore-
throat size and connectivity, mineral particle accumulation, and cementation before and after hydraulic fracturing by an oil
displacement agent at high pressure. Finally, core wettability tests were conducted to discuss and analyze the rule of core
wettability change in hydraulic fracturing by an oil displacement agent at high pressure, and its mechanism of wettability
changes. Research shows that increasing the formation energy is the most important mechanism of EOR by a fracturing-
seepage-displacement method. Additionally, the type of an oil displacement agent has less effect. After an oil displacement agent
at high pressure is injected to fracture the formation, it not only provides efficient flow channel and larger sweep volume for an
oil displacement agent. Under the flushing action of high-pressure injection fluid, the original way of line or point contact
between mineral particles gradually changes to free particles. Therefore, the pore throat size increases, some larger pores are
formed, and the overall flow resistance decreases. After the injection of fluid at high pressure, the energy in formation has
increased and the core wettability changes from oil-wet to weakly water-wet. This is not only because the residual oil on the
pore surface is flushed by high pressure; in addition, the adsorption of an oil displacement agent on the rock surface reduces the
liquid-solid interface energy and changes the wettability, thus improving the oil displacement efficiency.

1. Introduction

Nowadays, about 70% of Chinese oil production is still
exploited from the old oilfields. For a period of time in the
future, the old oilfields will still be the main Chinese oil sup-
ply [1–5]. Take Daqing Oilfield of China as an example, at
present, water driving is still the main way of oil develop-

ment. The general water cut is about 92.7%, but the recovery
rate is only about 35%: thus, there is great potential for fur-
ther EOR in this area [6–9]. Additionally, the remaining oil
mainly exists in medium-low permeability reservoirs. While
these reservoirs are always bad in physical properties and
the distribution of remaining oil is relatively dispersed, it is
difficult to inject the oil displacement agent and, definitely,
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the remaining oil is difficult to be produced [10, 11]. There-
fore, there is an urgent need for a reasonable oil formation
improvement method that can effectively produce the oil
and release the dispersed remaining oil.

The development experience of large oilfields in the
United States and Russia shows that oil production is a pro-
cess of gradual improvement, which is mainly reflected in the
increasingly reservoir hierarchy division and the increasing
density of well pattern [12–14]. With the continuous hierar-
chy division of reservoir and interwell infill in multilayer
sandstone reservoir, the injection-production pressure sys-
tem is constantly improved and strengthened. In the process
of oil production, from primary oil recovery, secondary oil
recovery to tertiary oil recovery, reservoir energy supplement
has always been one of the most important methods to EOR
[15–18]. Elastic energy recovery, dissolved gas driving, gas
driving, steam huff and puff, and so on, the mechanism of
EOR is essential to maintain or increase the formation
energy. After all, enough pressure is the fundamental driving
force of crude oil development; enough pressure difference
ensures the successful exploitation of crude oil sustainable
development.

Hydraulic fracturing, as a direct and effective stimulation
measure, has been widely used in oilfields all over the world.
With the exploration, development, and utilization of shales
and other unconventional reservoirs, hydraulic fracturing
has become a necessary means to result in complex fracture
systems instead of simple planar fractures and provide flow
channel for oil and gas [19–21]. For a long time, the fractur-
ing fluid with high viscosity and low filtration has been
widely used in the fracturing operation domestically and
overseas [22–24]. These fracturing fluids generally have the
advantages of high viscosity and low fluid loss. The com-
monly used fracturing fluids are represented by guanidine
or modified guanidine. Vegetable gum water-based fractur-
ing fluid is one of the most commonly used fracturing fluids,
which is used earlier. Its high viscosity and low fluid loss can
satisfy the needs of fracturing and carrying sand [25–27]. In
order to further improve the fracturing performance effect,
various fracturing fluid systems have been developed succes-
sively, such as crosslinked polymer gel fracturing fluid system
[28], foam fracturing fluid system [29], VES fracturing fluid
system [30, 31], cellulose fracturing fluid system, and so on
[32]. These developments have improved the temperature
resistance, shear resistance, sand carrying capacity, and wall
building performance of the fracturing fluid system.

Since the first hydraulic fracturing well was constructed
in 1947, hydraulic fracturing has always been used to estab-
lish a high-speed flow channel to increase oil and gas produc-
tion and injection [33, 34]. At the later stage of oilfield
development, it is difficult to effectively use the dispersed
remaining oil in medium-low permeability reservoirs. In
view of the above problems, our research team proposed a
new EOR method: hydraulic fracturing by an oil displace-
ment agent with high pressure. In this method, the oil
displacement agent with low initial viscosity is used as frac-
turing fluid, and the oil displacement agent is carried to the
target reservoir by the way of hydraulic fracturing. The oil
displacement agent is rapidly pushed to the enrichment posi-

tion of remaining oil through fractures, so as to achieve the
higher efficiency of oil displacement. The process of hydrau-
lic fracturing is transformed into the process of fracturing-
seepage-oil displacement along the direction of perpendicu-
lar to the fracture. In this way, the displacement agent can
quickly enter the pores; thus, the contact time and distance
between the oil displacement agent and the formation can
be shortened effectively. So it can solve the problems of
higher fracturing fluid loss and lower utilization efficiency
of the oil displacement agent in the traditional injection pro-
cess. As we all know, the oil recovery depends on effective
swept volume and oil displacement efficiency. Only when
the swept volume reaches a certain extent, the oil displacement
efficiency can be improved; only by effectively improving the
liquid absorption capacity of medium-low permeability layers
or small-medium pores in the reservoir can the swept volume
be expanded and the oil recovery be greatly enhanced [35–
37]. This new EOR method of fracturing-seepage-oil displace-
ment combines the advantages of increased formation pres-
sure, expanded swept volume, and enhanced oil displacement
efficiency.

In this paper, aiming at the hydraulic fracturing by an oil
displacement agent with high pressure we proposed, a series
of studies on micro displacement mechanism has been carried
out. The natural core parameters, including permeability,
porosity, pore throat structure, and wettability, were tested
by overburden porosity and permeability instrument, constant
speed mercury injection instrument, scanning electron micro-
scope (SEM), contact angle instrument, and oil displacement
device. We have designed a series of experiments to compare
and analyze the effects on micropore structure of cores under
different conditions, including oil displacement at conven-
tional speed, oil displacement by water at high pressure, and
oil displacement by oil agent displacement at high pressure.
On this basis, we clarified the micro oil displacement mecha-
nism of hydraulic fracturing by an oil displacement agent at
high pressure.

2. Materials and Methods

2.1. Experimental Materials. In this EOR method, as the oil
displacement agent was injected under the condition of high
pressure and would fracture the reservoir, it could also be
regarded as the fracturing fluid. The oil displacement agent
was the surfactant (petroleum sulfonate), which was pro-
vided by the Daqing Oilfield Downhole Operation Branch
Company. The fracturing fluid used in the comparison
experiment was water. The water in the experiments was pre-
pared in the on-site construction of the Downhole Operation
Branch Company. The oil in the experiments was simulated
oil, which was a mixture of degassed and dehydrated crude
oil and light hydrocarbon oil in Daqing Oilfield. The viscosity
of the simulated oil was 8.86mPa·s at 45°C. The cores in the
experiments were natural cores, which were taken from the
type-III formations of No.1 oil production plant in Daqing
Oilfield. The diameter of natural core was 2.5 cm, and the
permeability was in the range of 100 × 10−3 μm2 to 200 ×
10−3 μm2.
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2.2. Instrument and Facilities. In this study, we carried out three
sets of displacement experiments under different conditions to
provide the basis for the analysis of changes in core pore
structure and wettability at first. Based on them, overburden
pressure porosity and permeability tests, core pore radius distri-
bution test, microstructure change test, and wettability change
test were performed. The main device used in the experiments
included an overlaying pressure pore-permeability instrument,
constant speedmercury injection instrument, scanning electron
microscope (SEM), and contact angle tester. The microscopic
pore structure parameters of the core were measured by a con-
stant speed mercury injection instrument. A Fei Tecnai G2 F20
scanning electron microscope (SEM) from Gatan Company,
USA, was used to test the micromorphology of natural cores.
The equipment used in oil displacement experiments mainly
includes an advection pump, pressure gauge, and oil displace-
ment agent container. Except for the advection pump, the other
facilities were placed in an oven with a constant temperature of
45°C. The displacement pressure was provided by the advection
pump, and the fluid in the intermediate container was injected
into the cores. In order to compare the effects of conventional
displacement and fracturing-seepage-displacement methods at
high pressure on the microscopic pore throat structure and
wettability changes of cores, we had designed three sets of
experiments, including the following: (a) oil displacement at
conventional speed, the injection rate was 0.1mL/min and the
injection volume was 30 PV (pore volume); (b) hydraulic frac-
turing by water flooding at high pressure, the injection pressure
was 20MPa and the injection volume was 30 PV; (c) hydraulic
fracturing by oil displacement agent flooding at high pressure,
the injection pressure was 20MPa and the injection volume
was 30 PV. Combined with the SEM test, the influence of differ-
ent displacement conditions on the microstructure changes of
cores was analyzed through the core samples after displacement
obtained in this experiment. The schematic diagram of the
experimental set-up is shown in Figure 1.

2.3. Experimental Methods. In this study, there were four
experiments that were conducted to reveal the micro dis-
placement mechanism of hydraulic fracturing by an oil dis-
placement agent at high pressure to EOR. The detailed
experimental methods and procedures of each experiment
are as follows.

2.3.1. Methods for Measurement of Core Porosity and
Permeability. The same natural core was cut into four
segments of equal in length, and permeability and porosity
tests were carried out under four different conditions. The
experiment was performed with an overburden pressure
pore-permeability instrument as shown in Figure 2. (1) A
natural core with a diameter of about 2.5 cm was selected,
and it should be dried; (2) the selected natural cores were
cut into four parts with the same in length, and the target
cores were loaded into the core gripper of the overburden
pressure pore-permeability instrument; after setting the con-
fining pressure parameters, the cores were loaded to measure
the porosity; (3) the ratio of gas flow rate to core volume of
the gas tank under constant pressure was calculated by com-
puter, and the porosity could be obtained; (4) after the poros-

ity measurement was over, the system began to enter the
stage of the permeability measurement. The computer calcu-
lated the core permeability by calculating the pressure drop
rate under the gas tank and other flow conditions.

2.3.2. Conventional Mercury Injection Measurement of Core
Parameters. The microscopic pore structure parameters of
the core were measured by a constant speed mercury injec-
tion instrument as shown in Figure 3. (1) A natural core with
a diameter of about 2.5 cm was selected, and it should be
washed with toluene oil and then dried; (2) measurement of
the physical properties of the target core, including perme-
ability measured with gas, volume, mass, and density; (3)
the target core was loaded into the constant speed mercury
injection instrument, and mercury was injected under the
set pressure. After the pressure stabilized, the pressure and
mercury injection volume were recorded to improve the
injection pressure, and the above experimental process was
repeated. (4) The injection pressure was equal to the capillary
pressure corresponding to the pore radius where mercury
could be injected, and the capillary radius corresponding to
the capillary pressure was equal to the pore throat radius of
the core. By continuously increasing the injection pressure,
the capillary pressure curve could be obtained, and the distri-
bution probability of different pore radius could be calculated
by combining the volume of mercury injected.

2.3.3. Method for Measurement of Core Microscopic
Morphology. The core morphology was observed by a scan-
ning electron microscope shown in Figure 4. (1) Core sample
production: use a burette to absorb a small amount of core
debris, evenly coated in clean and fixed sample box, serial
reserve; (2) freezing and drying samples: the prepared
samples were quickly transferred to the E7400cryotrans
refrigerating platform, then slowly poured into liquid nitro-
gen for freezing and vacuuming, and then rapidly heated up.
The water in the sample froze and sublimated to get dry sam-
ples; (3) gold spraying: the sample was placed in a certain vac-
uum high voltage electric field, the high voltage electric field
ionizes the air, and then the sample surface was coated with
a layer of conductive metal film; (4) electron microscope scan-
ning: the samples were placed under the scanning electron
microscope and observed in the sample room. Pictures were
selected to observe the microscopic morphology of each sam-
ple, and the characteristics of different systems were evaluated
and analyzed.

2.3.4. Core Wettability Analysis. The wettability experiment
mainly used contact angle measuring instrument SDC-200S
as shown in Figure 5. Wettability is the interaction between
oil and water and reservoir rock under reservoir conditions,
which determines the microscopic and original distribution
state of reservoir fluid in rock channels and plays a determi-
nation role in the recovery of crude oil in oil production. (1)
The columnar natural core was selected, and the core was
ground until the surface was smooth. The titration volume
of the microsyringe needle was set as 3.00μL, the sample
table was used to collect distilled water, and the camera was
used to record this process; (2) after setting the baseline
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position and the fitting function, the droplet contour could
appear on the droplet image and the droplet connection
could be obtained tentacles; (3) the systematic error of the
effective result should be less than 5%. In order to minimize
the error, three different measuring points were randomly
selected on the same core, and the average value of the effec-

tive result was taken as the core contact angle; (4) the core
was taken out after soaking in distilled water for a period of
time, and the change of foundation angle after soaking was
measured after drying. (5) The system error of the contact
angle measuring instrument was less than 5%; (6) measure-
ment of wettability after conventional water flooding: the
wettability of the core after displacement was measured, i.e.,
steps (1)-(5) were repeated. (7) Measurement of core wetta-
bility after fracturing by water flooding formed at high pres-
sure: steps (1)-(5) were repeated. (8) Measurement of core
wettability after fracturing by surfactant flooding formed at
high pressure: steps (1)-(5) were repeated.

The self-priming method was used to measure the core
wettability index as shown in

Iw = wa
wa +ww

, ð1Þ

Io =
wo

wo +wb
, ð2Þ

Iw−o = Iw − Io, ð3Þ
where Iw denotes the wettability index of oil phase; Io denotes
the wettability index of water phase; Iw−o denotes the Amott-
Harvey index; wa denotes the amount of crude oil discharged
by spontaneous absorption; ww denotes the amount crude oil
discharged by water driving; wo denotes the amount of water
discharged by spontaneous oil absorption; wb denotes the
amount of water discharged by oil flooding.

The wettability grading standards are shown in Table 1.

3. Results and Discussions

3.1. Test Results of Porosity and Permeability Changes in
Natural Cores. The natural cores 17-1 and 21-2 of the type-
III formations of the No.1 oil production plant in Daqing
Oilfield were selected and quartered. They tested the porosity
and permeability of the cores in its original state, conven-
tional water injection displacement, hydraulic fracturing by
water flooding at high pressure, and hydraulic fracturing by
oil displacement agent flooding at high pressure. The core
parameter test results are shown in Table 2.

Energy
storage

tank

Pump

Sample Salt
water 

Back 
pressure

valve

Central pressure

Figure 1: Schematic diagram of the experimental set-up.

Figure 2: Overburden pressure porosity instrument.

Figure 3: Constant speed mercury injection instrument.
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The measurement results of porosity and permeability
under different displacement conditions of natural cores
17-1 and 21-2 are as shown in Figures 6 and 7, respectively.
Obviously, for the cores in the original state and after water
flooding under conventional injection rate, the porosity and
permeability changed little. However, for the cores under
hydraulic fracturing by water or an oil displacement agent
at high pressure, the porosity and permeability were signifi-
cantly increased. In particular, the permeability of core 17-1
and core 21-2 was increased by about 50 × 10−3 μm2 after
displacement at high pressure. It showed that high injection
pressure greatly improved the percolation capacity of the
reservoirs. It is worth noting that the change of core porosity
and permeability parameters was mainly related to the
increase of reservoir energy and high-pressure flushing, but
less affected by the injected fluid. Namely, whether the injec-
tion fluid was water or oil displacement agent, the effect was
not obvious.

3.2. Test Results of Core Pore Structure by SEM. The pore
structure tests of natural cores were performed by SEM under
four states, including original state, conventional water injec-
tion displacement (injection rate: 0.1mL/min, 30 PV),

hydraulic fracturing by water flooding at high pressure
(injection pressure: 20MPa, 30 PV), and hydraulic fracturing
by an oil displacement agent at high pressure (injection pres-
sure: 20MPa, 30 PV). The experimental results of core 17-1
are shown in Figure 8.

Figure 8(a) shows the original state of the type-III core
before fracturing. The pores were filled with kaolinite, and
the clay on the surface of the particles was not obvious. Addi-
tionally, the development phenomenon of intergranular
pores was not obvious and the mineral particles contacted
with each other in the form of points or lines. After conven-
tional injection water displacement as shown in Figure 8(b),
the occurrence state and pore form of the mineral had no
obvious change. The main components of the core were com-
plete, and no feldspar was damaged or corroded. However,
when the core was displaced by high-pressure injection fluid
as shown in Figures 8(c) and 8(d), the supporting mode of
the skeleton particles had changed. The cementing materials
at the cementation between particles were migrated to other
parts under the high-pressure injection fluid washing. The
original contact relationship between the particles gradually
changed to the contact mode with free particles, and the
number of connected pores and throat increased. The exper-
imental results showed that in the process of fracturing and
oil displacement, the fracturing fluid stored energy at the
fracture after hydraulic fracturing, and the fracturing fluid
formed a large energy field at the fracture and percolated into
the matrix. In the process of fracturing-seepage-displace-
ment, the permeability and porosity of natural core
increased. The change of core basic parameters was mainly
related to energy enhancement.

3.3. Test Results of Conventional Mercury Injection. In order
to study the change of pore structure of matrix cores under
different displacement methods, a conventional mercury
injection instrument was used to measure the natural cores
of type-III formations of Daqing Oilfield. The mercury injec-
tion test results of the core under the original state are shown
in Figure 9. The test results of hydraulic fracturing by oil dis-
placement agent (surfactant) flooding at high pressure are
shown in Figure 10. Table 3 shows the measurement results
of core pore result parameters under different displacement
conditions.

The results showed that the maximum pore radius and
average pore radius of the cores became larger, and the pore
distribution range became smaller, and the pore distribution
tended to be more stable as the fracturing fluid flowed into
the matrix under the action of increasing energy of the
fracturing fluid. After injecting the oil displacement agent
at high pressure, the greater the contribution rate of pore
and throat to permeability in the range of 6.3μm to 10μm,
the higher the distribution frequency of pore throat radius
in this range. At present, the main outlet channel radius
and effective seepage channel radius were usually used to
describe the contribution of pore throat radius to permeability.
The outlet channel radius referred to the distribution range of
pore throat radius corresponding to the peak value of perme-
ability contribution distribution curve. Before oil displacement
agent flooding at high pressure, the distribution frequency

Figure 4: FEI Tecnai G2 20 scanning electron microscope.

Figure 5: SDC-200S contact angle tester.
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peak of pore throat radius appeared in the range of 4μm to
6.3μm; after oil displacement agent flooding at high pressure,
the distribution frequency peak of pore throat radius appeared
in the range of 6.3μm to 10μm. This showed that high-
pressure displacement made the core pore size generally
increase, the fluid flow resistance in the core became smaller,
and the seepage capacity was improved.

3.4. Test and Analysis Results of Core Wettability Test. In
order to study the influence of the high-pressure oil displace-

ment agent on the wettability of matrix core, contact angle
tests under different displacement conditions were carried
out. Contact angle test results of core 17-1 are shown in
Figure 11. According to Equations (1)–(3), we calculated
the wetting index under four experimental conditions of core
17-1 and core 21-2, as shown in Figure 12.

The natural cores of the type-III formation in the No.1 oil
production plant of Daqing Oilfield were of weak oil-wet type
as shown in Figure 11(a), and the wettability of the cores was
still of oil-wet type after water flooding under conventional

Table 1: The wettability grading standards.

Wettability index
Wettability grade

Oil-wet Weak oil-wet Neutral Weak water-wet Water-wet

The wettability index of oil phase 1~0.8 0.7~0.6
Approximate

0.3~0.4 0~0.2
The wettability index of water phase 0~0.2 0.3~0.4 0.7~0.6 1~0.8
I = Iw − Io [-1,-0.1] (-0.1,0.1) (0.1,1]

Table 2: Results of porosity and permeability measurements in natural cores.

Core
number

The experimental scheme
Porosity measured with

gas (%)
Overburden pressure

porosity (%)
Effective permeability

(×10-3 μm2)

17-1

Original state (predisplacement) 23.8 22.4 86.0

Water driving under conventional injection
rate

24.0 22.7 93.2

Hydraulic fracturing by water at high pressure 25.5 24.5 134.6

Hydraulic fracturing by oil displacement agent
at high pressure

25.0 24.2 127.4

21-2

Original state (predisplacement) 24.6 23.8 113.6

Water driving under conventional injection
rate

25.0 24.1 120.2

Hydraulic fracturing by water at high pressure 28.2 26.3 166.3

Hydraulic fracturing by oil displacement agent
at high pressure

29.4 26.5 175.5
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Figure 6: Results of porosity and permeability measurements of core 17-1.

6 Geofluids



injection rate as shown in Figure 11(b). After injecting water
into the core at high pressure, the wetting angle decreased
obviously, and the wettability of pore wall changed from
oil-wet to weak water-wet as shown in Figure 11(c). In addi-
tion, when the injected fluid at high pressure was replaced by
an oil displacement agent (surfactant in this paper), the wet-

ting angle of the core wall decreased further as shown in
Figure 11(d). It was the combined effect of high-pressure
injection of an oil displacement agent and the surfactant on
reducing interfacial tension. From the change of wettability
index of core 17-1 and core 21-2, the average value also chan-
ged from negative to positive after high-pressure injection.

24.6 23.825 24.1
28.2 26.3

29.4
26.5

0

10

20

30

40

Porosity measured
with gas (%)

Overburden pressure
porosity (%)

113.6 120.2

166.3
175.5

0

50

100

150

200

Effective permeability (mD)

Original state (predisplacement)
Water driving under conventional injection rate
Hydraulic fracturing by water at high pressure
Hydraulic fracturing by oil displacement agent at high pressure

Figure 7: Results of porosity and permeability measurements of core 21-2.

(a) Original state (before fracturing) (b) Conventional water injection displacement

(c) Fracturing by water at high pressure (d) Fracturing by an oil displacement agent at high pressure

Figure 8: Changes of core pore structure in different states of core 17-1.
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Figure 9: Core pore radius distribution results under the original state of core 21-2.

0
10
20
30
40
50
60
70
80
90

100

0
10
20
30
40
50
60
70
80
90
100

63
0.

00
00

40
0.

00
00

25
0.

00
00

16
0.

00
00

10
0.

00
00

63
.0

00
0

40
.0

00
0

25
.0

00
0

16
.0

00
0

10
.0

00
0

6.
30

00
4.

00
00

2.
50

00
1.

60
00

1.
00

00
0.

63
00

0.
40

00
0.

25
00

0.
16

00
0.

10
00

0.
06

30
0.

04
00

0.
02

50
0.

01
60

0.
01

00
0.

00
63

0.
00

40
0.

00
25

0.
00

16

Th
e p

er
m

ea
bi

lit
y 

co
nt

rib
ut

io
n 

(%
)

Th
e d

ist
rib

ut
io

n 
fre

qu
en

cy
 o

f p
or

e a
nd

th
ro

at
(%

) 

The distribution range of pore and throat (μm)

The distribution frequency of pore and throat (%)
The permeability contribution (%)

Figure 10: Core pore radius distribution results under the state of hydraulic fracturing by an oil displacement agent (surfactant) with high
flow rate displacement of core 21-2.

Table 3: The measurement results of core pore parameters under different displacement methods.

Experimental scheme Maximum pore radius (μm) Average pore radius (μm)

Core original parameters (before displacement) 13.82 4.736

Core original parameters (after fracturing and driving by surfactant) (20MPa) 21.23 7.401
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On the one hand, injection fluid at high pressure effectively
increased the formation energy, and the residual oil on the
pore wall was stripped due to high-speed injection which
was the main EOR mechanism of this method; on the other
hand, the adsorption area of surfactant molecules on the pore
surface was increasing, and the adsorption was dominated by
monolayer, which reduced the liquid-solid interface energy
and caused the wetting inversion of pore surface, thus
improving the oil displacement efficiency. Besides, the type
of injection fluid had little effect on it.

In a word, from the perspective of EOR, it may be the best
choice to improve sweep volume and oil displacement effi-
ciency at the same time. However, from the point of view of
practical application in oilfields, the proposed approach is
water injection at high pressure in general. The hydraulic

fracturing method is used to bring the displacement fluid to
the formation and provide energy to it.

4. Conclusions

(1) The most important mechanism of EOR by the
fracturing-seepage-displacementmethod is to increase
the formation energy by high-pressure injection of an
oil displacement agent. Injection fluid displacement at
high pressure can significantly increase the core per-
meability and porosity. It is worth mentioning that
the type of injection fluid has little effect

(2) In the process of fracturing and oil displacement, the
injection fluid forms a large energy field around the

(a) Contact angle = 102:6° (b) Contact angle = 98:7°

(c) Contact angle = 87:5° (d) Contact angle = 80:6°

Figure 11: The measurement of contact angle test of core 17-1.
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fracture and then, it will penetrate into the matrix at
high-pressure injection of an oil displacement agent.
The original way of line or point contact between
mineral particles gradually changes to free particles.
Therefore, the pore throat size increases, some larger
pores are formed, and the overall flow resistance
decreases

(3) After injection of an oil displacement agent at high
pressure, the phenomenon of wetting inversion
occurs at the pore wall, which changes from oil-wet
to weakly water-wet. The main reason is the high-
pressure scouring of injected fluid, which leads to
the stripping of residual oil on the pore wall. Besides,
if the injected fluid is surfactant, it will also play a role
in reducing the interfacial tension. In this way, the
displacement efficiency has been improved
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Slicing fully mechanized caving mining is a standard high-efficiency mining method for ultrathick coal seams. However, the
effectiveness of gas control has accentuated the difficulty in fully mechanized top coal caving of low-permeability ultrathick coal
seams. This study focused on mining the No. 9-15 coal in Liuhuanggou Coal Mine, Xinjiang Province, China. To this aim, the
results of theoretical analyses and field tests were combined to explore a comprehensive gas control method for fully
mechanized caving of low-permeability ultrathick coal seams. The No. (9-15)06 panel was a top-slicing panel of the No. 9-15
coal with a mining height of 9m. Gas analysis results revealed that gas emissions in the No. (9-15)06 panel are mainly sourced
from the coal wall, caving top coal, goaf, and neighboring coal seams. Based on gas source separation, a comprehensive gas
control method was proposed. The proposed method was based on the combination of gas predrainage alongside the coal seam,
high-position drilling on the top, preburial of pipes in the goaf, and pressure-balancing ventilation. The permeability and gas
predrainage were enhanced by hydraulic fracturing in low-permeability coal seams. According to the characterizations of coal
seam and crustal stress distribution, the arrangement of the boreholes and backward-segmented fracturing technology were
designed. From the field results, the coal seam presented a remarkable prefracturing under hydraulic fracturing. Besides, the
mean gas predrainage from the boreholes was enhanced by four times compared to the prehydraulic fracturing state. Finally,
using the proposed comprehensive control method based on the gas sources, field tests were performed in the No. (9-15)06
panel. The measured results demonstrated that gas concentration in the return airflow is fluctuated within a range of 0.05% to
0.35%. The proposed gas control method can provide an insightful reference for other similar projects.

1. Introduction

Slicing fully mechanized mining is a high-efficiency mining
method for ultrathick seams in China. However, most of
China’s coal fields include high gas and low permeability [1,
2]. Ultrathick seams with low permeability are commonly
deficient in gas predrainage. When using the fully mecha-
nized mining method, a significant amount of gas is emitted
from coal seams. The high concentration and accumulation
of gas in fractures can easily trigger a formidable accident
such as a gas explosion in the overlying strata of the goaf
and threaten production safety in the mines [3, 4]. Numerous

attempts have been made to develop useful gas drainage and
discharge methods and achieve adequate gas control by the
fully mechanized mining of low-permeability ultrathick coal
seams.

Fan and Wang focused on fully mechanized mining of
ultrathick mines in Tashan Mine and proposed the gas in
the goaf can be controlled by combining vertical surface dril-
ling and high-position gas drainage roadways [5]. However,
for the mines with great burial depth, the cost of gas drainage
by drilling a significant number of vertical holes is high.
According to the characteristics of longwall coal mining in
Australia, Guo et al. projected a gas drainage and discharge
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method for the goaf using horizontal drilling [6]. They exhib-
ited a good drilling operation in the construction of the roof
fracturing zone. Furthermore, Zhang et al. examined the
development rules for the roof fracturing zone when using
high-dipping longwall coal caving and the related effect on
gas drainage [7]. They designed an optimal construction
layer during high-position drilling for gas drainage and
discharged from the No. 704 panel of Baojishan Mine [7].
Moreover, Liu addressed gas accumulation at the upper cor-
ner of the goaf in a fully mechanized panel for tilted ultra-
thick coal seams [8]. This technique was successfully
applied in Wudong Mine [8] by preburying gas drainage
and discharge pipes in the goaf.

In previous studies, a straight-line construction was
performed for gas drainage in surface and underground
drilling operations. Recently, new means of gas drainage
are provided by directional drilling in coal mines. In this
regard, boreholes can be drilled in coal seams along with
a preset direction [9]. Taking Daning Mine, Shanzi, China,
as an example, Lu et al. carried out the directional drilling
in coal seams for gas predrainage and achieved favorable
results [10]. Li et al. proposed a new inverse π-type drilling
mode for gas drainage and discharge and realized the gas
comprehensively controlled through passing the caving zone,
fracture zone, and coal seams in the working face [11]. In
contrast to traditional drilling, the directional drilling of the
coal seam exhibits a series of advantages, including strong
adaptability, high drilling proportion, and good efficiency of
gas drainage. Although these advantages are appropriate to
gas control in directional drilling of coal seams, they should
be pretty permeable.

For low-permeability coal seams, drilling alongside the
coal seam has a poor gas drainage performance; therefore,
some fracturing techniques are necessary for prefracturing
in coal seams and enhancing their permeability. Deep-hole
loosening blasting is a common prefracturing technique in
coal seams [12, 13]. However, this technique has certain
shortcomings. The dynamic shock wave produced in the
deep-hole blasting can easily damage the surrounding rocks
in the tunnel and lead to more difficulty controlling the rock
deformation. Also, unreasonable deep-hole blasting schemes
trigger numerous accidents such as gas explosions and coal
and gas outbursts. Many scholars performed numerous stud-
ies and explored some methods such as hydraulic fracturing
for enhancing the permeability in coal seams [14–16].
Hydraulic fracturing refers to drilling boreholes in the coal
seams, followed by generating fractures through high-
pressure water as a medium. In these enclosed boreholes,
hydraulic pressure is utilized to overcome the tensile strength
of surrounding rocks [17]. After hydraulic fracturing, the
initial fractures are formed in the coal, and numerous sec-
ondary fractures are produced [17]. Gas transport channels
can be increased while promoting the desorption of adsorbed
gas, thereby leading an increase in coal permeability and
range [18, 19]. In recent years, some scholars developed
directional hydraulic fracturing and pulsed hydraulic fractur-
ing techniques [20, 21].

Moreover, the effective gas control has always remained a
technical difficulty in the fully mechanized mining of low-

permeability ultrathick coal seams. As described earlier,
some scholars have proposed numerous gas control methods
and attained favorable results. In the fully mechanized min-
ing of low-permeability ultrathick coal seams, gas has vari-
ous sources and is significantly challenging to control.
Currently, one method addressing the control of multi-
source gas in the working face is lacking. This study
focused on mining the No. 9-15 coal in Liuhuanggou Coal
Mine, Xinjiang Province, China, and innovatively proposed
a comprehensive gas control method. It is based on the gas
emission analysis in which gas predrainage alongside the
coal seam, high-position drilling on the top, preburial of
pipes in the goaf, and pressure-balancing ventilation are
combined. Considering the poor gas predrainage effect for
low-permeability coal seams, the permeability and gas pre-
drainage are enhanced by hydraulic fracturing. In this regard,
a scheme of hydraulic fracturing is designed, and the perfor-
mance of the prefracturing and permeability enhancement in
the coal seams is verified through field measurements. Lastly,
the proposed source-separation comprehensive gas control
method’s effectiveness and reliability are validated using
long-term field tests. The proposed gas control concept and
methods can provide a valuable reference for other similar
projects.

2. Case Study

2.1. Mining and Geological Conditions. As shown in Figure 1,
the No. 9-15 coal seam, with a mean thickness of 32.94m and
a mean inclination angle of 24°, is the primary mineable coal
seams in Liuhuanggou Coal Mine. The coal seam has excel-
lent hardness and undeveloped fractures. Also, the measured
gas content and gas pressure in the No. 9-15 coal seam were
3.85m3/t and 0.5MPa, respectively. Besides, the permeability
coefficient ranged from 0.011814 to 0.061668m2/MPa2 d,
and the attenuation coefficient of gas flow was 1.03-1.28 d-1

in the borehole, suggesting a low-permeability coal seam.
No. 7 and No. 4-5 coal seams were also located above the

No. 9-15 coal seam with mean thicknesses of 2.31m and
7.18m, respectively. Specifically, the No. 7 coal seam was
unrecoverable. The gas content in No. 7 and No. 4-5 coal
seams was 4.14m3/t and 3.5m3/t, respectively. The distance
between No. 4-5 and No. 7 coal seams was 1.85m, while
the distance between No. 7 and No. 9-15 coal seams was
20.95m. As illustrated in Figure 2, the roof strata of the No.
9-15 coal seam are mainly composed of siltstones and
mudstones.

As an operating background in this study, the No. (9-
15)06 panel was selected, 60m away from the No (9-15)04
goaf. North of the (9-15)06 panel is the area of unmined coal.
The No. (4-5)04 goaf is located on the inclined top of the
north part, and the No. (4-5)02 goaf is right above the No.
(9-15)06 panel. The tailgate in the No. (9-15)06 panel is
inside staggered the tailgate in the No. (4-5)02 panel with a
distance of 23m, while the headgate in the No. (9-15)06
panel is inside staggered the headgate in the No. (4-5)02
panel with a distance of 11m. A slicing mining method was
used for the No. 9-15 coal seam. In the No. (9-15)06 panel,
a fully mechanized longwall caving method was used to
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top-slicing the No. 9-15 coal, with a mining height of 9m and
a mechanized mining height of 3m. The strike length and
inclined length of the working face were 1045m and 100m,
respectively.

2.2. Coal Seam Mechanical Parameters. To measure the
related mechanical parameters of the No. 9-15 coal seam,
the No. 9-15 coal samples were collected from the tailgate.
Because of the significant sample thickness, coal samples
were sliced into three layers: the upper, middle, and lower
slices. Coal samples were processed into standard cylindrical
specimens with different sizes (e.g., Φ50mm × 100mm and
Φ50mm × 25mm). Then, an MTS815 electrohydraulic servo
rock tester was used to perform uniaxial compressive, triaxial
compressive, and Brazilian disk splitting tests. The due
parameters were then acquired on the standard samples,
including uniaxial compressive strength (σc), tensile strength
(σt), elasticity modulus (E), Poisson’s ratio (υ), cohesive force
(C), and internal friction angle (φ). Each test was repeated
five times, and then the results were averaged. Table 1 lists
the mechanical parameters of the No. 9-15 coal seam. The
mean uniaxial compressive strength of the No. 9-15 coal
was 35.35MPa, suggesting excellent coal seam hardness.
Owing to poor permeability, gas predrainage performance
on the coal seam was far from ideal. During mining in the
No. (9-15)06 panel, gas control was crucial.

2.3. In Situ Measurement of Crustal Stress. To gain an in-
depth knowledge of the crustal stress distribution in the
Liuhuanggou Mine, in situ measurements were performed.
The accuracy of in situ measurement was related to
selected methods and sensors. As the stress relief method,
a CSIRO hollow inclusion stress gauge was used to possess
numerous advantages, including the accuracy, reasonable
distribution of numerous strain gauges, and a wide appli-
cation range. The measuring points should be selected

far from the areas with complex geological structures and
significant mining effects on this subject. Figure 3 shows five
measuring points of crustal stress selected in this study. Also,
in situ stress measurement points of crustal stress and bore-
hole layout parameters are listed in Table 2. Drilling depth
ranges from 10m to 12.8m with dominant lithology between
fine sandstone and siltstone. Besides, Figure 4 displays the in
situ crustal stress measurement results in LiuhuanggouMine,
in which σH , σh, and σV denote the maximum horizontal
stress, the minimum horizontal stress, and the principal
vertical stress, respectively. The dominant azimuth angle
and direction of σH and σh were 230

° and 140°, respectively.
Figure 4 shows the crustal stress direction at each measuring
point.

Moreover, Figure 5 illustrates the stress field in Liu-
huanggou Mine that σV > σH > σh. As shown in Figure 5,
vertical stress dominates the crustal stress field, and various
principal stresses increase with increasing burial depth. As a
result, vertical stress was slightly smaller than the weight of
the overlying strata per unit area. Based on the method of
least squares regression (R2), the following equations were
written between various main principal stresses and burial
depth (h).

h = 16:7σV + 244, R2 = 0:60
h = 13:0σV + 302, R2 = 0:50
h = 18:3σV + 304, R2 = 0:74:
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2.4. Analysis of Gas Sources in the No. (9-15)06 Panel. Many
scholars believe that gas emission sources in the working face
mining are coal walls, fallen coal, goaf, and neighboring coal
seams [22]. Four main gas emission sources were identified
in the No. (9-15)06 working face by analyzing the arrange-
ment and surrounding mining conditions.
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Figure 1: Locational map of Liuhuanggou Coal Mine, China.
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2.4.1. Gas Emission Quantity from CoalWalls (Q1).When the
working face was to be moved forward, fresh coal walls were
exposed to the air. Then, the pressure balance was broken
after reliving the rock pressure. Due to a gas pressure gradi-
ent in the coal, gas was emitted through coal fractures
towards the working face.

2.4.2. Gas Emission Quantity from Top Coal Caving (Q2).
Before caving the top coal in the working face, the top coal
was first fully broken under supporting pressure. The original

gas pressure balance in the coal seam was then broken during
the crushing of the top coal. Hence, the adsorbed gas in the
coal seam was converted into a stable state of free gas and
then emitted into the working face during top coal caving.

2.4.3. Gas Emission Quantity from the Goaf (Q3). Using the
fully mechanized caving method, the recovery ratio in the
No. (9-15)06 panel was about 85%, and a significant amount
of coal would be left in the goaf. Therefore, gas from the
unmined coal was the main source of the emitted gas in the
goaf. Also, the top layer mining in the No. 9-15 coal seam
affected the bottom coal seam mining by generating numer-
ous fractures and emitting a significant amount of gas.

2.4.4. Gas Emission Quantity from the Neighboring Coal
Seams (Q4). As shown in Figure 2, the No. 7 and No. 4-5 coal
seams locate right above the No. 9-15 coal with a distance of
20.95m and 22.8m, respectively, and include a high content
of gas. After mining the No. (9-15)06 panel, the No. 7 and
No. 4-5 coal seams were located in the roof caving zone, in

LithologyNo. Column Thickness
(m)

RemarkDepth
(m)

Siltstone

Fine sandstone
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Figure 2: Stratigraphy column of test site from Liuhuanggou Coal Mine, China.

Table 1: Mechanical properties of the No. 9-15 coal.

Lithology
σc

(MPa)
σt

(MPa)
E

(GPa)
υ

C
(MPa)

φ
(°)

9-15 coal upper 39.06 1.96 3.84 0.26 3.8 40

9-15 coal middle 35.44 2.04 3.79 0.21 4.4 41

9-15 coal lower 31.56 1.91 2.32 0.23 3.9 42

Average 35.35 1.97 3.29 0.23 4.03 41
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which a connection was made between the No. (9-15)06
panel and the No. (4-5)02 goaf. Besides, the gas emitted from
the No. 7 and No. 4-5 coal seams was accumulated in the
overlying strata of the goaf in the No. (9-15)06 panel.

To conclude, the total gas emission (Q) from the No.
(9-15)06 panel equals the sum of the gas emission from
the above sources, i.e., Q =Q1 +Q2 +Q3 +Q4. Q1 and Q2
can be lowered by gas predrainage alongside the coal
seams [23]. The gas from latter two sources accumulated
in fractures in the overlying goaf strata. As a result of this
accumulation, the friction in fractures of overlying strata
quickly triggers a gas explosion in the goaf and threatens
the production safety in the working face. Therefore, effective
measures are required for drainage or dilution for the gas
accumulated on the top of the goaf (i.e., Q3 +Q4).

3. Increasing the Permeability of Coal Seam by
Hydraulic Fracturing

From the No. 9-15 coal seam, the performance of gas predrai-
nage was weak due to high strength and poor permeability.
Therefore, prefracturing was first performed on the coal
seam to enhance the permeability by hydraulic fracturing
and improve the coal seam’s gas predrainage effect.

3.1. Crack Initiation Pressure. Crack initiation pressure
refers to the maximum water pressure during hydraulic
fracturing. Numerous factors affect the initiation pressure,
including burial depth of the coal seam, crustal stress, coal
mechanical properties, and original cracks. According to
the hydraulic fracturing theory [14, 24–26], tensile cracks
dominate the hydraulic fracturing process. Under the
action of water pressure in the boreholes and the crustal
stress field, when the tensile stress on the tip of the cracks
exceeds the tensile strength σt, cracks develop gradually.
The initiation pressure Pk1 can be estimated (Equation (2))
by ignoring the water seepage effect from the boreholes on
the surrounding media [26]:

Pk1 ≥ 3σ3 − σ1 + σt , ð2Þ

where σ1 and σ3 denote the maximum and minimum princi-
pal stresses, respectively, and σt denotes the coal tensile
strength.

Besides, gas pressure significantly affects crack initiation
and propagation under hydraulic fracturing [27]. Based on
statistics from a large number of coal mines in China, Li
et al. carried out a regression analysis and determined the fol-
lowing relationship between crack initiation pressure Pk2,
burial depth of the coal seam H, and gas pressure P0 [19]:

Pk2 = 0:023H + 1:293P0 + 2:04: ð3Þ

According to the minimum pressure principle, the mini-
mum value between Pk1 and Pk2 was selected as the initiation
pressure of the coal seam (Pk):

Pk =min Pk1, Pk2f g: ð4Þ

In this study, the mean burial depth of the working
face was approximately 420m, the mean unit weight of
the overlying strata was 23 kN/m3, and the gas pressure
of the coal seam was 0.5MPa. Also, the maximum and
minimum principal stresses in the study area were
10.54MPa and 6.34MPa, respectively. From Table 1, the
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Figure 3: Layout of the No. (9-15)06 panel from Liuhuanggou Coal Mine, China.

Table 2: In situ stress measurement points and borehole layout
parameters.

No.
Drilling
depth (m)

Azimuth (°)
Elevation
angle (°)

Depth (m) Lithology

I 12.8 331 5 346
Fine

sandstone

II 12.0 325 10 482
Fine

sandstone

III 10.0 328 5 448
Fine

sandstone

IV 10.5 320 41 360 Siltstone

V 10.6 50 41 405 Siltstone
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average tensile strength of the No. 9-15 coal was 1.97MPa.
Pk1 and Pk2 equal 10.45MPa and 10.74MPa, respectively.
Therefore, Pk is10.45MPa.

3.2. Enhancing Coal Seam Permeability by
Hydraulic Fracturing

3.2.1. Arrangement of Hydraulic Fracturing Boreholes. The
spatial positions of the hydraulic fracturing and high-
position gas drainage in boreholes on the roof of the
working face were analyzed to avoid damages to gas drainage
boreholes. This analysis was based on geological and engineer-
ing conditions of the No. (9-15)06 panel and coal seam char-
acteristics. Figure 6 shows an arrangement of the hydraulic
fracturing in boreholes. A set of boreholes with a diameter of
75mm were arranged on the inner sides of the tailgate and
headgate. The first group of boreholes was arranged 15m from
the set-up room of the No. (9-15)06 panel, and the interval
between every two groups of boreholes is 8m. Table 3 lists
the detailed parameters of boreholes.

3.2.2. Main Equipment. Many field equipment sets are used
for hydraulic fracturing, including a high-pressure water
injection pump, water tank, flow controller, pressure gauge,
and high-pressure water pipe. The maximum pressure of
the water injection pump was 35MPa, and the water flow
velocity was 200L/min.

3.2.3. Sealing of Boreholes. Borehole sealing is a critical make-
or-break step that determines the effectiveness of hydraulic
fracturing. At present, cement and other particular hole
packers were used for sealing [19]. The latter was used in
the present field test. Under high-pressure water, the rubber
gasket was compressed, then expanded radially in the hole
packer, and reached the inner wall of the hole to achieve a
seal. The use of this method provided a high sealing efficiency
with a simple operating process in boreholes. However, this
process sets high requirements on the boreholes, such as
the high construction quality and the smooth borehole wall.
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Figure 6: Layout of hydraulic fracturing borehole. (a) Plane of hydraulic fracturing borehole. (b) Profile of hydraulic fracturing borehole.

Table 3: Detailed borehole parameters.

Location Number
Dip

angle, °
Diameter,

mm
Length, m

Height of
the orifice
from the
floor of

roadway, m

Tailgate

1 12 75 11 1.5

2 0 75 17 1.0

3 -11 75 34 0.5

Headgate

4 30 75 60 1.5

5 34 75 35 1.8

6 43 75 19 2.1
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3.2.4. Fracturing Technology. Spatial propagation of hydrau-
lic fractures directly affects the permeability enhancement
of coal seams. The hydraulic fractures are always propagated
parallel to the maximum principal stress and perpendicular
to the minimum principal stress [17, 28–30].

According to in situ measurement results, the vertical
stress was dominated the crustal stress in Liuhuanggou Mine.
The dominant angle of the minimum horizontal stress was
140°. The angle between the dominant direction of the
minimum horizontal stress and the gate axis of the panel
was about 84°. Hydraulic fractures are most likely to prop-
agate radially from the borehole; therefore, a backward-
segmented fracturing technology was adopted to enhance
hydraulic fracturing performance. Figure 7 illustrates the
present borehole sealing method. Two-hole packers were
connected in series, and the spacing distance between
them (denoted as L) was the sectional fracturing length.
In this study, L equals 8-10m. As shown in Figure 7, the
initiation pressure of valve in hole packer A equals in hole
sealer B, and both are smaller than the initiation pressure
of valve C. Thus, the fracturing and sealing of local bore-
hole can be achieved.

3.3. Verification of Permeability Enhancement of the Coal
Seam via Hydraulic Fracturing. To evaluate the enhance-
ment of permeability in the coal seam by the hydraulic
fracturing, the following two methods were used for the

accuracy: borescope examination and borehole gas emis-
sion quantity measurement.

3.3.1. Borescope Examination. A stratum detector was
employed for examining fracturing results in the borehole
before and after the hydraulic fracturing. This study empha-
sizes both crack initiation and propagation behaviors in the
borehole. Figure 8 shows the distribution of cracks in the
borehole before and after the hydraulic fracturing. The inner
wall of the initial borehole was complete in shape, while few
original cracks were found in the borehole. After the hydrau-
lic fracturing, cracks were propagated radially or in a spiral
pattern from the borehole wall. This result correlates with
the distribution of crustal stress in the test region, which
was consistent with the predicted results as described above.
In conclusion, the coal seam showed satisfactory prefractur-
ing performance.

3.3.2. Measurement of Gas Emission Quantity from the
Borehole. Before and after the hydraulic fracturing, gas pre-
drainage flows were monitored using an orifice plate flow
meter [31]. The gas flow in the borehole can be calculated
as Equations (5) and (6):

Qm = kb
ffiffiffiffiffiffi
Δh

p
δpδT , ð5Þ

Qc =QmX, ð6Þ

Water input
L

Expansive rubber hose

Steel pipe
Refill tube

A BC

Pressure valve

Figure 7: A schematic diagram of sectional sealing in low-permeability coal seams.

8.25 m

Before hydraulic
fracturing

After hydraulic
fracturing

Borehole

Before hydraulic
fracturing

After hydraulic
fracturing

Borehole

8.43 m 8.50 m 8.70 m 9.54 m 10.77 m

7.00 m 7.41 m 7.44 m 8.47 m 10.14 m 11.08 m

Figure 8: Fracture distribution contrast of part boreholes before and after hydraulic fracturing.
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where Qm and Qc denote the flow of drained gas mixture
and pure gas, respectively, in m3/min. X denotes gas con-
centration (%) in the gas mixture, and k is the actual char-
acteristic coefficient of orifice flow. b is the correction
coefficient of gas concentration (b =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1/ð1 − 0:00446XÞp

),
and Δh is the difference between the measured pressure

(mmH2O) of the front and rear ends in the hole plate.
δp denotes the correction coefficient of gas pressure
(δp =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PT /760

p
). 760 is the standard atmospheric pressure.

PT denotes the measured absolute pressure (mmHg) at the
windward end of the hole plate. δT denotes the correction
coefficient of temperature (δT =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
293/ð273 + tÞp

). 293 is
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Figure 9: Variation of predrainage gas volume of single-hole with time. (a) Borehole after hydraulic fracturing. (b) Original borehole.
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the standard absolute temperature (°C). Also, t denotes the
temperature (°C) at the measuring point in the gas pipe.

Furthermore, the U-shaped differential pressure gauge
readings were obtained and substituted into Equations (5)
and (6) to calculate the exhausted gas mixture and pure gas.
Figure 9 presents a plot of the results from the various rules
of gas predrainage quality in the borehole before and after
the hydraulic fracturing. After implementing hydraulic frac-
turing, the mean gas predrainage quantity from the borehole
was enhanced by nearly four times the original value. Besides,
in low-permeability hard coals, fractures were propagated
around the borehole after the hydraulic fracturing. There-
fore, the permeability of the surrounding coal seams was
increased, and the performance of gas predrainage was
remarkably improved.

4. Comprehensive Gas Control Based
on Sources

A comprehensive gas control method was proposed by ana-
lyzing four main gas emission sources in the No. (9-15)06
panel (Figure 10). Before mining in the panel, the quantity
of Q1 and Q2 was lowered by performing gas predrainage
in the coal seam. During the working face mining, the gas
was accumulated in the caving zone. In doing so, the fracture
zone (Q3 +Q4) was discharged through high-position bore-
holes on the roof. Meanwhile, drainage pipes were buried
along with the tailgate in the panel to address the gas accu-
mulation in the upper corner. Also, pressure-balancing ven-
tilation was implemented during the working face mining.
To prevent the air leakage and gas emission in the goaf, the

Before working
face mining

During working
face mining

Conduct timeThe source of gas
Treatment based on

gas source

Gas predrainage along
coal seam

Gas drainage by high
position drilling

Gas drainage by embedded
pipe in upper corner of goaf

Pressure balancing
ventilation

Gas emission from adjacent
coal seams Q4

Gas emission from goaf Q3

Gas emission from top coal
caving Q2

Gas emission from working
face Q1

Total gas emission Q

Figure 10: Comprehensive control method based on gas sources.
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gauge Flowmeter
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Borehole

Borehole1.0 m
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Polyurethane 
injection hole
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Figure 11: Scheme of gas predrainage in the low-permeability coal seam.
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difference between the measured pressures of two gate roads
was reduced by adjusting the ventilation parameters.

4.1. Gas Predrainage in the Coal Seam. Hydraulic fractured
boreholes were also used as gas predrainage holes before
the working face mining for the gas predrainage in the coal
seam (Figure 11). Accordingly, two purposes were obtained
by predrainage holes: the enhancement of gas predrainage
and reduction of construction volume.

The system of gas predrainage in the coal seam mainly
consists of drainage pipe, filter pipe, collecting pipe, and
hole-sealing materials (Figure 11). The auxiliary devices
include the flow meter, the concentration meter, and the
pressure gauges. Also, metal sleeves with a diameter of
40mm and a wall thickness of 3mm were put in each frac-
tured borehole, and small-diameter holes were arranged at
one of the sleeves’ ends. Two sections of the sleeves were
arranged around each borehole, and each section was 3-4m
in length. After installation of the sleeves, boreholes were
sealed using polyurethane (PU). It is important to note that
hole-sealing depth should not exceed the burial depth of
the gas drainage pipe in the borehole. Lastly, the sleeves were
connected with the gas drainage header pipes, providing a
negative pressure of 25 kPa.

4.2. Drainage of Gas from the Caving Zone via High-Position
Boreholes. Gas emitted from pressure relief in the coal seam
floor was an essential gas source in the mining panel. After

the working face mining, the overlying strata underwent
fracturing and formed the bent subsidence zone, the frac-
ture zone, and the caving zone [32–35]. Meanwhile, many
layered and vertical fractures were produced [36, 37], and
gas was accumulated in these regions. The accumulation
of emitted gas from No. 4-5 coal, No. 7 coal, and No. 9-
15 coal increased the gas accidents. Therefore, based on
gas predrainage in the coal seam before the mining,
long-strike holes were drilled in the high-position drilling
site on the roof. It was performed for discharging the
gas accumulated in the caving and fracture zones during
working face mining (Figure 12). The high-position dril-
ling site was located in the tailgate of the No. (9-15)06
panel. Drilling sites were set at an interval of 60m. In each
drilling site, 16 long boreholes in 4 rows were arranged
alongside the strike of the coal seam in a fan-shaped
distribution.

4.3. Gas Drainage at the Upper Corner of the Panel. The gas
produced in pressure relief from the floor can rush into the
goaf and enter the upper corner, resulting in an abundance
of gas in the corner. To avoid the above problem, gas drain-
age pipes were buried at the air return corner on the top of
the goaf during working face mining (Figure 12).

4.4. Pressure-Balancing Ventilation for Reducing Air Leakage
in the Goaf. The air supply is generally increased for diluting
the gas concentration in the return airflow for the panels with

Goaf of (9-15)06

Gas predrainage along coal seamWorking face

Goaf of (4-5)02

15m

28m
20m

Pipe in upper concer

36m

Borehole

9-15 coal

7 coal

Gas High drilling site

60m12m

(a)

(b) (c)

Figure 12: Gas drainage in roof caving and fissure zones of the No. (9-15)06 panel. (a) Overburden structure of (9-15)06 panel and roof high-
level gas drainage boreholes. (b) Boreholes in high drilling site. (c) Metering installation of gas drainage.
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U-shaped ventilation. It is an incorrect practice. Increasing
the quantity of air supply in the panel blindly can increase
the difference in the measured air pressure between the goaf
and the panel and air leakage in the panel, leading to an
increase in gas emission in the goaf and gas concentration
in the panel return airflow [38]. On that basis, pressure-
balancing ventilation was adopted to reduce the difference
in the measured pressure between two sides in the air intake
and return roadways. By the way, the distribution of the ven-
tilation system’s pressure was changed [39]. Accordingly, the
air leakage can be lowered to inhibit gas emissions from the
goaf’s upper corner.

4.5. Gas Analysis. A long-term field test was performed in
the No. (9-15)06 panel using the comprehensive control
method based on the gas sources. Overall, gas was ade-
quately controlled. Figure 13 displays the monitoring of
gas concentration in the panel during the working face
mining. The gas concentration in the return airflow fluctu-
ated within a range of 0.05% to 0.35%. The maximum gas
concentration was no greater than 0.35%, below the early
warning value of 0.5%.

5. Conclusions

Gas control has always been a key problem during slice min-
ing of ultrathick coal seams with a high content of gas. This
study examined the No. (9-15)06 panel with a mean thick-
ness of 32.94m in Liuhuanggou Coal Mine. The No. 9-15
coal seam included low-permeability ultrathick coal seams
with a high content of gas. The No. (9-15)06 panel was the
top-slicing working face of the No. 9-15 coal, using a fully
mechanized top coal caving with a mining height of 9m. A
significant content of gas was emitted from the panel in the
working face mining.

Based on the arrangement in the No. (9-15)06 panel
and the surrounding mining condition, gas in the panel
had four emission sources: from the coal wall, gas top coal

caving, the goaf, and the neighboring coal seams. In this
study, a comprehensive control method based on gas sources
was proposed for the panel. Before the working face mining,
gas emissions from the coal walls and top coal caving were
lowered via gas predrainage alongside the coal seam. After
the working face mining, gas accumulated in the caving and
fracturing zones was drained using long-strike boreholes in
the high-position drilling site. Drainage pipes were buried
in the upper corner of the goaf to avoid gas accumulation
emitted from destressed floor coal seams. During the work-
ing face mining, pressure-balancing ventilation caused the
reduction of air leakage in the goaf and gas emission from
the goaf.

Due to the great hardness and poor permeability of the
No. 9-15 coal seam, conventional gas predrainage methods
were not properly performed on the coal seam. Using
hydraulic fracturing caused the enhancement of the perme-
ability in the coal seam. Also, the backward-segmented tech-
nology was designed for improving hydraulic fracturing
performance. To validate the superiority of the proposed
method, the prefracturing performance of the coal seam
was evaluated using borescope examination and gas emission
test. Field test results demonstrated that the fractures can be
developed in the coal seam around the boreholes after
hydraulic fracturing. Fractures were mainly initiated radially
from the borehole wall and then propagated in a spiral pat-
tern consistent with crustal stress measurements. After the
hydraulic fracturing, the mean gas predrainage was enhanced
by four times.

Finally, a long-term field test was performed in the No.
9-15 panel to validate the superiority of the proposed
comprehensive control method based on the gas sources.
Long-term monitoring results indicated that the gas con-
centration in the return airflow fluctuates within a range of
0.05%~0.35%. No warning of excessive gas appeared in the
panel. An adequate gas control can effectively ensure mining
safety in the panel.
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Nuclear power has contributed humanity a lot since its successful usage in electricity power generation. According to the global
statistics, nuclear power accounts for 16% of the total electricity generation in 2020. However, the rapid development of nuclear
power also brings up some problems, in which the storage of nuclear waste is the thorny one. This work carries out a series of
modeling and simulation analysis on the geological storage of nuclear waste in a gas-saturated deep coal seam. As the first step,
a coupled heat-solid-gas model with three constitutional fields of heat transfer, coal deformation, and gas seepage that based on
three governing conservation equations is proposed. The approved mechanical model covers series of interactive influences
among temperature change, dual permeability of coal, thermal stress, and gas sorption. As the second step, a finite element
numerical model and numerical simulation are developed to analyze the storage of nuclear waste in a gas-saturated deep coal
seam based on the partial differential equations (PDE) solver of COMSOL Multiphysics with MATLAB. The numerical
simulation is implemented and solved then to draw the following conclusions as the nuclear waste chamber heats up the
surrounding coal seam firstly in the initial storage stage of 400 years and then be heated by the far-field reservoir. The initial
velocity of gas flow decreases gradually with the increment of distance from the storage chamber. Coal gas flows outward from
the central storage chamber to the outer area in the first 100 years when the gas pressure in the region nearby the central storage
chamber is higher than that in the far region and flows back then while the temperature in the outer region is higher. The
modeling and simulation studies are expected to provide a deep understanding on the geological storage of nuclear waste.

1. Introduction

Nuclear power has provided a large amount of electric energy
for human. It has the potential to be a major, global, scalable,
and carbon-free energy source in the future. Nuclear power
has serviced human beings as a continuous supply for the
energy for more than sixty years since 1954, when a small
Obninsk plant was founded in Russia. By the year 2019, more
than four hundred and forty nuclear power plants in the
world were producing about 10% of the electricity [1–3].
The three largest countries in the world for nuclear power

generation are America, Japan, and France. America has
more than 100 nuclear power units with a total capacity of
98.2GW. In the year 2019, the generated nuclear power in
America accounts for more than 30% of the total nuclear
power in the world with the amount of 809TWh [4]. Japan
is developed in nuclear power that it is the second largest pro-
ducer of nuclear power, where the nuclear power accounts
for one-third of the country’s total electricity generation
[5]. In France, the nuclear power accounts for more than
70% of the country’s electricity generation based on fifty-
eight operational units with the installed capacity of 63.1
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GW [6]. Although the nuclear power provides the energy to
support the development of human, it also caused many
thorny problems. Nuclear waste storage has always been a
vexing and intractable problem. As we know, the nuclear
waste is one kind of radioactive scrap that has a significant
impact on human health if not disposed properly, and the
average life of a nuclear reactor is just about a few decades.
As a result, more and more nuclear waste is released every
year. Researches have put forward various possible methods
to store the waste nuclear after its reactor after considering
different factors, such as the policies and techniques. Geolog-
ical storage in deep georeservoir seems to be the most poten-
tial possibility for the disposal of nuclear waste that has
caused high attention in the field. It means that the nuclear
waste is to be transferred and stored promptly in a repository
in the deep underground target formation once it is removed
from the reactor.

Scholars at home and abroad have carried out a lot of
researches on the underground storage of nuclear waste.
The general design of the deep geological storage chamber
requires a shielding tank that to cover the nuclear waste.
The tank is then placed in a host rock formation. At present,
different kinds of rock formations have been discussed for the
feasibility of nuclear waste storage. In 2007, McKinley et al.
[7] have published a good overview on the developing pro-
cess about the choices for the stratigraphic formation. To
summarize, the formations with rock types such as salt rock,
clay stone, and granite are the possible targets to be host
rocks for geological storage of nuclear waste. Based on a
series of experiments, Jia et al. [8] analyzed the storage of
nuclear waste in saturated hard clay; they also established
an elastoplastic damage model for the deformation of the
surrounding rock under a complex thermal-hydro-
mechanical condition. Moog et al. [9] reported the ultralow
seepage characteristics of granite and considered the storage
of nuclear waste in a granite formation. Plúa et al. [10] intro-
duced a large-scale modeling of the underground storage of
high-level radioactive waste into Callovo-Oxfordian clays-
tone and proposed a new method of numerical analysis. In
their numerical work, the chamber of nuclear waste is con-
sidered to be stored in a deep formation of claystone, which
has been selected as an industrial trial plot for geological dis-
posal in France. Bentonite has favourable characteristics of
plasticity, swelling capacity, colloid filtration, low hydraulic
conductivity, high retardation of key radionuclides, and the
stability in complex geological environments that it is treated
as one kind of security component in the industrial storage
engineering for different types of the nuclear waste [11].
Abdel-Karim et al. [12] collected the sand and sandstone
samples from the Inshas rad-waste disposal site and exam-
ined the geochemical-physical properties in the Atomic
Energy Agency. The results show that the samples has high
contents of the interstitial Fe2O3 and Al2O3, which are
important components to prevent the pollutant transport
via adsorption. The Inshas rad-waste disposal site has a high
possibility to meet the requirements of the nuclear waste
storage as the presented high contents of the interstitial
Fe2O3 and Al2O3 were important agents for preventing pol-
lutants transport via adsorption. Based on the field data that

were collected from a specific spot from the southeastern
coast of Sweden and the experimental results that were
obtained from the Aspo Hard Rock Laboratory on, Tiren
et al. [13] adopt a three-dimensional (3D) visualization
method to model a hypothetical site for the storage of a
high-level nuclear waste (HLNW). In their model, the cham-
ber is located in the granitoid formation of the trans-
Scandinavian igneous belt with a depth of 500 meters. The
research results show that the hypothetical conditions are
of great feasibility for the storage of high-level nuclear waste.
In 2010, Streimikiene and Mikalauskiene [14] analyzed and
compared the challenges in the storages of geological carbon
and nuclear waste in Lithuania. They also evaluated the cost
for the development of the nuclear and carbon capture as
well as the storage technologies. That is because Lithuania
was faced with the final closure of the Ignalina nuclear power
station and the storage of nuclear waste in that year. In
China, researchers have conducted a lot of survey analysis
from the surface and the subsurface aspects by the mapping
and underground borehole exploration practices in the can-
didate sites. They have gotten comprehensive geological,
hydrogeological, and geophysical data. The final result is that
the Xinchang site in the Beishan region was selected as
China’s first underground research laboratory site [15].
Although scholars have considered couplings in the storage
of nuclear waste in coal seam, few people take the character-
istics of gas-saturated environment into consideration.

The geological storage of nuclear waste causes complex
changes to the storage chamber and rocks. Their nature
and performance are expected to change according to the
internal and external conditions through the whole heating
and cooling process of nuclear waste. As these processes
donate potential influences on the engineering safety, it is
necessary to identify and understand the environment
changes in the surrounding rock profoundly in order to
ensure the relevant safety requirements. Among the environ-
ment changes induced by nuclear waste storage, the thermo-
hydro-mechanical-chemical (THMC) couplings are difficul-
ties that urgently need to be resolved. Bernier et al. [16]
points out that the complicated interactions among the ther-
mofield, hydrofield, mechanical field, and chemical fields
would affect the transport of radionuclide in the storage
chamber and its surrounding environment. The ultimate
degree of influence depends on the dynamic nature of the
waste and the surroundings. By using the thermohydrologi-
cal variables, Sasaki and Rutqvist [17] developed a methodol-
ogy to approximately represent the stress in host rock and the
changes of permeability that were induced by stress. A
coupled thermo-hydro-mechanical simulation by using a
TOUGH-FLAC simulator was established. Research results
show that the developed methodology in the TH-coupled
simulation matches the calculated data from the THM-
coupled simulation over a simulated timeframe of over
10,000 years. To research the responses of the surrounding
rocks under thermal loads under the background of deep
geological radioactive waste storage, the French National
Radioactive Waste Management Agency did a series of
experiments including the in situ experiments at the Meuse/-
Haute-Marne Underground Research Laboratory [18]. The
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thermomechanical behaviors of the steel sleeve, equipped
with strain gauges, displacement sensors, and temperature
sensors are well discussed. They also monitored the evolution
of the annular space and studied the thermo-hydro-
mechanical behavior of the near or far rock under different
pore pressures and temperatures through the sensors that
are installed in peripheral boreholes. Considering the change
of extreme climate, Boulton et al. [19] simulated the thermo-
hydro-mechanical impacts of extreme climate on the litho-
sphere, which might extend deep into the reservoir. The
research results show that the glaciation has impacts on a
depth scale. It required to be considered in a safety analysis
for deep lithosphere storage of long-lived radionuclides in
areas that have been prone to glaciation in the past. Holton
et al. [20] described an efficient means to evaluate the maxi-
mum temperature constraint of the deformation that is to
place a waste container. They find that sodium montmoril-
lonite will undergo mineral alteration when the temperature
increases significantly, which will reduce the expansion prop-
erty of the material. At an approximate underground envi-
ronment of nuclear waste storage in laboratory, Zhang [21]
observed the thermo-hydro-mechanical behaviors of the
indurated Opalinus clay rocks extensively. The results show
that the maximum temperature for nuclear waste is over
one hundred degrees centigrade. In large-scale deep geologi-
cal disposal, the hydrogen embrittlement may occur in tita-
nium vessels once oxygen is depleted. Therefore, Zhang
et al. [22] predicted the potential danger of the high-level
nuclear waste container caused by embrittlement; the hydro-
gen entry into titanium was studied at different temperatures
in a simulated deep geological environment of Beishan,
which was the preselected HLNW storage area in China.
Ström et al. [23] presented an overview of the bedrock and
surface modeling work that comprises a major part of the site
characterization in Sweden, called site descriptions. The site-
descriptive models involves a multidisciplinary interpreta-
tion of geology, rock mechanics, thermal properties, hydro-
geology, hydrogeochemistry, transport properties, and
ecosystems using input in the form of available data for the
surface and from deep boreholes. Salama et al. [24] explored
the anisotropic geologic repositories on the high-level
nuclear waste disposal. Numerical results show that even a
slight difference in anisotropy of thermal conductivity of host
rock with direction could have interesting effects on temper-
ature fields, and the temperature contours are aligned more
towards the principal direction of anisotropy. Furthermore,
it is found that the larger the peak temperature in the buffer
zone, the smaller the anisotropy angle and vice versa. To bet-
ter understand the processes of geological nuclear waste stor-
age, Dupray et al. [25] proposed a case study for sensitivity
analysis by using a thermo-hydro-mechanical finite element
approach including a consistent thermoplastic constitutive
model for unsaturated soils. The model features a coupled
thermo-hydro-mechanical approach of the water retention
curve. Various couplings were studied separately and in com-
bination in order to determine the significance of each. The
change of temperature caused by geological storage of
nuclear waste has attracted the attention of most scholars;
however, the study on the coupled interactive effects among

temperature, surrounding rock/coal, and gas in the nuclear
waste storage is still lacking.

To study the storage of nuclear waste in gas-saturated
deep coal seam, this paper carried out a mechanical modeling
and numerical simulation work. The theoretical heat-solid-
gas coupling model has three components of heat transfer,
gas seepage, and solid deformation that are governed by three
conservation equations. Before the establishment of thermal
energy conservation equation, the temperature decay evolu-
tion of nuclear waste was well discussed. For coal deforma-
tion, the mechanical equilibrium is obviously applicable
with the considerations of thermal stress and gas pressure.
The migration of gas in both coal matrix and fracture net-
work satisfies the mass conservation equation, and gas flow
obeys a Darcy’s law. By using a PDE solver of COMSOLMul-
tiphysics with MATLAB, the approved mechanical model is
successfully implemented into a numerical model and solved
as a numerical simulation in Section 3. Section 4 analyzes and
quantifies the numerical results on the storage of nuclear
waste in gas-saturated deep coal seam. The conclusions and
understandings are drawn in the last Section 5, which are
expected to provide a deep understanding on the geological
storage of nuclear waste.

2. Modeling on the Storage of Nuclear Waste

There are three typical fields of the diffusion of thermal
energy, deformation of coal seam, and the escaping of gas
that interplays each other in the storage of nuclear waste in
a gas-saturated coal seam. Before modeling, we assume that
the surrounding coal is in close contact with the nuclear
waste tanks. The governing equation for each physical field
is established in this section as follows.

2.1. Evolution of Temperature with Time for the Nuclear
Waste Tank. As the residual reaction of nuclear waste is
exhausted, the temperature of the nuclear waste storage
chamber decreases gradually [26]. In order to clarify the tem-
perature attenuation evolution of nuclear waste itself, related
data are collected and analyzed from the domestic and over-
seas research achievement, a simple and practical semiempir-
ical curve for the evolution of temperature is obtained.
Figure 1 shows the temperature attenuation curve of nuclear
waste, in which the points represent the reported date by
Zheng et al. [27]. From Figure 1, one can find that the tem-
perature of nuclear waste decreases with the storage time
from the initial temperature of 370K to the final temperature
of 298K after about 4000 years. In the first 1500 years, the
temperature of nuclear reactor decreases at an increasing
rate, whereas the decreasing rate of temperature slows down
gradually in the later 2500 years. Thus, the evolution of tem-
perature with time for the nuclear reactor can be fitted by a
logistic function as

T = 291:8 + 75:2
1 + t/1638:2ð Þ3:52 , ð1Þ

where T is the temperature of the nuclear reactor, K and t is
the storage time in unit of year. As is seen in Figure 1, the
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fitting result is well matched with the reported data from
Zheng et al. [27].

2.2. Diffusion of Thermal Energy. The total heat flux in coal
seam contains the heat conduction and convection that can
be expressed as [28]

vT = −KT∇T + ρgρcCgvg, ð2Þ

where vT is the total heat flux velocity, (J/(m2·s)); KT is the
effective coefficient for the thermal conductivity of gas-
saturated coal, (J/(m·s·K)); ΔT is the increase of temperature,
K; ρg and ρc represent the densities of gas and coal, respec-
tively, kg/m3; Cg is the specific heat constants of gas,
kJ/(kg·K); and vg is the vector of gas velocity, m/s.

According to Darcy’s law, vg can be expressed as [29, 30]

vg = −
k
μ
∇pg, ð3Þ

where μ donates the dynamic viscosity of the gas, Pa·s; k is the
permeability of the coal seam, m2; and the pressure gradient
∇pg, Pa/s, can be expressed as

∇p =
∂pg
∂x

i +
∂pg
∂y

j +
∂pg
∂z

k: ð4Þ

The energy conservation in the coal seam obeys an
energy conservation equation as [31]

∂ CqT
� �
∂t

+ pg∇ ⋅ vg+∇ ⋅ vT =QT , ð5Þ

where Cq donates the specific heat capacity of gas-saturated
coal, kJ/(kg·K).

Substituting Equations (2)–(4) into Equation (5), one
obtains the energy conservation equation as

Cq
∂T
∂t

+ pg∇ ⋅ −
k
μ
∇pg

� �
− KT∇

2T + ρcCg∇ ⋅ ρg −
k
μ
∇pg

� �
=QT :

ð6Þ

2.3. Deformation of Coal Seam. During the storage period of
nuclear waste, the changes of temperature and gas pressure
will trigger the gas desorption deformation and thermal
expansion. According to Teng et al. [32], the deformation
that was induced by gas desorption is related with the gas
pressure and the change of temperature as

εs =
εLpg

PL + pg
e−cTΔT/ 1+cppgð Þ, ð7Þ

where εs is the gas sorption-induced volumetric stain; εL is
the deformation parameter; and PL, cT , and cp are the coeffi-
cients for gas sorption. Thermal expansion εT is linearly
dependent on the change of temperature as εT = αTΔT ,
where αT is the coefficient of thermal expansion.

To establish the deformation model, the coal seam is
assumed to deform as one kind of elastic material where
the stress σij and strain εij has following relation [33]:

σij = 2Gεij +
2Gν
1 − 2ν εkk + αpg − KαTT − Kεs

� �
δij, ð8Þ

where α is Biot’s coefficients for coal; G and K are the shear
and bulk modulus of coal, MPa, respectively; ν is Poisson’s
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ratio; and δij donates the Kronecker delta which is defined as
1 if i = j and 0 if i ≠ j.

2.4. Gas Escaping in Coal Seam. The storage of nuclear waste
leads to a redistribution of coalbed methane in coal and rock
formations as it changes the temperature. Coal is often
treated as a dual-porous medium that contains the coal
matrix and the fracture network; the escaping of gas in both
the matrix and fracture systems obeys the mass conservation
equation in same type as [34]

∂mg

∂t
+∇ ⋅ ρgvg

� 	
=Qg, ð9Þ

in which, Qg is the gas source; the gas density ρg can be
expressed by the gas pressure as

ρg =
Mg

RT
pg, ð10Þ
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(a) Schematic diagram of nuclear waste storage in coal mine (b) Numerical geometry: a top view section 

Figure 2: Schematic diagram of the numerical model.

Table 1: Parameters for numerical simulation.

Parameter Value used

Elasticity for coal (E, MPa) 2713

Poisson’s ratio (ν) 0.339

Coal density (ρc, kg/m
3) 1:25 × 103

Coefficient for sorption deformation (εL, kg/m
3) 0.0156

Initial permeability of coal matrix (km0, mD) 0.002

Initial permeability of coal fracture system (kf 0, mD) 1

Initial porosity of coal matrix (ϕm0) 0.05

Methane dynamic viscosity (μ, Pa·s) 1:84 × 10−5

Langmuir volume constant (ηs, m
3/kg) 0.048

Langmuir pressure constant (PL, MPa) 1.57

Pressure coefficient (cp, MPa-1) 0.07

Temperature coefficient (cT , K
-1) 0.02

Pressure at standard condition (pa, MPa) 0.103

Thermal expansion coefficient for solid coal matrix (αT , K
-1) 2:4 × 10−5

Specific heat capacity of gas (Cg, kJ/(kg·K)) 1.25

Specific heat capacity of coal (Cq, kJ/(kg·K)) 1.62

Thermal conductivity of coal (KT , J/(m·s·K)) 0.2
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where R andMg are the universal gas constant and the molar
mass of gas.

According to [35, 36], the transfer of gas in coal matrix
and fracture network is proportional to the pressure gradient
as

Qg =
Mg

τRT
pgm − pgf

� 	
, ð11Þ

where τ is a coefficient for the desorption time and pgm and
pgf represent the gas pressures in coal matrix and coal frac-
ture network, MPa, respectively.

In coal matrix, gas is stored in both adsorption state and
free state. The gas content mgf can be expressed as

mgm = ρgϕm +
ηspg

PL + pg
e−cTΔT/ 1+cppgð Þ, ð12Þ

where ηs is the adsorption volume coefficient, kg/m3. In the
fracture network, gas is stored in free gas state, where the
gas content mgf is

mgf = ρgϕf , ð13Þ

where ϕm and ϕf are the porosity of coal matrix and fracture
network, respectively.

The permeability of coal matrix and fracture network can
be expressed as [33, 35]

km = km0
1 + α Δεv + Δpm/Ks − Δεs − αTΔTð Þ

ϕm0

� �3
, ð14Þ

kf = kf 0e
−3cfΔσi j , ð15Þ

where cf is the compressibility for the fracture network.
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6 Geofluids



Equations (6), (8). and (9) make up a fully coupled heat-
solid-gas coupling model for the storage of waste nuclear in
deep coal seam. It is obviously difficult to solve an analytical
solution for this proposed nonlinear partial differential
model. However, the numerical solution can be well solved
by a PDE solver, COMSOL Multiphysics with MATLAB in
a powerful PDE-based multiphysics modeling environment.

3. Geological Environment and
Model Establishment

The buried depth of target coal seam is 800m, and there is a
few of underground water above or below the formation. The
roof and floor of the coal seam are sandy mudstone that has
not been disturbed significantly from coal mining. The

nuclear waste is supposed to be stored in the coal chambers
that are remained in the previous coal mining practice.
Figure 2(a) shows the schematic diagram of nuclear waste
storage in deep coal seam. One can find a vertical shaft and
a horizontal roadway for the access of storage chamber.
The nuclear waste is processed at the ground surface disposal
center and then transported to the storage chamber.

To simplify the calculation, a planar slice in Figure 2(b)
can feasibly represent the basic computational area based
on the plane strain hypothesis. The rectangular geometry of
ABCD is selected for simulation with a circular storage
chamber. The length of the rectangular model is 100m, and
the diameter of the central chamber is 8m. In coal seam,
the in situ gas pressure and temperature are 3.5MPa and
298K, respectively. The displacements for boundary AD
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and BC are restrained in the x-direction while the displace-
ments for boundary AB and DC are restrained in the y
-direction. The central boundary is free for stress and con-
straint for displacement in the model. For the situation of
coal seam gas, the boundary ABCD is treated as a symmetric
boundary in both the matrix and fracture system where the
gas flow and distribution have symmetry to these boundaries,
and the central boundary is an airtight boundary with no
flux. For the transfer of temperature, the boundary ABCD
is given a constant temperature of 298K while the central
boundary has a time-dependent temperature that has been
illustrated in Equation (1). Other simulation parameters are
taken from literatures or determined from the conventional
mechanical properties of coal and rock. Table 1 lists the main
simulation parameters.

4. Analysis of Numerical Results

4.1. Spatial Evolution of Reservoir Temperature. Figure 3
shows the spatial distribution of the reservoir temperature

after different storage time of 10, 100, 1000, and 5000 years.
From Figure 3, one can find that the affected area of reservoir
temperature gradually grows larger with the storage time of
the nuclear waste. After the first 10 years of storage, the influ-
ence of nuclear waste on reservoir temperature mainly occurs
within a range of about 15m from the storage chamber,
where the decreasing gradient of temperature with the
increasing distance is very large. The storage of the nuclear
waste has little impact in the more open range of area with
the distance that is larger than 15m. After the storage of
100 years, the increment of reservoir temperature is mainly
concentrated within a distance of about 30 meters from the
storage chamber, whereas the average temperature increment
of the reservoir does not exceed 2°C at the further area. After
the storage of 1000 years, the affecting distance of reservoir
temperature by the central storage of nuclear waste reaches
to 40 meters. By this time, the maximum value of reservoir
temperature is significantly reduced to 358.4°C. This is
because the temperature of nuclear waste decreases a lot after
1000 years. When the storage time reaches 5000 years, the
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temperature of the whole coal seam drops to its initial tem-
perature of 298K after the depletion of the stored nuclear
waste reaction.

Figure 4 is the quantitative evolution of reservoir temper-
ature with the storage distance at different storage times. It
shows that the nuclear waste source heats up the very adja-
cent surrounding coal reservoir firstly and then be heated
by the far-field reservoir. As a result the evolution curves of
reservoir temperature with the storage distance after different
storage time get crossed, and the crossing points get close to
the central chamber with storage time.

4.2. Evolution of Reservoir Temperature over Time. Figure 5
reflects the evolution of reservoir temperature over time at
the storage distance of 5, 10, 20, 30, and 40m from the
nuclear waste chamber. It shows that the temperature rises
firstly and then decreases over time. Due to the continuous
decay of the nuclear waste reaction over time, the heat pro-
duced the nuclear itself decreases gradually; thus, the temper-
ature of nuclear waste deceases over time. In the earlier stage
of nuclear waste storage (about 200 to 400 years), the nuclear
reaction heats up the surrounding coal seam, as a result the
temperature rises gradually. When the nuclear reaction
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weakens, the temperature of the nuclear waste decreases, and
the heat in heated seam conducts both toward to the central
and the outer areas that resulting in a decrease of the temper-
ature in coal seam. Taking the distance of 5m as an example,
one can find that the peak temperature is 333°C after a stor-
age time of 200 years. The reservoir temperature rises with
time before this time and decreases after then. Figure 5 also
shows that the peak temperature value decreases with the dis-
tance from the central chamber, and the corresponding stor-
age time for the peak temperature increases. For example, the
peak temperature at the distance of 10, 20, 30, and 40m are
322°C, 312°C, 306°C, and 301°C, at the corresponding storage
year of 275, 352, 371, and 398, respectively.

4.3. Evolution of Gas Pressure in Coal Seam. Figure 6 repre-
sents to the distribution of gas pressure in coal seam after
the storage time of 10, 100, 1000, and 5000 years. The change
of temperature results in a series of coal-gas-temperature
couplings, such as the enhancement of gas sorption, the
expansion of coal matrix, and the increment of gas pressure.
In Figure 6, it can be clearly seen that the gas pressure in the
region nearby the central storage chamber is higher than that
at the far region after 10 and 100 years, and coal seam gas
flows outward from the central storage chamber to the outer
area. At the storage time of 1000 and 5000 years, the temper-
ature in the outer area is higher than the central area, where
the gas flows back. This is the response of the change of res-
ervoir temperature, as the gas pressure is sensitive to the
changes of temperature.

4.4. Gas Flow in Coal Seam. Figures 7 and 8 show the velocity
of gas flow at different distances in the coal matrix and the
fracture network, respectively. From Figures 7 and 8, one
can find that the initial velocity of gas flow decreases gradu-
ally with the increase of distance. For coal fracture network,
the initial values are 1.42, 1.11, 0.65, and 0.3 nm/s at the posi-
tion with distance of 10, 20, 30, and 40m, respectively. For
coal matrix, the corresponding initial values of flow velocity
are 0.35, 0.1, 0, and 0nm/s, respectively. Due to the high ini-
tial temperature of the nuclear waste and its fast cooling
down, coal gas flows back. As a result, the velocity of gas flow
decreases gradually or finally reverses to the opposite direc-
tion, especially at the region with short distance from the
chamber. For example, gas flow is an obvious negative value
at the distance of 10m in coal matrix between the storage
year that ranges from 6 to 110.

5. Conclusions

In this study, a coupled heat-solid-gas model with three con-
stitutional fields of heat transfer, coal deformation, and gas
seepage is developed for to analyze the geological storage of
nuclear waste in a gas-saturated deep coal seam. The model
covers a series of interactive influences among temperature
change, dual permeability of coal, thermal stress, and gas
sorption. It is then applied to a numerical simulation in the
PDE solver of COMSOL Multiphysics with MATLAB.
Hence, the following conclusions can be drawn from this
study:

(1) In the initial storage stage of 400 years, the nuclear
waste storage heats up the surrounding coal seam
firstly and then be heated by the far-field reservoir.
After the storage of 100 years, the increment of reser-
voir temperature is mainly concentrated within a dis-
tance of about 30 meters from the storage chamber,
while the average temperature increase of the reser-
voir does not exceed 2°C at the further area. After
1000 years, the affecting distance of reservoir temper-
ature by the central storage of nuclear waste affects
reaches to 40 meters

(2) The initial velocity of gas flow decreases gradually
with the increasing distance from the storage cham-
ber. Gas pressure in the region nearby the central
storage chamber is higher than that in the far region
after 10 and 100 years, and coal seam gas flows out-
ward from the central storage chamber to the outer
area. After the storage time of 1000 and 5000 years,
the temperature in the outer region is higher than
the central region, and the gas flows back

The proposed heat-solid-gas model and simulation anal-
ysis are expected to improve the current understandings on
the geological storage of nuclear waste.

Data Availability
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In order to probe into one simplified method to predict the shear strength of Shaoxing unsaturated silty clay, the test method
combining unsaturated soil consolidation instrument and conventional direct shear instrument is used to study the shear
strength, and the method is compared and verified with the results of equal suction direct shear test. The research results show
that the soil water characteristic curve fitted by the measured data points and VG model has obvious stage characteristics in the
range of 0~38 kPa, 38~910 kPa, and 910~10000 kPa. The shear strength of unsaturated soil measured by consolidation meter
combined with conventional direct shear test is in good agreement with that measured by equal suction direct shear test in the
range of 0~500 kPa. The results show that the shear strength, total cohesion, and effective internal friction angle of soil increase
slightly with the increase of matric suction in the range of 0~38 kPa. When the matric suction increases from 38 kPa to 500 kPa,
the shear strength and total cohesion force of the soil have similar stage characteristics with the SWCC, which first increases
and then tends to be stable, while the effective internal friction angle changes slightly. Finally, taking the air-entry value as the
demarcation point, an improved model of unsaturated shear strength is proposed by analyzing the error value. Compared with
the measured value, the absolute value of relative error is basically kept in the range of 5%~10%, which is close to the
measured value.

1. Introduction

Unsaturated soils widely exist in nature, and their engineer-
ing properties are quite different from saturated soils. The
soils above the groundwater level are generally considered
as unsaturated soils. With the change of seasons and rainfall,
the unsaturated state is constantly changing. The failure of
foundation and slope occurs easily, and it brings great threat
to the safety of buildings and structures [1, 2]. Ciabatta et al.
[3] have shown that a large amount of rainfall caused by
changing global climate may cause more frequent slope fail-
ure. It has serious impact on the safety of human life and
property. Rahardjo et al. [4] studied the residual soil slope,
and they found that the high and steep residual soil slope
could be safe in the dry period and only collapsed in the rainy
season. The phenomena indicate that the stability of the slope
is related to the additional shear strength of the unsaturated

zone above the groundwater level. The infiltration of rainwa-
ter during rainfall affects the negative pressure of the pore
water which decreases the additional shear strength of the
unsaturated soils and leads to slope failure easily [1, 5–7].

In order to improve the properties of saturated and
unsaturated soils, some scholars try to add inorganic cemen-
titious materials such as cement into the soils [8, 9] or add
cement, nano, fiber, and other mixed materials [10–12].
Obviously, in theory and in practice, it is very important to
understand and investigate the characteristics especially the
shear strength of unsaturated soils directly, which exist
widely in nature. Mohr-Coulomb strength theory has been
confirmed by a large number of tests and engineering
practice. It can accurately determine the shear strength of sat-
urated soil. However, at the beginning of the 20th century,
the strength of unsaturated soil was similarly predicted by
the Mohr-Coulomb shear strength formula for saturated soil.
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Until later, with the development of the mechanics of unsat-
urated soil, many scholars have done a lot of research on the
relationship between the shear strength of unsaturated soil
and matric suction [13–18]. Idinger and Wu [19] showed
that the matric suction reduced the shrinkage effect of gran-
ular soil and increased the total cohesion, while the effective
angle of internal friction did not change too much; Rasool
and Kuwano [20] studied the influence of matric suction on
the shear strength of unsaturated silty soil, and they found
the relationship between matric suction and shear strength
was nonlinear; Pujiastuti et al. [21] pointed out that the total
cohesion and effective angle of internal friction of unsatu-
rated sand will increase with the increase of matric suction,
but the shear strength increase a little. Khalili et al. [22]
studied the mechanical behavior of unsaturated soils and
found that the total cohesion increased linearly within the
range of high matric suction. Çokça and Tilgen [23] studied
the relationship between the shear strength of Ankara
compacted clay and matric suction and found that the matric
suction and shear strength were correlated positively. Inevi-
tably, Mohr-Coulomb shear strength formula will lead to
errors when it is used to predict the shear strength of unsat-
urated soils.

In geotechnical engineering practice, permeability coeffi-
cient, shear strength, and other relevant indexes describing
the behavior of unsaturated soils can be obtained indirectly
by using the soil-water characteristic curves [24–30]. Accord-
ing to the influence of matric suction on the cohesion and
internal friction angle of unsaturated soil, many scholars
used the Mohr-Coulomb strength failure criterion of satu-
rated soil and the measured shear strength parameters of sat-
urated soil and soil-water characteristic curve to predict the
shear strength of unsaturated soil. For example, Vanapalli
et al. [31] proposed a nonlinear shear strength calculation
model related to soil-water characteristic curve of soil mass.
Oberg and Sallfors [32] presented a formula for calculating
the shear strength of unsaturated soils in combination with
soil saturation and matric suction. Tang et al. [33] discussed
the feasibility of using conventional direct shear instrument
combined with the initial soil-water characteristic curve of
0 pressure to estimate the strength of unsaturated soil.

This paper conducted three experiments, respectively, for
the unsaturated soil consolidation test, conventional direct
shear test, and equal suction direct shear test. The unsatu-
rated soil consolidation test can obtain soil-water characteris-
tic curve, which describes the relationship between matric
suction and water content of soils and reflects the water-
holding capacity of soils under suction [33]. The conven-
tional direct shear test is to obtain the shear strength of the
soil with different water contents, which reflects the relation-
ship between the different water content and the shear
strength; the equal suction direct shear test can directly
obtain the shear strength of the soil under different matric
suction states. It is difficult to measure the required test anal-
ysis data in a short time because of the time-consuming of the
constant suction direct shear test. However, the unsaturated
soil consolidation test combined with conventional direct
shear test can achieve the same test purpose as the direct
shear test with equal suction, and the time consumption is

relatively short. In this paper, the influence of matric suction
on the shear strength of soil is analyzed by combining the
unsaturated soil consolidation test with the conventional
direct shear test and by comparing and checking the partial
equal suction direct shear test. At the same time, based on
the soil-water characteristic curve fitted by VG model, the
shear strength prediction values of three typical models are
calculated, and the model is improved through error analysis.

2. Test Materials and Preparation

2.1. Test Materials. The test soil sample is taken from the bot-
tom of a cutting foundation pit in Keqiao District, Shaoxing,
and the basic physical property indexes of the test materials
are shown in Table 1. It can be seen from the table that the
particle size of the soil sample is mainly between 0.005mm
and 0.075mm, among which the average sand content is
21.43%, the average silt content is 64.52%, the clay content
is 14.05%, and plastic index is 12.5, which is between 10
and 17. According to the code of Engineering Classification
Standard of Soil (GB/T50145-2007) [34], it is judged to be
low liquid limit silty clay.

2.2. Sample Preparation. In this experiment, remolded soil
samples are dried, crushed, and sieved for 2mm, and then,
the natural stacking quartering method is used for diagonal
sampling. Through theoretical calculation, the required dis-
tilled water is evenly sprayed on the surface of remolded soil
sample and fully mixed, and then, the soil sample is prepared
into a loose shape, sealed in a moisture retaining plastic bag,
and placed in a moisture container for more than 48h, so that
the moisture in the soil can be fully transported and mixed
evenly. According to the requirements for soil sample prepa-
ration in Standards for Geotechnical Test Methods [35], a
disc-shaped sample with a diameter of 61.8mm and a height
of 20mm is prepared by the layered compactionmethod with
different dry density.

2.3. Test Scheme. The unsaturated soil consolidation instru-
ment (SDSWCC) used in the test is made in Nanjing TKA
company, and it is shown in Figure 1. According to the code
of Technical specifications for highway subgrade construction
[36], the compactness of urban secondary trunk roads is not
less than 93%, and branch roads are not less than 90%. The
water content is close to the optimal water content ωop =
18:4%. Therefore, this test selects the lowest compaction
degree (Dc = 0:90) of the silty clay of the cutting base. In var-
ious natural unsaturated soils, the matric suction range that
affects the shear strength of the soil is usually 0~500 kPa
[17, 37–39]. Therefore, in this study, the matric suction
range of the unsaturated soil consolidation test is taken
as 0~500 kPa. The saturated sample is put into the unsatu-
rated soil consolidation instrument, and apply the matric
suction path of 1 kPa, 25 kPa, 50 kPa, 75 kPa, 100 kPa,
150 kPa, 200 kPa, 250 kPa, 300 kPa, 400 kPa, and 500 kPa
to the sample in sequence to dehydration test. The stability
standards of deformation and drainage during the test are
as follows: the vertical deformation and displacement do
not exceed 0.01mm/2h and 0.01 cm3/2 h, respectively, and
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the suction time of each stage is not less than 48 h. In order to
reduce the error of displacement calculation, the pipeline at
the bottom of the ceramic plate is bubble washed every 1 d
during the test, so as to eliminate the influence of the air at
the bottom of the ceramic plate.

This test is t unsaturated soil direct shear test with the
same degree of compaction (Dc = 0:90, ρd = 1:51 g·cm-3)
under different water content of the test instrument is
made from Nanjing TKA production of fully automatic
saturated soil direct shear instrument, as shown in
Figure 2. Based on the soil-water characteristic curve
obtained in the above test (Figure 2), samples are taken
according to the volume water content corresponding to the
matric suction of 25kPa, 38kPa, 50kPa, 75kPa, 100kPa,
150 kPa, 200 kPa, 300 kPa, 400 kPa, and 500 kPa, and the
volume water content corresponding to the suction path is
43.3%, 41.8%, 40.4%, 37.4%, 34.8%, 30.8%, 28.8%, 24.4%,
22.3%, and 20.9%, respectively. Three samples of each water
content are prepared, and vertical stress of 50, 100, and
200 kPa is imposed for the direct shear test. The shear
rate in the test is 0.0032mm/min. The water content is

measured by the drying method. To ensure the water
content retaining constant, an impermeable plastic film
is placed between the permeable stone and the soil sam-
ple during the test to reduce water loss.

The equal suction direct shear test equipment is from
unsaturated soil direct shear instrument produced by
Nanjing TKA LTD., as shown in Figure 3, which uses the axis
translation technology to realize the direct shear test of
matric suction control for samples with different saturations.
In order to carry out comparative study, the samples are
prepared with the optimal water content of 18.4% and
compactness of 0.90 (ρd = 1:51 g·cm-3). The test consists of
three stages, respectively, suction balance stage, equal suction
consolidation stage, and equal suction shear stage. Combined
with the regional characteristics of Shaoxing unsaturated silty
clay, the matric suction is set at 0 kPa, 25 kPa, 50 kPa,
75 kPa,100 kPa, 150 kPa, 200 kPa, 300 kPa, 400 kPa, and
500 kPa, and the net vertical stress is 50 kPa, 100 kPa,
and 200 kPa, respectively. In order to adapt to the character-
istics of homogeneous and slow dissipation of pore pressure
and pore water pressure in unsaturated soil during direct

Figure 1: Unsaturated soil consolidation instrument.

Figure 2: Fully automatic direct shear instrument.
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shear test, the shear rate of the sample is 0.0032mm/min and
the horizontal displacement is 6mm. After each sample is
sheared, part of the soil is taken from the shear plane, and
the water content after shearing is measured by drying
method.

3. Test Results and Analysis

3.1. Unsaturated Soil Consolidation Test Results and Analysis.
Under the action of different matric suction, the mass water

content corresponding to the equilibrium and stable of the
sample by the consolidation test of unsaturated soils is shown
in Table 2. The measured mass water content is converted
into the corresponding volume water content to establish
the relationship between the volume water content and the
matric suction, as shown in Figure 4. It can be seen that the
volume water content shows a significant downward trend
with the increase of matric suction. At the beginning, the vol-
ume water content drops slowly, then the curve steepens, and
the rate of decline increases obviously. However, with the

Figure 3: Unsaturated soil direct shear instrument.

Table 2: Corresponding values of matric suction and water content in unsaturated soil consolidation test.

Matric suction/(kPa) 1 25 50 75 100 150 200 300 400 500

Mass water content/(%) 29.7 28.8 27.8 24.9 22.1 20.5 19.0 16.8 15.0 13.4

Volume water content/(%) 44.9 43.5 42.0 37.6 33.4 31.0 28.7 25.4 22.7 20.2

(150 kPa, 30.7%)
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Figure 4: Fitting results of test data of soil-water characteristic curve.

5Geofluids



further increase of matric suction, the decreasing rate of
moisture content in the sample volume gradually slows
down.

Since most of the model equations describing the soil-
water characteristic curve are based on experience and the
shape of the curve, many scholars have proposed different
model equations. The representative soil-water characteristic
curve equations include Gardner equation [40], Brooks-
Corey model [41], Van Genuchten model [29], and Fredlund
and Xing model [30]. Among them, the parameters of the
Van Genuchten model have a dear physical meaning, and
its fitting effect is perfect, so it is widely used in practice.
Therefore, the curve between matric suction and volume
water content of unsaturated silty clay in this paper is fitted
with the Van Genutchen model, and its expression is as
follows:

θw = θr +
θs − θrð Þ

1 + asj jn½ �m , ð1Þ

where θw is the volumetric water content (%); θs is the satu-
rated volumetric water content; θr is the residual volumetric
water content; s is the matric suction (kPa); α is the parame-
ter related to the inlet value (kPa-1); n is parameters related to
the degree of drainage; m is a parameter related to residual
water content, where m = 1 − 1/n.

The logarithm of matric suction is made as abscissa, and
volume water content is taken as ordinate, and VG model is
used to fit the test data. The soil-water characteristic curve
fitted by measured data points and VG model is shown in
Figure 4. Among them, matric suction 0~500 kPa is the mea-
sured value fitting range, and 500~10000 kPa is the model
prediction range. Basic parameters of the fitting are shown
in Table 3. Among them, the parameters α, n, m, θs, and θr
are obtained by inputting the VG model formula and the
corresponding values of matric suction and water content
measured in the experiment into Origin Software for fitting.
As can be seen from Figure 4, the soil-water characteristic
curve fitted by VG model shows an inverse “S” shape with
obvious three stages. This result is similar to the law of divid-
ing the soil-water characteristic curve dehydration process
into three stages: boundary effect zone, transition zone, and
unsaturated residual zone. The air-entry value of soil sample
is 38 kPa, the residual volume water content is 12.4%, and the
matric suction corresponding to the turning point of soil-
water characteristic curve is 150 kPa. Within the value of
500 kPa matric suction, the soil-water characteristic curve
fitted by the measured value shows obvious two-stage charac-
teristics, which corresponding to the boundary area and tran-
sition area of the typical soil-water characteristic curve,
respectively. In the boundary area (s = 0 ~ 38 kPa), the vol-
ume water content of soil did not decrease obviously with

the increase of matric suction. This is because the initial
water content of the sample is close to saturation, and the
pore pressure is small which the gas in the soil can only be
suspended in water in the form of closed bubbles and flow
together with the water. At this time, the soil loses less water
and is close to the saturated soil. When the matric suction
increases to the air-entry value and reaches the transition
zone (38 kPa ≤ s ≤ 910 kPa), the soil sample begins to lose
water rapidly at a certain rate. This is due to the increase of
pore pressure, and the water in the soil will be gradually
discharged by gas and occupied a larger pore channel. With
the further increase of pore pressure, more water will be
discharged from the soil, and the soil water content will
decrease rapidly. When the matric suction is in the unsatu-
rated residual zone (s ≥ 910 kPa), and the pore pressure con-
tinues to increase and the water in the soil is little or no
longer discharged, it is considered that the soil has reached
the residual water content.

Compared with the typical soil water characteristic curve,
due to the limitation of the test instrument, the maximum air
intake value of the clay plate is 500 kPa, and the data corre-
sponding to the residual zone cannot be measured by the
instrument, so the residual area of the sample can only be
predicted by fitting. At present, many definitions of residual
matric suction are based on experience. They do not have
clear physical meaning and theoretical support. For example,
Sillers and Fredlund and Sillers et al. [42, 43] think that the
matric suction corresponding to the residual water content
is 3000 kPa. They also think that the residual state is the state
that pore water in soil changes from capillary action to
adsorption force. This definition is quite popular at present.
Based on the recommendations of Sillers and Fredlund and
Sillers et al. [42, 43], this paper assumes that the residual
matric suction is 3000 kPa for fitting, as shown in the curve
of the end of measured value to point C in Figure 4. Obvi-
ously, the volume water content corresponding to the matric
suction of 3000 kPa is not the residual volume water content.
Through repeated fitting calculation, the residual matric
suction is finally assumed to be 10000 kPa, as shown in the
curve to point D in Figure 4, the fitting effect of this region
is better, and the corresponding residual volume water
content is 12.4%.

3.2. Direct Shear Test and Result Analysis

3.2.1. Relationship between Shear Strength and Matric
Suction. Table 4 shows the corresponding shear strength
values of the conventional direct shear test under different
volume water contents and the equal suction direct shear test
under different matric suction. Among them, the corre-
sponding matric suction in the data column of the conven-
tional direct shear test is obtained from the matric suction

Table 3: Basic parameters of VG model.

Model
Fitting parameters

Fitting correlation coefficient R2
α n m θs/% θr/%

VG model 0.0122 1.733 0.423 44.9 12.4 0.9949

6 Geofluids



corresponding to the volume water content in the soil-water
characteristic curve.

The corresponding shear strengths of the conventional
direct shear test and equal suction direct shear test under dif-
ferent matric suction are shown in the same figure, as shown
in Figure 5. It can be seen from the figure that the shear
strength of unsaturated silty clay samples changes with
matric suction at different vertical normal stresses, and the
change trend of boundary effect zone and transition zone is
basically consistent with the soil water characteristic curve.
In the boundary effect zone (0~38 kPa), a small matric suc-
tion can still slightly increase the shear strength of the soil,

when the matric suction is less than the air-entry value com-
paring to the fully saturated state. The soil is in an unsatu-
rated state, in the transition zone (38~500 kPa). The shear
strength changes in two stages with the change of the matric
suction. When the matric suction increases from 38 kPa to
200 kPa, the shear strength increases rapidly and the corre-
sponding volume water content at this stage is 41.8%~28%,
and the lower limit volume water content is close to that of
plastic limit. The increase rate of shear strength gradually
decreases after the matric suction exceeds 200 kPa. Combin-
ing with the soil-water characteristic curve, it can be found
that the transition zone can also be divided into two stages,

Table 4: The corresponding shear strength values of the conventional direct shear test and the equal suction direct shear test.

Conventional direct shear test Equal suction direct shear test
Volume water
content/%

Matric
suction/kPa

Vertical
stress/kPa

Shear
strength/kPa

Matric
suction/kPa

Net vertical
stress/kPa

Shear
strength/kPa

44.9 1

50 36.3

1

50 36.3

100 54.8 100 54.8

200 91.8 200 91.8

43.3 25

50 39.9

25

50 43.3

100 58.2 100 62.4

200 94.8 200 100.6

41.8 38

50 42.4

/

/ /

100 61.2 / /

200 98.5 / /

40.4 50

50 55.6

50

50 57.0

100 75.1 100 77.6

200 114.1 200 118.8

37.4 75

50 64.2

/

/ /

100 84.3 / /

200 124.5 / /

34.8 100

50 72.3

100

50 69.8

100 92.5 100 91.5

200 132.9 200 134.7

30.8 150

50 76.3

150

50 80.3

100 97.2 100 102.6

200 139.4 200 147.4

28.8 200

50 81.3

200

50 84.5

100 102.4 100 109.1

200 144.7 200 154.2

24.4 300

50 87.4

300

50 93.7

100 109.2 100 116.9

200 152.7 200 163.3

22.3 400

50 92.5

400

50 99.3

100 114.5 100 122.3

200 158.6 200 168.3

20.9 500

50 96.8

500

50 103.5

100 119.5 100 127.1

200 164.8 200 174.1
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namely, the main transition zone and the secondary transi-
tion zone. Taking the matric suction as 200 kPa as the demar-
cation point, the shear strength in the main transition zone
increases rapidly with the matric suction comparing with
the secondary transition zone. This is similar to the results
of Çokça and Tilgen [44], Bai and Liu [45], Pandya et al.
[13], and Khalili et al. [22].

It can be found that the shear strength change trends
measured by the two methods are relatively consistent com-
paring the two test results. When the matric suction is less
than the air-entry value, the shear strength of the equal suc-
tion direct shear test is basically equal to that of the conven-
tional direct shear test. When the matric suction is in the
transition zone, the shear strength of equal suction direct
shear test is generally higher than that of conventional direct
shear test. Due to the limited range of the matric suction
force applied by this test instrument, the results of the matric
suction force exceeding 500 kPa cannot be compared.

3.2.2. Relationship between Shear Strength and Matric
Suction. In order to avoid the limitation of Bishop equation,
Sillers et al. [43] used two independent stress state variables
to study the mechanical properties of unsaturated soils.
Through a lot of laboratory tests and theoretical analysis,
the theoretical formula of the shear strength of unsatu-
rated soils with net normal stress and matric suction as
two variables:

τf = c′ + σ − uað Þ tan φ′ + ua − uwð Þ tan φb, ð2Þ

where φb represents the rate at which the shear strength
increases with the matric suction ðua − uwÞ, which is sim-
ply referred to as the internal friction angle of adsorption.
If c′ + ðua − uwÞ tan φb is replaced by c in the formula (1),

the shear strength formula of unsaturated soil can be
rewritten as formula (2):

τf = c + σ − uað Þ tan φ′, ð3Þ

where c = c′ + ðua − uwÞ tan φb, in which c is the intercept
of total cohesion, which is referred to as total cohesion
in this article. The total cohesive force c of unsaturated
soil is composed of the cohesive force c′ in the saturated
state and the shear strength ðua − uwÞ tan φb caused by
the matric suction in the unsaturated state.

Based on the above formula, the total cohesion and effec-
tive internal friction angle of soil samples at different volume
water contents are obtained according to the results of con-
ventional direct shear tests. By transforming the soil-water
characteristic curve into the corresponding matric suction,
the relationship between total cohesion and effective internal
friction angle with matric suction can be obtained. The
strength index of the equal suction direct shear test is
obtained by applying the corresponding shear strength of
different matric suction. Through calculation, the corre-
sponding shear strength parameters of the conventional
direct shear test and equal suction direct shear test under dif-
ferent volume water content and matrix suction are shown in
Table 5. Among them, the corresponding matric suction in
the data column of the conventional direct shear test is
obtained from the matric suction corresponding to the vol-
ume water content in the soil-water characteristic curve.

Figures 6 and 7 show the relationship between the total
cohesive and effective internal friction angle with the matric
suction of equal suction direct shear test and conventional
direct shear test. It can be seen from the figures that the total
cohesion and effective internal friction angle have different
rules of change with the matric suction. With the increase
of matric suction, the total cohesion increases nonlinearly
and tends to be stable gradually, and its characteristics are
synchronous with the shear strength. The effective internal
friction angle increases slightly with the increase of the
matric suction, and the size is close to the internal friction
angle when the soil is saturated, and its change characteristics
are not synchronized with the shear strength. According to
the geotechnical engineering investigation report of Shaoxing
area, the typical silty clay in Shaoxing area is marine sedi-
mentary soil, and the particles are in thin sheet shape. The
particles are connected by edge to edge and edge to surface,
and the arrangement is directional, with the characteristics
of flocculent structure. It contains plant debris, a small
amount of flaky particles filled in the coarse particles, clay
minerals, silt particles, and humus which adsorb by each
other. But microscopically, there is still a very small amount
of gas present in the tiny corners of individual pores, the
resulting very low suction force plays a role in connecting soil
particles, and the lubrication of water between the soil
particles is reduced. Therefore, compared with the fully
saturated state, the total cohesion and effective internal
friction angle of the soil are slightly increased. In the tran-
sition zone, the soil is in unsaturated state, the air entering
the pores increases gradually, the moisture in the pores
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Figure 5: The relationship between shear strength and matric
suction.
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decreases correspondingly, the matric suction generated by
the difference of pore pressure and water pressure
increases, and with the change of air-water interface

shrinkage membrane, the surface tension generated
increases gradually with the increase of air in the pore,
so the total cohesion of soil increases. At the same time,
as the pore gas entering the soil increases, the moisture
gradually decreases, and the lubrication between soil parti-
cles is reduced due to moisture, so the effective internal
friction angle of the soil increases slightly. However, when
the matric suction increased to a certain extent, the water
content in the soil would not be discharged any more, and
the water content in the soil would remain unchanged,
eventually making the total cohesion in the soil gradually
stabilized.

By comparing the data points obtained from the two tests,
it can be found that in the boundary region (s ≤ 38kPa), the
total cohesion and effective internal friction angle under the
equal suction direct shear test and the conventional direct
shear test have little change, which is basically the same as
that under the saturated state. In the transition zone
(38 kPa ≤ S ≤ 500 kPa), when the matric suction force is
lower than 100 kPa, the total cohesion measured by the
equal suction direct shear test is smaller than the total cohe-
sion measured by the conventional direct shear test, and
when the suction direct shear test exceeds 100 kPa, the total
cohesion is greater than that measured by the conventional
direct shear test. However, the effective internal friction
angle measured by the equal suction direct shear test is
always greater than the effective internal friction angle mea-
sured by the conventional direct shear test.

From the above analysis, it can be concluded that with the
increase of matric suction, the shear strength and total cohe-
sion of the soil increase significantly, and the effective inter-
nal friction angle changes less. It can be considered that the
contribution of matric suction to the shear strength is more
reflected in the increase in total cohesion.

4. Prediction Model and Improved Model of
Shear Strength Based on Soil-Water
Characteristic Curve

According to the above analysis, as the matric suction
increases, the effective internal friction angle of the soil
changes only slightly, while the cohesive force changes signif-
icantly, so the change of the effective internal friction angle is
ignored. In order to consider only the contribution of matric
suction to shear strength, the effect of net vertical normal
stress on shear strength should be excluded. Therefore, if
the net vertical normal stress is 0, the increment of cohesion

Table 5: Shear strength parameters corresponding to conventional direct shear test and equal suction direct shear test.

Conventional direct shear test

Volume water content/% 44.9 43.3 41.8 40.4 37.4 34.8 30.8 28.8 24.4 22.3 20.9

Matric suction/kPa 1 25 38 50 75 100 150 200 300 400 500

Total cohesion/kPa 17.8 21.6 23.7 36.1 44.1 52.1 55.3 60.2 65.7 70.4 74.1

Effective internal friction angle/° 20.3 20.1 20.5 21.3 21.9 22 22.8 22.9 23.5 23.8 24.4

Equal suction direct shear test

Matric suction/kPa 1 25 / 50 / 100 150 200 300 400 500

Total cohesion/kPa 17.8 23.4 / 35.5 / 47.4 57.1 63.1 69.6 75.5 79.2

Effective internal friction angle/° 20.3 20.9 / 22.4 / 23.4 24.1 24.3 24.9 24.7 25.2
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Figure 6: Relationship between total cohesion and the matric
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obtained from saturated state to unsaturated state is the con-
tribution value of matric suction to shear strength. Based on
the research of unsaturated soils, Khalili and Khabbaz [46],
Vanapalli et al. [31], Lamborn [47], and others earlier pro-
posed different prediction models for the shear strength of
unsaturated soils, which have wide applicability. Without
considering the influence of the net vertical normal stress
and only considering the contribution of the matric suction
to the shear strength, three models of the contribution of
the shear strength can be obtained, namely, model 1, model
2, and model 3, as (4)~(6):

τus = ua − uwð Þ0:45 ua − uwð Þ0:55b tan φ′, ð4Þ

τus = ua − uwð Þ θw − θr
θs − θr

� �
tan φ′, ð5Þ

τus = ua − uwð Þθw tan φ′, ð6Þ
where τus is the contribution value of the matric suction to
the shear strength.

According to the results of the direct shear test, the mea-
sured shear strength contribution value can be obtained. The
internal friction angle φ′ = 20:3° at saturated state of soil and
the soil-water characteristic curve parameters ðua − uwÞb =
38 kPa, θs = 44:89%, and θr = 12:4% fitted by VG model are
substituted into equations (4)~(6) to calculate the contribu-
tion value of shear strength under model 1~model 3, as
shown in Table 6. According to the results in Table 6, the
calculated shear strength contribution values of the three
models are compared with the measured values, as shown
in Figure 8. It can be clearly seen from the bar graph that
the shear strength contribution value calculated by model 1,
model 2, and model 3 differs greatly from the measured value
and is significantly lower than the measured value. The error

analysis of the three models is performed, and the calculation
results are shown in Table 6. The relationship between the
absolute relative error of the three models and the change
of the matric suction is represented by a bar graph, as shown
in Figure 9. It can be seen from Figure 9 that the absolute
value of the relative error calculated by the three models
has a large dispersion. The absolute relative error calculated
by model 1 and model 2 reached the maximum in the bound-
ary area, 67.2% and 54.8%, respectively, while the absolute
relative error calculated by model 3 is close to 0 in the bound-
ary area, and the fitting effect is good. However, in the
transition region, the absolute values of relative errors calcu-
lated by model 1 and model 2 are mostly in the range of
20%~35%, while those of model 3 are mostly in the range
of 35%~60%. The average errors of the three models are
33.2%, 26.5%, and 40.5%. Due to the large error, the three
calculation models cannot be directly used in the transition
zone to calculate the contribution of the matric suction to
the shear strength, and a new improved model needs to be
established.

According to the literature [48], taking the matric suction
value corresponding to the air-entry value and the residual
volume water content as the dividing line, the soil can be
divided into the boundary zone, the transition zone, and
the unsaturated residual zone. According to the comparison
of the absolute relative error calculated by the above model
1 to model 3, in the boundary zone, that is, the matric suction
is less than the air-entry value, only the absolute relative error
of model 3 is about 5%, which is in line with the actual allow-
able error range. Therefore, taking the air-entry value of the
soil 38 kPa as the dividing line and based on the formula pro-
posed by Lamborn [47], when the matric suction is less than
the air intake value, the relationship between the matric suc-
tion and the shear strength contribution value is formula (6);
when the matric suction is greater than 38 kPa, as the matric
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Figure 8: Comparison of calculated and measured values of the three models.
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suction continues to increase, the contribution rate of the
matric suction to the shear strength gradually decreases.
Therefore, 38 kPa is used as the initial zero point, and the
subsequent matric suction minus 38 kPa is used as the matric
suction increase. According to the conversion relationship
between matric suction and volume water content in refer-
ence [31], the expression of the contribution of matric suc-
tion to shear strength can be given as follows:

τus =
ua − uwð Þ tan φ′

1 + α ua − uwð Þ − ua − uwð Þb
� �n� �m : ð7Þ

Combining equations (6) and (7), the calculation model
of the contribution value of matric suction to shear strength
can be obtained as follows:

τus =
ua − uwð Þθw tan φ′, ua − uwð Þ < ua − uwð Þb,

ua − uwð Þ tan φ′
1 + α ua − uwð Þ − ua − uwð Þb

� �n� �m , ua − uwð Þ ≥ ua − uwð Þb:

8>><
>>:

ð8Þ

According to the foregoing, substituting φ′ = 20:3°,
ðua − uwÞb = 38 kPa, α = 0:0:0122, n = 1:733, and m = 0:423
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Figure 9: The variation of absolute relative error of the three models with matric suction.
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into improved model (8), the shear strength under different
matric suction can be obtained contribution value and com-
pare with the measured value and predicted values of three
models, as shown in Figure 10. The relationship between
the absolute value of the relative error of model 1, model 2,
model 3, and the improved model and matric suction is
shown in Figure 11. It can be seen from the figure that, except
for the absolute relative error between the actual measured
value and the calculated value of the improved model, which
exceeds 10%, the absolute relative error of the remaining mea-

sured value and the calculated value of the model is within
10%. The average absolute value of relative error of the
improved model is 5.4% through calculation within the range
ofmatric suctionmeasured. Compared with the absolute value
of relative error of model 1 tomodel 3, the mean value of abso-
lute value of relative error obtained by the improved model
decreases by 27.8%, 21.1%, and 35.1%, respectively, which
shows the effectiveness of the improved model.

Therefore, the improved model formula for the shear
strength of Shaoxing unsaturated silty clay is as follows:

5. Conclusions

(1) The soil water characteristic curve fitted by VG
model combined with the strength measured by con-
ventional direct shear test is in good agreement with
that measured by equal suction direct shear test of
unsaturated soil. Within a certain range, the shear
strength and total cohesive force of the soil increase
nonlinearly with the increase of matric suction,
which has similar phase characteristics of the soil-
water characteristic curve, and the effective internal
friction angle changes little

(2) By analyzing the physical meaning of the air-entry
value and taking the air-entry value as the demarca-
tion point, an improved model of the shear strength
of unsaturated silty clay in this paper is proposed.
The absolute value of the error between the shear
strength contribution value calculated by the
improved model and the measured value is basically
within 10%. Compared with the average absolute rel-
ative error of model 1 to model 3, the absolute relative
error of the improved model decreases by 27.8%,
21.1%, and 35.1%, respectively, which shows the
effectiveness of the improve model

The research in this paper can simplify the testing
method of unsaturated soil shear strength, save time, and
provide new ideas for the popularization and application of
unsaturated soil shear strength theory in engineering
practice.
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Water inrush of tunnel is one of the most common geological disasters in the karst strata in China. Aiming at the rock mass with a
quasi-masonry structure in the water-resistant strata between karst cavity with high pressure water and tunnel and the
shortcomings of theoretical analysis, traditional numerical simulation, and physics model test for describing and reflecting this
special structure of rock mass, a Discrete Element Method considering the fluid-solid coupling effect and structural
characteristics of rock mass is employed to study the disaster process of water inrush and the evolutionary characteristics of
catastrophe information like seepage pressure and displacement under condition of different karst water pressure, tunnel depth,
and lateral pressure coefficient. Research results show the following: (1) the seepage pressure and displacement increase with the
increase of kart water pressure. The seepage pressure demonstrates a decreasing state from top to bottom in water-resistant
strata, and the time of arrival to a stable value for the seepage pressure shows the time effect. (2) The larger the tunnel depth,
the greater the coalescence and distribution scope of fracture and the more likely the water inrush to occur in a short time. The
stability of water-resistant strata decreases on the whole with the growth of tunnel depth. (3) The increase of lateral pressure
coefficient can restrain the fracture development and strengthen stability. The fracture state is significantly influenced by a
lateral pressure coefficient. The results of numerical simulation are consistent with those obtained by a model test. Research and
analysis based on energy are a promising train of thought for studying the disaster process of water inrush in a karst tunnel.

1. Introduction

Since the 21st century, with the rapid advancement of west
development strategy of Chinese national economy, the focus
of tunnel construction has gradually shifted to the Western
Mountain and karst area. However, complex karst geological
structures, especially various scale concealed karst cavities
and underground rivers, make the construction of tunnel
face the serious threat of water inrush in the abovementioned
areas. The karst cavities with high water pressure and high
concealment around a tunnel, inducing the suddenness and
unpredictable water inrush disaster, are more dangerous
than the karst structures exposed by tunnel excavation [1].
In the absence of presupport and prereinforcement, if the
water-resistant strata between the tunnel and the concealed

cavity with high water pressure cannot withstand the com-
bined effect of karst water pressure and excavation distur-
bance, fractures will generate, propagate, and then coalesce
with each other, eventually causing water inrush disaster
and serious economic losses and casualties [2–7]. During
the construction process, the Malujing Tunnel of the Yiwan
Railway encountered a series of large-scale karst cavities,
dissolved fissures, and sinkholes, and more than 10 large
scale water and mud inrush disasters occurred successively.
Among them, two weighty disasters occurred on January
21, 2006, and April 11, 2008, resulting in 15 deaths and a
delay of more than two years [8]. Qiyueshan tunnel encoun-
tered a total of 187 large-scale karst pipelines, karst cavities,
fault zones with high pressure water and other unfavourable
geologies. As a result, 18 times of water inrush disasters
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occurred, and the cumulative value of water discharge
reached to 6:3 × 106m3, which led to a sharp increase in the
cost of construction [9, 10]. The study on the disaster process
of water inrush and evolutionary characteristics of accompa-
nying catastrophe information is of great significance for
control and preventing water inrushes in karst tunnel.

Lots of scholars have done many researches on disaster
mechanism of water inrush and catastrophe information
characteristics by theoretical analysis, numerical simulation,
and physical model tests up to now. In terms of theoretical
research, Xu et al. [11] proposed a semianalytical solution
to determine the minimum safe thickness of water-resistant
strata for resisting water inrush from filling-type karst cavi-
ties based on the principle of the slice method. Fu et al. [12]
derived the computational formula of the minimum safety
thickness for preventing the collapse of rock pillar when a
tunnel is excavated above a karst cave. Guo et al. [13] used
the Schwarz alternating method to identify the critical
water-resistant thickness and analysed the influence of karst
water pressure. Xin et al. [14] established an attribute recog-
nition model for safe thickness assessment between a
concealed karst cave and tunnel based on the attribute math-
ematic theory. Yang et al. [15] studied the minimum safe
thickness of rock plug and obtained its analytical expression.
In the field of numerical simulation, Qin et al. [16] analysed
the distribution law of releasable elastic strain energy and
failure zone under different widths of concealed karst cave
by FLAC3D. Shan et al. [17] proposed a comprehensive
numerical analysis method to determinate the safe thickness,
and its rationality and effectiveness have been proved by field
tests. Pan et al. [18] investigated the mechanism of lagging
water inrush in tunnel construction due to the proximity of
a karst cavern with confined water via numerical simulations.
Li [19] analysed the catastrophic process of water inrush in
the water-resistant strata induced by unloading damage
under strong seepage by RFPA flow. With respect to physical
model tests, Liang et al. [20] analysed the evolutionary laws of
stress, displacement, and water pressure by a physical model
test of water inrush in tunnel excavation. Yang et al. [21]
studied the disaster process and failure model of water-
resistant strata. Pan et al. [22] conducted a solid-fluid cou-
pling model tests on lagging water inrush of karst tunnel
and researched the evolutionary process of disaster informa-
tion under different karst water pressures.

The previous researches and achievements as above for
the stability and disaster process of the water-resistant strata
promoted the advancement in this field and provided a solid
foundation for further study in this paper. However, there are
some shortcomings about theoretical analysis and physical
model test. A theoretical analysis method can be only used
to assess the overall instability of water-resistant strata in
the end under some simplifications and assumptions. At
the meantime, theoretical analysis is difficult to analyse and
describe the disaster process of water inrush with highly
nonlinear characteristics. As for physical model tests, there
exist some disadvantages of expense, time, and acquisition
of information. Numerical simulation is an effective and con-
venient tool for the simulation of disaster process of the
water-resistant strata and water inrush with some unique

advantages compared with theoretical analysis method and
physical model testing method. The water-resistant strata
are basically regarded as porous continuous medium in the
aforementioned studies by the use of numerical simulation,
which ignores the fracture condition in the water-resistant
strata and misestimates the fluid-solid coupling effect.
Therefore, for reflecting the real structure properties of
water-resistant strata, it is very necessary to employ a numer-
ical method that can consider the initial discontinuities
(shown in Figure 1) and accurately describe the initiation
and propagation of these discontinuities considering fluid-
solid coupling (shown in Figure 1).

In the limestone strata, discontinuities such as beddings
and cross joints intersect with each other and cut the rock
mass into numerous relatively discrete blocks, called quasi-
masonry structure seen in Figure 1. Figure 1 visually shows
the disaster process of water inrush in the water-resistant
strata with a quasi-masonry structure. The upper part of
Figure 1 illustrates the structure of limestone in the karst area
and the spatial relationship of cavity with high pressure water
and tunnel. The lower half of Figure 1 is the sketch to intui-
tively indicate the disaster process of water inrush from karst
cavity after tunnel excavation. As show in Figure 1, the disas-
ter process of water inrush is the macroresult of the initiation,
propagation, and coalescence of the initial discontinuities
under tunnel excavation disturbance and karst water pres-
sure. Therefore, the structure characteristics of the water-
resistant strata and water-rock interaction in the rock mass
with quasi-masonry structure play the important role in the
disaster process of water inrush and evolutionary characteris-
tics of catastrophe information like seepage pressure and
displacement. The new method based on the DEM (UDEC)
and fictitious joint technology is adopted to really simulate
the disaster process of water-resistant strata under the com-
bined effect of different karst water pressure, tunnel depth,
and lateral pressure coefficient [23, 24]. The evolutionary
characteristic of seepage pressure and displacement is
analysed under different conditions, and the influentialmech-
anism of karst water pressure, tunnel depth, and lateral pres-
sure coefficient is revealed. The achievements are of great
significance for early warning and prevention for water inrush
of karst tunnel.

2. Numerical Modeling

2.1. Model Generation. Figure 2 shows the numerical model
used in this simulation to analyse the catastrophic evolution
process of water inrush from a water-filled karst cavity above
the tunnel in the limestone strata with the quasi-masonry
structure. For this model to ensure the simulation effect
and computing efficiency, the range is 80m × 71m; the
three-centred circular tunnel section with height of 9.5m,
span of 8.5m, and buried depth of 500m is adopted to simu-
late a more real tunnel cross section and tunnel depth. The
concealed karst cavity above tunnel with water pressure (p)
is generalized to an ellipse with a long axis of 20m and a
minor axis of 12m, which can be identified and positioned
by collaborative exploration method integrating geological
identification, geophysical inversion, and drilling; and the
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water-resistant strata between cavity and tunnel are 3m in
thickness. Given the features of the quasi-masonry structure
in karst strata, the blocks are divided into many small rectan-
gles by the beddings and the crossed joints. A row of blocks
bounded by upper and lower beddings is one limestone layer
with the thickness of 1m, and the number of the layer is 71.

So, according to the range of model, tunnel dimension, and
scale of karst cavity, the initial numerical model generates
with the help of the command of Generate; and then, karst
cavity generated in the model and the influence of karst cav-
ity generation are reset. Finally, the full model is intersected
by beddings and cross joints through Jset and crack, and the

Tunnel
Quasi-masonry structure strata

Cavity with high
pressure water

Water-resistant strata

Crack initiation Crack propagation Crackcoalescenc

Karst water

Tunnel

Karst water Karst water

Tunnel Tunnel

Hydraulic
crack 

Discontinuities

Bedding

Cross
joint

Fluid-
solid

coupling

Figure 1: Sketch of quasi-masonry structure of water-resistant strata and water inrush process.
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Figure 2: Simulation calculation model and measuring point arrangement.
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numerical model has been built as shown in Figure 2, as
possibly similar to the actual structural features of the lime-
stone strata. To acquire the disaster information like seepage
pressure and displacement during the instability process of
water-resistant strata, the typical 9 measuring points n1~3,
n4~6, and n7~9 (shown in Figure 2) are, respectively, set
up on horizontal lines HL1, HL2, and HL3 with a horizontal
distance for 2m and a vertical distance of 1m between the
adjacent points, which, respectively, are located on the three
beddings and at the intersection point of the bedding and
cross joint for easily and effectively reflecting the displace-
ment and seepage information of the sharp change points
in the disaster process.

2.2. Material Constitutive Models and Properties. The
mechanical properties of model are defined by the use of
the mechanical parameters of the blocks and those of the
joints between blocks. In this numerical simulation, the
material of rock block system is regarded as a large number
of deformable microblocks (cons = 3, Mohr-Coulomb plas-
ticity model adopted for the balance between computational
accuracy and easy acquisition of mechanical parameters),
bound together by contacts. The jcons = 5 (joint model resid-
ual), Coulomb slip with residual strength, is utilized to model
the mechanical behaviour of discontinuities. In this model,
an internal flag is set for each discontinuity segment when
the shear strength of discontinuities is exceeded. If a discon-
tinuity was fractured, the discontinuity friction angle and dis-
continuity cohesion are set to residual values. Therefore, the
microparameters of the block and the discontinuity are
required to input; they are shown in Table 1 based on the pre-
vious research of authors [25] and Table 2 [26], respectively.

2.3. Boundary Conditions. After finishing the cutting of all
the block (beddings and joints) and the defining of the
mechanical properties of model, the boundary and initial
conditions were added on the numerical model, as shown
in Figure 3. The concerned are defined as follows in
Figure 3: kq0 + γh is the stress value at bottom sides of the left
and right boundaries of the numerical model; q0ðγHÞ is the
overburden pressure of the model; k is the lateral pressure
coefficient; γ is the bulk density of rock mass; h is the height
of the model. According to the tunnel depth (H), the weight
of the overlying rock mass was converted into a vertical uni-
form load (q0) applied on the top boundary of the model. A
stress boundary was also exerted on the left and right sides
of the model with a lateral pressure coefficient (k). The bot-
tom side was bounded by displacement boundary. The karst
water pressure (p) in karst cavity is regarded as a constant
and acted vertically on the boundary of the cavity. Numerical
simulations for fully coupled fluid-solid interaction with
saturated flow and initiation and propagation of hydraulic
fracture are carried out in the following order: stress balance
and state reset, tunnel excavation, acquiring the disaster
information, and stop under the condition of combination.

2.4. Calculation Scheme. Karst water pressure, tunnel depth,
and lateral pressure coefficient are three important influential
factors that affect the stability condition and disaster process

of the water-resistant strata. To figure out the disaster process
of water inrush in karst tunnel and the evolutionary charac-
teristics of catastrophe information like seepage pressure
and displacement under condition of different karst water
pressure, tunnel depth, and lateral pressure coefficient, a
series of numerical simulations are conducted to the seepage
pressure, displacement of the kinetics and dissipated energy
of the water-resistant strata were simulated and analysed
based on the above modeling method in the condition of dif-
ferent conditions. Table 3 shows the influential factors and
their calculation scheme in this research. The cases 1~3,
4~6, and 7~9 are used to study the effect of water pressure
(p), tunnel depth (H), and lateral pressure coefficient (k) on
the disaster process and catastrophe information characteris-
tics of the water-resistant strata, respectively. During the
calculation, the fluid flow calculator is on for considering
the solid-fluid coupling, and the mechanical time duration t
for the increment of cycling lasts for 80ms.

The seepage pressure characterizes the water pressure
value, water pressure distribution, and crack propagation in
the water-resistant strata, and vertical displacement to reflect
the stability of the water-resistant strata of the n1~n9 of nine
monitoring points on HL1, HL2, and HL3 is collected and
recorded. Energy is the essential dynamics of crack propaga-
tion and rock mass failure under any circumstances. The fail-
ure process of rock is accompanied by energy accumulation,
energy dissipation and energy release. In order to analyse the
stability of the water-resistant strata from the energy point of
view in stability analysis based on energy properties, the
kinetic energy as one kind of the released energy and the
dissipated energy of the model system are calculated and
recorded by use of UDEC program in the disaster process
of water inrush.

3. Influence of Karst Water Pressure (p)

3.1. Seepage Field Analysis of the Water-Resistant Strata
under Different p. Table 4 demonstrates the evolutionary pro-
cess of the seepage field in the water-resistant strata under the
three cases of tunnel depth of 500m, lateral pressure coeffi-
cient of 1.2, and different karst water pressure (case 1: p = 1
MPa, case 2: p = 2MPa, and case 3: p = 3MPa) at t = 10ms,
40ms, and 80ms. Thus, this table is subdivided into 9 subfi-
gures; every 3 subfigures in one column show the evolution-
ary process of seepage field in the water-resistant strata,
which also illustrate the progressive failure process of the
water-resistant strata. And every 3 subfigures in one row
are a comparison of the 3 seepage fields under the different
karst water pressure at the same mechanical duration time.

The columns in Table 4 show that the karst water in the
cave splits the original closed bedding layers and cross joints
and makes the water-resistant strata failure to form many
cracks in the upper and middle part under the combined
effect of tunnel excavation and karst water pressure at the
beginning of the stress release of the surrounding rock mass
(t = 10ms). Then, with further stress release (t = 40ms and
t = 80ms), the cracks furtherly propagate and the fracture
range continuously extends in the water-resistant strata,
and the failure degree of the water-resistant strata increases
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with the increase of time in the meantime. At t = 80ms, the
water-resistant strata have the tendency of instability and
the water inrush channel initially forms in the case of p = 2
MPa and p = 3MPa. In this disaster process, the propagation
feature of cracks and the distribution range of water pressure
significantly show the time effect and the structure influence
of the water-resistant strata.

With the increase of time, it is clear to find that the seep-
age scope in the water-resistant strata extends obviously and
the fracture degree increases quickly with the increase of
karst water pressure from the three columns in Table 4. For
the first column (p = 1MPa), relatively fewer cracks induced
by karst water pressure and tunnel excavation are generated
in the upper and middle parts of the water-resistant strata,
and the cracks does not propagate the vault of the tunnel.
Therefore, the macroscopic water inrush channel does not
form, and the water-resistant strata are in the stable condi-
tion. The seepage pressure of each measuring points illus-
trates a decreasing state from HL1 to HL3, but the seepage
pressure is the constant value because the cracks stop propa-
gating and seepage pressure develops fully. For the middle
column (p = 2MPa), the larger fracture zone and seepage
scope generate, and the fracture degree is more serious and
the water inrush channel basically forms. For the third
column (p = 3MPa), these above characteristics are more
prominent. Taking the seepage pressure of n7~n9 measuring
points on HL3 as example, the seepage pressure of n7~n9
measuring points at t = 80ms is still increasing while the
water-resistant strata are in the fracture process by compar-

ing with the first column (p = 1MPa). These phenomena
revel that the karst water pressure is the important reason
of the water-resistant strata.

Figure 4 shows the trend of seepage pressure at the 9
measuring points. It is found that the seepage pressure of
the 9 measuring points in the water-resistant strata increases
with the increase of kart water pressure p from Figure 4. The
time of arrival to a steady-state value for the seepage pressure
at different measuring point varies obviously, and even the
seepage pressure at some measuring points has been fluctuat-
ing in Figure 4. The reasons for the abovementioned
phenomenon are as follows: (1) after tunnel excavation,
under the action of excavation disturbance and karst water
pressure, the karst water gradually infiltrates into the origi-
nally closed fissures, and the seepage pressure increases grad-
ually. When the seepage pressure exceeds the critical pressure
of fracture, the cracks begin to initiate and propagate. No
matter whether the water-resistant strata are unstable or
not finally (It is related to karst water pressure), under the
action of three levels of karst water pressure in this paper,
the cracks in the water-resistant strata can always extend to
n1~n6 measuring points in the middle and upper parts of
the water-resistant strata. Therefore, the seepage pressure at
these measuring points can always reach a certain stable
value before the formation of macrowater inrush channel in
the water-resistant strata or when the fracture stops propa-
gating, as shown in Figures 4(a) and 4(b). Because the loca-
tion of n4~n6 is lower than that of n1~n3 in water-resistant
strata, the propagation time for the cracks channelling the
cave with high water pressure to reach n4~n6 is relatively
long, and therefore, it takes a long time for the seepage pres-
sure of n4~n6 to increase to a stable value. The stable values
of seepage pressure at n1~n3 measuring points are close to
the karst water pressure, but the stable value of seepage pres-
sure at n4~n6 is relatively smaller, as shown in Figures 4(a)
and 4(b); (2) when the karst water pressure is 1MPa, the
cracks in the water-resistant strata can only propagate to a
certain position, and water inrush does not occur. Because
the water-resistant strata are stable, the seepage pressure of
n7~n9 measuring points set up at the bottom of the water-
resistant strata reaches a smaller stable value than that of
n1~n6 measuring points. When the karst water pressure is 2
MPa and 3MPa, at t = 80ms, the seepage pressure of n7~n9
is also increasing while the water-resistant strata are still frac-
turing, especially when p = 3MPa, as shown in Figure 4(c).

Table 2: Joint mechanical parameters in numerical simulation.

Joint normal stiffness
(jkn)

Joint shear stiffness
(jks)

Joint cohesion
(coh)

Joint friction angle
(f )

Joint residual cohesion
(resc)

Joint residual friction angle
(resf)

222.2 Pa·m-1 222.2GPa·m-1 0.15MPa 25° 0MPa 25°

q0

kq0 kq0

 Displacement boundary
kq0+𝛾h kq0+𝛾h

p

Figure 3: Boundary conditions of numerical simulation model.

Table 1: Block and joint mechanical parameters in numerical simulation.

Unit weight (γ) Elastic bulk modulus (E) Poisson’s ratio (μ) Internal angle of friction (φ) Cohesion (c)

24 kN/m3 18GPa 0.2 35 10MPa
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3.2. Displacement Field Analysis of the Water-Resistant Strata
under Different p. Table 5 shows the displacement field under
the three cases of p = 1, 2, and 3MPa at t = 10, 40, and 80ms.
Taking the second column in Table 5 (p = 2MPa) as an

example, we analyse the displacement evolution characteris-
tics of the water-resistant strata in the disaster process of
water inrush. After the tunnel excavation, the water-
resistant strata have displaced to some extent due to

Table 3: The calculation scheme for the three influential factors.

Study objectives Case number Karst water pressure (p) Tunnel depth (H) Lateral pressure coefficient (k)

Effect of karst water pressure (p)

1 1MPa 500m 1.2

2 2MPa 500m 1.2

3 3MPa 500m 1.2

Effect of tunnel depth (H)

4 2MPa 300m 1.2

5 2MPa 500m 1.2

6 2MPa 800m 1.2

Effect of lateral pressure coefficient (k)

7 2MPa 500m 0.8

8 2MPa 500m 1.2

9 2MPa 500m 1.6

Table 4: The seepage pressure distribution in the water-resistant strata under the three cases of p = 1, 2, and 3MPa at t = 10, 40, and 80ms.

t p = 1MPa p = 2MPa p = 3MPa

10ms
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excavation effect in the early stage of stress release of the sur-
rounding rock mass (t = 10ms), with significant deformation
towards the interior of tunnel and slight displacement near
the karst cave. As the stress continues to be released (t = 40
ms), the seepage scope in the water-resistant strata is getting
larger and larger, and the damage region extends rapidly. The
seepage crack and seepage pressure in the water-resistant
strata totally increase with various degrees, which causes
the displacement of the water-resistant strata near tunnel
vault continue to increase. And the fracture degree of the
water-resistant strata furtherly increases, but overall, the
water-resistant strata are still in a stable state. However, when
t = 80ms, the overall displacement of the water-resistant
strata increases significantly, and meanwhile, the cracks
propagate quickly and coalesce with each other making the
water-resistant strata into fracture condition. The water-
resistant strata become unstable due to severe fragmentation.

Although the disaster process of water-resistant strata is
similar under the three cases of p = 1, 2, and 3MPa, the influ-
ence difference of karst water pressure on the stability of
water-resistant strata cannot be ignored. When p = 1MPa,
the vertical displacement of the water-resistant strata in the
condition of stability is relatively small. But as p increases
to 2MPa and 3MPa, the water-resistant strata have under-
gone the failure at t = 80ms, and it can be clearly observed
that the fracture degree and vertical displacement of the
water-resistant strata at the top of the tunnel increase contin-
uously with the increase of p. The number, width, and
connectivity degree of the hydraulic fractures increase at
the same time, and the speed of fracture and instability accel-
erates. The increase of the water pressure in the karst cave has
a greater impact on the collapse of the water-resistant strata.
The persistent fluid-solid coupling effect ultimately leads to
the failure and overall instability of the water-resistant strata.
From Table 5, we can also find that the fracture zone is grow-

ing greater and greater with the increase of p. The fracture
zone between the cave and the tunnel has a downward dis-
placement and is divided into many smaller fragments,
which released the stress acting on the rock mass below the
fracture zone, and hence, the rock mass shows a slightly
upward displacement.

Figure 5 shows the variation process of vertical displace-
ment at the 9 measuring points in the water-resistant strata
with p = 1, 2, and 3MPa. Comparing the vertical displacement
of the same measuring points, it is obvious that the vertical
displacement increases significantly with the increase of p,
which illustrates that the karst water pressure has an obvious
influence on the displacement of the water-resistant strata.
In detail, when p = 1MPa, the displacement increases almost
linearly and steadily with increase of the time. But when p is
2MPa or 3MPa, the displacement of the same measuring
point parabolically and quickly grows with the growth speed
accelerating and the growth rate increasing. This is because
the higher karst water pressure makes it easier to generate
cracks in the water-resistant strata and furtherly forms the
water inrush channel. Meantime, the higher karst water pres-
sure can also exert a downward load on the water-resistant
strata. Both of these factors contribute to the displacement of
the water-resistant strata. The displacement of n2 on HL1 is
greater than that of n1 or n3 under the effect of the same p.
The same thing as above, the vertical displacement of n5 and
n8 on HL2 and HL3 is larger that indicates the displacement
of arch crown is greater than that of both sides of arch shoul-
ders. In another words, the arch crown of tunnel is fractured
severely compared with other locations.

4. Influence of Tunnel Depth (H)

4.1. Seepage Field Analysis of the Water-Resistant Strata
under Different H. Table 6 shows the evolution processes of
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Figure 4: The trend of seepage pressure at the 9 measuring points in the conditions of p = 1, 2, and 3MPa: (a) n1~n3 on HL1; (b) n4~n6 on
HL2; (c) n7~n9 on HL3.
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the seepage field in the water-resistant strata under the three
cases of karst water pressure of 2MPa, lateral pressure coeffi-
cient of 1.2, and tunnel depth (case 4: H = 300m, case 5: H
= 500m, and case 6: H = 800m) at t = 10ms, 40ms, and 80
ms. The column is the mechanical duration time, and the
row is the different tunnel depth. Similar to the evolutionary
process of seepage field in Section 3.1, for each tunnel depth,
the karst water also infiltrates downward in the water-
resistant strata to the vault, spandrel, and hance of the tunnel
gradually. But the velocity of water seepage and crack propa-
gation varies greatly with tunnel depth, and the formation

time of water inrush channel is different in the condition of
three kinds of tunnel depth. In the initial stage (t = 10ms),
the karst water ingresses into the water-resistant strata for a
short distance, far from the tunnel vault for the situation of
H = 300m. But when H increases to 500m or 800m, the
water is about to penetrate the water-resistant strata. There-
fore, it can be concluded that the deeper the tunnel is buried,
the more likely it is that water inrush happens in the initial
stage. What is more, by comparing the distribution area of
water with the same t, but varied H, it is clear that the distri-
bution area of water and hydraulic fractures in the water-

Table 5: The vertical displacement contour under the three cases of p = 1, 2, and 3MPa at t = 10, 40, and 80ms.

t p = 1MPa p = 2MPa p = 3MPa
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Contour
interval=
–6.000E-02
to
2.000E-03

–6.000E-02

–5.000E-02
–4.000E-02

–3.000E-02

–2.000E-02
–1.000E-02

0.000E+00

2.000E+02
1.000E+02

Tunnel

Cavity with high
pressure water

The vertical
displacement
contour 

Contour
interval=
–1.000E-01
to
2.000E-02

–1.000E-01

–8.000E-02

–6.000E-02

–4.000E-02

–2.000E-02

0.000E+02

2.000E-02

Cavity with high
pressure water

Tunnel

The vertical
displacement
contour 

Contour
interval=
–2.000E-01
to
5.000E-02

–2.000E-01

–1.500E-01

–1.000E-01

–5.000E-02

0.000E+02

5.000E-02

80ms

Tunnel

Cavity with high
pressure water

The vertical
displacement
contour 

Contour
interval=
–1.200E-01
to
8.000E-02

–1.200E-01

–8.000E-02

–4.000E-02

0.000E+00

4.000E-02

8.000E-02 Tunnel

Cavity with high
pressure water

The vertical
displacement
contour 

Contour
interval=
–6.000E-01
to
2.000E-01

–6.000E-01

–5.000E-01
–4.000E-01

–3.000E-01

–2.000E-01

–1.000E-01

0.000E+00

2.000E+01

1.000E+01

Tunnel

Cavity with high
pressure water

The vertical
displacement
contour 

Contour
interval=
v8.000E-01
to
2.000E-01

–6.000E-01

–5.000E-01

–4.000E-01

–3.000E-01

0.000E+00

2.000E-02
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resistant strata obviously increase with the increase of tunnel
depth. At t = 80ms, water inrush basically occurs under all
three cases, but the fracture and water inrush scale in the con-
dition of H = 500m is larger than those in H = 300m and
reaches the maximum in H = 800m, which reveals that the
scale of fracture and water inrush increases with the growth
of tunnel depth. This phenomenon shows that under the
effect of water pressure and tunnel excavation disturbance,
the larger the tunnel depth, the greater the scale and coales-
cence of fractures formed in the water-resistant strata, which
can speed up the formation of channel and the occurrence of
water inrush disaster.

Figure 6 shows diachronic evolution characteristics of the
seepage pressure at the 9 measuring points in the condition
of H = 300, 500, and 800m under tunnel excavation distur-
bance and karst water pressure (p = 2MPa). It is found that
the seepage pressure of n1~n3 measuring points on HL1
quickly reaches a certain stable value close to karst water
pressure in a short time from Figure 6(a), and the seepage
pressure of n1~n3 is little different in the condition of H =
300, 500, and 800m finally. The growth of seepage pressure
of n4~n9 measuring points is relatively slow by comparison
with that of n1~n3 measuring points, and the deeper the tun-
nel depth, the greater the seepage pressure of measuring
points on HL2 and HL3 in Figures 6(b) and 6(c). These indi-
cate that as the tunnel depth increases, the number and con-
nectivity of hydraulic fractures formed in the water-resistant
strata become larger, and the smoother hydraulic fractures
can be formed in the water-resistant strata in a relatively
short time, resulting in water inrush disaster, which is in
accordance with the above analysis.

4.2. Displacement Field Analysis of the Water-Resistant Strata
under Different H. Table 7 shows the displacement contour
under the three cases of H = 300, 500, and 800m at t = 10,
40, and 80ms. In Table 7, the evolutionary process of the
water-resistant strata base on the displacement is similar to
that demonstrated in Table 6, but it still varies considerably
between each other due to the different tunnel depth. At

the initial stage (t = 10ms), the water-resistant strata have a
small upward displacement in the upper part (near the cavity
side) and a larger displacement on the lower part (near the
tunnel side); the magnitude and distribution of these two
kinds of displacement widen with increasing of tunnel depth.
The reasons for these can be analysed as follows: the water-
resistant strata can be simplified as a rock column under
loads at the top, left, and right sides after tunnel excavation.
The top side is subjected to 2MPa of water pressure from
the cavity, and the lower side is unstressed, while the left
and right sides are subject to higher stress, approximately
8.6MPa in H = 300m, 14MPa at 500m, and 23MPa at 800
m (these values are calculated by σ = kγH, taking H = 800
m for example, σ = kγH = 1:2 × 24 × 800 = 23MPa). It can
be seen that the left and right sides are subject to much
greater compressive stress than the top and bottom sides.
Due to the lower stress on the top and bottom sides in the
unconstrained or weak constraint state, the beddings are
prone to splitting failure taking into account that the direc-
tion of the beddings is parallel to the direction of stress acting
on the left and right sides. According to the Poisson effect, a
simplified rock column will deform laterally and some
cracks, nearly paralleling to the upper and lower boundaries,
generate in the water-resistant strata. Because of the loading
difference on the top and bottom sides as mentioned earlier,
the upward displacement on the upper side near the karst
cavity is less than downward displacement on the lower side
near the tunnel. Moreover, the greater the tunnel depth, then
the greater the stress on the left and right sides of the water-
resistant strata and, subsequently, the larger the lateral
deformation, assuming lateral pressure coefficient was kept
constant in the increase process of tunnel depth.

Therefore, in the initial stage (t = 10ms) for Table 7, as
the tunnel depth increases, the larger the area of upward
displacement in the upper part of the water-resistant strata
and the larger the area of downward displacement in the
lower part, the larger the magnitude of the upward and
downward displacements. However, because the downward
displacement is always greater than the upward
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Figure 5: The trend of vertical displacement at the 9 measuring points in the conditions of p = 1, 2, and 3MPa: (a) n1~n3 on HL1; (b) n4~n6
on HL2; (c) n7~n9 on HL3 with p = 1, 2 and 3MPa.
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displacement, the area of downward displacement in the
upper part of the water-resistant strata furtherly expands,
resulting in the tendency of upward displacement in the
upper part being weakened and offset and the deformation
of water-resistant strata being mainly based on the upward
displacement as shown in the second and third rows from
Table 7. These analyses for the influence of tunnel depth on
the displacement evolution characteristics in the water-
resistant stability at the different times can be used to reveal
the influence mechanism on the vertical displacement of
karst water pressure in Table 5.

Figure 7 shows diachronic evolution characteristics of the
vertical displacement at the 9 measuring points on HL1, HL2,
and HL3 in the condition ofH = 300, 500, and 800m. For the
varied properties of any measuring point in this figure, it is
easy to find that the vertical displacement and its growth
speed or growth rate have a small difference between the
two cases of H = 300m and H = 500m, but far greater than
those of H = 800m. For the former two cases, the change

trend of the vertical displacement at each point is relatively
uniform, and the water-resistant strata shows a clear
tendency of instability failure. But for the later, the vertical
displacement of each measuring point is significantly
reduced, which indicates that the larger horizontal tectonic
stress is beneficial for the stability of water-resistant strata
between karst cavity and tunnel. Besides, the vertical
displacement of arch crown greater than that of both sides
of arch shoulders is verified again.

5. Influence of Lateral Pressure Coefficient (k)

5.1. Seepage Field Analysis of the Water-Resistant Strata
under Different k. Table 8 shows the evolutionary processes
of the seepage field in the water-resistant strata under the
three cases of karst water pressure of 2MPa, tunnel depth
of 500m, and lateral pressure coefficient (case 7: k = 0:8, case
8: k = 1:2, and case 9: k = 1:6) at t = 10ms, 40ms, and 80ms.
The column is the mechanical duration time, and the row is

Table 6: The seepage pressure distribution in the water-resistant strata under the three cases ofH = 300, 500, and 800m at t = 10, 40, and 80ms.

t H = 300m H = 500m H = 800m

10ms

Tunnel

Cavity with high
pressure water

Domain 
pore
pressure

7.000E+05

9.000E+05
1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05
Tunnel

Cavity with high
pressure water

Domain 
pore
pressure

7.000E+05

9.000E+05
1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05
Tunnel

7.000E+05

9.000E+05
1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05

Cavity with high
pressure water

Domain 
pore
pressure

40ms

Tunnel

Cavity with high
pressure water

Domain 
pore
pressure

7.000E+05

9.000E+05
1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05
Tunnel

Cavity with high
pressure water

Domain 
pore
pressure

7.000E+05

9.000E+05
1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05
Tunnel

7.000E+05

9.000E+05
1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05

Cavity with high
pressure water

Domain 
pore
pressure

80ms

Tunnel

Cavity with high
pressure water

Domain 
pore
pressure

7.000E+05

9.000E+05
1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05
Tunnel

Cavity with high
pressure water

Domain 
pore
pressure

7.000E+05

9.000E+05
1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05
Tunnel

7.000E+05

9.000E+05
1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05

Cavity with high
pressure water

Domain 
pore
pressure

10 Geofluids



the different lateral pressure coefficient. The karst water also
infiltrates downward from the upper part to the bottom part
in the water-resistant strata. The lateral pressure coefficient
has some influences on the seepage pressure and seepage dis-
tribution scope by comparison with the results of three cases.
It is found that the fracture at t = 80ms under the condition
of k = 0:8 is more serious than that of another two cases of
k = 1:2 and k = 1:6. It is indicated that the smaller the lateral
pressure coefficient, the more serious the fracture of the
water-resistant strata.

Figure 8 shows the trend of seepage pressure at the 9
measuring points under the three cases of k = 0:8, 1.2, and
1.6, respectively. No matter what the value of lateral pressure
coefficient is, the cracks in the water-resistant strata always
easily propagate to the n1~n3 measuring points in the upper
part of the water-resistant strata, and the dissipated energy is
less because the above measuring points are closer to the
boundary of karst cavity. As a result, the seepage pressure
of n1~n3 measuring points always reaches a stable value
which is close to the karst water pressure in karst cavity, as
shown in Figure 8(a). Because the n4~n6 measuring points
have a relatively long distance with karst cavity, the process
of cracks channelling the cavity with high water pressure to
reach the n4~n6 measuring points on HL2 will dissipate
more energy. Therefore, the seepage pressure of n4~n6 mea-
suring points reaches a relatively stable low value, approxi-
mately 1.5MPa~1.8MPa as shown in Figure 8(b). At t = 80
ms, the water-resistant strata are still in the process of the
seepage pressure accumulating-crack initiation and propaga-
tion, reaccumulating-crack initiation and propagation again
under the three cases of k = 0:8, 1.2, and 1.6. As shown in
Figure 8(c), the larger lateral pressure coefficient causes the
increase of normal stress in crack in the water-resistant strata
and then raises the critical water pressure as the threshold for
hydraulic fracturing failure of cracks. Therefore, the fracture

degree is higher and the fracture scope is larger under the
low lateral pressure coefficient of k = 0:8, and the seepage
pressure of the n7~n9 measuring points in the lower part
of the water-resistant strata develops fully and is higher
correspondingly under the circumstance of this lateral
pressure coefficient.

5.2. Displacement Field Analysis of the Water-Resistant Strata
under Different k. Table 9 shows the evolution processes of
the displacement field in the water-resistant strata under
the three cases of k = 0:8, 1.2, and 1.6 at t = 10ms, 40ms,
and 80ms. The disaster process of water-resistant strata
based on displacement evolution is generally similar to
Table 5 and Table 7. But the vertical displacement signifi-
cantly differs from each other because of the different lateral
pressure coefficient. In the different condition of k = 0:8, 1.2,
and 1.6, the extension of the upward displacement area in the
upper part of the water-resistant strata and the magnitude of
the displacement increase with the increase of k. The under-
lying reason for this phenomenon is due to an increase of
normal stress on the hydraulic cracks and its consequence
of the critical water pressure for crack initiation arising from
the horizontal load increase exerted on the left and right side
of the water-resistant strata. It is very clear that the fracture
zone and the vertical displacement decrease with the increase
of k at t = 40ms and 80ms mainly due to the increase of
horizontal load realized by the lateral pressure coefficient.
The fracture state is different in the water-resistant strata
under the different lateral pressure coefficient. When the
lateral pressure coefficient is relatively large (k = 1:2 or 1.6),
the development trend of fracture is restrained by a larger
lateral pressure coefficient and the fracture state is in the
underdeveloped condition. However, the water-resistant
strata are in the fractured state due to propagation and coa-
lesce of hydraulic cracks for the smaller lateral pressure
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Figure 6: The trend of seepage pressure at the 9 measuring points in the conditions ofH = 300, 500, and 800m: (a) n1~n3 on HL1; (b) n4~n6
on HL2; (c) n7~n9 on HL3.
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coefficient (k = 0:8), and the water inrush channel has fully
formed at t = 80ms. It is concluded that the increase of lateral
pressure coefficient can restrain the fracture development of
the water-resistant strata and strengthen its stability from
Table 9 and its systemic analysis.

Figure 9 shows the trend of the vertical displacement
development of the 9 measuring points under the three cases
of k = 0:8, 1.2, and 1.6, respectively. Obviously, the vertical
displacement of the same measuring points decreases signif-

icantly with the increase of k. Under the condition that the
lateral pressure coefficient is same, the closer to the tunnel
vault and the deformation of the water-resistant strata are
greater. For k = 1:2 or 1.6, the vertical displacement of the
water-resistant strata is obviously smaller, but for k = 0:8,
the vertical displacement of the water-resistant strata
increases rapidly and the final value of the vertical displace-
ment at t = 80ms is much larger than that for k = 1:2 or 1.6.
The vertical displacement in the lower part of the water-

Table 7: The vertical displacement contour under the three cases of H = 300, 500, and 800m at t = 10, 40, and 80ms.

t h = 300m h = 500m h = 800m

10ms

Tunnel

Contour
interval=
–1.600E-02
to
4.000E-03

Cavity with high
pressure water

The vertical
displacement
contour 

–1.500E-02

–1.200E-02

–5.000E-03

–4.000E-03

4.000E-03

0.000E+00

Tunnel
Contour
interval=
–2.000E-02
to
5.000E-03

Cavity with high
pressure water

The vertical
displacement
contour 

–2.000E-02

–1.500E-02

–1.000E-02

–5.000E-03

5.000E-03

0.000E+00

Tunnel
Contour
interval=
–3.000E-02
to
1.000E-02

Cavity with high
pressure water

The vertical
displacement
contour 

–3.000E-02
–2.500E-02

–2.000E-02

–1.500E-02
–1.000E-02

0.000E-00

5.000E-03

1.000E-02

–5.000E-03

40ms

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour
interval=
–1.200E-01
to
8.000E-02

–1.200E-01

–8.000E-02

–4.000E-02

4.000E-02

8.000E-02

0.000E+00

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour
interval=
–1.000E-01
to
2.000E-02

–1.000E-01

–8.500E-02

–6.000E-02

–4.000E-02

0.000E-00

2.000E-02

–2.000E-02

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour
interval=
–1.200E-01
to
4.000E-02

–1.200E-01

–8.000E-02

–4.000E-02

4.000E-02

0.000E+00

80ms

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour
interval=
–2.000E-02
to
5.000E-03

–2.000E-01

–2.000E-01

–1.000E-01

1.000E-01

2.000E-01

0.000E+00

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour
interval=
–2.000E-02
to
5.000E-03

–6.000E-01

–5.500E-01
–4.000E-01

–3.500E-01

–2.000E-01

0.000E-00

1.000E-01

2.000E-01

–1.000E-01

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour
interval=
–3.000E-01
to
5.000E-02

–3.000E-01

–2.500E-01

–2.000E-01

–1.500E-01

–1.000E-01

0.000E-00

5.000E-02

–5.000E-01
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resistant strata increases continuously with the decrease of k.
It indicates that the smaller value of k is unfavourable to the
stability of the water-resistant strata.

6. Discussion

6.1. Comparative Analysis with Results of Previous Model
Test. The main methods to study water inrush of karst tunnel
are theoretical analysis, model test, field test, and numerical
simulation. In the theoretical analysis method, it is difficult
to analyse and describe the water inrush disaster process with
highly nonlinear problems in mathematics. A field test is not
used to carry out batch tests with multiple factors and vari-
able conditions as desired and seriously threatens the tester’s
safety. Therefore, theoretical analysis and field test are suit-
able to be used as the main research method for water inrush
of karst tunnel. According to schedule, the model test and
numerical simulation can be used as the effective ways to
carry out water inrush research and really simulate the disas-
ter process of the water-resistant strata considering the
coupling of various influential factors. The model test has
many disadvantages of great expense, time-consuming, and
lacking of ability to obtain the information in full field and
microdynamic process. Numerical simulation can solve the
above problems, and it has the function of visualizing the
dynamic disaster process of water inrush and can rupture the
microinformation. Therefore, numerical simulation is a prom-
ising, effective, and convenient method for studying water
inrush of karst tunnel, but the validity of the results using this
method needs to be verified by a model test and other methods.

In the published literature about water inrush of karst
tunnel, researches on the influence of tunnel depth and lat-
eral pressure coefficient on the stability of water-resistant
strata by means of model test have not yet been found. A
few scholars have done some researches on the influence of

karst water pressure on the water-resistant strata stability,
which provides the possibility to compare the research results
in this paper through numerical simulation with previous
results utilizing model test. Yang et al. conducted some phys-
ics model tests to study the disaster process of water-resistant
strata and analysed the evolutionary properties of seepage
pressure in the water-resistant strata with the increase of
karst water pressure [21]. Zhu used a self-developed testing
system to study the influence of the karst water pressure on
the deformation and deterioration of the water-resistant
strata and found that the vertical displacement of the
water-resistant strata gradually increased with the growth
of karst water pressure [27]. The research results of this
article are highly consistent with the abovementioned
achievements obtained by the use of model tests, which
proves the reliability of the numerical simulation method
and the effectiveness of conclusions in this paper.

6.2. Comprehensive Effect of Three Kinds of Influential
Factors. The instability and then water inrush of the water-
resistant strata between tunnel and karst cavity with high
pressure water are essentially a manifestation of local failure
in surrounding rock mass of karst tunnel under the com-
bined action of karst water pressure and disturbance of
tunnel excavation. Karst water pressure is one kind of load
directly acting on the water-resistant strata and causes
fluid-solid coupling effect in the disaster process of the
water-resistant strata. We can see that the seepage and failure
scope extend obviously and the fracture degree increases
quickly with the increase of karst water pressure from
Table 4. Therefore, the water pressure of karst cavity is the
effective factor affecting the stability analysis of water-
resistant strata based on the research of this paper and many
published papers by theoretical analysis, numerical simula-
tion, model tests, and field tests [28].
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Figure 7: The vertical displacement at the 9 measuring points in the conditions ofH = 300, 500, and 800m: (a) n1~n3 on HL1; (b) n4~n6 on
HL2; (c) n7~n9 on HL3.
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If tunnel is not constructed in strata, the water-resistant
strata do not exist and the problems of the water-resistant
strata stability will not exist. Tunnel excavation disturbance
makes the water-resistant strata lose the lower support from
the rock mass, and therefore, the water-resistant strata are in
the unloading and stress adjustment condition and the criti-
cal water pressure of the water-resistant strata failure will
decrease, eventually causing the water-resistant strata insta-
bility and water inrush. The degree of the unloading and
stress adjustment is directly related to the geostress environ-
ment of the tunnel-karst system that is mainly determined by
the tunnel depth and lateral pressure coefficient, and in con-
sequence, tunnel depth and lateral pressure coefficient are the
influential parameters for the water-resistant strata stability.
Tables 6–9 and Figures 6–9 illustrate that the stability of
water-resistant strata between karst cavity and tunnel

decreases on the whole with the growth of tunnel depth,
but with the decline of lateral pressure coefficient.

At present, there are few researches on the comprehen-
sive effect of karst water pressure, tunnel depth, and lateral
pressure coefficient on the stability of water-resistant strata.
Zhang et al. established the theoretical relationship between
stress intensity factor of crack tip in surrounding rock mass
and tunnel depth under excavation unloading disturbance
[29]. Guo and Qiao analysed the tendency of critical water
pressure for the water-resistant strata failure with the normal
stress on the crack in the water-resistant strata [30]. Accord-
ing to these above achievements, it is concluded that tunnel
depth can strengthen the stress intensity factor, decreasing
the water-resistant strata stability, and the lateral pressure
coefficient is able to heighten the critical water pressure, for
the stability. These conclusions are consistent with the

Table 8: The seepage pressure distribution in the water-resistant strata under the three cases of k = 0:8, 1.2, and 1.6 at t = 10, 40, and 80ms.

t k = 0:8 k = 1:2 k = 1:6

10ms

Tunnel

Cavity with high
pressure water

Domain 
pore
pressure

7.000E+05

9.000E+05

1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05

Tunnel

Domain 
pore
pressure

Cavity with high
pressure water

7.000E+05

9.000E+05

1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05

Tunnel

Domain 
pore
pressure

Cavity with high
pressure water

7.000E+05

9.000E+05

1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05

40ms

Tunnel

Domain 
pore
pressure

Cavity with high
pressure water

7.000E+05

9.000E+05

1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05

Tunnel

Domain 
pore
pressure

Cavity with high
pressure water

7.000E+05

9.000E+05

1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05

Tunnel

Domain 
pore
pressure

Cavity with high
pressure water

7.000E+05

9.000E+05

1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05

80ms

Tunnel

Domain 
pore
pressure

Cavity with high
pressure water

7.000E+05

9.000E+05

1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05

Tunnel

Domain 
pore
pressure

Cavity with high
pressure water

7.000E+05

9.000E+05

1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05

Tunnel

Domain 
pore
pressure

Cavity with high
pressure water

7.000E+05

9.000E+05

1.100E+05

1.300E+05

1.500E+05

1.700E+05

1.900E+05

2.100E+05

2.300E+05
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obtained results in Sections 4 and 5. These mean that tunnel
depth amplifies the effect of karst water pressure p and the
lateral pressure coefficient weakens the influence of p.

6.3. Stability Analysis Based on Energy Evolutionary
Properties. As mentioned before, the water-resistant strata
with quasi-masonry structure composed of discrete small
rock blocks, bedding, and cross joints are heterogeneous,
discontinuous, nonlinear, and highly discrete. Therefore, it
is difficult to accurately and quantitatively describe the
mechanical behaviour of all discrete blocks, joints, and cracks
in the analysis of the instability process of water-resistant
strata and evolution characteristics of water inrush under
the condition that laboratory tests to investigate the behav-
iour of small-scale rock samples and structure planes are
unlikely to accurately reflect the real state. However, this
complicated phenomenon can be dealt with and grasped
from the whole utilizing the theories of system science. As a
whole, karst cavity, tunnel, and the water-resistant strata
(surrounding rock mass) are regarded as an open system
[19]. There exists always the energy exchange between this
system and environment, and the process of water inrush
in karst tunnel is seen as the energy release process of
the above system. In this process, energy dissipation is
caused by crack initiation-propagation-coalesce and plastic
deformation in the water-resistant strata. The rock frag-
ments separated from the water-resistant strata move at
a certain speed, and these blocks release the system energy
[31]. Therefore, the dissipated and kinetic energy can be
used as an index to characterize the disaster condition of
water-resistant strata [32].

Taking three cases under different karst water pressure of
p = 1, 2, and 3MPa in Section 3 as examples, the evolutionary
characteristics of the dissipated and kinetic energy (Ud and
Uk) in the disaster process of water inrush, calculated by
the energy calculation module of UDEC program, is shown

in Figures 10 and 11. In the period of 0~20ms, the evolution-
ary processes of Uk and Ud are almost identical. During this
period, a few cracks develop steadily and obvious displace-
ment appears in the water-resistant strata. But after 20ms,
Ud gradually tends to one constant value and Uk fast reduces
a lower value for p = 1MPa, which indicates that the hydrau-
lic cracks gradually stop propagating and the water-resistant
strata are in the condition of stability for avoiding water
inrush. These phenomena are well consistent with those
revealed in Table 4 and Figure 4. But in the cases of p = 2
or 3MPa, Uk and Ud increase rapidly with the increase of p
, and their growth rates also increase. These indicate that
the cracks continue to propagate and the propagation speed
is accelerated. The number of hydraulic cracks continues to
increase, and displacement continues to accelerate. Then,
the water-resistant strata become unstable and water inrush
occurs, although the Ud and Uk in conditions of p = 2MPa
and p = 3MPa have the same evolutionary trend in
Figures 10 and 11. But after 20ms, by comparing the two
cases of p = 2MPa and p = 3MPa, not only the kinetic energy
and dissipated energy of the system are significantly different,
but also the growth rate of Ud and Uk is also the same situa-
tion. It demonstrates that the greater the karst water pressure,
the more likely to be failure and water inrush. These results
are good agreement with the displacement and cracks in
Tables 4 and 5.

6.4. Engineering Measures to Control and Prevent Water
Inrush. The global karst distribution area is 22 million square
kilometres, which accounts for 15% of the global land area.
Among them, mainly concentrated distribution was in
Yunnan-Guizhou Plateau and Hunan-Guangxi Hilly Basin
in China; Massif Central, Ural Mountains in Russia; and
Indiana State and Kentucky State in the Middle East of the
United States. It is inevitable that the tunnel will expose karst
structure or closely pass through the affected area when some
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Figure 8: The trend of seepage pressure at the 9 measuring points in the conditions of k = 0:8, 1.2, and 1.6: (a) n1~n3 on HL1; (b) n4~n6 on
HL2; (c) n7~n9 on HL3.
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tunnels are planned to be constructed in the karst area. Water
inrush disaster is often caused by the instability of water-
resistant strata [33]. The results of this paper show that karst
water pressure, tunnel depth, and lateral pressure coefficient
have obvious effects on the water-resistant strata stability.
Tunnel depth and lateral pressure coefficient are important
consideration factors in tunnel design stage (route selection).
But these are the immutable geological environment in the
construction stage of tunnel. This part mainly discusses the

control and prevention measures of water inrush disaster in
karst tunnel from the perspective of influential law of karst
water pressure. Figure 12 shows the variation characteristics
of seepage pressure and vertical displacement of n2, n5, and
n8 under three cases of H = 500m, k = 1:2, and p = 1MPa,
2MPa, and 3MPa at t = 10ms, 40ms, and 80ms. According
to Figure 12, the seepage pressure and vertical displacement
of the three measuring points increase obviously with the
increase of karst water pressure. Therefore, karst water

Table 9: The vertical displacement contour under the three cases of k = 0:8, 1.2, and 1.6 at t = 10, 40, and 80ms.

t k = 0:8 k = 1:2 k = 1:6

10ms

Tunnel

Cavity with high
pressure water

The vertical
displacement
contour 

Contour
interval=
–1.600E-02
to
4.000E-03

–1.500E-02

–1.200E-02

–5.000E-03

–4.000E-03

4.000E-03

0.000E+00

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour
interval=
–2.000E-02
to
5.000E-03

–2.000E-02

–1.500E-02

–1.000E-02

–5.000E-03

5.000E-03

0.000E+00

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour
interval=
–2.500E-02
to
5.000E-03

–2.500E-02

–2.500E-02

–1.500E-02

–1.000E-02

0.000E-00

5.000E-03

–5.000E-03

40ms

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour
interval=
–1.200E-01
to
4.000E-02

–1.200E-01

–8.000E-02

–4.000E-02

4.000E-02

0.000E+00

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour
interval=
–1.000E-01
to
2.000E-02

–1.000E-01

–8.000E-02

–6.000E-02

–4.000E-02

0.000E+00

2.000E-02

–2.000E-02

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour
interval=
–1.200E-01
to
2.000E-02

–1.200E-01
–1.000E-01

–8.000E-02

–6.000E-02

–4.000E-02

0.000E+00

2.000E-02

–2.000E-00

80ms

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour
interval=
–5.000E-01
to
1.000E-01

–5.000E-01

–4.000E-01

–3.000E-01

–2.000E-01

0.000E+00

1.000E-01

–1.000E-01

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour 
interval=
–2.000E-01
to
1.500E-01

–2.000E-01

–1.500E-01

–1.000E-01

–5.000E-02

0.000E+00

1.000E-01

1.500E-01

–5.000E-02

Tunnel

The vertical
displacement
contour 

Cavity with high
pressure water

Contour 
interval=
–2.500E-01
to
5.000E-02

–2.500E-01

–2.000E-01

–1.500E-01

–1.000E-01

0.000E+00

5.000E-02

–5.000E-02
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pressure in the cavity is an extremely important factor affect-
ing the water-resistant strata stability, and additionally, the
water-resistant performance and impermeability are also
critical to control and prevent water inrush.

According to the above analysis, the pros and cons
aspects of karst water pressure and water-resistant perfor-
mance of the rock mass between cavity with high water pres-
sure and tunnel, mainly considered during the process of the
game process of the instability of water-resistant strata and
water inrush, are the key to control and prevent water inrush
disaster of karst tunnel. The water inrush disaster of karst
tunnel is caused by reducing the critical water pressure of
water-resistant strata failure due to tunnel excavation distur-
bance, and hence, reducing karst water pressure and increas-
ing the critical water pressure of rock mass are the main

measures to contain water inrush of karst tunnel. Some
draining holes or tunnels are usually set up to release the
stored energy in karst cavity and reduce karst water pressure
in the engineering practice. Finally, the above method makes
karst water pressure in karst tunnel smaller than the critical
water pressure of water-resistant strata failure, and then the
water inrush disaster in karst is avoided successfully. Another
method of increasing the critical water pressure of the water-
resistant strata is mainly achieved by improving the water-
resistant performance of rock mass itself. In engineering
practices, on the one hand, the partial excavation of small
section and short progress is adopted to avoid excessive exca-
vation disturbance and protect the water-resistant perfor-
mance of the rock mass. On another hand, grouting and
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Figure 9: The vertical displacement at the 9 measuring points in the conditions of k = 0:8, 1.2, and 1.6: (a) n1~n3 on HL1; (b) n4~n6 on HL2;
(c) n7~n9 on HL3.
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other prereinforcement method are implemented to rein-
force the water-resistant strata and improve the water-
resistant performance and impermeability [34–36].

7. Conclusions

Water inrush is one of the main geological disasters in the
karst tunnel excavation. To investigate the evolutionary char-
acteristics of seepage pressure and displacement in the disas-
ter process of water inrush under different combined
conditions of karst water pressure, tunnel depth, and lateral
pressure coefficient, a series of numerical simulation analyses
based on DEM were conducted utilizing the numerical
models considering the quasi-masonry structure properties
of water-resistant strata. Some conclusions can be drawn in
the following:

(1) The seepage pressure of measuring points increases
with the increase of kart water pressure. The seepage
pressure illustrates a decreasing state from HL1 to
HL3 and the time of arrival to a stable value for the
seepage pressure at different measuring point varies
obviously, and it shows the time effect. The displace-
ment increases almost linearly with time under lower
karst pressure, and the corresponding relationship
curve demonstrates parabolical properties in condi-
tion of higher karst water pressure. The fracture area,
fracture degree, and seepage pressure level increase
quickly with the increase of karst water pressure

(2) The velocity of water seepage and crack propagation
varies greatly with tunnel depth. The area and magni-
tude of displacement in the water-resistant strata
increase with tunnel depth. The distribution area of
water and hydraulic fractures obviously increase with
the increase of tunnel depth. The larger the tunnel
depth, the greater the scale and coalescence of frac-
tures formed and the more likely the water inrush
to occur in a short time. The stability of water-

resistant strata decreases on the whole with the
growth of tunnel depth

(3) No matter what the value of lateral pressure coeffi-
cient is, the seepage pressure of n1~n3 measuring
points always reach a stable value which is close to
the karst water pressure and those of n4~n9 reaches
a relatively stable lower value. The vertical displace-
ment decrease with the increase of lateral pressure
coefficient. The larger lateral pressure coefficient
raises the critical water pressure. The increase of
lateral pressure coefficient can restrain the fracture
development and strengthen stability. The fracture
state is different under the different lateral pressure
coefficients

(4) The research results of this article by numerical
simulation are highly consistent with the achieve-
ments obtained utilizing model tests. Tunnel depth
amplifies the effect of karst water pressure p, and
lateral pressure coefficient weakens the influence of
p. Stability analysis based on energy properties can
be the important method to analyse and characterize
the disaster process and condition of the water-
resistant strata. In view of the important influence
on the stability of water-resistant strata, the pros
and cons aspects of karst water pressure and water-
resistant performance are the key to control and
prevent water inrush in karst tunnel
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The high-pressure and water-rich confined aquifer occurring in the Ordovician limestone sequence poses great threats to the
routine production of underground longwall mining. Considering the intense cooperation of mining disturbance and water
pressure, water-conducting fractures within a coal seam floor can connect the lower aquifer and upper goaf, and this hydraulic
behavior is considered the root of water inrush hazard and water loss or contamination. In this paper, the panel 4301 of the
Longquan coal mine serves as the case where the panel works closely above the floor with high water pressure. By the
combination of physical and numerical modelling approaches, the variation characteristics of fracture development and
volumetric strain of floor rocks subjected to mining disturbance are analyzed. A numerical computation model is constructed
based on the volumetric strain-permeability equation obtained by curve fitting, and on such basis, the impacts of different
mining parameters on floor rock permeability are studied. The results show that the floor rocks experience fracture generation,
extension, and convergence procedures as the workface advances along the longitudinal direction, and fractures appearing in
front of the workface are more developed. In the whole process of coal seam extraction, the volumetric strain profile exhibits
“Λ” shape and an inverted saddle shape before and after overburden strata collapse. By controlling a single variable, the paper
reveals that panel height is of greater impact on floor permeability changes than panel length and panel width.

1. Introduction

Coal resource plays an important role in China’s economic
development, and the coal mines in North China contribute
to 90% of the total output. The safety production of coal
mines in such an extensive area attracts much attention [1,
2]. However, in the base floor of north coalfields, there exists
the Ordovician karst aquifer, and because of its high pressure
and water abundance, groundwater loss or contamination or

even mine flooding catastrophe is likely to occur as long as
mining-induced hydraulic channels bridge the immediate
floor and the aquifer in Ordovician limestone. Long-term
and large-scale coal resource exploitation triggers substantial
fractures between the coal seam floor and confined aquifer.
Such connective fractures can drastically affect groundwater
equilibrium, and further, the loss of water resource would
disturb the subsurface flow regime and give rise to irrevers-
ible ecological deterioration [3–5]. Currently, a great number
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of coal-producing enterprises are leaving traditional mode
and transforming to green and water-conserved mining
mode. In this context, the study on deformation, failure,
and hydraulic property variation of a coal seam floor above
a highly confined aquifer is of great significance for providing
best water-conserved mining practice for North China.

In recent years, the failure mechanism of a longwall panel
floor above a confined aquifer attracted great concerns [6–9].
For example, Liu et al. [10] conducted mathematical model-
ling to describe the failure of an inclined coal seam floor above
confined water and calculated the failure depth after mining
based on semi-infinite element theory. Lu and Wang [11]
revealed that rock mass fracturing may experience three steps
with the mined-out area enlarging, which included minor
fracture initiation as the first step, fracture extension as the
second, and fracture propagation through the whole rockmass
as the third. By means of physical and numerical modelling
methods, Hu et al. [12] studied the delay behavior of coal seam
floor failure under the coupling effect of confined water and
connective cracking regime. Liang et al. [13] analyzed coal
seam floor failure under the impacts of mining-induced stress
redistribution and uneven pressure caused by confined water;
by establishing a two-dimensional hydraulic model and a key
stratum stability model, the theoretical profile of failure and
stable areas of an inclined floor was obtained. Such studies
are mainly associated with the failure depth of a coal seam
floor subjected to low water pressure or with the propagation
profile of rock mass fractures. In fact, for the case where the
longwall panel is just located closely above the highly confined
aquifer in the paper, it is more challenging on account of larger
water pressure, higher confined water-conducting zone, and
greater risk of water inrush into the workface. So considering
the safety of longwall panels exposed to such extreme circum-
stances, it is important to understand the mechanism of coal
seam floor deformation and failure.

At present, many scholars have obtained various strain-
permeability curves by means of experiments [14–18]. How-
ever, such studies were mainly based on small-scale rock
samples, and for those cases where mining operations work
above a highly confined aquifer, the whole panel floor shall
be considered together. In this context, mining parameters
are critical factors contributing to floor permeability
enhancement. In fact, research achievements in this field
are limited, and most of them are associated with the over-
burden rather than floor rocks [19–21]. For example, Khanal
et al. [22] studied how different geometries of the longwall
panel affect the permeability of overburden strata by means
of numerical modelling and obtained the corresponding var-
iation law of permeability. It is inappropriate to directly
apply such laws like this kind to the coal seam floor. There-
fore, the study of mining parameters affecting floor perme-
ability in the case of a highly confined aquifer is necessary
for the in situ preservation of deep-seated confined water.

From the perspective of water-conserved mining, the
paper takes panel 4301 of the Longquan coal mine as the geo-
logical background. At first, panel floor fracturing and perme-
ability variation with workface advancing are studied using
physical modelling. A function between the volumetric strain
and permeability of floor rocks is obtained by curve fitting,

which is considered suitable to such geological conditions of
the Longquan coal mine. Then, a numerical modelling
approach is employed to evaluate the impact of panel height,
panel width, and plane length on floor permeability. Such
works can be taken as reference for profiling the permeability
variation of a coal seam floor above a highly confined aquifer.

2. Geological Overview

There is no limestone outcrop in the Longquan coalfield. Due
to the existence of thick overlying strata and no lateral
recharge from atmospheric precipitation and surface runoffs,
the water entering karst rock groups is derived from the infil-
tration of atmospheric precipitation through the northwest-
ern, western, and southwestern carbonate outcrops, with
some other derived from the leaking recharge across the
major dislocation. As a result, the water flow path is of a sig-
nificant distance extending from the south and northwest to
southeast. At the same time, there is no natural discharge
path in such an area, but only artificial water supply wells that
can be considered discharge points. As a whole, Ordovician
limestone water flowing from the west to east and reaching
panel 4301 is the only exhalent region in the paper. The floor
of the no. 4 coal seam in the Longquan coal mine bears Ordo-
vician limestone water inrush coefficient of 0.036~0.097
MPa/m. The coalfield can be divided into 7 areas, as shown
in Figure 1. According to the critical value of water inrush
coefficient of 0.06MPa/m, it can be seen from Figure 1(a)
that there are water inrush risks in the northeast area and
panel 4301 of the mine. Panel 4301 is 720m in length and
250m in width, using a top coal caving method to extract
the coal seam with height 6.47m. The elevation of the panel
ranges from +525.2m to +630.5m. Affected by the confined
limestone water in Taiyuan and Ordovician formations, the
panel floor suffers high water pressure that is 4.97~6.29
MPa in the natural state. The lithological sequence of panel
4301 is exhibited in Figure 1(b).

3. Deformation and Failure Characteristics

3.1. Physical Modelling. In order to understand the stress
condition and failure rule of the coal seam floor subjected
to mining disturbance and high water pressure as well as
the caving and movement behavior of overburden strata,
the physical modelling method is employed here to emulate
the phased excavation process. For constructing the physical
model, various parameters of each stratigraphic unit are
calculated via similarity theory. Then, a self-developed
high-pressure water simulator is adopted.

According to the fundamental principles of similarity the-
ory, the ratio of similitude is 100 : 1 in geometry, 10 : 1 in time,
1.7 : 1 in volume-weight, and 170 : 1 in both elastic modulus
and strength. Such a physical model is mainly composed of
sand, lime, gypsum, and pure water. The detailed contents
and proportions of each ingredient are listed in Table 1.

Based on the experimental platform, a plane physical
model with 2500mm, 2200mm, and 30mm in length,
height, and thickness, respectively, is established. This model
emulates the 226m thick lithological sequence, and the above
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Figure 1: Geological data of the Longquan coal mine: (a) contour map of Ordovician limestone water inrush coefficient of the no. 4 coal seam
in the Longquan coal field; (b) lithological sequence of the 4301 panel.
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375m thick strata to the earth’s surface are not modelled but
simulated by 148 kN stress using a gravity loading device, as
shown in Figure 2. Therefore, in accordance with the vertical
geostress gradient, a simulated gravitational force being 148
kN is adopted. The actual workface advances at the speed
of 6m/d, and according to similarity theory regarding geom-
etry and time, the extraction height in the physical model is 6
cm, and each excavation at the 6 cm spacing interval is exe-
cuted per 2.4 h. On the other hand, a 30 cm long coal seam
is reserved on both sides to eliminate negative consequences
induced by boundary effects. The physical model configura-
tion is shown in Figure 2. Also, a set of self-developed spring
installations are arranged along the panel floor to emulate the

high pressure supported by confined water. Each unit of the
spring group comprises two iron plates connected through
two springs, and both plates are 30 cm, 10 cm, and 1 cm in
length, width, and thickness, respectively. According to
Hooke’s law and similarity theory, the stress onto the coal
seam floor provided by the spring group shall reach 6MPa
prior to model construction.

3.2. Floor Fracture Development. The panel floor undergoes
complicated loading and unloading processes due to mining
operations. After accumulating and releasing energies, rock
mass cracks and various fractures with different dimensions
initiate. Such minor secondary fractures would extend and

Table 1: Parameters and material ratio of the physical model.

No. Lithology
Thickness

(m)

Strength (MPa)
Simulated thickness

(cm)

Quality (kg)
Uniaxial

compression
Uniaxial
tension

Sand Lime Gypsum

1 Sandy mudstone 16 18.3 0.9 16 168 27.2 28.8

2 Siltstone 21 29.4 1.6 21 214.2 23.1 37.1

3 Mudstone 3 16.2 0.7 3 33.6 2.4 5.4

4 Sandy mudstone 9 18.3 0.9 9 94.5 15.3 16.2

5 Fine sandstone 3 37.6 2.1 3 34.5 4.5 4.5

6 Sandy mudstone 12 18.3 0.9 12 126 20.4 21.6

7 Mudstone 2 16.2 0.7 2 22.4 1.6 3.6

8 Sandy mudstone 16 18.3 0.9 16 168 27.2 28.8

9 Siltstone 3 29.4 1.6 3 30.6 3.3 5.3

10 Mudstone 4 16.2 0.7 4 44.8 3.2 7.2

11 Sandy mudstone 4 18.3 0.9 4 42 6.8 7.2

12 Carbonaceous mudstone 2 24.8 1.2 2 22.4 3.2 6.3

13
Aluminum-containing

mudstone
5 26.9 1.4 5 54.5 3.2 6.2

14 Sandy mudstone 7 18.3 0.9 7 73.2 11.9 12.6

15 Siltstone 4 29.4 1.6 4 44.2 4.4 7.1

16 4# coal 6 10 0.6 6 61.8 10.8 11.3

17 Fine sandstone 6 37.6 2.1 6 69 9 9

18 Sandy mudstone 12 18.3 0.9 12 126 20.4 21.6

19 Fine sandstone 5 37.6 2.1 5 57.5 7.5 7.5

20 Coarse sandstone 14 47.8 3.5 14 144.6 30.8 31.2

21 L3 limestone 1 38.3 2.9 1 9.6 1.8 1.7

22 Fine sandstone 10 37.6 2.1 10 115 15 15

23 Siltstone 5 29.4 1.6 5 55.6 5.5 21.2

24 Medium sandstone 5 42.6 3.2 5 53.4 11 12.1

25 Mudstone 6 16.2 0.7 6 67.2 4.8 10.8

26 L2 limestone 6 38.3 2.9 6 57.6 10.8 10.5

27 Mudstone 8 16.2 0.7 8 89.6 6.4 14.4

28 L1 limestone 1 38.3 2.9 1 9.6 1.8 1.7

29 9# coal 14 10 0.6 14 144.2 25.2 26.4

30 Mudstone 7 16.2 0.7 7 78.4 5.6 12.6

31 Siltstone 9 29.4 1.6 9 93.4 9.9 21.2

32 Limestone 2 38.3 2.9 2 19.2 3.6 3.5

33 Fine sandstone 4 37.6 2.1 4 46 6 6

34 Limestone 3 38.3 2.9 3 28.8 5.4 5.3
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expand when subjected to mining disturbance and then tend
to converge after overburden collapses. It can be seen from
Figure 3(a) that, as the workface advances 36m, small-scale
bedding plane separation comes into being, and in the mean-
time, such a separation extends 5m along the longitudinal
direction with vertical fractures thereof reaching 0.1m in
openness. In the middle of the mined-out area, there are
two minor vertical fractures, while the immediate roof is still
stable and floor fracture is developing with depth reaching 6
m. As the workface further progresses, roof failure occurs and
the fractures forming in the floor area gradually shrink

because of the gravity of collapsed overburden strata, as
shown in Figure 3(b).

When the fractures at the middle of the void tend to con-
verge, novel fractures initiate in front of the workface and
vertical fractures nearby the setup room, go deep, and extend
8m approximately. Above the confined water area, there are
also a number of minor fractures propagating upward with
the workface advancing. When the 102m long coal seam is
excavated, as shown in Figure 3(c), floor fracture achieves
its maximum depth, 14.8m, and some at the middle of the
void are compacted. Figure 3(d) shows that the floor area

4# coal

Gravity loading device

Opening

Advancing direction30 m

Spring group

Confined water simulator 

Boundary
coal pillar 

Figure 2: Configuration and components of the physical model.

Vertical fractures 

Bed separation fractures 

(a)

Vertical fractures 

Bed separation fractures

Confined water-conducting fractures

8 m

(b)

Confined water-conducting zone

Fractured zone 

Fracture compaction zone

(c)

Water-conducting
fracture zone

Protective zone 

Confined water-conducting zone

14 m 16 m

18 m

(d)

Figure 3: Floor fracturing profile with workface advancing: (a) workface advances 36m; (b) workface advances 66m; (c) workface advances
102m; (d) workface advances 186m.
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can be divided into three zones from the immediate floor
down, including fractured zone, intact water-resisting zone,
and confined water-conducting zone. In detail, the fractured
zone is like an inverted saddle, reaching its maximum depth
in the area below the lateral ribs. Mining-induced fractures in
front of the workface are of the greatest developing degree
and reach the greatest depth, 16m in the vertical direction.
In addition, the thickness of the confined water-conducting
zone is about 18m.

3.3. Floor Deformation. The study on bulking deformation
can be achieved on the basis of surfaces rather than lines by
virtue of an approach, namely, “four-point surrounded area.”
The bulking deformation ratio determined in this manner
shall have more value in application [23]. So, according to
the formula of “four-point surrounded area” approach, the
volumetric strain of the floor is calculated regardless of the
impacts of physical model thickness on volumetric strain in
the simulated mining process.

ε = S′ − S
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Figure 4: Volumetric strain curves of strata 5m below the panel floor while mining progresses.

Table 2: Choice of volumetric strain-permeability curves.

Name of paper Lithology Geological time Sampling location Other characteristics

Fan et al. [19] Sandstone Quaternary Yili, Xinjiang Weakly cemented

Yu et al. [28] Red sandstone Quaternary Ganzhou, Jiangxi Ordinary

Xia et al. [29] Sandstone Carboniferous Taiyuan, Shanxi Ordinary

Notes: the floor of the studied coal seam is mainly composed of ordinary Carboniferous sandstone, and this coal mine is located in Taiyuan, Shanxi Province.
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Figure 5: Curves of volumetric strain vs. permeability obtained by
different scholars.

6 Geofluids



where ε is the volumetric strain of rock mass; S the area of the
coal seam floor before mining, a constant value; and S′ is the
area of the coal seam floor after mining.

As mining operation progresses, floor rocks in different
depths see similar variation law in terms of the volumetric
strain. Therefore, the layer that is 5m below the 4# coal seam
floor is selected and its volumetric strain is analyzed in detail.
Relevant data are listed in Figure 4.

When the workface advances 36m, the rock mass 10m
behind the opening is compressed because of abutment pres-
sure effect and shows volumetric strain decline, -0.00085 in
minimum. Similar impacts can also be demonstrated by floor
rocks within 11m range in front of the workface, where the
frontal abutment pressure makes such rocks compressively
deformed and volumetric strain reduced to -0.00131. At the
present time, roof strata have not collapsed and floor strata
below the mined-out area are being in a stress unloading state.
Considering the tension effect, volumetric strain of the rock
mass increases and peaks at 0.00226. It can be seen that the
bulking deformation ratio profile of the panel floor is “Λ”
shaped. Then, the maximum volumetric strain reaches
0.00241 and the minimum reaches -0.00168 as the workface
advances 72m, where floor rocks in the middle of the mined
panel experience slight decrease in volumetric strain due to
the gradual compaction of collapsed media. When the 144m
long coal seam is excavated, the maximum volumetric strain
changes to 0.0192, with the minimum to -0.00149. The bulking
deformation ratio profile shows that its peak value nearby the
setup room is lower than that nearby the frontal rib, because
the compaction degree of collapsed overburden is higher in
the setup room area. Such recompaction of fallen rocks on
the panel floor reaches equilibrium, and volumetric strain of
floor rocks in themiddle of the panel void becomes stable when
the workface advances 162m. Here, the maximum volumetric
strain is still distributed in the panel void 7~9m behind the
frontal rib, with the value peaking at 0.00236. In contrast, vol-
umetric strain of the coal seam floor 8~10m in front of the
workface reaches the lowest, -0.00134, and the bulking defor-
mation profile extends like an inverted saddle.

4. Impacts of Mining Parameters on Floor
Rock Permeability

Through the above analysis of floor deformation characteris-
tics in a physically simulated coal mining process, the reason
that deformation and failure trigger groundwater loss can be
rooted from the changes in floor rock permeability. In fact,
the more developed the fractures, the higher the volumetric
strain and permeability. In order to investigate the impact
degree of different mining parameters on floor rock perme-
ability, three geometric factors regarding panel height,
length, and width are selected in the context of the 4# coal
seam of the Longquan coal mine. Such investigation results
are of significant value in supporting theoretical references
to the panel geometry setting under the condition of water-
conserved mining.

4.1. Volumetric Strain-Permeability Curve Fitting. In order to
characterize the change of permeability under hydraulic cou-
pling, different scholars have established many theoretical
models based on the assumption of small elastic deformation
[24–27]. However, in order to study the permeability evolu-
tion of the mining floor, some scholars will use the volume
strain permeability relationship to study [28, 29]. Fan et al.
conducted an experimental study on the permeability of
weakly cemented sandstone and obtained the relationship
between volumetric strain and permeability of weakly
cemented rocks [19]. Similarly, Yu et al. [30] studied the per-
meability property of rock samples along different stress
paths and obtained a curve of sandstone. Other curves for
Carboniferous rocks drilled from North China were also
obtained by Xia et al. [31] by means of servo permeability
tests. The lithological characteristics of different rock samples
and their corresponding volumetric strain-permeability
curves are shown in Table 2 and Figure 5, respectively.

As mentioned in Table 2, the floor of the 4# coal seam in
the Longquan coal mine is mainly composed by sandstone
and it can be seen that the sampling location and geological
time of studied floor rocks in this paper have a good

𝜎
z
 = 9.3 MPa

Bottom

intersecting line

4#coal

V z
 = 0

V
x  = 0

V y
 = 0

Figure 6: Configuration of the 3D numerical model.
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agreement with those in the paper [29]. Therefore, the curve
of sandstone volumetric strain and permeability obtained by
Xia et al. is fitted by virtue of Gaussian function, which gives
the results as

k = y0 +
A

w
ffiffiffiffiffiffiffi

π/2
p e−2 ε−x0ð Þ2/w2 , ð2Þ

where k is the permeability and ε is the volumetric strain, and
for other constant parameters, there are y0 = 2:53944 × 10−12,
A = −4:3916 × 10−13, w = 0:13984, and x0 = −0:04739.

4.2. Numerical Modelling. The 3D numerical model estab-
lished via the FLAC3D software is shown in Figure 6 [32].
The model is 2000m, 1500m, and 252m in length, width,
and height, respectively. The top surface bears a vertical

stress of 9.3MPa, and the bottom bears a water pressure of
6MPa. In addition, the displacement of the bottom and four
laterals are fixed; this numerical model shares the same strat-
igraphic sequence with the above constructed physical
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Figure 7: Comparison of volumetric strain obtained by physical modelling and numerical modelling in different advancing distances: (a)
workface advances 36m; (b) workface advances 72m; (c) workface advances 144m.

Table 3: Schemes of numerical simulation.

Scheme Panel height (m) Panel width (m) Panel length (m)

1 4 250 800

2 6 250 800

3 8 250 800

4 4 500 800

5 4 750 800

6 4 250 1000

7 4 250 1200
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model. A monitoring line is placed 5m below the coal
seam—rock floor interface to collect the volumetric strain
variation of floor rocks. The purpose of this operation is to
verify the appropriateness and rationality of the numerical
model by a volumetric strain indicator. The curve describing
the volumetric strain variation with coal seam excavation is
shown in Figure 7.

The volumetric strain obtained by numerical modelling-
based computation in three excavation periods is compared
with that by physical modelling. The results show that the
maximum volumetric strain reaches 0.00241 when the panel

works 36m, with the minimum reaching -0.00155. In the
case of 72m, the volumetric strain of the floor in the middle
of the panel void decreases, while that in the rib area is the
highest, reaching 0.00231, and that below both lateral coal
bodies is the lowest, reaching -0.00164. As the workface
advances 144m, the maximum and minimum volumetric
strains are 0.0229 and -0.00166, respectively. In general, the
greatest difference ratio of the numerical model to the phys-
ical model only accounts for 6.6%, and both curves share a
similar evolution trend, suggesting a good agreement
between both models.
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Figure 8: Curve of floor permeability in response to different panel heights.
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Formula (2) is input into the FLAC3D software to
study the impacts of panel height, width, and length on
floor permeability. According to the geological conditions
of the 4# coal seam, panel height is considered 4m, 6m,
and 8m, respectively, with panel width 250m, 500m,
and 750m and panel length 800m, 1000m, and 1200m.
There are totally 7 simulation schemes in line with the
approach, namely, single variable control. Such designed
schemes can be compared with each other to analyze the
impacts of different panel geometries on floor permeabil-
ity. So a measuring line is arranged 5m below the coal
seam floor to obtain the permeability of the rock blocks
with the centroid located along this line. The maximum
value amongst calculated permeability is taken to partici-
pate in the subsequent comparison. Simulation schemes
are listed in Table 3.

4.3. Simulation Result Analysis. Figure 8 shows that, when the
two horizontal geometries (panel length and width) are con-
sidered fixed, the maximum permeability of floor rocks
reaches 8:84 × 10−13 cm2 in the case of 4m panel height,
while this value increases to 1:06 × 10−12 cm2 in 6m panel
height and then to 1:22 × 10−12 cm2 in 8m panel height. It
can be seen that there is a positive correlation between the
maximum permeability of floor rocks and panel height. In
fact, the minimum permeability also sees the same variation
law due to the results that it reduces from 6:65 × 10−13 cm2

to 7:45 × 10−13 cm2 and to 8:26 × 10−13 cm2 with panel height
increasing from 4m and 6m to 8m. It is speculated that for
the same horizontal geometries, greater panel height gives
rise to stronger depressurization effect on floor rocks. The
compaction degree of collapsed overburden onto the panel
floor becomes lower, and the permeability goes higher as a
consequence.

The other scenario is shown in Figure 9, in which panel
width changes along a gradient, but other geometries includ-
ing panel height and length are fixed. The results show that
the maximum permeability of floor rocks goes higher as
panel width enlarges: 8:84 × 10−13 cm2 in 250m panel width,
9:14 × 10−13 cm2 in 500m panel width, and 9:32 × 10−13 cm2

in 750m panel width. However, its impact on permeability
changes is weaker than the above analyzed factor, panel
height. There is a totally different phenomenon in terms of
the minimum permeability that decreases from 6:65 × 10−13
cm2 in 250m panel width to 5:91 × 10−13 cm2 in 500m panel
width and then to 5:35 × 10−13 cm2 in 750m panel width.
The reason behind it accords with the impact of panel length
on floor permeability.

The last scenario is shown in Figure 10; when the two
geometries regarding panel height and width are fixed, the
maximum permeability of floor rocks reaches 8:84 × 10−13 c
m2 in the case of 800m panel length. This value increases
to 9:61 × 10−13 cm2 in 1000m panel length and then to 1:09
× 10−12 cm2 in 1200m panel length. In general, the impact
of such a geometric factor is still weaker than that of panel
height. The minimum permeability of the compressed area
below the panel void demonstrates a different trend, with
the value reducing from 6:20 × 10−13 cm2 to 6:36 × 10−13 c
m2 and to 6:65 × 10−13 cm2. The phenomenon that the min-
imum permeability of floor rocks decreases with the increase
in panel length can be attributed to the wider scope for col-
lapsed overburden, which makes the compaction onto the
panel floor stronger, and the minimum value of floor perme-
ability is resultantly lower.

In general, the three geometric factors including panel
height, length, and width affect floor permeability to different
extents. Comparison results show that the impact degree of
panel height is the highest, followed by panel length and
width.
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5. Conclusion

Based on the case regarding panel 4301of the Longquan coal
mine, the paper establishes a physical model for capturing
panel floor failure characteristics. Floor fractures experience
three stages including initiation, propagation, and conver-
gence with the workface progressing. Two ribs witness the
strongest fracturing behavior, where the fractures extend to
the depth of 16m. The fractures developing at the middle
of goaf gradually converge due to caved rock reconsolidation.
The fractured zone presents an inverted saddle shape in the
floor area.

With coal seam excavation, the volumetric strain of floor
rocks experiences a decrease-increase-decrease sequence.
Before roof caving, the floor rocks below the middle of goaf
have the maximum volumetric strain; after roof caving, two
areas at an 8-10m distance from two ribs exhibit the maxi-
mum volumetric strain. The volumetric strain profile
changes from Λ shape to an inverted saddle shape.

Deformation and failure characteristics of floor rocks
show that the more developed the floor fractures, the higher
the floor permeability. The paper investigates the impact of
panel height, panel length, and panel width on floor perme-
ability by a fitted volumetric strain-permeability equation.
The numerical modelling results indicate that the impact
degree of panel height ranks first, followed by panel length
and panel width.
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Generally, long-term waterflooding development often leads to the change of reservoir pore and clay mineral composition, which
results in the change of permeability and wettability. In order to explore the relationship between core micropore structure and
water cut, based on physical simulation experiments and fractal theory, we proposed a fractal evolutionary model to describe the
evolution characteristics of microstructure of long-term water driving reservoirs. In this paper, core pore structure by SEM was
first conducted to analyze the change of core pore structure before and after waterflooding under the conditions of
magnification of 200 times, 800 times, and 2000 times, respectively. Then, conventional and constant rate mercury injection
tests were combined to perform the comparative analysis of core structural parameters before and after waterflooding. Finally, a
micropore-throat structure evolution model of core was established. Research shows that the connectivity of larger pores
becomes better after long-term water driving, the degree of heterogeneity weakens, and the micro heterogeneity of small pores
becomes stronger and stronger. The throat characteristics change in a complex manner, the radius tends to increase, and the
sorting becomes better, while the connectivity of small throat changes complex. In general, the heterogeneity of throat increases
with the time of water injection in reservoirs with low porosity and permeability. On the basis of fractal theory and variation
characteristics of rock pore structure in water driving reservoirs, we have established a micropore-throat structure evolution
model of core pore-throat characteristics. This fractal evolution model quantitatively characterized the complexity and evolution
law of pore structure and clarified the relationship between fractal dimension of core pore structure and water cut under
different stages of water driving.

1. Introduction

Daqing Oilfield is the largest continental multilayer sand-
stone reservoir in China. After more than 60 years of long-
term water injection development, the comprehensive water
cut is over 95%, and it has been fully entered and is a typical
representative of ultrahigh water cut oilfield [1–3]. The long-
term waterflooding development results in the change of res-

ervoir pore and clay mineral composition, which leads to the
change of permeability and wettability. The permeability of
reservoirs with high permeability greater than 1300 × 10−3
μm2 increases, while that of reservoirs with permeability
lower than 300 × 10−3 μm2 decreases, and the static heteroge-
neity of reservoirs intensifies [4]. With the further increase of
water cut, especially in the extra high water cut period, the oil
and water two-phase seepage capacity are increasing, and the
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water phase permeability is rising sharply, resulting in seri-
ous low efficiency and invalid circulation, greatly reducing
the development efficiency, and causing great economic
losses. In particular, long-term waterflooding leads to low
resistance seepage channel at the bottom of high-
permeability layer, which is usually called “dominant seepage
channel” or “large channel.” It makes the injected fluid
channeling and greatly reduces the utilization rate of injected
fluid, which is very unfavorable for reservoir development.

In Sazhong study area of Daqing Oilfield, there are
fluvial-delta facies deposits under the condition of large shal-
low lake basin. There are 11 types of sand bodies, including
flood plain facies, distributary plain facies, delta inner front
facies, and delta outer front facies. The total thickness of
the strata is about 500m, and it is composed of 10 oil layer
groups, 43 sandstone groups, 144 small layers, 158 subdi-
vided sedimentary units, and hundreds of small sand beds
and argillaceous rocks. The permeability difference of the
single layer is as high as dozens to more than one hundred
times, and the thickness of the single layer is from 0.2m to
20m, which superimposed each other vertically and distrib-
uted staggered on the horizontal surface. The sedimentary
microfacies developed and formed a very complex reservoir
system. The average viscosity of crude oil is 9.2mPa·s. The
permeability is in the range of 100 × 10−3 μm2 to 2000 ×
10−3 μm2, and most of them are in the range of 500 × 10−3
μm2 to 1500 × 10−3 μm2. The development of oilfield in Saz-
hong study area was a gradual process. During the 60 years of
development, the exploit objects changed from thick layers to
thin layers, the strata combination gradually refined division,
the injection-production well spacing changed from large to
small, and the reserve utilization changed from good to
bad. From the perspective of the whole Daqing Oilfield, the
reservoir physical properties of Sazhong study area are very
well, and the long-term injection fluid development leads to
the development of dominant seepage channels. Therefore,
in the ultrahigh water cut stage, the phenomenon of ineffi-
cient and ineffective circulation is extremely serious. In the
final analysis, it is the change of microscopic pore-throat
structure caused by long-term injection fluid erosion in these
formations, which leads to the change of seepage law.

Reservoir pore structure heterogeneity is one of the key
factors of oil remaining distribution and EOR (enhanced oil
recovery), especially in the long-term waterflooding reser-
voir. The long-term waterflooding will lead to the change of
reservoir microscopic pore structure. In this case, the quanti-
tative study of the changing law of the reservoir microscopic
heterogeneity is the most important to guide the adjustment
of oilfield scheme, quantitative description of remaining oil,
tertiary oil recovery, and EOR. A large number of scholars
domestic and overseas have done a lot of related research
on this issue and have obtained rich research results. The
research methods mainly include the following: well logging
data evaluation method [5], laboratory rock casting thin sec-
tion [6], scanning electron microscope (SEM) [7], nuclear
magnetic resonance (NMR) [8], and conventional high-
pressure mercury injection [9], as well as two emerging tech-
nologies, namely, fractal theory and CT scanning method to
construct network model, for qualitative, semiquantitative,

and quantitative description of reservoir pore structure [10,
11]. Golsanami et al. [12] divided the target area under the
T2 curve by NMR into eight porosity bins and estimated each
bin’s value from the seismic attributes using neural networks
(NN). Their research work showed that by using the incre-
mental porosity under the T2 curve, this curve could be syn-
thesized using the seismic attributes. Thomeer and Libny
et al. applied the conventional mercury injection experiment
method to test capillary pressure curve, and they had
obtained the pore-throat size, connectivity, and the parame-
ters of the seepage ability [13, 14]. The constant speed mer-
cury injection experiment method had been more and more
applied to the study of pore structure, as it could overcome
the disadvantages of conventional high-pressure mercury
intrusion method with better quantitative characterization
of reservoir microscopic pore structure [15]. Meanwhile,
the geomechanical properties of the reservoir could not be
neglected while studying the porosity-permeability changes.
Golsanami et al. introduced a novel approach to obtain geo-
mechanical parameters through investigating the relation-
ship between geomechanical parameters and Archie’s
coefficients. The obtained results of this study provided new
insights into the simultaneous evolution of the reservoir’s
mechanical and petrophysical characteristic [16]. Many
domestic scholars have studied the variation law of reservoir
physical property parameters after long-term waterflooding
development, mainly through laboratory waterflooding
experiments and coring tests. Guan et al. [17] applied labora-
tory experimental data such as oil well sealed coring and long
core waterflooding experiment in the ultrahigh water cut
period to study the variation law of physical property param-
eters and pore structure parameters. The study concluded
that with the intensities of reservoir waterflooding, reservoir
physical property parameters, pore structure parameters,
and seepage characteristics all changed fundamentally. Wu
et al. [18] study the sandstone reservoir physical characteris-
tics and the changing law of the reservoir parameters, and
research showed that due to long-term waterflooding, the
permeability of sandstone reservoir and moisture content
increased, the stratigraphic particles were rushed out, and
clay mineral containing basin reduces clever grain of support
way and the pore network connectivity, higher permeability,
and reservoir wettability by oil into strong hydrophilic. Yin
[19] studied through many years the testing data of inspec-
tion wells and laboratory core waterflooding experiment of
distributary channel sand body of Daqing Oilfield water-
flooding process reservoir parameter variation characteris-
tics, and it showed that after long-term water erosion,
sample average pore-throat radius and median pore-throat
radius, pore throat in reservoir large number, and the perme-
ability contribution rate increase. Li [20] believed that the
dynamic geological process of reservoir development fluid
was the main reason for the change of reservoir macro
parameters. The connectivity of pore throat was improved,
the separation of throat was better, the clay minerals were
reduced, and the wettability of rock particles was trans-
formed to hydrophilic.

Currently, the fractal geometry, which is an effective tool
to characterize the pore structure of reservoirs [21–23], is
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widely utilized when conducting the research on pore and
throat analysis. Katz and Thompson [24] first used fractal
geometry theory to analyze pore structure in porous media
and pointed out that both pore space and pore interface of
porous media have fractal structure. It is demonstrated that
the multiscale and statistically self-similar fractal behavior
is always observed for the pore structure of porous media
[25, 26]. Angulo et al., Perez and Chopra, Shen et al., Li, Li
and Horne [27–31], and many other scholars domestic and
overseas had put forward different mathematical models to
calculate the fractal dimension of pore structure using mer-
cury intrusion data combined with fractal theory and
achieved many remarkable results. Li and Zhao [32] derived
a mathematical model for determining oil production of
spontaneous imbibition by the fractal theory for tight oil res-
ervoir. And the fractal production mode showed a power law
relationship between the oil production rate of spontaneous
imbibition and time. Chen et al. [33] developed a theoretical
model of liquid flow through porous media and numerically
analyzed to investigate the role of pore structure on liquid
flow behaviors in porous media. In the model, the Sierpinski
fractal was utilized to construct the geometry structure of
porous media. In the study of Chen et al. [34], they demon-
strated that one special bridge function, which was a function
of the apparent length and tortuosity fractal dimension,
could characterize the relationship of pore structures
between two dimensions (2-D) and three dimensions (3-D),
and it could serve as a conversion bridge of the radius to
determine the capillary pressure curve. In view of the evolu-
tion characteristics of micropore-throat structure of long-
term waterflood reservoir, most scholars described it through
laboratory experiments and field coring data, but few
scholars proposed to apply fractal theory to it to realize the
quantitative characteristics of its change law in theory.

In this paper, we studied and analyzed the influence and
evolution mechanism of long-term waterflooding develop-
ment on the microscopic pore structure of rocks. Firstly,
the structural characteristics of cores before and after long-
term waterflooding development were compared by scan-
ning electron microscopy (SEM) under the conditions of
magnification of 200 times, 800 times, and 2000 times,
respectively. Then, combined with conventional and con-
stant rate mercury injection tests, the effects of long-term
water injection before and after on core pore radius distribu-
tion, throat radius distribution, permeability contribution
rate, and other parameters were studied. And on that basis,
based on the fractal theory and the evolution model of pore
structure in different water cut stages during long-term water
injection, a micropore-throat structure evolution model of
core was established, and the mathematical relationship
between water cut and fractal dimension of pore structure
of core was obtained, which quantitatively characterized the
complexity and evolution law of pore structure.

2. Materials and Methods

2.1. Experimental Materials. The experimental oil was simu-
lated oil, which was a mixture of degassed and dehydrated
crude oil and light hydrocarbon oil in Daqing Oilfield. The

viscosity of the simulated oil was 8.86mPa·s at 45°C. The
experimental water was prepared from No. 1 oil production
plant of Daqing Oilfield. The experimental cores were natural
cores, which were taken from the type-I formation of No. 1
oil production plant in Daqing Oilfield. The diameter of nat-
ural core was 2.5 cm, and the permeability was in the range of
100 × 10−3 μm2 to 2000 × 10−3 μm2.

2.2. Instrument and Facilities. The main instrument used in
the experiment include conventional mercury injection
meter, conventional mercury injection meter, and constant
speed mercury meter. The microscopic pore structure
parameters of the core were measured by conventional mer-
cury injection apparatus and constant speed mercury meter.
Fei Tecnai G2 F20 scanning electron microscope (SEM) from
Gatan Company, USA, was used to test the micromorphol-
ogy of natural core before and after long-term water driving.

2.3. Experimental Methods. In this paper, we mainly did three
aspects of the research work. Firstly, the core profiles before
and after long-term waterflooding development were
observed by SEM, and the changes of microscopic pores
and throat characteristics were compared. Moreover, the
evolution characteristics of core pore radius, throat radius,
permeability contribution rate, and other parameters before
and after long-term waterflooding development were com-
pared and analyzed by conventional mercury injection test
and constant rate mercury injection experiment. Finally,
the fractal model of long-term water driving core under dif-
ferent water cut conditions was established based on fractal
theory. The specific research methods are as follows.

2.3.1. Scanning Electron Microscopy Methods of Natural
Cores. (1) Sample preparation: use a burette to absorb a small
amount of core debris, evenly spread it in a clean and fixed
sample box, and number it for standby; (2) freezing and dry-
ing the samples: transferring the prepared samples to E7400
cryotrans to freeze the table quickly, pouring liquid nitrogen
for freezing and vacuumizing slowly, then raising the tem-
perature quickly, and sublimating the water in the samples
after freezing to obtain dry samples; (3) gold spraying: the
sample was placed in a high-voltage electric field with a cer-
tain degree of vacuum, the high-voltage electric field ionized
the air, and then, a conductive metal film was plated on the
surface of the sample; (4) scanning electron microscope: the
samples were placed under the scanning electron microscope
and observed in the sample room. The pictures were selected
to observe the micromorphology of each sample, and the
changes of core microstructure before and after waterflood-
ing were compared and analyzed

2.3.2. Method of Mercury Intrusion Test. (1) The natural
cores with a diameter of about 2.5 cm were selected, and the
natural cores must be dried after washing with toluene oil.
(2) Determine the physical properties of the target cores,
including gas permeability, volume, mass, and density. For
the conventional mercury injection test: (3) put the target
cores into the core chamber of mercury injection instrument,
injected mercury under the set pressure, recorded the pres-
sure value and mercury volume after the pressure was stable,
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increased the injection pressure, and repeated the record of
the above experimental data. For the constant speed mercury
injection test: (4) the target core was put into the core cham-
ber of mercury instrument, and mercury was injected into
the throat and pore of rock sample at a very low constant
speed (0.00005ml/min), so as to ensure that the mercury
injection process was carried out under quasi-static state. It
was assumed that the interfacial tension and contact angle
remain unchanged during the mercury injection process,
and the capillary system pressure increases gradually as mer-
cury entered the throat. At the moment when mercury broke
through the throat limit and enters the pore, the mercury
pressure was released and the whole system pressure fell
back. (5) It was considered that the injection pressure was
equivalent to the capillary pressure corresponding to the pore
space of mercury, and the capillary radius corresponding to
the capillary pressure was equivalent to the pore-throat
radius of the core. The capillary pressure curve could be
obtained by continuously increasing the injection pressure.
Combined with the volume of mercury, the distribution
probability corresponding to different pore radius ranges
could be calculated.

2.3.3. Fractal Evolution Model Establishment of Microscopic
Pore-Throat Structure after Long-Term Waterflooding. The
spatial distribution of pore and throat in porous media has
statistical self-similarity [35–37]. The characteristic parame-
ters of pore structure obtained by SEM test and mercury
injection method cannot reflect the general law of pore spa-
tial distribution and quantitatively characterize the self-
similarity of pore structure. Based on mercury injection test
data and fractal geometry theory, the theoretical model of
evolution characteristics of microscopic pore throat in long-
term water-driven cores was established, which was of signif-
icance for analyzing the change of core structure parameters
under the action of water injection scour.

According to the fractal geometry theory, the number of
pores with pore-throat radius greater than r of the reservoir
NðrÞ and r satisfies the following power ratio relation condi-
tions in Equation (1) [38]:

N r < Lð Þ =
ðrmax

r
f rð Þdr = C1r

−Df , ð1Þ

where rmax is the maximum pore-throat radius in the reser-
voir, μm; f ðrÞ is the probability density function; NðrÞ is
the number of pores of radius r; L is the object size; Df is
the fractal dimension of the microscopic pore structure,
which is in the range of 2 to 3; C1 is a constant.

Then, the micropore distribution of the reservoir has the
fractal self-similar characteristics.

In this case, the fractal representation of pore-size distri-
bution is as Equation (2) [39, 40]:

F = r
rmax

� �3−Df

: ð2Þ

Correspondingly, the fractal representation of mercury

injection capillary pressure curve is as Equation (3):

F = pc
pmin

� �Df −3
, ð3Þ

where F is the wetting phase saturation of mercury injection
capillary pressure curve under reservoir conditions, fraction;
pmin is the capillary pressure corresponding to the maximum
pore-throat radius in the mercury injection capillary pressure
curve under reservoir conditions, namely, the inlet capillary
pressure, MPa; pc is the capillary pressure, MPa.

Take the logarithm of both sides of Equation (3) and we
can get Equation (4):

lg F = −Df + 3
� �

lg pmin + Df − 3
� �

lg pc: ð4Þ

According to Equation (4), it can be clearly seen that in
log-log coordinates, the wetting phase saturation S has a lin-
ear relationship with capillary pressure pc. Therefore, the lin-
ear regression analysis of Equation (4) can be carried out by
combining the test data obtained from conventional mercury
injection and constant rate mercury injection, and the fractal
dimension Df can be obtained by the slope of the line. By the
corresponding intercept, the capillary force pmin at the inlet
and outlet can be obtained.

In order to truly reflect the distribution of pore structure
of rock, the accuracy can be improved by using the method of
piecewise fitting in the analysis of pore structure with great
difference. In this paper, large pores and small pores are
counted separately to calculate the fractal dimension of pore
structure, respectively.

Then, the fractal models of pore distribution and capil-
lary pressure curve are, respectively, as in Equation (5) and
Equation (6).

For the larger pores,

F = rP
rP,max

� �3−DP

, F = pP,c
pP,min

� �DP−3
, ð5Þ

Figure 1: Enlarge image 200 times before water drive.
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and for the smaller pores,

F = rT
rT ,max

� �3−DT

, F = pT ,c
pT ,min

� �DT−3
, ð6Þ

where DP is the fractal dimension of larger pores; DT is
the fractal dimension of smaller pores; rP,max is the largest
pore of larger pores, μm; rT ,max is the smallest pore of smaller
pores, μm; pP,min is the minimum capillary pressure corre-
sponding to the larger pores on the capillary pressure curve,
MPa; pT ,min is the minimum capillary pressure correspond-
ing to the smaller pores on the capillary pressure curve,
MPa; rP is the pore radius of larger pores, μm; rT is the pore
radius of smaller pores, μm; pP,c is the capillary pressure
when the pore radius is rP, MPa; pT ,c is the capillary pressure
when the pore radius is rT , MPa.

3. Results and Discussions

3.1. Test Results of Core Pore Structure by SEM. In order to
more clearly compare and analyze the changes of core pore
structure before and after waterflooding, SEM scanning
images were magnified by about 200 times, 800 times, and
1600 times, respectively, to conduct the related research
work.

In Figures 1 and 2, the pore structures before and after
waterflooding were imaged by scanning electron microscopy
(SEM) at 200 times magnification. At low magnification, the
clastic particles were well developed, and the clay mineral
particles were closely arranged before waterflooding. The
clastic rock particles were unevenly filled with argillaceous
clay minerals, etc., with more content, more developed pores,
and uneven distribution. After long-term waterflooding, core
pores were more developed, intergranular pore connectivity
was better, particle dissolution and quartz secondary enlarge-
ment were developed, and secondary intergranular pores
were developed in pores.

Figure 2: Enlarge image 200 times after water drive.

Figure 3: Enlarge image 800 times before water drive

Figure 4: Enlarge image 800 times after water drive.

Figure 5: Enlarge images 2000 times before water drive.
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With the increase of magnification of core scanning elec-
tron microscope images, the mineral skeleton and filling
components could be seen more obviously. Figures 3 and 4
showed the pore structure pictures of cores before and after
waterflooding at a magnification of 800 times, respectively.
Before waterflooding, it could be found that the clastic rocks
were filled with leaf-like kaolinite and authigenic quartz, and
the liritization was developed on the granules. The main
component of the core was complete, and the phenomenon
of feldspar damage and dissolution occurred locally. After
waterflooding, it was obvious to observe the mineral skeleton
left after the dissolution of minerals, and part of the clay min-
erals filled in the pores was washed away, and the average
total amount of clay minerals decreased, which indicated that
the overall pore structure inside the core had undergone a
great change, from small pores to large and sublarge pores.
The secondary development of quartz at the grain edge was
increased, part of feldspar was broken, and the cements were

reduced. The local pores were also blocked due to clay min-
eral scouring and migration, making the pore roar smaller.

Figure 5 was the pore structure images of the core before
waterflooding at a magnification of 2000 times. It could be
observed that the pores were filled with kaolinite, with the
presence of page-like, worm-like kaolinite and some chlorite.
In addition, typical quartz could be seen, and the develop-
ment of intergranular pores was not obvious. Figure 6
showed the pore structure images of the core after water-
flooding at 2000 times magnification. Compared with that
before waterflooding, it was observed that the dissolution of
kaolinite in the pores was very obvious. The dissolved kaolin-
ite fragments existed in the pores. There were few intact kao-
linites in pieces. After alteration of feldspar, illite clay film
was formed on the surface, and some quartz was secondary
increased. Some secondary pores were formed, forming large
pore channels, and the intergranular pores were enlarged.

In conclusion, before waterflooding, the reservoir pores
were mainly intergranular pores with weak dissolution,
smooth grain edges and developed mesopores, narrow distri-
bution range, and single type. After long-term injection water
erosion, reservoir properties changed. The dissolution and
destruction of rock particles and the migration of original fill-
ing materials mainly expanded the intergranular pores and
dissolution pores, and large intergranular pores, dissolution
pores, and even macropores appeared, but there were also
partly dissolved, broken content of settling down in the
fine pore throat, made pore become smaller. Therefore,
long-term water washing could increase the variation
range of pore-throat distribution, with various types,
macropore throat and micropore throat appeared and
accompanied one after another, and the distribution of
pores and throats were very different in vertical and trans-
verse directions.

3.2. Results of Core Pore Structure by Mercury Injection Test
before and after Waterflooding. In order to find out the influ-
ence of long-term waterflooding on the pore structure of
cores in different permeability ranges, we selected 20 cores

Figure 6: Enlarge images 2000 times after water drive.
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from different types of reservoirs in the No. 1 oil production
plant of Daqing Oilfield for this study. In addition, in order to
ensure the accuracy of the experimental results, we per-
formed long-term waterflooding on these core samples at
standard displacement rates, and the injection volume was
up to 1500 times the pore volume.

3.2.1. Changes of Permeability and Pore Radius before and
after Waterflooding. Figure 7 showed the relationship
between the maximum pore-throat radius and permeability
of these core samples before and after waterflooding.
Figure 8 shows the relationship between the median pore-
throat radius and permeability before and after waterflooding
of these core samples.

The results showed that the pore-throat size of the reser-
voir changed obviously after long-term waterflooding. On
the whole, the median and maximum pore-throat radius
increased. It could be seen from Figures 7 and 8 that after
long-term waterflooding, the median pore-throat radius of
rock sample increased by 1.62μm and 0.97μm on average,
with an increase of 15.2%; the maximum pore-throat radius
increased by 3.72μm and 2.64μm on average, with an
increase of 12.9%. Moreover, there was a good correlation
between the median radius of pore throat and core perme-
ability before and after waterflooding. As is known to all,
the median value of pore-throat radius is an important index
to evaluate the quality of reservoir, which reflects the lowest
value of pore radius accounting for more than 50% of the
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Figure 9: Pore-throat distribution frequency and permeability contribution before and after waterflooding (kA = 195 × 10−3 μm2).
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pore volume of rock sample. That was to say, the increase of
the median pore-throat radius indicated that the radius of
large pore throat, which accounted for more than 50% of
the pore volume of rock sample after waterflooding, was

increasing. After long-term waterflooding, the pore-throat
structure of sandstone changed, the pore-throat radius of res-
ervoir increased, and the permeability was enhanced.

3.2.2. Pore-Throat Distribution and Permeability
Contribution Rate before and after Waterflooding. In order
to compare and analyze the variation of pore-throat distribu-
tion frequency and permeability contribution rate of rock
samples with different permeability before and after water-
flooding, the distribution variation of pore-throat distribu-
tion frequency and permeability contribution rate of rock
samples with different permeability levels were compared
and analyzed by using constant velocity mercury injection
experimental parameters of rock samples. Figure 9 showed
the distribution of pore-throat distribution frequency and
permeability contribution rate before and after waterflood-
ing, taking core A with lower permeability (k = 195 × 10−3
μm2) as an example. Figure 10 showed the distribution of
pore-throat distribution frequency and permeability contri-
bution rate before and after waterflooding, taking core B with
higher permeability (k = 1610 × 10−3 μm2) as an example.

The results showed that on the whole, for high-
permeability core samples, the increase of pore-throat distri-
bution frequency and permeability contribution rate after
waterflooding was greater; on the contrary, for low-
permeability core samples, the change of pore-throat distri-
bution frequency and permeability contribution rate before
and after waterflooding was small or even slightly decreased.
This was because the core with large permeability was
denuded by fine particles after long-term waterflooding and
forms more connected dominant seepage channels, which
enhanced the flow ability of fluid and increases the apparent
permeability. For the core with low permeability, the sorting
of rock particles was poor, and the small particles stripped by
long-term waterflooding had filled the larger holes to a cer-
tain extent, so it was possible to reduce the permeability.

3.2.3. Results of Constant Rate Mercury Injection Test. In
Daqing Oilfield, three typical cores were taken from the
type-I formation, the type-II formation, and the type-III for-
mation, respectively, and the permeability was 145 × 10−3
μm2, 627 × 10−3 μm2, and 1548 × 10−3 μm2, respectively.
The influence of long-term waterflooding on their respective
pore-throat structure was analyzed. The original imbibition
and drainage curves were shown in Figure 11. The pore dis-
tribution before water driving was shown in Figure 12, and
the throat radius distribution before water driving was shown
in Figure 13. Under different permeability conditions, the
pore radius distribution of rock sample had no obvious
change, and the pore structure distribution tended to be nor-
mal distribution. Different from this, the throat radius distri-
bution of samples was different with different permeability
and presented certain regularity. For the samples with high
permeability, the throat radius distribution was relatively
wide; for the samples with low permeability, the throat radius
distribution became narrow, and the peak value was concen-
trated in the small throat. The throat radius corresponding to
the throat distribution peak value of three rock samples with
different permeability is 10.3μm, 14.7μm, and 17μm,
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respectively, and the throat radius increased with the increase
of rock sample permeability. This shows that the throat char-
acteristics, rather than the pore characteristics, control the
seepage characteristics of rock samples. The throat radius
distribution of the cores above after water driving was shown
in Figure 14.

According to Figure 14, the contribution of throat with
small radius to permeability decreased in lower permeability

core and increased slightly near the peak value, but some
throat was blocked. For the medium permeability core, the
pore passage of some throat was unobstructed due to the clay
falling off after waterflooding, which enhanced the fluid seep-
age ability. It was possible that some relatively large throat
appears after long-term waterflooding. For high-
permeability core, the main flow path changed before and
after waterflooding. The throat with radius of 1-11μm and
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Figure 14: Throat radius after water driving.

Table 1: The fractal dimension analysis results of different water cut stages of core B.

Scope Water cut Slope Intercept D pmin (MPa) R2

Larger pores

0 0.5786 0.8422 2.437 0.036264 0.9919

0.75 0.6258 0.9183 2.3892 0.035141 0.9966

0.85 0.6597 0.9808 2.357 0.033487 0.9982

0.95 0.7393 1.1480 2.206 0.030154 0.9955

Smaller pores

0 0.1990 0.5192 2.801 0.001712 0.9988

0.75 0.1728 0.5545 2.827 0.000942 0.9972

0.85 0.1534 0.5908 2.844 0.000742 0.9980

0.95 0.1229 0.6202 2.878 0.000044 0.9968
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17-20μm increased the contribution to the flow after water-
flooding, and there was a new throat with radius of 21-25
μm, which indicated that the pore channel of some throat
was unobstructed due to the clay falling off after waterflood-
ing, so that the flow capacity of fluid was enhanced. It was
possible that some relatively large throat appeared after
waterflooding. At the same time, part of the pore throat
was blocked. This showed that high-permeability reservoir
was very conducive to the development of dominant perme-
ability channel.

3.3. Fractal Description of Core Pore Structure after Long-
Term Waterflooding. In order to study the influence of
long-term waterflooding on micropore structure, it is neces-
sary to calculate the fractal dimension of core pore structure
at different water cut stages and analyze the fractal character-
istics. Core sample B had experienced a long-term water-
flooding experiment, which was taken as an example to
analyze the influence of long-term waterflooding on micro-
pore structure. Based on the constant pressure mercury injec-
tion experimental data of core sample B (permeability
1548 × 10−3 μm2) in four different water cut stages of initial
nonwater driving, water driving at water cut of 75%, water
driving at water cut of 85%, and water driving at water cut
of 95%, the fractal dimension of core pore was analyzed by
Equation (4). Under the double logarithm coordinate system,
Sw and pmin should be in line with each other. The fractal
dimension D could be obtained from the slope of the straight
line, and the entrance capillary force pmin could be obtained
from the intercept.

The fractal characteristics of core pore structure in four
water cut stages of core sample B were analyzed by two-
stage fitting method. The upper section reflected the pore
structure characteristics of large pore throat and the lower
section reflected the pore structure characteristics of small
pore. The analysis results were shown in Figure 14. The frac-
tal dimension analysis results of different water cut stages of
core B were shown in Table 1.

According to Figure 15, the fractal dimension of macro-
pore in different water cut stages was obviously smaller than
that of small pore throat, which indicated that the pore struc-
ture of macropore throat was better than that of small pore
throat; more importantly, after long-term waterflooding,
the fractal dimension of macropore throat decreased with
the increase of water cut, the macropore throat would
become larger and larger, the inner wall would be smooth,
and the homogeneity coefficient would increase; the fractal
dimension of small pore throat would increase. The number
increased with the increase of water content, reflecting the
enhancement of micro heterogeneity driven by water.
According to the analysis results of mercury injection data,
with the increase of water cut after long-term waterflooding,
the radius of pore throat increased, but the complexity of
pore-throat structure increased. The macropore throat
became larger and larger, and the micro heterogeneity of
small pore throat became stronger and more complex. In this
way, the injected water would preferentially enter into the
macropore throat, which also created conditions for the for-
mation to have a dominant channel. The change range of
fractal dimension was small before the water content was
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Figure 15: Double logarithm curves of core capillary pressure and water saturation.
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75%, but the change range of fractal dimension was large
between 75% and 95%.

The fractal dimension of macropore throat and pinhole
throat had the following relation with the fractal dimension
of total pore throat as shown in Equation (7).

Dtotal =
Dhigh +Dlow

� �
2 , ð7Þ

where Dtotal denotes the fractal dimension of total pore
throat, Dhigh denotes the fractal dimension of the larger pore
throat, and Dlow denotes the fractal dimension of the smaller
pore throat.

The formation process of macropore can be seen as two
processes: the increase of local reservoir permeability and
the decrease of local reservoir permeability at the same time.
However, the microscopic essence of macropore is reflected
in the change of fractal dimension of pore structure. More-
over, the evolution law of fractal dimension of pore structure
with the change of water cut in different reservoir rock prop-
erties is different. Therefore, the reservoir pore structure is
established. The mathematical model of dynamic evolution
mode of fractal dimension of structure can combine macro
and micro to quantitatively solve the problem of mathemat-
ical description of the formation and evolution of
macropores.

Under the condition of short-term waterflooding in Daq-
ing Oilfield, the effect of injected water on reservoir erosion
and immersion is not obvious, which shows that the fractal
dimension of reservoir rock changes little in the initial stage,
and it belongs to a gentle increasing stage. With the increase
of injected water and waterflooding time, the long-term ero-
sion and immersion of injected water has a great effect on
pore structure. However, due to the limitation of rock cemen-
tation strength and clay content, the change of reservoir frac-
tal dimension tends to be gentle from the end of ultrahigh
water cut to 98% water cut. In general, the evolution of fractal
dimension of pore structure in Daqing Oilfield is first gentle,

then rising, and then gentle. According to the change of frac-
tal dimension, the exponential evolution model can be used
to characterize the evolution of fractal dimension in the mid-
dle and low water cut stage, but after the high water cut stage,
the change model of fractal dimension can be established
according to the half rising half ridge distribution function
[41] as shown in Equation (8) and Equation (9).

For the reservoir dominated by larger pores and throats,

D =
Dmaxe

−C1 f w f w ≤ 80%,

Dmax −DmaxλD max
1
2 −

1
2 sin π

1 − 1/2 f w −
1 + 1/2

2

� �� �� �
80% < f w ≤ 98%,

8><
>:

ð8Þ

and for the reservoir dominated by smaller pores and
throats,

D =
Dmine

C1 f w f w ≤ 80%,

Dmin +DminλD min 1/2 + 1/2 sin π

1 − 1/2 f w −
1‐1/2
2

� �� �� �
80% < f w ≤ 98%,

8><
>:

ð9Þ

where Dmin and Dmax are both the fractal dimension at
the water cut of 75%; C1 is a fractal coefficient; λD max denotes
a multiple decrease of fractal dimension, which is determined
by rock properties; λD min denotes a multiple increase of frac-
tal dimension, which is determined by rock properties; f w
denotes the water cut, fraction.

Based on the fractal evolution model of pore structure
under different water cut conditions, the relationship
between fractal dimension and water cut was calculated by
using the data in Table 1, as shown in Figure 16. It can be
seen that the fractal evolution mathematical model of pore
throat is in good agreement with the actual test data. There-
fore, it can quantitatively characterize the evolution of fractal
dimension of reservoir micropore structure.
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Figure 16: Comparison curves between actual data and prediction data of evolutionary model.
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4. Conclusions

(1) Long-term waterflooding will lead to the dissolution
of some minerals; part of the clay minerals filled in
the pores will be washed away, the average total
amount of clay minerals will be reduced, the overall
pore structure of the core has changed greatly, and
most of the pores will become larger. At the same
time, due to the erosion and migration of clay min-
erals, local pores are also blocked, making a small
part of pores smaller

(2) Long-term waterflooding and scouring will cause
complex changes in the microscopic pore structure
of the reservoir, and the overall pore characteristics
will tend to become better. The connectivity of larger
pores becomes better, and the degree of heterogeneity
decreases. On the contrary, the microscopic hetero-
geneity of small pores becomes stronger and stron-
ger. In general, the heterogeneity of the reservoir
with low porosity and permeability increases with
the passage of water injection time. These evolution-
ary characteristics will undoubtedly lead to the
injected water preferring to enter the larger pores
and throats, which will create conditions for the for-
mation of dominant channels

(3) Based on the fractal theory and the evolution model
of pore structure in different water cut stages during
long-term water injection, a micropore-throat struc-
ture evolution model of core was established, and
the mathematical relationship between water cut
and fractal dimension of pore structure of core was
obtained, which quantitatively characterized the
complexity and evolution law of pore structure. The
larger the fractal dimension was, the more serious
the microscopic heterogeneity was
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When a tunnel is excavated in the water-rich soft rock stratum, the strength of the soft rock is greatly reduced due to the seepage of
groundwater. The condition may result in engineering accidents, such as large deformation, limit invasion, and even local collapse
of the tunnel. Therefore, it is very important to research the stability of the surrounding rock in the water-rich soft rock tunnel. The
water-rich disturbance factor considering the seepage influence of groundwater and blasting disturbance is proposed, and the
generalized Hoek–Brown strength criterion is modified on the basis of the immersion softening test of soft rock. In accordance
with the classical elastic–plastic mechanics theory, the stress, strain, and displacement calculation formulas of the tunnel
surrounding rock are derived. The displacement of tunnel surrounding rock is analyzed using the derived formula and the
modified Hoek–Brown strength criterion and then compared with the measured value. Results show that the displacement of
surrounding rock, which is calculated by modified Hoek–Brown strength criterion considering water-rich disturbance factor and
the displacement calculation formula, is close to the measured deformation of surrounding rock in water-rich soft rock tunnel,
and the error is small. Therefore, the modified Hoek–Brown strength criterion can be applied to the water-rich soft rock tunnel,
and the derived displacement calculation formula can accurately calculate the deformation of tunnel surrounding rock. It is of
great significance to the study of surrounding rock stability of water-rich soft rock tunnel.

1. Introduction

With the rapid development of highway tunnels and railway
tunnels in China, more and more tunnels need to be built in
water-rich soft rock strata [1]. Water is an important factor
affecting the deformation and failure mode of soft rock [2].
Usually, water negatively affects the mechanical properties,
long-term strength, and stability of soft rock [3]. In most
cases, due to the disturbance of tunnel excavation, the state
of groundwater changes, thereby significantly changing the
strength of the surrounding rock. It is an important reason
for affecting the stability of surrounding rock in soft rock
tunnel [4, 5]. Therefore, studying the influence of groundwa-
ter on the stability of surrounding rock in the water-rich soft
rock stratum is important.

In the past 30 years, many scholars have found that
groundwater has a great influence on the stability of sur-
rounding rock after tunnel excavation. Some scholars have
conducted a number of studies on the softening effect of

water on the soft rock strength and deformation and have
made considerable achievements. For example, Yang et al.
[6] studied the microstructure and failure characteristics of
argillaceous slate under different immersion time. They
found that with the extension of immersion time, the internal
pores of rock samples gradually increased, and the failure
mode gradually developed from splitting failure to shear fail-
ure. Shakoor and Barefield [7] studied the change in sand-
stone strength under different water contents. They found
that within the range of water content lower than 20%, the
strength of surrounding rock decreased significantly with
the increase in water content. However, when the water con-
tent was higher than 20%, the strength decreased insignifi-
cantly. Nara et al. [8] studied the microstructure of shale
under different immersion time and found that the increase
rate of internal cracks increased with the extension of immer-
sion time. Azhar et al. [9] tested and analyzed the mechanical
properties of clay-rich sandstone under different immersion
time and found that the elastic modulus and compressive
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strength decreased with the increase of immersion time.
Zhang et al. [10] studied the failure characteristics of soft
rock under different immersion time and analyzed the failure
mode of tunnel when water gushing occurred. Sun et al. [11]
studied the softening characteristics and failure mode of rock
under different immersion time and analyzed the failure
mode of tunnel under different water contents. Bian et al.
[12] considered the shale of Huangjialing tunnel as the
research object, studied the changes in mineral composition
and microstructure under different immersion time, ana-
lyzed the failure modes under different immersion time,
and predicted the failure modes of the tunnel under different
water contents.

The above research results only analyzed the softening
properties and failure modes of soft rock after immersion,
which can be used to study the mechanism of large deforma-
tion of water-rich soft rock tunnel and predict the failure
mode of the tunnel. However, it cannot be used to analyze
the stability of tunnels. In tunnel construction, the stability
of surrounding rock is often judged by monitoring the defor-
mation of surrounding rock. If the cumulative deformation
of surrounding rock is small, the surrounding rock of tunnel
is considered to be stable; on the contrary, if the cumulative
deformation of surrounding rock is large, it is considered that
the stability of surrounding rock is poor, and corresponding
measures should be taken to strengthen support, such as tem-
porary inverted arch, biological improvement grouting rein-
forcement [13, 14], and other measures to strengthen
support. The deformation of surrounding rock during tunnel
excavation should be calculated for the analysis of tunnel sur-
rounding rock stability. In the calculation of surrounding
rock displacement, selecting the appropriate calculation
method and strength criterion can obtain more accurate cal-
culation results. Considering the deformation capacity of
surrounding rock, Thirukumaran et al. [15] proposed a sta-
bility analysis method of tunnel vault rock mass, which can
be used to analyze the stability of the surrounding rock. But
there is still a large gap between the calculation results of sim-
plifying the vault rock block to a rectangular block and the
actual deformation. To make up for the deficiency that the
Mohr–Coulomb strength criterion can only describe the lin-
ear failure characteristics of rock, Hoek and Brown [16] pro-
posed Hoek–Brown strength criterion, which can reflect the
nonlinear failure characteristics, on the basis of Griffith’s the-
oretical research results. Hoek et al. [17] improved the Hoek–
Brown strength criterion and proposed the generalized
Hoek–Brown strength criterion with wider applicability.
Meanwhile, the blasting disturbance factor (D) and the geo-
logical strength index (GSI) were introduced to calculate
the parameters. Sonmez and Ulusay [18] comprehensively
considered the geological strength index and the disturbance
effect in actual construction and corrected the blasting dis-
turbance factor, which can calculate the displacement of tun-
nel surrounding rock more accurately. However, due to the
cumbersome calculation process, it is less used at present.
Chen et al. [19, 20] based on the damage law of rock and
the reduction effect of cohesion and internal friction on the
stability of rock proposed the damage evolution equation of
fractured rock mass and established the damage constitutive

equation of rock, which can be used for the stability analysis
of fractured rock mass. Lee and Pietruszczak [21] proposed
the method of numerical difference and considered the soft-
ening law of strength parameters, such as cohesion, internal
friction angle, and dilatancy angle. They deduced the dis-
placement analysis formula of tunnel surrounding rock by
using the generalized Hoek–Brown strength criterion, which
makes the calculation results more suitable for the actual tun-
nel deformation. Xia et al. [22] used the strength reduction
method and catastrophe theory to study the stability of sur-
rounding rock and applied the research theory to practical
engineering, which achieved good results. Wu et al. [23]
combined the Levenberg-Marquardt optimization technique
with complex variable differential method and proposed a
modified optimization technique for stress-seepage coupling
problem, which can accurately and effectively estimate multi-
ple rock mass parameters. Xue et al. [24] established a seep-
age model, which can simulate groundwater flow from
aquifer to fault by coupling the Darcy flow model and the
Fokheimer flow model and can be used to analyze the stabil-
ity of tunnel when fractured rock mass gushes water.

The existing research results can accurately calculate the
deformation of the tunnel surrounding rock in the natural
state. However, the softening effect of groundwater on soft
rock is not considered. There is still a large error in the calcu-
lation of the surrounding rock displacement in a water-rich
soft rock tunnel. Thus, the stability of the surrounding rock
of the water-rich soft rock tunnel cannot be accurately ana-
lyzed. Therefore, the variation law of physical and mechani-
cal properties of soft rock is analyzed through the
immersion softening test of soft rock. On this basis, the
water-rich disturbance factor considering the influence of
groundwater on the mechanical properties of soft rock is pro-
posed. It is introduced into the generalized Hoek–Brown
strength criterion for modification. The modified Hoek–
Brown strength criterion can be applied to the displacement
calculation and stability analysis of water-rich soft rock tun-
nel. The applicability of the modified Hoek–Brown strength
criterion is verified by monitoring data in engineering
practice.

2. Water Immersion Softening Test of Soft
Rock Specimens

2.1. Preparation of Specimens. The rock samples are obtained
from the face of the Xiejiapo tunnel, which is a water-rich soft
rock tunnel, and the lithology is mainly carbonaceous phyl-
lite. In accordance with the requirements of “Test method
standard for engineering rock mass” (GB/T50266-2013)
and on the basis of the actual test scheme and conditions,
the rock specimens were made into cylindrical blocks with
a diameter of 50mm and height of 100mm, as shown in
Figure 1. The height-diameter ratio is not less than 2.0, the
diameter error is less than 3mm, and the nonparallelism of
the end face is less than 0.05mm. The end face of the rock
sample is perpendicular to the axis, and the maximum devi-
ation is less than 0.25 degrees, which is in line with the pro-
visions of the International Society of Rock Mechanics
(ISRM) for rock samples.
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The surface integrity of the initially processed rock sam-
ples was examined to prevent the large discreteness of the test
data. The RSM-SY5(T) nonmetallic acoustic testing instru-
ment was used to detect the wave velocity of the rock sam-
ples. The rock samples with no evident surface defects and
similar wave velocity were selected for the test.

2.2. Test Scheme and Equipment. The prepared samples were
divided into five groups with three blocks in each group. Five
groups of test blocks were placed in a 50 cm × 45 cm × 30 cm
tank, and water was added until the samples were completely
submerged, as shown in Figure 2. Five groups of test blocks
were immersed for 0, 30, 90, 180, and 270 days. The P-
wave velocity test, porosity test, and uniaxial compression
test of soft rock under different immersion time were carried
out to study the softening characteristics of soft rock.

2.2.1. P-Wave Velocity Test. The P-wave velocity of the sam-
ples soaked for 0, 30, 90, 180, and 270 days was tested. The
test equipment was RSM-SY5(T) acoustic wave tester, as
shown in Figure 3. Three P-wave velocity tests were carried
out on each sample, and the average value of the three tests
was considered the P-wave velocity value of the sample.

2.2.2. Porosity Test. The porosity test was carried out when
the samples were soaked for 0, 30, 90, 180, and 270 days.
The test equipment was MesoMR23-060 H-I nuclear mag-
netic resonance instrument. Prior to the nuclear magnetic
test, the specimen required vacuum saturation. The porosity
of material was calculated accurately by analysing the relaxa-
tion behaviour of proton in rock under a magnetic field.

2.2.3. Uniaxial Compression Test. Uniaxial compression tests
were carried out by YA-2000 digital pressure testing
machine, as shown in Figure 4. Uniaxial compression tests
were carried out on specimens immersed in water for 0, 30,

90, 180, and 270 days. The load was applied at the loading
rate of 0.5 kN per second and continuously collected until
the test block was destroyed.

2.3. Mechanical Properties of Soft Rock under Different
Immersion Time. The parameters of soft rock under different
immersion time are obtained by analysing the test data, as
shown in Table 1.

Generally, the lithology of surrounding rock in the same
section is similar. Table 1 shows that the mechanical proper-
ties of the soft rock are the same under the same immersion
time, therefore, it can be considered that the mechanical
properties of the surrounding rock at the same section in
water-rich soft rock tunnel are the same. Poisson’s ratio of
soft rock does not change significantly with the extension of
immersion time. The change trend of elastic modulus and
uniaxial compressive strength gradually reduced in the early
stage and then stabilized. The experimental data were fitted
by exponential function, power function, and logarithmic
function, and the corresponding mathematical model was
established. The functional relationship between immersion
time and elastic modulus and compressive strength was
obtained. The fitting formula and correlation coefficient are
shown in Table 2.

Considering the correlation coefficient and relative error,
the formula with the highest fitting degree was determined,
as shown in Formula (1).

Et = 0:894E0e
−3×10−3t ,

σct = 0:949σ0e−1×10
−3t ,

(
ð1Þ

Figure 1: Prepared phyllite specimens.

Figure 2: Phyllite specimen immersed in water.

Figure 3: P-wave velocity test.

Figure 4: Uniaxial compression test.
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where σct is the uniaxial compressive strength of soft rock
when the soaking time is t; σ0 is the uniaxial compressive
strength of the soft rock in the natural
state,σ0 = 23:313MPa; Et is the elastic modulus of soft rock
when the soaking time is t; E0 is the elastic modulus of soft
rock in the natural state, E0 = 33:084GPa; t is immersion
time.

The change in P-wave velocity and porosity can reflect
the change in mechanical properties. Therefore, the P-wave
velocity and rock porosity in Table 1 are analyzed. The table
shows that with the extension of soaking time, the P-wave
velocity of soft rock decreased gradually in the early stage
and stabilized in the later stage. On the contrary, with the

extension of soaking time, the porosity increased slowly in
the early stage and then increased rapidly. The P-wave veloc-
ity and porosity of soft rock were fitted with the immersion
time, and the formula with the highest fitting degree was
selected, as shown in Formula (2), as follows:

Vt = 1:007V0e
−3×10−4t ,

1 − ntð Þ = 1 − n0ð Þe−3×10−5t ,

(
ð2Þ

where Vt is the P-wave velocity of soft rock when the soaking
time is t; V0 is the P-wave velocity of soft rock in the natural
state, V0 = 2612m ⋅ s−1; nt is the porosity of soft rock when

Table 1: Parameters of soft rock under different immersion time.

Test specimen
number

Immersion time
(t/d)

Compressive strength
(σc/MPa)

Poisson ratio
(μ)

Elastic modulus
(E/GPa)

P-wave velocity
(V/m·s-1)

Porosity
(n/%)

1-1 0 23.58 0.337 33.214 2650 0.467

1-2 0 23.40 0.348 33.383 2647 0.446

1-3 0 22.96 0.333 32.656 2539 0.421

2-1 30 18.12 0.336 30.007 2638 0.572

2-2 30 18.45 0.332 30.131 2609 0.568

2-3 30 18.32 0.337 29.952 2629 0.583

3-1 90 14.35 0.337 26.935 2578 0.762

3-2 90 15.13 0.330 27.917 2541 0.695

3-3 90 14.96 0.329 27.272 2558 0.707

4-1 180 10.92 0.336 25.029 2501 1.098

4-2 180 11.38 0.327 24.960 2458 0.974

4-3 180 11.10 0.336 25.510 2418 1.063

5-1 270 9.96 0.328 24.929 2449 1.218

5-2 270 9.82 0.334 24.137 2439 1.196

5-3 270 10.58 0.336 25.017 2321 1.101

Table 2: Fitting formula and correlation coefficient comparison table.

Form of fitting function Fitting formula Correlation coefficient

Exponential function

Et = 0:894E0e
−3×10−3t 0.998

σct = 0:949σ0e−1×10
−3t 0.985

Vt = 1:007V0e
−3×10−4t 0.995

1 − ntð Þ = 1 − n0ð Þe−3×10−5t 0.971

Power function

Et = 0:864E0t
−0:094 0.859

σct = 0:944σ0t−0:035 0.822

Vt = 0:994V0t
−0:008 0.681

1 − ntð Þ = 1:455 1 − n0ð Þt0:0624 0.764

Polynomial function

Et = 0:0001t2 − 0:0555t + E0 0.977

σct = 0:0002t2 + 0:0721t + σ0 0.977

Vt = −0:00002t2 − 0:8588t +V0 0.809

1 − ntð Þ = −0:000005t2 + 0:004t + 1 − n0ð Þ 0.967
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the soaking time is t; n0 is the porosity of soft rock in the nat-
ural state, n0 = 0:4445%.

3. Modified Hoek–Brown Strength Criterion

3.1. Generalized Hoek–Brown Strength Criterion. In 1980,
based on the theoretical research results of Griffith, Hoek
and Brown [16] proposed Hoek–Brown strength criterion
through a large number of rock tests, which can reflect the
nonlinear failure characteristics of rock mass and make up
for the deficiency of linear Mohr–Coulomb strength crite-
rion. Then, Hoek et al. [17] improved the Hoek–Brown
strength criterion and proposed a generalized Hoek–Brown
strength criterion with wider applicability, such as Formula
(3), as follows:

σ1 = σ3 + σc mb
σ3
σc

+ s
� �α

, ð3Þ

where σc is the compressive strength of rock; mb, s, and α are
the parameters related to rock lithology. Hoek introduced the
geological strength index (GSI) for the calculation to deter-
mine the three parameters. Then, considering the influence
of blasting and other construction measures on the stability
of surrounding rock, the blasting disturbance factor (D) is
introduced. The specific calculation formula is shown in For-
mula (4), as follows:

mb =mi exp
GSI − 100
28 − 14D

� �
,

s = exp GSI − 100
9 − 3D

� �
,

α = 0:5 + 1
6 exp −

GSI
15

� �
− exp −20

3

� �� �
,

8>>>>>>>><
>>>>>>>>:

ð4Þ

where mi is the m value of the rock block without joints and
beddings; it can be obtained by referring to the relevant spec-
ifications through the lithology, hardness, and mineral com-
position of the rock; D is the blasting disturbance factor,
which can be determined by the lithology and construction
of surrounding rock; GSI is the geological strength index of
rock.

3.2. Water-Rich Disturbance Factor. To apply the Hoek–
Brown strength criterion to the water-rich soft rock tunnels,
the softening effect of groundwater should be considered. To
a certain extent, the change in the mechanical properties of
soft rock after immersion can reflect the seepage influence
of groundwater on the mechanical properties of surrounding
rock in soft rock tunnel.

The elastic modulus of rock is an index used to describe
the elastic deformation resistance of rock, so it can best reflect
the change of mechanical properties of rock. According to
the water immersion softening test of soft rock and the prin-
ciple of damage mechanics, the change in elastic modulus
under water-rich condition is used to characterise the influ-
ence of groundwater on soft rock, and the water-rich influ-

ence factor is proposed. The definition is shown in Formula
(5), as follows:

Dω = 1 − Eω

E0
, ð5Þ

where Dω is the water-rich influence factor, the value range is
0 ≤Dω ≤ 1; Eω is the elastic modulus value after the influence
of rich water that can be obtained by substituting the specific
immersion time into Et ; E0 is the elastic modulus under nat-
ural state.

The elastic modulus can be obtained by uniaxial com-
pression test of rock and analysis of stress-strain curve. The
porosity and P-wave velocity of rock can be obtained only
by simple nondestructive test, and the test is relatively simple
and fast. Therefore, the P-wave velocity and porosity are
selected to calculate the damage variable of rock. According
to the propagation theory of elastic wave in rock, the P-
wave velocity of rock is related to elastic modulus, Poisson’s
ratio, and rock density, such as Formula (6), as follows:

VP =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E 1 − μð Þ
ρ 1 + μð Þ 1 − 2μð Þ

s
, ð6Þ

where VP is the P-wave velocity, which is different under dif-
ferent conditions. The P-wave velocity can be obtained by
substituting different soaking time into Formula (2). E is
the elastic modulus, which is different under different condi-
tions. Elastic modulus can be obtained by substituting differ-
ent soaking time into Formula (1). μ is the Poisson’s ratio,
and ρ is the density.

According to the results of the water immersion softening
test, the Poisson’s ratio of the soft rock has no evident change
after soaking and can be ignored. Substitute the equality
transformation of Formula (6) into Formula (5). At the same
time, the relationship between the density and porosity of
rock mass under unit mass is substituted into the water-
rich influence factor, and the expression is shown in Formula
(7), as follows:

Dω = 1 − 1 − nω
1 − n0

Vω
2

V0
2 , ð7Þ

where nω is the porosity of soft rock affected by water-rich
conditions; n0 is the porosity of soft rock before experiencing
the influence of water-rich conditions; Vω is the P-wave
velocity affected by water-rich conditions; V0 is the P-wave
velocity of soft rock before experiencing the influence of
water-rich conditions.

The relationship among P-wave velocity, porosity, and
immersion time is substituted into the expression of the
water-rich influence factor to accurately calculate the water-
rich influence factor under different working conditions.
The water-rich influence factor with timeliness is obtained,

5Geofluids



such as Formula (8), as follows:

Dωt = 1 − 1 − nt
1 − n0

Vt
2

V0
2 = 1 − 1:014e−6:3×10−4t , ð8Þ

where Dωt is a water-rich influence factor considering
timeliness.

According to the results of the soft rock immersion soft-
ening test, after 180 days of soft rock immersion, the changes
in various parameters are small and tend to be stable. It can
be assumed that in the water-rich section of the soft rock tun-
nel, the t value greater than 180 can be selected to calculate
the water-rich influence factor; in the natural state, t = 0
can be selected for calculation.

For water-rich soft rock tunnels, the effects of blasting
disturbance and water-rich on tunnels should be considered
simultaneously. In this regard, a water-rich disturbance fac-
tor considering blasting disturbance and groundwater effect
is established. According to the principle of strain equiva-
lence, the blasting disturbance factor is the first disturbance
effect, and the water-rich disturbance factor is the second dis-
turbance effect. Combined with the damage coupling princi-
ple in damage mechanics theory, the second disturbance
effect can only affect other parts except for the first distur-
bance effect. Then, the expression of water-rich disturbance
factor is defined in Formula (9), as follows:

Dm =D +Dω −DDω, ð9Þ

whereDm is the water-rich disturbance factor considering the
blasting disturbance factor and the water-rich influence fac-
tor; D is the blasting disturbance factor; Dω is the water-
rich influence factor.

By substituting Formula (8) into Formula (9), the expres-
sion of water-rich disturbance factor with timeliness can be
obtained, as shown in Formula (10), as follows:

Dmt = 1 + 1:014D e−6:3×10
−4t − 1:014 e−6:3×10−4t , ð10Þ

where Dmt is a water-rich disturbance factor with timeliness.
The blasting disturbance factor D value can be determined in
accordance with the lithology and construction of the site. In
the water-rich section of the soft rock tunnel, the t value
greater than 180 can be selected to calculate the water-rich
influence factor; in the natural state, t = 0 can be selected
for calculation.

3.3. Modified Hoek–Brown Strength Criterion. From the
parameter solution Formula (4), obtaining the three parame-
tersmb, s, and α in the modified Hoek–Brown strength crite-
rion, the geological strength index value is required in
addition to the value of water-rich disturbance factor.
Hashemi et al. [25] proposed the method of estimating the
GSI value by RMR value. Barton [26] proposed the relation-
ship between RMR89 and rock mass quality index Q. Q was
also related to the P-wave velocity of the rock mass. The spe-

cific relationship is shown in Formula (11), as follows:

GSI = RMR89 − 5,
RMR89 = 15 lg Q + 50,
Q = 10Vp/1000−3:5,

8>><
>>: ð11Þ

where RMR89 is the geological classification parameter of the
RMR geomechanical classification method, RMR89 > 23; Q is
the rock mass quality index, and VP is the P-wave velocity.

After substituting Formula (2) into Formula (11), the
geological strength index value of soft rock under water-
rich conditions with timeliness can be obtained, as shown
in Formula (12), as follows:

GSIt = 39:45e−3×10−4t − :75, ð12Þ

where GSIt is a geological strength index with timeliness.
By substituting time-dependent water-rich disturbance

factor and time-dependent geological strength index into
the parameter solving Formula (4), the parameters in the
modified Hoek–Brown strength criterion can be obtained
using Formula (13), as follows:

mb =mi exp
39:454e−3×10−4t − 107:5

14 1 + 1:014e−6:3×10−4t − 1:014e−6:3×10−4tD
� �

 !
,

s = exp 39:454e−3×10−4t − 107:5
3 2 + 1:014e−6:3×10−4t − 1:014e−6:3×10−4tD
� �

 !
,

α = 0:5 + 1
6 exp −2:630e−3×10−4t + 0:5

	 

− exp −20

3

� �� �
:

8>>>>>>>>>><
>>>>>>>>>>:

ð13Þ

Combined with the water-rich condition of the tunnel,
the water-rich time t of the tunnel is reasonably selected
and substituted into Formula (13). Each parameter value in
the Hoek–Brown strength criterion under different water-
rich conditions can be obtained and then used to calculate
the displacement of the tunnel surrounding rock.

4. Deformation Analysis of Surrounding Rock

The problem of deep tunnel excavation can be simplified as
the “thick wall cylinder” problem in elastic–plastic mechan-
ics. The inner diameter of “cylinder” is the diameter of tunnel
excavation, and the outer diameter can be ideally regarded as
infinite. The deformation of the corresponding position of
the tunnel surrounding rock can be obtained by calculating
the displacement of the inner wall of the “thick wall
cylinder.”

4.1. Fundamental Assumptions. Prior to the elastic–plastic
analysis of the deformation of tunnel surrounding rock, the
rock mass is assumed to be continuous, homogeneous, and
isotropic. The lithology of the surrounding rock in each part
of the tunnel is consistent. At the same time, assuming the
surrounding rock is an ideal linear elastic body, the plastic
zone strain of the tunnel conforms to the Hoek–Brown
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strength criterion. The excavation mechanical model of the
tunnel is shown in Figure 5.

As shown in Figure 5, the excavation radius of the tunnel
is r0; the radius of the plastic zone of the surrounding rock of
the tunnel is R0, and the elastic zone of the surrounding rock
of the tunnel is infinite. P0 is the initial stress of the surround-
ing rock during tunnel excavation, and Pi is the supporting
resistance of the supporting structure.

4.2. Surrounding Rock Stress Analysis

4.2.1. Stress Analysis in Elastic Zone. The stress component of
any point in the elastic zone of the surrounding rock is only
related to the distance to the centre of the tunnel. It is indepen-
dent of the position of the point. The stress of any point in the
elastic zone of surrounding rock is only related to the radius
and independent of the angle. The stress equilibrium equation
and geometric equation at any point in the elastic zone of sur-
rounding rock are shown in Formula (14), as follows:

dσr
dr

+ σr − σθ
r

= 0,

εr =
dx
dr

,

εθ =
x
r
,

8>>>>>><
>>>>>>:

ð14Þ

where σr is the radial stress at any point in the elastic zone; σθ
is the tangential stress at any point in the elastic zone; r is the
distance from any point in the elastic zone to the centre of the
tunnel; x is the radial displacement of any point in the elastic
zone; εr is the radial strain at any point in the elastic zone; εθ
is the tangential strain at any point in the elastic zone.

On the boundary of the elastic zone and plastic zone of
the surrounding rock, the stress of the elastic zone is the same
as that of the plastic zone. Therefore, the stress expression of
any point in the elastic zone of the surrounding rock can be
obtained, as shown in Formula (15), as follows:

σr = P0 1 − r20
r2

� �
+ σR

r20
r2
,

σθ = P0 1 + r20
r2

� �
− σR

r20
r2
,

8>>><
>>>:

ð15Þ

where P0 is the initial ground stress; σR is the radial stress at
the boundary of the elastic zone and plastic zone of the sur-
rounding rock; r0 is the excavation radius of the tunnel.

4.2.2. Stress Analysis in Plastic Zone. In polar coordinates, the
expression of Hoek–Brown strength criterion is shown in
Formula (16), as follows:

σθ = σr + σc mb
σr
σc

+ s
� �α

: ð16Þ

Formula (16) is substituted into the first formula of For-
mula (14), and the formula is integrally calculated. Consider-
ing the boundary condition r = r0, σr = Pi, the stress

expression of the plastic zone can be obtained, as shown in
Formula (17), as follows:

σr =
σc
mb

mb 1 − αð Þ ln r
r0

� �
+ mb

Pi

σc
+ s

� �1−α
" #1/1−α

−
σc
mb

s,

σθ =
σc
mb

mb 1 − αð Þ ln r
r0

� �
+ mb

Pi

σc
+ s

� �1−α
" #1/1−α

−
σc

mb
s,

+σc mb 1 − αð Þ ln r
r0

� �
+ mb

Pi

σc
+ s

� �1−α
" #α/1−α

,

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð17Þ

where Pi is the supporting resistance of the supporting
structure.

On the boundary of the elastic–plastic zone of the sur-
rounding rock, where r = R0, the stress in the elastic zone is
the same as that in the plastic zone, where σeθ = σpθ, σ

e
r = σp

r .
According to Formula (15), we can obtain the following:

σe
r + σeθ = 2P0, ð18Þ

where σeθ is the tangential stress in the elastic zone, σpθ is the
tangential stress in the plastic zone, σe

r is the radial stress in
the elastic zone, σpr is the radial stress in the elastic zone,
and P0 is the initial ground stress.

The radius of the plastic zone can be calculated by For-
mulas (17) and (18), as shown in Formula (19), as follows:

2P0 =
2σc
mb

mb 1 − αð Þ ln r
r0

� �
+ mb

Pi

σc
+ s

� �1−α
" #1/1−α

−
2σc
mb

s + σc mb 1 − αð Þ ln r
r0

� �
+ mb

Pi

σc
+ s

� �1−α
" #α/1−α

:

ð19Þ

Substituting the radius of the plastic zone into Formula
(17), the radial stress of the elastic zone and plastic zone
boundary of the surrounding rock can be calculated by

P0

Pi

Plastic zone

Elastic zone

R 0

r0

Figure 5: Mechanical model diagram of tunnel excavation.
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Formula (20), as follows:

σR =
σc
mb

mb 1 − αð Þ ln Rp

r0

� �
+ mb

Pi

σc
+ s

� �1−α
" #1/1−α

−
σc
mb

s: ð20Þ

4.3. Displacement Analysis of Surrounding Rock. The rock
mass has an initial ground stress P0. Tunnel excavation
causes the redistribution of surrounding rock stress, resulting
in the stress increment, and then the displacement of tunnel
surrounding rock.

When the surrounding rock is in the elastic zone, For-
mula (15) can deduce the stress increment of the surround-
ing rock by using Formula (21), as follows:

Δσr = P0 1 −
R2
p

r2

 !
+ σR

R2
p

r2
− P0 = −

R2
p

r2
P0 − σRð Þ,

Δσθ = P0 1 +
R2
p

r2

 !
− σR

R2
p

r2
− P0 =

R2
p

r2
P0 − σRð Þ:

8>>>>><
>>>>>:

ð21Þ

According to the stress–strain equation of the surround-
ing rock under polar coordinates, the stress–strain equation
of surrounding rock under stress increment can be obtained
using Formula (22), as follows:

εθ =
1 − μ2

E
Δσθ −

μ

1 − μ
Δσr

� �
, ð22Þ

where μ is Poisson’s ratio; E is the elastic modulus, εθ is the
strain increment, Δσθ is the increment of tangential stress,
and Δσr is the increment of radial stress.

Substituting stress increment in Formula (21) into con-
stitutive Formula (22) and combining geometric equation
(14), the displacement of the elastic zone can be calculated
using Formula (23), as follows:

x = 1 + μ

E

R2
p

r
σR − P0ð Þ, ð23Þ

when r = R0, the displacement of the elastic zone and
plastic zone boundary of the surrounding rock can be calcu-
lated using Formula (24), as follows:

xp =
1 + μð Þ σR − P0ð Þ

E
Rp, ð24Þ

where xp is the displacement of the boundary between the
elastic zone and plastic zone, R0 is the radius of the plastic
zone; P0 is the initial ground stress; σR is the radial stress at
the boundary of the elastic zone and plastic zone; μ is Pois-
son’s ratio; E is elastic modulus.

The plastic deformation of the tunnel surrounding rock
mainly considers the shape change. Assuming the tunnel sur-
rounding rock is an incompressible material, the deforma-

tion is shown in Formula (25), as follows:

εv = εr + εθ + εz = 0: ð25Þ

In Formula (25), εv is the volumetric strain, εr is the radial
strain, εθ is the tangential strain, and εz is the axial strain.

In elastic–plastic mechanics, “thick-walled cylinder” is a
plane strain problem, considering εz = 0. According to the
continuity of tunnel surrounding rock deformation, the plas-
tic zone displacement of the tunnel surrounding rock can be
calculated using Formula (26), as follows:

x = 1 + μ

E
σR − P0ð ÞR

2
p

r
: ð26Þ

In the plastic zone and the tunnel excavation boundary,
where r = r0, combined with Formula (23) and considering
Formula (17), the surrounding displacement of the tunnel sur-
rounding rock can be obtained using Formula (27), as follows:

x = 1 + μ

E

R2
p

r0

σc

mb
mb 1 − αð Þ ln Rp

r0

� �
+ mb

Pi

σc
+ s

� �1−α
" #1/1−α(

−
σc

mb
s − P0

)
:

ð27Þ

The displacement of the surrounding rock of the water-
rich soft rock tunnel can be obtained through the displace-
ment formula of the tunnel surrounding rock and the solution
formula of each parameter.

5. Engineering Application

5.1. Engineering Situation. The newly-built Xiejiapo tunnel is
a typical water-rich soft rock tunnel in Ankang–Langao
Expressway, located in Hanbin District, Ankang City, Shaanxi
Province. The tunnel is a separate one-way two-lane tunnel.
The entrance pile number of the left line of the tunnel is ZK
15 + 200, and the exit pile number is ZK18 + 090, which is
2870m long. The entrance pile number of the right line of
the tunnel is K15 + 210, the exit pile number is K18 + 090,
and the length is 2880m. The maximum buried depth of the
tunnel is approximately 234.0m. The lithology of the entire
strata in the tunnel site area is relatively complex, mainly phyl-
lite of Meiziya Formation of Lower Silurian, which is grey and
Brown. The surrounding rock of the tunnel is a thin sheet
structure with silk lustre, and the strength is low in wet state.
It is easily softened in water. The surrounding rock mass in
the tunnel is broken, and the joint fissure is developed. It has
poor ability to resist weathering, poor self-stability, and easy
to collapse. The surrounding rock grade is V.

Groundwater is developed in the tunnel site area; it is
mainly composed of pore fissure water of quaternary loose
rock and basic fissure water. The surrounding rock is under
water-rich conditions for a long time. The tunnel has a net
width of 11.77m and a net height of 8.80m. The internal
radius of the arch wall is 6.05m, and the internal radius is
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17.0m in the inverted arch. The tunnel is in the Qinling fold
tectonic belt, and the Dabashan fault zone passes through it.
Tunnel construction is prone to collapse and water inrush
events.

5.2. Theoretical Analysis of the Displacement of Surrounding
Rock of Xiejiapo. The water-rich section ZK17 + 730 − ZK
17 + 760 and the natural state section ZK17 + 500 − ZK17 +
530 of Xiejiapo tunnel are selected as the research objects.
In the water-rich section, the surrounding rock is always in
the state of immersion, and it can be considered that the sur-
rounding rock is in the state of immersion for 300 days. The
surrounding rock is assumed to be immersed for 300 days,
and in the natural state, the surrounding rock is assumed to
be immersed for 0 days. The displacement of the surrounding
rock is calculated considering the actual construction
situation.

5.2.1. Determining the Parameters. The surrounding rock of
the tunnel is mainly carbonaceous phyllite. According to
the lithology of carbonaceous phyllite observed on site, mi
= 7. According to the blasting evaluation results of field tun-
nel engineering, the blasting disturbance factor D = 0:45.
According to the tunnel equivalent radius value method, r0
= 9:60. At the same time, different t values are substituted
into Formula (13) to obtain the parameters of Hoek–Brown
strength criterion, as shown in Tables 3 and 4.

5.2.2. Initial Ground Stress. The initial vertical ground stress
of the tunnel only considers the self-weight of the surround-
ing rock in Formula (28), as follows:

P0 = γh: ð28Þ

In Formula (28), P0 is the initial ground stress, γ is the
bulk density, and h is the buried depth of the tunnel. The
average buried depth of the water-rich section and natural
state section of soft rock tunnel is 130m. Thus, the initial
stress of the tunnel can be calculated, P0 = 3:63MPa.

5.2.3. Support Resistance. According to the provisions of
“Specification for design of highway tunnels” (JTG 3370.1-
2018), the formula for calculating the vertical surrounding
rock pressure at the arch of deep-buried tunnels is shown
in Formula (29), as follows:

q = 0:45 × 2s−1 × γ × 1 + i B − 5ð Þ½ �, ð29Þ

where q is the surrounding rock pressure of the tunnel arch,
and the unit is kN/m2; s is the level of surrounding rock; B is
the tunnel width, the unit is m; i is related to tunnel width B,
i = 0:1. Support resistance of the initial support in vertical
direction can be calculated, Pi = 256:20kPa.

5.2.4. Surrounding Rock Deformation. According to the verti-
cal initial stress and vertical support resistance, the parame-
ters in Tables 2 and 3 are substituted into the calculation
formula of surrounding rock displacement (20), and the
range of plastic zone of the surrounding rock can be calcu-
lated. Then, the parameters are substituted into Formula

(27), and the vault subsidence of the tunnel surrounding rock
can be calculated. The calculation results are shown in
Table 5.

Table 4 shows that when the generalized Hoek–Brown
strength criterion is used to calculate the vault settlement of
the tunnel, the calculation results of the natural section and
the water-rich section are similar. However, when the modi-
fied Hoek–Brown strength criterion is used, the vault settle-
ment of the water-rich section is evidently larger than that
of the natural section. When calculating the displacement

Table 3: Parameters of the generalized Hoek-Brown strength
criterion.

t D GSI mb s α σc
0 0.4500 31.815 0.30232 0.000135 0.51977 23.314

360 0.4500 31.815 0.30232 0.000135 0.51977 7.917

Table 4: Parameters of the modified Hoek-Brown strength
criterion.

t Dm GSIt mb s α σc
0 0.4500 31.815 0.30223 0.000135 0.51977 23.314

360 0.5616 27.790 0.19400 0.000052 0.52592 7.917

Table 5: Calculation results of tunnel vault surrounding rock
deformation.

Immersion
time (d)

The displacement using
generalized Hoek-Brown
strength criterion (mm)

Displacement using
Hoek-Brown strength
criterion considering
water-rich disturbance

factor (mm)

0 43.51 43.51

360 44.33 54.53
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Figure 6: Temporal curve of vault subsidence monitoring section.
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of the tunnel vault in the natural state, the calculation results
of the modified Hoek–Brown strength criterion are the same
as those of the generalized Hoek–Brown strength criterion.
This is mainly because the modified Hoek-Brown strength
criterion in natural state can be transformed into generalized
Hoek-Brown strength criterion, so the displacement calcula-
tion results are the same. When calculating the displacement
of tunnel vault in the water-rich section, the modified Hoek-
Brown strength criterion can comprehensively consider the
softening effect of water on rock mass, so the calculated dis-
placement value of the modified Hoek-Brown strength crite-
rion is significantly larger than that of the generalized Hoek-
Brown strength criterion.

5.3. Field Displacement of the Surrounding Rock of the
Xiejiapo Tunnel. According to the requirements of the
“Technical specification for monitoring and measuring high-
way tunnels” (DB13/T 2177-2015), combined with the con-
struction of the Xiejiapo tunnel, ZK17 + 740 and
ZK17 + 746 are selected in the water-rich section ZK17 +
730 − ZK17 + 760, and ZK17 + 515 and ZK17 + 521 are
selected in the natural state section ZK17 + 500 − ZK17 530.
The tunnel vault subsidence of the four sections is monitored
and measured, and the monitoring measurement results are
drawn into the vault subsidence temporal curve, as shown
in Figure 6.

The figure shows that the vault subsidence values of the
four sections are 53.6, 55.1, 44.3, and 42.3mm. The deforma-
tion of surrounding rock in the natural section is obviously
smaller than that in the water-rich section, and the stability
time of surrounding rock in the natural section is obviously
earlier than that in the water-rich section.

5.4. Comparative Analysis. The field monitoring measure-
ment results are compared with the theoretical calculation
results, and the error is shown in Table 6.

It can be seen from Table 6 that in the natural state, the
displacement of surrounding rock calculated by the general-
ized Hoek-Brown strength criterion is close to the measured
value, and the calculation error is small, so it has good appli-
cability. As the generalized Hoek-Brown strength criterion
fails to consider the softening effect of rock mass in the
water-rich section of the tunnel, the calculation error of dis-
placement is large when calculating the settlement of the
vault. However, the modified Hoek-Brown strength criterion
can better consider the disturbance of rich water on lithology

and can accurately calculate the displacement of surrounding
rock. Therefore, the displacement calculation is closer to the
field test results, and the error is small. This shows that the
modified Hoek-Brown strength criterion is more suitable
for water-rich soft rock tunnel, and the analysis of surround-
ing rock stability in water-rich soft rock tunnel is more
accurate.

6. Conclusions

Through the immersion softening test, the softening law of
the mechanical properties of soft rock under the groundwater
seepage influence is obtained, and on this basis, the water-
rich influencing factor is established. Combined with the dis-
turbance characteristics when the water-rich soft rock tunnel
excavated, the water-rich disturbance factor is introduced to
modify the generalized Hoek-Brown strength criterion.
Using the “thick wall cylinder” problem in elastic-plastic
mechanics theory, the calculation formula of tunnel sur-
rounding rock displacement is obtained. By comparing the
monitoring value and theoretical calculation value of sur-
rounding rock displacement in practical engineering, the
applicability of the modified Hoek-Brown strength criterion
is verified. The main conclusions are as follows:

(1) Through the immersion softening test of soft rock, it
was found that the Poisson’s ratio of soft rock did not
change significantly with the extension of immersion
time. The uniaxial compressive strength, elastic mod-
ulus, and P-wave velocity of soft rock decreased rap-
idly at the beginning of immersion and then
gradually stabilized. On the contrary, the porosity of
soft rock changes little at the beginning of immersion
and then increases rapidly. On this basis, the varia-
tion formula of physical and mechanical indexes of
soft rock with immersion time is fitted

(2) According to the damage of elastic modulus of soft
rock after immersion, the concept of water-rich
influence factor is proposed. Combined with the
disturbance characteristics of water-rich soft rock
tunnel excavation, the water-rich disturbance factor
considering both blasting disturbance and ground-
water softening is established. Based on this, the
generalized Hoek-Brown strength criterion is
modified

Table 6: Displacement of surrounding rock under different strength criterion.

Section
number

Section
The deformation value of tunnel

vault (mm)

The displacement using generalized
Hoek-Brown strength criterion

Displacement using modified
Hoek-Brown strength criterion

Theoretical value
(mm)

Relative error
(%)

Theoretical value
(mm)

Relative error
(%)

1 ZK17 + 740 53.6mm 44.33mm -20.91% 54.53mm 1.71%

2 ZK17 + 746 55.1mm 44.33mm -24.30% 54.53mm -1.05%

3 ZK17 + 756 44.3mm 43.51mm -1.81% 43.51mm -1.81%

4 ZK17 + 763 42.3mm 43.51mm 2.78% 43.51mm 2.78%
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(3) In the water-rich section of Xiejiapo tunnel, the rela-
tive error between the vault subsidence displacement
obtained by the modified Hoek-Brown strength crite-
rion and the field monitoring measurement is small,
so the modified Hoek-Brown strength criterion can
be applied to the displacement calculation and the
stability analysis of water-rich soft rock tunnel
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The current formula of critical hydraulic gradient is not adapted to solve critical hydraulic gradient of cohesive soil. Assume that the
seepage failure mode of the cohesive soil foundation was cylindrical or inverted circular truncated cone, based on the calculation
formula of the critical hydraulic gradient of Terzaghi, the analytical formula of the critical hydraulic gradient considering the
influence of the shear strength of the soil was derived. Then, the seepage failure process of the clay layer was simulated
numerically, and the effects of the clay layer thickness, failure radius, and shear strength indexes on the critical hydraulic slope
were analyzed. The comparison results show that the numerical test results are in good agreement with the calculated results of
the new formula. In addition, the critical hydraulic gradient of sandy loam and loess under different working conditions was
studied severally by a self-made permeation failure instrument. The results show that the critical hydraulic gradient decreases
with the increase of soil thickness and failure radius, and the maximum error between the test and the corresponding formula
results is no more than 16%.

1. Introduction

Infiltration is one of the important factors of engineering
accidents such as dams and foundation pits, which can drive
people to deeply explore the characteristics of seepage failure
for better prevention and control of the occurrence of engi-
neering accidents [1, 2]. According to the investigation, it is
found that a lot of researches on the critical conditions of soil
seepage failure have been conducted and hence some useful
conclusions have been obtained. For example,Wu et al. used
biogrouting and other methods to analyze the permeability
characteristics of soil and coal mass [3–6]. Zhang et al. devel-
oped a new fluid–solid coupled numerical approach by com-
bining the dynamic fluid mesh (DFM) method with the
DEM, which can be applied to analyze the seepage mecha-
nism of soil; in addition, the stress-strain behavior for soil
subjected to internal erosion was studied by three-
dimensional DEM modeling [7–10]. The crack direction of
the soil during the infiltration process is an important factor
affecting the seepage failure. Rabczuk and Belytschko pro-
posed a model that can be used to simulate soil crack propa-
gation [11, 12]. A famous formula was proposed by Terzaghi

for calculating the critical hydraulic gradient according to the
balance principle of self-gravity, hydrostatic buoyancy, and
seepage force of soil particles in water [13]. Changxi consid-
ered the influence of the shape resistance of soil particles [2]
to the critical hydraulic gradient based on the former theory.
Israr and Indraratna obtained a calculation method of
hydraulic gradient considering the friction between particles
in the soil by introducing a stress reduction coefficient [14,
15]. The soil effective stress and the stress reduction of fine
particles were combined by Wang et al. who put forward a
formula for calculating critical hydraulic gradient of fine par-
ticles in sandy soil [16]. Jiang equated the pores of clay into
circular pipes with uniform distribution and subsequently
analyzed the critical condition of seepage failure of clay from
the perspective of pipe flow, and finally, the mathematical
relationship between the pore diameter and the critical con-
dition was established [17]. Wu and Gao established the cal-
culation formula of critical hydraulic gradient in case where
piping happened, based on the particle gradation curve and
porosity of the soil [18]. The empirical formula of critical
hydraulic gradient of piping, which was expressed via confin-
ing pressure [19, 20], was performed by Luo et al. The whole
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process from occurrence to failure of the soil flow was repro-
duced by Tang et al., using the similar model [21]. Based on
seepage test, the low and high critical hydraulic gradients cor-
responding to the local flow and global loss of fine particles
were defined by Liang et al. [22]. Yang et al. studied the influ-
ence of stress state on the critical hydraulic gradient and per-
meability coefficient of soil through indoor tests [23–25].

It is well known that critical hydraulic slope is an impor-
tant basis to judge whether seepage failure will occur in soil.
Therefore, it is an inevitable topic to study critical hydraulic
slope. Although there are many theoretical formulas for the
critical condition of seepage failure, however, there is no uni-
fied method so far to calculate the critical hydraulic gradient,
when the flow soil failure phenomenon of the clay founda-
tion occurs. In view of this situation, this paper considers
the effect of clay shear strength; based on the existing theoret-
ical results, the formula which can calculate the critical
hydraulic gradient of cohesive soil foundation when the flow
soil occurrence is derived, and its rationality is verified by a
series of numerical experiments and laboratory tests.

2. Establish an Analytical Formula for Critical
Hydraulic Gradient of Cohesive
Soil Foundation

At present, the Terzaghi formula is often used to calculate the
critical hydraulic slope for seepage failure of foundation,
which is given by

icr =
γ′
γw

= 1 − nð Þ Gs − 1ð Þ, ð1Þ

where icr is the critical hydraulic gradient, Gs is the relative
density of soil particles, and n is the porosity.

It is evident that Eq. (1) neglects the influence of friction
resistance between soil particles when calculating the critical
hydraulic gradient [26], while the critical hydraulic gradient of
cohesive soil foundation is bound up with its shear strength,
and therefore, this formula falls into a failure to solve the critical
hydraulic gradient of cohesive soil foundation. As a result of this
factor that we just have analyzed, the following study is going to
take into account the effects of cohesive soil shear strength and
to modify the formula of critical hydraulic gradient.

Assuming that there is a double-layer building founda-
tion, the upper and lower layers are cohesive soil layer and
sand gravel layer, respectively, in which there is weak area
in the clay layer, as shown in Figure 1(a). Besides, the water
head difference between the top and bottom of the clay layer
is △h, the seepage failure will occur in the weak area of the
clay layer as soon as △h exceeds a certain critical value. This
paper assumes that the failure mode of flow soil in cohesive
soil foundation is (b) or (c) in Figure 1.

2.1. Cylinder Failure Mode. Take the cylinder with radius r
and clay layer thickness h as the soil separation body to ana-
lyze its stress state, as shown in Figure 1(b). It is easy to see
that the cylinder subjects to upward seepage force and down-
ward effective gravity, and the separation body will trend to

move upward when the former is greater than the latter. At
the same time, there is a downward shear force on the bound-
ary of the separation body. According to the equilibrium con-
dition of the force, the following formula can be obtained.

J =G + τ, ð2Þ

where J , G, and τ are the total seepage force, effective
gravity of soil, and shear force between the separated body
and the surrounding soil, respectively. J and G can be repre-
sented as follows:

J = j∙V = iγw∙πr
2h, ð3Þ

G = γ∙πr2h: ð4Þ
Theoretically, when the shear force is equal to the shear

strength of the soil multiplied by the area of the shear surface,
the hydraulic gradient in Eq. (2) is the critical hydraulic gra-
dient for seepage failure of the clay foundation, i.e., the shear
force of soil in critical state is given by

τ = c + σ tan φð Þ∙2πrh: ð5Þ

Substituting Eqs. (3)-(5) into Eq. (2), the latter is written as

icrγw∙πr
2h = γ∙πr2h + c + σ tan φð Þ∙2πrh: ð6Þ

Eq. (7) can be acquired by moving the term and simplify-
ing of Eq. (6):

iα =
γ

γw
+ 2 c + σ tan φð Þ

γw∙r
, ð7Þ

where σ is the average normal stress on the failure surface,
since the failure surface is vertical, and the average normal
stress is theoretically equal to the average static earth pressure,
which is expressed by Eq. (8).

σ = 1
2 γ

′hK0: ð8Þ

The critical hydraulic gradient calculation formula of the
cohesive soil foundation when the failure mode is a cylinder
can be obtained by substituting Eq. (8) into Eq. (7), which is
written as

icr =
γ

γw
+
2 c + 1/2γ′hK0 tan φ
� �

γw∙r
, ð9Þ

where γw is the weight of water, equaling to 9.8 kN/m3; γ′ is
the effective unit weight of soil, kN/m3; c is the cohesion,
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kPa; φ is the internal friction angle, °; K0 is the lateral pressure
coefficient of soil, which is calculated by K0 = 1 − sin φ.

2.2. Inverted Frustum of a Cone Failure Mode. Supposing the
radius of the upper and lower surfaces of the separation body
of the inverted frustum of a cone is R and r, respectively, the
thickness of the clay layer is h, and the angle between the gen-
eratrix and the axis is θ, as shown in Figure 1(c). According to
the equilibrium conditions of gravity, seepage force, and ver-
tical component of shear force on the boundary surface, the
results are as follows:

J =G + τ cos θ, ð10Þ

icrγwV = γV + c + σ tan φð ÞA cos θ, ð11Þ

where V and A are the volume and side area of the inverted
frustum of a cone, respectively.

It can be seen from Figure 1(c) that the radius difference
between the upper and lower surfaces of the inverted frustum
of a cone is xðx = h tan θÞ, the relationship between the R and
r is expressed as R = r + h tan θ, and the length of the busbar

is l ðl =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 + ðR − rÞ2

q
= h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + tan2θ

p Þ.
The expressions of the side area and volume of the

inverted frustum of a cone are as follows:

A = πl R + rð Þ = πh
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + tan2θ

p
r + h tan θ + rð Þ

= πh
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + tan2θ

p
2r + h tan θð Þ,

ð12Þ

V = πh
3 R2 + r2 + Rr
� �

= πh
3 3r2 + 3rh tan θ + h2 tan2θ
� �

:

ð13Þ

Substituting Eq. (12) and Eq. (13) into Eq. (11) and then
simplifying related items, Eq. (11) can be expressed as fol-
lows:

icr =
γ

γw
+ c + σ tan φð Þ

γw
∙
A cos θ

V
= γ

γw
+ c + σ tan φð Þ

γw

∙
πh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + tan2θ

p
2r + h tan θð Þ cos θ

πh/3 3r2 + 3rh tan θ + h2 tan2θ
� �

= γ

γw
+ 3 c + σ tan φð Þ

γw
∙

2r + h tan θð Þ
3r2 + 3rh tan θ + h2 tan2θ
� � ,

ð14Þ

where σ is the average normal stress on the failure surface
and can be calculated by Eq. (15).

σ = 1
2 γ

′hK0 cos θ: ð15Þ

When the failure mode is a cylinder, the calculation for-
mula for the critical hydraulic gradient of the cohesive soil
foundation will be obtained if we substitute Eq. (15) into
Eq. (14), which is written as

icr =
γ

γw
+
3 c + 1/2γ′hK0 cos θ tan φ
� �

γw

∙
2r + h tan θð Þ

3r2 + 3rh tan θ + h2 tan2θ
� � :

ð16Þ

When θ = 0°, Eq. (16) is simply reduced to Eq. (9), which
indicates sufficiently that Eq. (16) is the most general expres-
sion of critical hydraulic gradient for seepage failure of cohe-
sive soil foundation.
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Figure 1: Schematic diagram of seepage failure of clay layer.
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3. Analysis on Calculation Formula of Critical
Hydraulic Gradient of Cohesive
Soil Foundation

It is assumed that the form of flow soil failure in the cohesive
soil foundation is an inverted frustum of a cone, and Eq. (16) is
a function with five related variables, which is related to clay
layer thickness, failure radius, two strength parameters, and
stress diffusion angle. Given a basic working condition, that
is, the clay layer thickness is 2m, the failure radius of lower
surface of soil layer is 2m, the cohesion is 25kPa, the internal
friction angle and stress diffusion angle are both 20°, and then
the influence of these five parameters on the critical hydraulic
gradient of cohesive soil foundation is analyzed.

3.1. Influence of Clay Layer Thickness on Critical Hydraulic
Gradient of Cohesive Soil Foundation. Taking the thickness
of clay layer as a variable, the influence of clay layer thickness
on the critical hydraulic gradient is analyzed by comparing
the critical hydraulic gradient under two conditions of con-
sidering and ignoring the clay layer thickness. The results
are shown in Figure 2.

It can be seen from Figure 2 that the critical hydraulic
gradient would decrease in proportion to the clay layer thick-
ness when considering the influence of clay layer thickness
on the critical hydraulic gradient. The smaller the clay layer
thickness is, the smaller the critical hydraulic slope difference
between the two conditions is. For example, when the failure
radius is 2m, the maximum difference is 8.45% when the clay
layer thickness is less than 2m; when the clay layer thickness
is less than 0.5m, the maximum difference is only 2.59%;
therefore, when the clay layer thickness is relatively thin rel-
ative to the range of soil layer, its influence on the critical
hydraulic slope of cohesive soil can be ignored. It should be
noted that the critical hydraulic gradient and the critical head
difference are completely different concepts, and the critical
head difference is positively correlated with the clay layer
thickness.

3.2. Influence of Failure Radius on Critical Hydraulic
Gradient of Cohesive Soil Foundation. The relation curve
between the critical hydraulic gradient and the failure radius
is shown in Figure 3, from which it can be seen that when the
failure radius is small, the critical hydraulic slope decreases
rapidly with the increase of the failure radius; with the
increase of failure radius, the slope of icr ~ r curve decreases,
and the critical hydraulic gradient decreases with the increase
of failure radius. Generally speaking, the critical hydraulic
gradient decreases inversely with the increase of failure
radius. In brief, the critical hydraulic gradient decreased as
the failure radius increased; the reason is that the larger the
failure radius (other conditions being equal), the smaller
the constraint effect of cohesion at the boundary of clay layer
weak zone on soil mass is, and the lower the head difference
needed for soil seepage failure is, thus the smaller the critical
hydraulic slope is. When the failure radius is greater than
3m, several groups of icr ~ r curves tend to coincide; when
the failure radius is greater than 5m, the critical hydraulic
gradient of cohesive soil tends to a fixed value.

To conclude, in the case that the radius of the failure
opening is determined, Eq. (16) can be adopted to calculate
the critical hydraulic gradient in the actual foundation pit
or dam engineering; on the contrary, the hydraulic gradient
corresponding to the failure radius of 5m is taken as the crit-
ical hydraulic gradient.
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Figure 2: The curve between critical hydraulic gradient and
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3.3. Influence of Stress Diffusion Angle on Critical Hydraulic
Gradient of Cohesive Soil Foundation. It can be seen from
Figure 4 that the stress diffusion angle has a certain influence
on the critical hydraulic gradient; the critical hydraulic gradi-
ent decreases slightly with the increase of the stress diffusion
angle. Moreover, the influence of the stress diffusion angle on
the critical hydraulic slope is related to the clay layer thick-
ness. The thicker the clay layer, the greater the influence of
the stress diffusion angle on the critical hydraulic gradient;
on the contrary, the smaller the influence is, the smaller the
difference of the critical hydraulic gradient corresponding
to considering and ignoring the stress diffusion angle. When
h = 0:25m and θ = 0 ~ 30°, the maximum difference is about
4.59%. Generally speaking, the clay layer thickness with flow
soil failure is thin, and thus, the influence of stress diffusion
angle on the critical hydraulic gradient can be ignored.

3.4. Influence of Internal Friction Angle on Critical Hydraulic
Gradient of Cohesive Soil Foundation. The relation curve
between the critical hydraulic gradient and the internal fric-
tion angle is shown in Figure 5, from which it can be seen that
the internal friction angle has a certain influence on the crit-
ical hydraulic gradient, and the critical hydraulic gradient
increases slightly with the increase of internal friction angle.
Moreover, the influence of the internal friction angle on the
critical hydraulic slope is related to the clay layer thickness;
the thicker the clay layer, the greater the influence of the
internal friction angle on the critical hydraulic gradient.
When h = 2:5m and φ = 0° ~ 30°, the maximum error is
5.16%; when h = 0:5m and φ = 0° ~ 30°, the maximum error
is 1.13%. In general, the influence of internal friction angle

on the critical hydraulic gradient of cohesive soil is so weak
that it is negligible.

3.5. Influence of Cohesion on Critical Hydraulic Gradient of
Cohesive Soil Foundation. The relation curves between the
critical hydraulic gradient and cohesion under different
working conditions are shown in Figure 6. By comparing
the icr ~ c relation curves under different working conditions,
it can be found that the critical hydraulic gradient increased
as the failure radius increased. The reason for this correlation
is that the greater the cohesion of the soil (other conditions
are the same), the stronger the constraint action of the soil
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is, and the greater the head difference is required for the clay
layer to permeate, thus the greater the critical hydraulic slope
is. Moreover, it is obvious that there is a great difference
between the critical hydraulic slope under the conditions of
considering cohesion and ignoring cohesion. For example,
“h = 2m,r = 2m,c = 5 kPa,” the critical hydraulic gradient
considering cohesion is 1.54, and the critical hydraulic gradi-
ent ignoring cohesion is 1.11, and the difference between
them is as high as 27.9%. This shows that if the critical
hydraulic gradient formula of noncohesive soil is used to cal-
culate the critical hydraulic gradient of cohesive soil founda-
tion, it is necessary to consider the influence of cohesion on
the critical hydraulic gradient; it is shown that there is a big
error in calculating the critical hydraulic gradient of cohesive
soil foundation by using the formula of critical hydraulic gra-
dient of noncohesive soil, which further indicates that it is
necessary to consider the influence of cohesion on the critical
hydraulic gradient.

3.6. Further Discussion on the Formula of Critical Hydraulic
Gradient of Cohesive Soil Foundation. The failure mode of
the inverted frustum of a cone of the clay foundation is sim-
ilar to the punching failure of the inverted foundation, and
the value of θ can be determined by imitating the calculation
method of the stress diffusion angle in the foundation treat-
ment. When the buried depth of foundation (H) is equal to
zero, the stress begins to diffuse from the bottom of the foun-
dation; when the H is greater than zero, the stress begins to
diffuse from the H /3 above the bottom of the foundation,
and the variation range of the stress diffusion angle is approx-
imately equal to the internal friction angle of the soil [27]. It
can be considered as the foundation model which the buried
depth is zero to exam, when the upward seepage force acts on
the bottom of the weak zone of the clay layer, and the seepage
force begins to spread upward from the bottom of the clay
layer. The θ is stress diffusion angle which can be normally
defined as clay’s internal friction angle φ, viz., θ = φ.

In general, the internal friction angle of saturated soft clay
is pretty small [28], which usually can be ignored in engineer-
ing practices; in addition, the thickness of the viscous soil
layer is generally less than 1m, when there is an occurrence
of flow soil failure, if φ = 0 ~ 10°, so K0 cos θ tan φ = 0 ~
0:14, and the error between the calculation results of consid-

ering φ or not is no more than 5%, and hence, Eq. (16) can be
simplified into the following equation.

icr =
γ

γw
+ 2c
γw∙r

: ð17Þ

4. Numerical Test Verification on Rationality of
Analytical Formula for Critical Hydraulic
Gradient of Cohesive Soil Foundation

In this part, the seepage failure process of the viscous soil
layer is simulated by finite element software, and the influ-
ences of the thickness of the clay layer, the radius of the weak
zone of the clay layer, the cohesion, and the angle of internal
friction on the critical hydraulic slope are analyzed. The
results of the numerical simulation and Eq. (16) are com-
pared to verify the rationality of the new formula in this
paper.

The size of the numerical model is 20 × 20 × 6m, as
shown in Figure 7(a), in which the upper and lower layers
are clay layer (2m) and sand and gravel layer (4m), respec-
tively. Moreover, a cylindrical weak area with radius of 2m
is set in the center of clay layer, and the model parameters
are shown in Table 1. The elastic-plastic constitutive model
and Mohr-Coulomb criterion are adopted in the calculation.
The model has a total of 28288 nodes and 31467 elements,
and the element type is C3D20RP. In addition, the lateral
boundary of the model is constrained by normal direction,
the top pore pressure is set to zero, and the bottom is fully
constrained and applied.

According to the direct tensile test results of clay in refer-
ence [29], the peak tensile strain of clay with a moisture con-
tent of 14%~17% is about 0.15%~0.34%. Combined with the
research results of relevant literature and a large number of

z
y

x

(a) Model diagram

z
y

x

(b) z-x section at half-length along the y-axis of the model

Figure 7: Schematic diagram of finite element model.

Table 1: Model parameter table.

Material type
E

MPa
k

cm/s
e

ρsat
g/cm3

Clay layer 20 5e-8 0.75 2.0

Weak clay area 18 1e-7 0.85 1.95

Gravel layer 45 5e-3 0.55 2.05
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Figure 8: Seepage failure contour cloud map.
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numerical test results, this paper stipulates that the flow fail-
ure of clay layer occurs when the strain reaches 0.2~0.3%.
Take the z - x section at 1/2 length along the y-axis direction
of the model, as shown in Figure 7(b). When seepage failure
occurs in basic working conditions, the contour cloud map of
strain, vertical displacement, and flow velocity at this section
are shown in Figure 8.

Figures 9(a)–9(d) show the relation curves of “critical
hydraulic gradient-clay layer thickness,” “critical hydraulic
gradient-internal friction angle,” “critical hydraulic gradient
cohesion,” and “critical hydraulic gradient-failure radius”,
respectively. The following conclusions can be drawn from
the analysis of them: (a) The change law of the two curves
of “critical hydraulic slope-clay layer thickness” obtained by
the formula calculation and numerical simulation is basically
consistent, and the rule is that the critical hydraulic slope
decreases with the increase of clay layer thickness. The max-
imum difference between the numerical simulation results
and the formula results is about 7%. (b) When the internal
friction angle is used as a variable, the results of numerical
simulation and formula calculation show that the critical
hydraulic gradient is positively correlated with the internal
friction angle, and the maximum difference between the
two results is about 8%. In general, the internal friction angle
has little effect on the critical hydraulic gradient of cohesive
soil foundation. When the internal friction angle changes
from 3° to 20°, the change rate of critical hydraulic gradient
calculated by Eq. (16) is about 2.5%, and the change rate of
numerical simulation results is about 3.6%; therefore, the
influence of internal friction angle on critical hydraulic gradi-
ent can be ignored. (c) The “critical hydraulic gradient cohe-
sion” curve obtained by numerical simulation is in good
agreement with the corresponding calculation results of Eq.
(16), which all show that the critical hydraulic gradient has
a positive correlation with cohesion. The reason is that the
greater the cohesion of soil is, the higher the shear strength
of soil is, the greater the force between the soil particles that
needs to be overcome to cause seepage failure, and the greater
the critical hydraulic gradient of the cohesive soil is. (d) The
law reflected by the two curves of “critical hydraulic gradient-
failure radius” obtained by the formula calculation and
numerical simulation is basically consistent. When the fail-
ure radius is less than the thickness of the clay layer, the crit-
ical hydraulic gradient increases rapidly with the decrease of

the failure radius; on the contrary, when the failure radius is
greater than the thickness of the clay layer, the critical
hydraulic gradient decreases gradually with the increase of
the failure radius.

In general, although there is a certain degree of error
between the formula calculation results and the numerical
experiment results, the results of the two are basically the
same. The reason for the error may be that the failure shape
of the weakened area of the clay layer is assumed to be a cylin-
der failure mode or an inverted frustum of a cone failure mode
in the derivation of Eq. (16). However, the failure shape is not
limited during the numerical experiment. Therefore, there is a
certain error between the two calculation results.

After the above comparison, it can be considered that it is
feasible to use Eq. (16) to calculate the critical hydraulic gra-
dient of the cohesive soil foundation.

5. Experiment Verification

5.1. Experiment Equipment. The self-made test instrument is
composed of the pressure device, air pressure-to-water pres-
sure conversion device, and seepage failure device, as shown
in Figure 10, whose main functions can not only control the
thickness of the clay layer and the size of the seepage failure
opening, but also make an application of controllable vari-
able head pressure or constant head pressure to the cohesive
soil samples.

The air pressure-to-water pressure conversion device
with an air inlet at the top is connected with the gas source

Gas
source

Water
tank

SamplePressure
gauge

Throttle
valve

Pressure
regulator

The pressure device The air pressure-to-water
pressure device 

The seepage failure
device 

Buffer

Figure 10: Schematic diagram of test facility.

Screw rod

Reaction
frame Sealing

ring

Sample
Buffer area

Figure 11: Seepage failure device.
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through the high-pressure pipe, so as to apply air pressure to
the water tank. In addition, a water outlet at the device bot-
tom is connected to the bottom of the seepage failure device
through a high-pressure pipe, in order to apply water pres-
sure to the bottom of the samples. Meanwhile, the flow veloc-
ity and water pressure measure are controlled by the throttle
valve and pressure gauge, respectively.

The seepage failure device is set on the pedestal, shown in
Figure 11. The test soil samples are fixed by the self-made reac-
tion frame whose beam equips two screw rods, and the bottom
of the screw rods can install the sealing ring with different
inner diameters that can contact closely with the surface of
the soil samples, which not only can change the exposed size
of the soil samples but also prevent the concentrated leakage
at the inside wall of the glass bucket. Moreover, it is necessary
to note that pervious stone and filter paper must be placed at
the bottom of the soil sample during the experiment so that
the water pressure is applied evenly to the soil sample.

5.2. Experiment Plans. The previous research experiences
show that apart from the physical properties of the soil, the
thickness of the clay layer and the radius of the failure open-
ing are great related to the critical hydraulic gradient of cohe-

sive soil foundations. Therefore, this paper focuses on
influences of clay layer thickness and failure radius on the
critical hydraulic gradient. The soil samples are taken from
the loess of Bin County and the sandy loam of The Yellow
River beach of Yinchuan, both of which are remolded soil.
The main parameters are shown in Table 2, and the particle
size distribution is shown in Figure 12.

The loess soil samples with numbers as H1, H2, H3, H4,
and H5 and the sandy loam soil samples with numbers as S1,
S2, S3, S4, and S5 are, respectively, prepared for studying the
influence of clay layer thickness on critical hydraulic gradi-
ent. Similarly, the loess soil samples with numbers as HR1,

Table 2: Main parameters of soil sample.

Soil type Porosity (n) Dry density (g/cm3) Water content (%) Cu Cohesion (kPa) Internal friction angle

Sandy loam 0.8 1.50 14.5 2.70 5.25 15.84°

Loess 0.6 1.70 16 2.71 20.5 24.01°
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Figure 12: Particle size distribution curve of soil sample.

Table 3: Soil sample size table.

Sample
No.

Radius
(cm)

Height
(cm)

Sample
No.

Height
(cm)

Radius
(cm)

H1/S1 5 1 HR1/SR1 2 1

H2/S2 5 3 HR2/SR2 2 2

H3/S3 5 5 HR1/SR3 2 4

H4/S4 5 7.5 HR1/SR4 2 8

H5/S5 5 10 HR5/SR5 2 10
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HR2, HR3, HR4, and HR5 and the sandy loam soil samples
with numbers as SR1, SR2, SR3, SR4, and SR5 are, respec-
tively, prepared for studying the influence of failure radius
on critical hydraulic gradient. The sample sizes are shown
in Table 3.

5.3. Experiment Process. Before the test, keep the water pipe
tightly connected to the gas source and water tank and not
to the bottom of the seepage failure device temporarily, and
the pipe mouth be open. Next, inject about 1200mL water
into the water tank and turn on the gas source, and the air
pressure should be applied slowly to the tank by controlling
the pressure regulating valve, and then, connect the pipe to
the bottom of the seepage failure device when water over-
flows from the end of water pipe equipped with a pressure
gauge. When the experiments are carrying out, the seepage
failure process can be realized by step-by-step pressurization.
The specific operation method is to apply a small water pres-
sure to the soil sample at the beginning by adjusting the pres-
sure regulating valve and observe the soil sample under the
water pressure for 30 minutes continuously. If the seepage
phenomenon changes continuously within 30 minutes, the
observation time should be extended until the phenomenon
becomes stable, and then, increase the water pressure
(0.002MPa) to observe the next stage. It should be noted that
when the critical point of osmotic failure is nearly reached,
the pressure is applied step by step at the order of
0.0005MPa. The characteristics of losing a large amount of
soil particles and of increasing seepage water volume per unit
time significantly and of having an apparent soil bulge occur-
rence can act as a criterion for estimating the seepage failure
or not of the soil samples. The water pressure value when the
seepage failure happen is converted into the height of water
head Δh, and the critical hydraulic gradient is icr = Δh/L,
where L is the thickness of the soil samples.

5.4. Experimental Results. According to the experimental
phenomena, the seepage failure of soil samples can be divided
into the following four stages (see Figure 13): (a) There is a
small amount of water slowly seeping out, no uplift occur-
rence at the top of the soil samples, and no seepage channel
on the soil samples’ side surface. (b) With the increase of

water pressure, the top of soil samples slightly rises, and the
amount of clear water seepage increases gradually. (c) Cracks
first appear on the upper surface of the soil samples along the
inner edge of the iron ring, and the uplift phenomenon on
the upper surface of soil continues to intensify, and at the
same time, a little bit of soil particle suspension begins to
occur on the upper surface of the soil samples. (d) With the
progress of the seepage failure tests, the surface cracks of
the soil samples gradually expand, and in the center of the
uplift part of soil samples, cracks can be found and therefore
can infer that there is a seepage channel in the sample interior
so that it leads to an abrupt emergence of a large amount of
soil particle suspension, which means that the soil samples
fall into seepage failure. The seepage failure process of soil
sample is shown in Figure 13.

The test and formula calculation results of different soil
samples are shown in Table 4; in addition, the relation curves
of “critical hydraulic gradient-failure radius” and “critical
hydraulic slope-sample height” are, respectively, shown in
Figure 14.

5.4.1. Influence of Failure Radius on Critical Hydraulic
Gradient. The results show that the critical hydraulic gradi-
ent of cohesive soil foundation decreases with the increase
of failure radius. The reason is that the larger the failure

(a) The first stage (b) The second stage

(c) The third stage (d) The fourth stage

Figure 13: Diagram of seepage failure process of soil sample HR1/SR3.

Table 4: Critical hydraulic gradient results of soil samples.

Sample
codes

icr/formula
solutions

icr/test
results

Sample
codes

icr/formula
solutions

icr/test
results

HR1 281.79 240 H1 81.1 80

HR2 170.35 150 H2 74.56 73.33

HR3 94.87 100 H3 68.81 64

HR4 65.87 60 H4 62.60 58.67

HR5 50.54 45 H5 57.31 54

SR1 77.87 70 S1 21.70 20

SR2 46.06 45 S2 20.32 18.33

SR3 25.55 22.5 S3 19.08 16

SR4 17.86 15 S4 17.69 15.33

SR5 13.84 12.5 S5 16.48 14
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radius is, the smaller the constraint of the soil cohesion on the
surrounding soil will be; therefore, the smaller the upward
seepage force needed for the seepage failure and the smaller
the critical hydraulic gradient will be. It is easy to see from
Figure 14(a) that if the failure radius is constant, the critical
hydraulic gradient of loess is always greater than that of
sandy loam. When the corresponding failure radius increases
from 1 cm to 4 cm, for loess and sandy loam, the critical
hydraulic gradient all drops greatly, decreasing by 62.3%
and 17.4%, respectively. As the failure radius is larger than
4 cm, the decline trend of critical hydraulic gradient is rela-
tively gentle. The reason may be that when the failure radius
is equal to 4 cm in this tests, the seepage channel is easy to be
formed inside the soil sample, which is conducive to the seep-
age failure of the soil sample. Moreover, the results of “critical
hydraulic gradient-failure radius” obtained by seepage failure
tests match highly to the corresponding calculation results of
the new formula in this paper. The maximum difference
value between the test results and the formula solutions is less
than 16%, whether the soil samples are loess or sandy loam.

5.4.2. Influence of Soil Sample Thickness on Critical Hydraulic
Gradient. In analyzing Figure 14(b), it can be seen that
when the soil sample thickness is constant, the critical
hydraulic gradient of loess is always greater than that of
sandy loam soil. The overall trend is that the critical

hydraulic gradient of cohesive soil foundation decreases
slowly with the increase of soil sample thickness, and when
the thickness of soil samples increases from 1 cm to 10 cm,
the critical hydraulic gradient of loess soil and sandy loam
soil decreases by 2.64% and 0.58%, respectively. It is worth
noting here that the thicker the clay layer, the decrease of
the critical hydraulic gradient rather than the decrease of
the critical damage head.

When the soil samples are loess, the maximum difference
value between the critical hydraulic determined by the tests
and the calculation results of the formula is less than 10%.
When the soil sample thickness is thin, the difference
between the test results and the formula calculation results
is greatly small, and the difference increases as the increase
of soil sample thickness. The difference increases from
1.36% to about 7% when the soil sample thickness increases
from 1 cm to 5 cm. For sandy loam soil, this maximum differ-
ence value is less than 15%, like the loess soil samples, in
which the difference is smaller when the soil sample thick-
ness is thinner. The reason for this may lie in the thicker
the soil samples are, the more difficult to saturate; therefore,
incomplete saturation phenomenon may exist, besides a
small amount of soil is in aggregate form where distribute
pores may also cause the internal stability of the entire soil
to decrease, and the impermeability of fine particles cannot
be better utilized [30].

Table 5: Results of experiments and calculation for critical hydraulic gradient.

Soil type
Dry density
(g/cm3)

Initial water
content

Sample water
content

Soil sample
volume

icr/literature
test

icr/formula
calculation

Clay [31] 1.70 5.1% 20.1% 120 cm3 110 119.96

Silty clay [32] 1.70 5.1% 20.1% 120 cm3 70 77.67

Silty clay [32] 1.61 22.5% 20% 120 cm3 45 49.17
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Figure 14: Comparison of formula solution and seepage test results.
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5.5. Comparison of Formula Solution and Reference Test
Results. In order to further verify the rationality of Eq. (16),
the test data in references [31, 32] are taken as the original
data, which are substituted into Eq. (16) for analysis and
comparison. In reference [31], the internal friction angle of
clay and silty clay is 20° and 23°, respectively, and the cohe-
sion is 22.5 kPa and 15 kPa, respectively; in reference [32],
the internal friction angle of silty clay is 22° and the cohesion
is 9.5 kPa, and the results are shown in Table 5. It can be seen
that the calculation results of the formula are close to the
experimental results of references [31, 32].

6. Conclusion

Based on the calculation method of critical hydraulic gradi-
ent of Terzaghi, a formula for calculating the critical hydrau-
lic gradient of soil foundation considering the influence of
shear strength of soil is established in this paper, which is val-
idated with both numerical simulations and experimental
tests. The conclusions are as follows:

(1) According to the equilibrium relationship among the
upward seepage force, the downward effective gravity
and the shear force of the cohesive soil foundation,
the calculation formula of the critical hydraulic gradi-
ent of the cohesive soil foundation is derived

(2) The results obtained by numerical simulation are in
good agreement with the corresponding calculation
results of the new formula. In addition, the maximum
difference value between the critical hydraulic gradi-
ent calculated by the formula and the seepage failure
test results is about 16%, which is sufficient to indi-
cate that the formula is feasible

(3) The influence of the stress diffusion angle and the
internal friction angle on the critical hydraulic gradi-
ent can be ignored when the internal friction angle
does not exceed 10°

(4) The newly established formula can provide a theoret-
ical basis for the mechanism analysis of dams, foun-
dation pits, and other projects after destruction and
contribute a reference basis to the design of dams
and foundation pits, so as to reduce or avoid the
occurrence of engineering safety accidents
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Human activities have greatly accelerated the input of nitrogen into waters, resulting in water quality degradation. Facing the water
crisis of nitrogen pollution, the state of surface water in arid areas needs close attention. Although numerous studies have indicated
that waters’ nitrogen is often impacted by land use covers, the correlation between the two remains obscure. This paper explored the
spatial relationship between anthropogenic activity and waters’ nitrogen on the eastern Loess Plateau, based on the Geographic
Information System (GIS) spatial analysis using land use covers. There were 3 human land use types and 2 nitrogen indices used
to assess the rivers’ state at the watershed scale. The results showed that rivers’ nitrogen was closely associated with human land
use covers. Nitrogen pollution was most serious in urban areas. This study provided new evidence for the relationship between
anthropogenic activities and river ecology. The findings may be helpful for policymakers to make strategic decisions of water
resource management and land use planning in arid areas.

1. Introduction

Nitrogen (N) is one of the most important nutrients for eco-
system function and also a limiting factor for the productivity
of many ecosystems in the world [1]. Nitrogen pollution can
cause adverse ecological effects on the environment, includ-
ing soil acidification, hypoxia, and subsequent fish death
[2]. High concentration of nitrogen is the main factor leading
to eutrophication of the water environment, resulting in the
reduction of biodiversity and deterioration of water quality
[3]. To make matters worse, some high levels of nitrogen
forms in drinking water increase the risk of human disease
[4]. How to make rational use of nitrogen and reduce the
negative effects of nitrogen while meeting human needs has
become a scientific challenge that human beings must solve
in the 21st century [5].

About 99% of the global nitrogen is stable atmospheric
nitrogen, which is not available to ecosystems unless it is con-
verted into active nitrogen species, such as nitrate (NO3

–),
nitrite (NO2

–), ammonia (NH3), and ammonium (NH4
+),

and organic nitrogen [6]. Through nitrogen fixation, plants

make inorganic nitrogen exist in soil in the form of NO3
–,

NO2
–, and ammonia nitrogen (NH3-N). Through rainfall

erosion and surface runoff, inorganic nitrogen in soil
migrates to water [7]. Biological nitrogen fixation can input
120TgNyr–1 nitrogen to the ecosystem [8]. Due to the non-
uniformity of the spatial distribution of nitrogen flux, there
are great differences in the nitrogen cycle in different regions
of the world. Human beings enlarge the differences and make
the process more complicated. Human activities have greatly
accelerated the input of nitrogen into water, resulting in
water quality degradation, including eutrophication, acidifi-
cation, and nitrate pollution [9–15].

Anthropogenic nitrogen entering waters comes from
industrial, municipal, residential, and agricultural sources
[16]. Nitrogen deposition from fossil fuel combustion in the
atmosphere is another important anthropogenic nitrogen
source, which is discharged into surface water. Chemical
inputs to water bodies are also classified by point sources
(such as municipal wastewater treatment plants) and non-
point sources (such as agricultural activities and atmospheric
deposition). Annual nitrogen fixation from human sources
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has exceeded that from natural sources [17]. As time goes on,
human activities increase the input of nitrogen into water.
The nitrogen load of major rivers in the United States has
increased [18]. It is expected that the nitrogen input into
the water body will continue to increase all over the world.
Kroeze and Seitzinger [19] predicted that by 2050, 90% of
the dissolved inorganic nitrogen load in the world’s rivers
will be anthropogenic.

The water quality of several major rivers in northern
China, Huaihe River, Yellow River, Haihe River, Liaohe
River, and Heilongjiang River, cannot meet the Class III stan-
dard of China’s surface water, plus China has large nitrogen
fertilizer applications but lower nitrogen utilization effi-
ciency, which greatly increases the nitrogen accumulation
in waters [20]. Soil nitrogen may also increase because of
the interference of human activities, such as the large amount
of nitrogen fertilizer application in farmland and urban soil
covered by impervious layers. Schlesinger [21] traced the
final fate of 150Tg nitrogen per year from human emissions.
It was found that there was about 9TgNyr–1 nitrogen accu-
mulating in the biosphere. Human activities have profoundly
influenced the long-term dynamics of nitrogen concentra-
tions in rivers, lakes, and aquifers worldwide. Under the dis-
turbance of human activities, the reserves of terrestrial
ecosystems may be increasing [22].

Land use/cover change (such as farmland expansion,
afforestation, deforestation, urbanization, and industrializa-
tion) increases the vulnerability of the water ecosystem,
which is an important way and response of human activities
to the surface environment [23]. Nitrogen in industry, city,
and people’s life mainly comes from sewage. Agricultural
nitrogen fertilizers include fertilizers, nitrogen-fixing crops,
human and animal excreta, and soil erosion caused by land

use changes such as deforestation and grassland reclamation.
Construction sites also contribute to nitrogen input into the
water body [24]. Nitrogen concentration in surface water is
strongly affected by land use in settlement areas, especially
by agriculture [25]. Zhao and Huang [26] found that nitrate
concentration decreased with the increase of woodland pro-
portion. Changing a paddy field to dry land or construction
land will increase water yield while changing a water area
to a paddy field or dry land will reduce water yield. The trans-
fer of land use to the surface with a high evaporation rate will
reduce runoff [27]. Agricultural coverage explained the 69%
variability of mean nitrate concentrations in the Mediterra-
nean river basin during the 25 years (1981–2005) [28]. In
fact, land use is always associated with fertilization (crop-
land) and soil erosion (conversion of natural vegetation to
arable land), which increases the concentration of nitrogen
in the rivers discharging disturbed catchments.

Land use change plays an extremely important role in the
fields of ecological environment, climate change, and food
production. It plays a very important role in maintaining bio-
diversity and water environment systems. Land use/cover has
become the main cause of global change [29]. However, few
studies focused on the spatial relationship between land use
and waters’ nitrogen. In particular, the water ecosystem-
based management in the arid areas lacked strong technical
support. Here, we seek to develop a strategy to study the
impact of human activities on surface water through a case
study of a typical arid area in the Loess Plateau of northern
China. Specifically, we analyzed the characteristics of differ-
ent land use covers and waters’ nitrogen by adopting remote
sensing and field investigation. Our results contribute to a
better understanding of the ecological effects that anthropo-
genic activities have on different landscape configurations
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Figure 1: Location of the Loess Plateau, study area, and sampling sites.
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in the study area. This research will provide scientific guid-
ance for water ecosystem management and regional sustain-
able development for maintaining ecological balance and
regulating anthropogenic activities in arid areas.

2. Materials and Methods

2.1. Study Area. Loess covers about 10% of the earth’s land
surface and lies in semiarid zones [30]. The Loess Plateau
of China is located in the middle reach of the Yellow River
in northwestern China [31]. The Loess Plateau (Figure 1(a))

is the most concentrated and largest loess area on the earth.
The Loess Plateau is more than 1000 kilometers long from
east to west and 750 kilometers wide, with a total area of
6:4 × 105 km2. It is located on the second step of China, with
an altitude of 800–3000 meters.

Lvliang City (Figure 1(b)) is located in the west of Loess
Plateau and the west of Shanxi Province. It is located between
a latitude of 36°43′N and 38°43′N and a longitude of 110°22′
E and 112°19′E. The city basically belongs to the temperate
continental monsoon climate zone, cold in winter and hot
in summer, with four distinct seasons. The total area of the

Table 1: Descriptive statistics of the nitrogen concentrations in Yellow River and Fen River Basins.

Basin
Nitrogen (mg/L)

NH3-N TN
Minimum Maximum Mean SD Minimum Maximum Mean SD

Yellow River 0.11 13.20 1.82 2.55 2.09 22.30 10.42 4.83

Fen River 0.10 34.10 4.28 5.91 1.47 70.50 17.48 14.75

Fen river Yellow river Fen river Yellow river
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Figure 2: Box plots of NH3-N and TN concentrations in Fen River and Yellow River Basins.

Table 2: Seasonal variations of the nitrogen concentrations in Yellow River and Fen River Basins.

Nitrogen (mg/L)

Basin
NH3-N (dry season) TN (dry season)

Minimum Maximum Mean SD Minimum Maximum Mean SD

Yellow River 0.11 13.20 3.32 3.39 2.09 22.20 11.59 6.03

Fen River 0.12 34.10 7.35 8.11 1.47 63.10 21.25 18.20

Basin
NH3-N (wet season) TN (wet season)

Minimum Maximum Mean SD Minimum Maximum Mean SD

Yellow River 0.22 5.71 1.21 1.74 2.75 20.60 9.52 3.81

Fen River 0.10 9.09 2.19 2.73 1.99 7.05 14.71 13.50

3Geofluids



city is 2:1 × 105 km2, and the average annual precipitation is
only 472mm. Lvliang has wide loess coverage, broken ter-
rain, steep slope, less flat land, rare vegetation, and serious
soil erosion.

2.2. Sampling Strategy

2.2.1. Sample Collection. The surface water samples were col-
lected from 28 rivers in the Loess Plateau. The sampling time
was from January to December 2019 (the dry and wet sea-
sons), and the sampling frequency was tested once a month,
which was from Yellow River and Fen River Basins. The
details of the sampling sites are shown in Figure 1(b). The
water samples were stored in 5.0 L polypropylene (PP) bot-
tles, which were prewashed with the water samples 3 times
before collection. All the samples were stored at 4°C for no
more than 7 days before the analysis.

2.2.2. Sample Determination.We determined TN and NH3-N
using the methods of potassium persulfate ultraviolet spec-
trophotometry and Nessler’s reagent colorimetry with refer-
ence to GB3838-2002. The standard of TN and NH3-N in
this paper referred to the Class III standard value of surface
water (1mgL–1).

2.3. Data Statistics and Analyses. We conducted box plots to
compare the spatiotemporal variations of nitrogen concen-

trations based on SigmaPlot 14.0 (Systat Inc., US). Data on
human land use was collected from the Resource Environ-
ment Data Cloud Platform (http://www.resdc.cn/) and was
accurate to 1 km. Considering the heterogeneous distribution
of sampling scatters, inverse distance weighting (IDW) inter-
polation was used to evaluate the spatiotemporal distribution
and density of nitrogen [32]. We predicted the spatial distri-
butions of eutrophication and water quality state using Kri-
ging interpolation based on ArcGIS 10.2 (ESRI Inc., US).

3. Results and Discussions

3.1. Spatial Variations of Nitrogen Concentrations. The spa-
tial variations of nitrogen concentrations are shown in
Table 1. The range of NH3-N is in 0.11–13.20mgL–1 (mean
1:82 ± 2:55mg L–1) and 0.10–34.10mgL–1 (mean 4:28 ±
5:91mg L–1) in Yellow River (YR) and Fen River (FR) Basins,
respectively. The range of TN was in 2.09–22.30mgL–1

(mean 10:42 ± 4:83mg L–1) and 1.47–70.50mgL–1 (mean
17:48 ± 14:75mg L–1) in YR and FR, respectively. All the
mean concentrations of NH3-N and TN (>1.0mgL–1)
exceeded the Class III standard of surface water (shorter form
Class III). As shown in Figure 2, both NH3-N and TN in FR
were higher than those in YR. The nitrogen in FR had more
volatility than that in YR to the spatial distribution.

Lvliang is a hilly and ravine area with a shortage of water
resources and inconvenient transportation and is relatively
closed to external communication. The population is mostly
concentrated in the small river basin near the two sides of
Lvliang Mountain. Lots of studies have proved that agricul-
ture (fertilizer), population, and industry increased nitrogen
input in the river basin [33]. In the Yellow River Basin, most
areas are rural land, and the industries in the basin are not
well developed. Therefore, industrial wastewater does not
have a major impact on nitrogen transportation. The nitro-
gen load is sufficiently impacted by fertilizer use and popula-
tion growth. In addition, the wastewater and soil erosion in
the Loess Plateau intensified the input and transportation
of nutrients (phosphorus) [34]. The Lvliang area is the most
serious area of soil erosion in the Yellow River Basin. Consid-
ering the western part of the FR basin is high and the eastern
part is low, the pollutants in the west basin are easily spread
in FR. Excess nitrogen is enriched in surface water, which
can negatively affect water quality and cause eutrophication.

Table 3: The variations of the nitrogen concentrations in Yellow River and Fen River Basins during January to December in 2019.

Nitrogen (mg/L) Month

NH3-N 1 2 3 4 5 6 7 8 9 10 11 12

Yellow River 4.26 3.66 2.64 1.75 2.11 1.50 1.58 0.53 0.54 0.72 0.92 2.05

Fen River 10.41 8.99 5.56 4.78 5.85 3.51 0.95 2.10 1.78 1.45 3.34 2.42

Eastern Loess Plateau 8.76 7.67 4.74 3.79 4.62 2.92 1.40 1.55 1.31 1.26 2.45 2.62

TN 1 2 3 4 5 6 7 8 9 10 11 12

Yellow River 12.30 12.54 9.07 12.68 10.67 10.56 10.66 7.35 9.72 9.82 10.09 10.01

Fen River 21.96 23.67 15.23 20.51 14.40 14.91 15.62 13.58 15.85 16.63 19.44 18.07

Eastern Loess Plateau 20.03 21.49 13.85 18.89 14.05 14.42 14.70 11.84 14.37 15.04 16.71 16.14
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Figure 3: Temporal variations of NH3-N and TN concentrations in
dry and wet seasons.
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3.2. Temporal Variations of Nitrogen Concentrations. The
Loess Plateau is a typical semiarid area with a wide range,
which is short of water due to its low precipitation and high
evaporation. The annual precipitation is 538.6mm, and the
annual evaporation is 1120mm [35, 36]. The unreasonable
and excessive development of water resources leads to the
serious consequences of the reduction of groundwater stor-
age. Some rivers even dried up in the dry season.

We calculated and compared the nitrogen concentrations
in the wet/dry season and every month (Tables 2 and 3;
Figures 3 and 4). The results showed that the NH3-N in the
dry season (YR: 3.32, FR: 7.35mgL–1) was higher than that
in the wet season (July to September: YR: 1.21, FR:
2.19mgL–1). The NH3-N in FR in dry and wet seasons had
more volatility. The NH3-N was highest in YR (4.26mgL–1)
and FR (10.41mgL–1) in January. Rainfall is the major source
of surface water supply in FR and YR. Precipitation has a cer-
tain dilution effect on the NH3-N concentration in the rainy
season. The dry season is the main period of farmers applying
nitrogen and nitrogen-containing substances, and nutrients
easily enter the surface water with rainfall and runoff [37].
These are the important reasons for the high nitrogen con-
tent in the dry season.

The above research results also showed TN (dry season:
YR: 11.59, FR: 21.25mgL–1; wet season: YR: 9.52, FR:
14.71mgL–1). The TN was highest in YR (12.68mgL–1)
and in FR in February (23.67mgL–1). TN is defined as the
total amount of dissolved inorganic nitrogen and dissolved
organic nitrogen in water. Figure 4 shows that the change
of TN is mainly due to the change of NH3-N, which means
NO3

--N is basically unchanged. The NO3
--N is the main

existing form of dissolved inorganic nitrogen in the Fen River
[35]. NO3

--N is the final product of oxidative decomposition
of nitrogenous organic compounds, which indicates that the
FR is polluted not only by agricultural pollution but also by

industrial pollution. In the dry season, TN is 23.67mgL–1

which means that the river in the FR region is extremely
polluted.

3.3. Relationship between Nitrogen and Human Land Use.
We predicted the spatial distribution of nitrogen in YR and
FR, based on GIS interpolation (Figure 5). The results
showed that the concentrations of NH3-N were mostly
<3.0mgL–1 and 3.0–6.0mgL–1 in YR and FR, respectively.
The concentrations of TN were mostly 5.0–10.0mgL–1 and
15.0–30.0mgL–1 in YR and FR, respectively. The NH3-N
(12.0–13.4mgL–1) and TN (45.0–63.0mgL–1) were highest
in the east of the study area. It should be noted that the
NH3-N and TN were much higher in FR than in YR. As
shown in Table 4, the human land use in the Yellow River
Basin (1.4%) was smaller than that in the Fen River Basin
(8.12%). The land use types have an obvious impact on the
nitrogen concentration distributions in FR. The sampling
sites of the FR were mostly located near the Fen River Reser-
voir Two. There are some industrial facilities and human
activities around this area. The sewage is discharged around
the sampling sites. The results showed that high nitrogen
contents should be related to anthropogenic sources, such
as domestic sewage, animal manure and nitrogenous fertil-
izer, and industrial sewage. Xing and Liu [38] pointed that
the TN in the Yellow River is mainly formed by soil organic
nitrogen. Figure 5 shows that the highest TN region is at
the southeast of Lvliang, the land use type of which is rural
land. Another possible reason is that Lvliang’s Fen River
comes from the Taiyuan Basin, so the Taiyuan Basin might
also be a source of nitrogen pollution in FR. Human beings
affect surface water quality by interfering with land use and
cover types [39]. The dynamic characteristics of water qual-
ity, nutrient density, and landscape will be affected [40].
The loss of nitrogen and sulfur in the landscape has a great
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Figure 4: Comparison of NH3-N and TN concentrations during January to December in 2019.
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impact on the water quality of rivers, estuaries, and coastal
waters.

Lvliang is located in the central of Shanxi Province, which
has high GDP, population density, and concentrated indus-
try. The large numbers of artificial land use in this area might
be the cause of nitrogen pollution. In order to reduce the risk
of water quality degradation, policymakers should carry out
management and care assessment mechanisms at the source
of rivers and pollution in accordance with the principle of
Beneficiary Pays Principle and User Pays Principle. They
should focus on the proportion of complete interference land
use types by increasing the area of green land and natural
water.

4. Conclusions

A GIS spatial analysis based on land use covers was used to
understand the correlation between anthropogenic activity
and rivers’ nitrogen. The results showed that rivers’ nitrogen
was closely associated with human land use covers. Nitrogen
pollution was most serious in urban areas. The method used
in this study was effective and feasible for assessing the rivers’

nitrogen under the background of different anthropogenic
activities.

Our results suggest caution in developing cities and
industries and stress the importance of sustainable intensifi-
cation of land use. Overall, people have to a fair extent man-
aged to protect water resource security and ecological
sustainability. This research provided useful results concern-
ing the relevant management decisions to reduce anthropo-
genic disturbance to the water resource management and
land use planning in arid areas.
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Figure 5: Spatial distribution of human land use (a), NH3-N (b), and TN (c) in surface water on the eastern Loess Plateau.

Table 4: Comparison of the human land use in Yellow River and
Fen River Basins.

Basin
Land use type (%)

Human
land

Urban
land

Rural
land

Industrial
land

Yellow
River

1.40 0.39 0.65 0.36

Fen River 8.12 2.33 3.02 2.77
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Both surface and underground rocks in nature often undergo repeated drying and wetting. The dry-wet cycle is a weathering effect
that includes physical and chemical processes, which has varying degrees of degradation effects on the physical and mechanical
properties of rocks. This paper analyzes and discusses this kind of rock degradation based on the existing literature data. First,
the deterioration degree of various physical and mechanical properties (including density, P-wave velocity, porosity, static and
dynamic compressive/tensile strength, and fracture toughness) is summarized as the number of dry-wet cycles increases.
Secondly, the possible degradation mechanism of the dry-wet cycle is explained in terms of clay mineral swelling, solute
migration, and microcrack evolution. Then, the damage constitutive model of the rock after cyclic dry-wet treatment is
introduced. Finally, the issues that need to be studied in the future are put forward.

1. Introduction

Rock is the most common geological material in projects
such as oil and gas development, coal mining, and hydroelec-
tric power generation. In engineering practice, rocks are
commonly affected by dry and wet cycles, for example, the
surrounding rock of reservoir bank slope engineering by
the influence of daily and seasonal changes of water level
(see Figure 1) [1–4]; the thin granite veneer cladding panels
installed on the exterior of buildings subjected to environ-
mental weathering [5]; tunnel excavation under the influence
of groundwater level fluctuation [6]; the slope stability of
open-pit coal mine affected by rainfall (see Figure 2) [7];
the tailings pond by the impact of abandoned tailings
discharge and pumping [8]; the swelling rock of the base
and slope of the water conveyance channel (see Figure 3)
[9–11]; the coastal rock masses affected by tides [12–15];
the stone monuments, sculptures, and historical sites affected
by acid rain erosion [16, 17]; the subgrade and surrounding
rock of railway tunnel [18]; the retaining dam of an under-

ground reservoir [19]. After the dry-wet cycle, the physical
and mechanical properties of the rock will change to varying
degrees, and the changes are very important to the design,
construction, and operation of rock projects.

In recent years, with the continuous progress of research
on water-rock interactions, the effects of dry-wet cycles on
the degradation of rock properties have gradually attracted
wide attention from scholars. The dry-wet cycle test was first
used as an experimental method to study the durability of
rocks after weathering, and it was often used as a comparison
with freeze-thaw cycles and cold-heat cycles [18, 20–26]. Ito
et al. [27] carried out the freeze-thaw cycle and dry-wet cycle
test of rocks in cold regions and found that the influence of
the dry-wet cycle on the rock sample is almost equal to or
even more serious than the freeze-thaw cycle. The experi-
ment of Loubser [28] found that water saturation does
not seem to be the main factor affecting the degree of rock
deterioration, and the influence of the number of wet and
dry cycles is more significant. At present, most experi-
ments have found that the rock samples deteriorate
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significantly after the cyclic dry-wet treatment. However,
there are still experiments found that the discrete differ-
ence of the dry-wet cycle test samples masks the degrada-
tion effect on the rock samples [20].

The dry-wet cycle itself is a weathering mechanism, and
the properties of weathered substances are affected by the
way of wetting [29]. In response to this problem, different
scholars have adopted different cyclic dry-wet treatment
methods (see Table 1). The cyclic dry-wet treatment methods
are roughly divided into three types: the real wet-dry cycle of
natural soaking and room temperature drying, the acceler-
ated dry-wet cycle of vacuum pressure saturation and high
temperature drying, and the mixed cycle treatment of the
two (as seen in Figure 4). In the drying process, the rock dete-
rioration is the greatest when the drying temperature is 60°C,
that is, the porosity increases rapidly and the water absorp-
tion is the most [30].

Table 2 details the changes in the physical and mechani-
cal properties of the rock samples with different lithologies in
different tests after a certain number of dry and wet cycles. It
was found that the physical and mechanical properties of the
rock samples were degraded to varying degrees in most of the
tests, but even the same type of rock differed significantly in
different tests due to its different composition. In Chen
et al.’s [6]test on altered granite, the reduction in internal
friction angle reached an astonishing 93.76%, while Hale
et al. [20] considered that the dry-wet cycle had no obvious
deterioration effect on the rock sample when compared with
the freeze-thaw cycle test. From Liu et al. [31] and Zhao
et al.’s [32]separate experiments on sandstones with different
clay content, it can be seen that the level of clay content is an
important factor in the degree of rock degradation caused by
the dry-wet cycle.

From the above, it is necessary to summarize the influ-
ence of dry and wet cycles on the physical and mechanical
properties of rocks. In this article, we mainly reviewed the
rock degradation after cyclic dry-wet treatment from three
aspects, namely, quantitative characterization of degradation
degree, degradation mechanism, and degradation constitu-
tive model.

2. Rock Deterioration Degree after Dry-
Wet Cycle

Due to the huge differences in the mineral composition of
different types of rock samples, their physical and mechanical
properties are very different, resulting in different sensitivity
of rocks to water. Therefore, the effects of wet and dry cycles
on rock degradation are different. This paper selected pub-
lished test results from different researchers and normalizes
them to make them comparable. The degradation degree of
a certain physical and mechanical parameter is characterized
by its relative change, that is, the ratio of the difference
between the parameter value of the rock sample after the
dry-wet cycle and the initial value to the initial value.

Rn =
Vn −V0

V0
× 100%, ð1Þ

where Rn is the degradation degree, Vn is the parameter value
of the rock sample after the dry-wet cycle, and V0 is the
initial value.

2.1. Physical Properties. The physical properties of rock
mainly include density, elastic wave velocity, porosity, water
absorption, magnetic susceptibility, resistivity, thermal con-
ductivity, radioactivity, and durability, which are the basis
for the formation of various geophysical fields. The infiltra-
tion of water on the rock causes the salt inside the rock to dis-
solve, and the water reacts with the rock minerals chemically,
which changes the internal composition and microstructure
of the rock, which in turn leads to the deterioration of its
physical properties. Take Zhou et al.’s test results as a repre-
sentative [33], during the dry-wet cycle; this infiltration
occurs repeatedly, and various physical properties of the rock
change to varying degrees (as shown in Figure 5). It can be

Figure 1: The famous scenic spot at the Three Gorges Reservoir,
Baidicheng, whose reinforcement slope is designed to resist
periodic reservoir fluctuations [1].

Landslide

(a) Local landslide

Collapse

(b) Overall collapse

Figure 2: Landslides and collapses caused by rainfall [7].

Figure 3: The bedrock of Saranbe River, experiencing seasonal
cycles of dry and wet [9].
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seen that with the increase in the number of dry and wet
cycles, the dry weight, P-wave velocity, and slake durability
index of the rock sample gradually decrease, while the poros-
ity and water absorption gradually increase. It is worth not-
ing that the decrease in dry weight and slake durability
index is relatively small. Since the ability of rock materials
to hold water depends to a large extent on their porosity,
the water absorption and porosity of the rock sample will
change simultaneously, which has a good linear relationship
[34]. From the perspective of the change trend, the deteriora-
tion rate is faster before the 20th-30th cycle and then tends to

be stable. As the number of cycles increases, the damage
effect caused by the water-rock interaction on the rock is
reduced. The relationship between these physical parameters
and the number of dry-wet cycles can usually be described by
an exponential equation [34, 35].

Among the various physical properties of rocks, the P-
wave velocity is affected by the characteristics of the internal
pores and water content of the rock, and its monitoring
methods are relatively simple and widely used. In addition,
it is also related to mechanical parameters such as elastic
modulus and strength, so it is a very important petrophysical

Table 1: Different cyclic dry-wet treatment methods.

Rock type Reference Sample size
Wetting-drying cycle method

Wetting Drying

Mudstone Y. Zhao et al. [39] Cylinder 25 ∗ 50mm Vacuum-saturated 24 h Oven dried at 60°C for 24 h

Red-Bed
sandstone

Z. Zhang et al. [36] Cylinder 50 ∗ 100mm
Vacuum-saturated 4 h and

pure water saturated at room
temperature for 44 h

Oven dried at 45°C for 20 h and
drying in vacuum pump for 4 h

Sandstone P. Yuan et al. [30] Cylinder 50 ∗ 25mm Pure water saturated for 24 h Oven dried at 60°C for 24 h

Chlorite X. Yang et al. [7] Cylinder 50 ∗ 100mm 1/4 L, 1/2 L, 3/4 L of sample L
each for 2 h and 1 L for 48 h

Room temperature dried for 7 d

Sandstone K. Xie et al. [1] Cylinder 50 ∗ 100mm Vacuum-saturated 4 h and
pure water saturated for 44 h

Oven dried at 50°C for 24 h and
room temperature vacuum-dried 4 h

Altered rock Z. Qin et al. [8] Cylinder 50 ∗ 100mm Water saturated for 24 h Oven dried at 105°C for 12 h

Argillaceous
limestone

B. Meng et al. [35] Cylinder 50 ∗ 100mm Vacuum-saturated 3 d Room temperature dried for 3 d

Red sandstone G. Khanlari et al. [22] Cylinder 50 ∗ 100mm Water saturated for 24 h Oven dried at 110°C for 24 h

Drying process

Wetting process

(a) The natural soaking and room temperature drying

Drying process

Wetting process

Pressure saturation Heating and drying

(b) The vacuum pressure saturation and high temperature drying

Drying process

Wetting process

Pressure saturation Heating and drying

Drying process

Wetting process

(c) The mixed treatment methods

Figure 4: Three types of cyclic dry and wet treatment methods.
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parameter. In laboratory tests, P-wave velocity is often used
in the selection of rock samples to reduce the dispersion of
rock samples as much as possible [31]. A large number of test
results show that with the increase of the number of dry-wet
cycles, the P-wave velocity of rock samples decreases to vary-
ing degrees. Figure 6 shows the changes of P-wave velocity in
different experiments based on previous literature, and
Figure 7 shows the degradation degree of P-wave velocity.
It can be seen that even if it is all sandstone, the P-wave veloc-
ity variation law is very different due to the different produc-
ing areas and the subtle differences in the test methods. The
difference between different types of rocks is even greater.
For example, for ignimbrite rocks with different colors [21],
although the initial wave velocity is different, the degradation
degree of the P-wave velocity is within 10% as the number of

wet and dry cycles increases. However, for the sandstone
samples in different tests, not only the initial wave velocity
is greater than that of the ignimbrite rock, but the degrada-
tion degree can reach nearly 20% [34] or even more than
20% [36, 37] after a small number of wet and dry cycles. In
addition, the water temperature will also accelerate the dete-
rioration of the P-wave velocity [30]. To put it simply, the
velocity of P-wave propagation in the air is much smaller
than that in the solid, and it is equivalent to increasing the
probability of P-wave propagation in the air due to the
increasing rock porosity after dry-wet cycles, so the P-wave
velocity is decreasing [38]. And if these pores are filled with
water, the P-wave velocity in the water is much greater than
that in the air, and the water completely replaces the air in
the pores and microcracks in the saturated state, so the

Table 2: Deterioration of different rocks after cyclic dry-wet treatment.

Rock type Reference Max n
Max variation

Physical properties Mechanical properties

Sandstone Z. Zhou et al. [33] 50

ρ -5.69%

—

Wa +16.91%

P +12.48%

vp -24.64%

SDI -3.07%

Sandstone joint J. Fang et al. [43] 20

Sp -8.98%

Sv -8.62% JRC -6.47%

Sz -8.75% JCS -44.21%

Sdr -4.96% φ -8.93%

Red-sandstone B. Du et al. [37] 20
ρ -3.62%

UCS -18.28%
vp -24.93%

Shaly sandstone X. Liu et al. [31] 20 — —
UCS -68.69%

E -70.02%

Low clay sandstone Z. Zhao et al. [32] 15 — — TS -5%

Mudstone M. Hu et al. [90] 15 Weight loss -60.7%

E -14.17%

K -15%

G -15.22%

φ -19.31%

c -55.31%

Altered granite X. Chen et al. [6] 60 P +33.86%

UCS -50.22%

E -63.84%

φ -93.76%

c -53.90%

Black ignimbrites A. Ӧzbek [21] 50

vp -8.33%

UCS -16.08%
ρ -6.1%

P +13.99%

Wa +12.18%

n is the number of dry-wet cycles, ρ is the density,Wa is the water content, P is the porosity, vp is the P-wave velocity, Sp is the largest bulge on the joint surface,
Sv is the largest valley on the joint surface, Sz is the largest drop on the joint surface, and Sdr is the expansion area ratio of the joint surface (indicating the
complexity of the joint surface); JRC is the roughness coefficient of the joint, JCS is the compressive strength of the joint surface, SDI is the slake durability
index, φ is the internal friction angle, c is the cohesive force, UCS is the uniaxial compressive strength, TS is the tensile strength, E is the elastic
modulus, G is the shear modulus, and K is the bulk modulus.
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deterioration rate of the sample in the dry state is much
greater than that in the saturated state [34, 38]. But in gen-
eral, as the number of wet and dry cycles increases, the P-
wave velocity across the sample would decrease under both
dry and saturated conditions. This can be explained by
increased porosity and density loss [38].

Rock porosity and pore size distribution are the macro-
scopic manifestations of the initiation, development, and
expansion of internal microscopic cracks, which can be mea-
sured by nuclear magnetic resonance (NMR), mercury intru-
sion porosimetry (MIP), scanning electron microscopy

(SEM) and other test methods. Figure 8 shows the porosity
of the rock samples in different tests with the number of
dry-wet cycles. It is found that the porosity of the rock shows
a differential increase with the increase of the number of dry-
wet cycles, which roughly obeys the linear relationship with
different slopes [39]. Regardless of whether it is ignimbrite
rock or sandstone, the porosity increases by about 20% after
50 dry-wet cycles, while it can exceed 40%, up to 44.4% for
mudstone samples drilled from Simianshan [39]. The
increase in porosity will cause the deterioration of the
mechanical properties such as uniaxial compressive strength
(UCS) and elastic modulus of the rock sample. The relation-
ship between UCS and porosity can be quantitatively
described by an exponential function [39]. The dry-wet cycle
not only increases the porosity of the rock but also changes its
pore structure, causing the pores to change from small pores
(0.01~0.1μm) to larger pores (0.1~1.0μm) [35]. The pore
size distribution is concentrated in two intervals and has an
optimal value. As the number of cycles increased, the optimal
pore size increases, and the corresponding component
decreases. This variation may be related to the periodic
water-rock interaction [39].

2.2. Mechanical Properties. The influence of dry-wet cycles
on the physical properties of rocks eventually leads to the
deterioration of mechanical properties, which is manifested
in the static compressive and tensile strength, dynamic
compressive and tensile strength, fracture toughness,
elastic modulus, friction angle, cohesion, etc. decrease to
varying degrees, which can usually be described by an
exponential function [35].
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Figure 5: Degradation degree of physical properties of sandstone
after dry-wet cycles [33].
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Figure 6: Variation of P-wave velocity after different dry-wet cycles.
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wet cycles.

5Geofluids



The strength properties of rocks would be significantly
deteriorated after the cyclic dry-wet treatment. Khanlari
et al. [22], Özbek [21], Zhao et al. [32], Huang et al. [40],
and Chen et al. [41] performed static compression tests after
dry and wet cycles on sandstone, melted limestone, mud-
stone, and coalstone, respectively. All of the results shown
that with the increase of the number of dry and wet cycles,
the uniaxial compressive strength and triaxial compressive
strength of the rock sample decreased to varying degrees.
There are relatively few studies on the static tensile strength
of rocks after wet and dry cycles. Zhao et al. [32] conducted
a Brazilian split test on a sandstone with low clay content
and found that the deteriorating effect of dry and wet cycles
on static tensile strength is not significant. In the rock
dynamic compression test, Du et al. [37] found that the
dynamic compressive strength of the sample is related to
the number of wet and dry cycles and the loading rate. Tak-
ing the influence of the loading rate into account, he pro-
posed a decay function to predict the long-term dynamic
compressive strength of sandstone considering the number
of wet and dry cycles. Zhou et al. [34] established an empiri-
cal equation based on experimental results, describing the
influence of strain rate and the number of wet-dry cycles
on the dynamic compressive strength of rock materials.
Because the stress path involving surrounding rock in
tunneling is an unloading process, that is, it can be regarded
as a dynamic tensile process, Zhou et al. [33] and Li et al. [42]
and others conducted related experiments and found that the
cyclic dry-wet treatment increases the density, complexity,
and connectivity of microcracks, which also significantly

degrades the dynamic compressive strength of the rock.
The shear strength of jointed rock mass would also deterio-
rate after drying and wet cycles, which is caused by the
changes in the micromorphology and joint wall strength of
the joint surface [43].

According to the total number of wet and dry cycles in
the test and the interval between monitoring points, the
number of dry and wet cycles below 20 is considered a
short-term test, and more than 20 times is considered a
long-term test. Figures 9 and 10 show the changes of the
uniaxial compression strength degradation in different
tests under short-term and long-term wet and dry cycles.
In the long-term dry-wet cycle test, since the monitoring
point interval is at least 10 dry-wet cycles, the nonlinear
changes within the 10 dry-wet cycles are ignored, and
there is no obvious regularity on the whole, and the uniax-
ial compressive strength is even enhanced to some extent.
In the short-term test, the uniaxial compressive strength of
the rock changes drastically when the number of dry-wet
cycles is less than 5, and changes more steadily when it
is greater than 5.

The dry-wet cycle also has a certain degradation effect
on the fracture toughness of the rock. Hua et al. [44–46]
pointed out that the tensile strength of sandstone and the
fracture toughness of type I and type II cracks all decrease
with the increase of the number of dry-wet cycles, and
there is a good linear relationship between the fracture
toughness of type I crack and tensile strength. Cyclic wet
and dry treatments can also degrade cohesion and friction
angle. Figure 11 shows that uniaxial tensile strength, elastic
modulus, cohesion, and internal friction angle all decrease
to varying degrees with the increase in the number of wet
and dry cycles. However, some studies have shown that
the influence of dry-wet cycles on sandstone cohesion is
different from the influence on friction angle. The change
in cohesion in the wet-dry cycle is similar to the change
in the peak strength, while the friction angle seems to have
nothing to do with the wet-dry cycles [36].

2.3. Chemical Corrosion. Water has dissolution, erosion, and
softening effects on rocks [47–52]. However, in many cases,
rocks are affected by the coupling of chemical corrosion
and dry-wet cycles. Therefore, many scholars have also done
related research about the deterioration of rocks under non-
neutral dry-wet cycles. Smith [53] systematically studied the
weathering of desert rocks due to temperature, moisture,
and salt and chemical reactions. Yuan et al. [54, 55] studied
the mechanical properties and ion change characteristics of
sandstone under pH = 4, 7, and 9, respectively. Feng et al.
[56] lists the chemical reaction equations of various materials
in sandstone under acid-base and neutral conditions. Sun
et al. [16] used MgSO4 solutions of different concentrations
(4%, 6%, 8%) to saturate sandstone and found that compared
with pure water wet and dry cycles, the threshold was
reached at 30 times of dry and wet cycles, and the P-wave
velocity began to rise in the reverse direction, and the tensile
strength suddenly dropped sharply. It was found that the
color brightness and thermal conductivity of the rock sample
showed a good linear relationship with the tensile strength.
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Figure 8: Degradation degree of porosity after different dry-wet
cycles.
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3. Rock Deterioration Mechanism after Dry-
Wet Cycle

3.1. Soaking and Drying-Soaking Cycle. During the dry-wet
cycle, there is a compound effect of soaking and drying-
soaking alternately. It can also be considered as a fatigue
damage process of water to rocks. Van Eeckhout [47] sum-
marized five possible mechanisms for the impact of water
soaking on the strength degradation of rocks, that is, reduc-
tion in fracture energy, reduction in capillary tension,
increase in pore pressure, reduction in friction coefficient,
and degradation due to chemical corrosion. In order to dis-
tinguish the effects of soaking and drying-soaking cycles,
Zhao et al. [32] conducted a comparison test of pure soaking
(16 days) and dry-wet cycles (soaking lasting 15 days) on low
clay sandstone. The test results show that the rock strength
decreased by 59% after 16 days of pure water immersion,
while it decreased by only 5% after 15 wet and dry cycles.
However, this test has a relatively big problem: the test state
of the rock samples is different, that is, the pure water immer-
sion test inevitably requires the rock sample to be tested in a
saturated state, while the dry-wet cycle rock sample strength
test is in a dry state. In terms of fracture behavior, the
dynamic fracture initiation, propagation toughness, and
crack propagation velocity of saturated specimen were
apparently lower than that of dry ones at the same loading
rate [57]. Although there is a strong correlation between
the moisture content of rock samples and the deterioration
of various physical properties [58–64], there is no obvious
difference in the degradation of rocks with different moisture
content after wet and dry cycles [65].

Whether the rock sample is in a saturated state or a dry
state after the dry-wet cycle, its strength is very different.
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Yuan et al. [54, 55] conducted strength tests on sandstones in
different states. Figure 12 shows the strength ratio of satu-
rated rock samples to dry rock samples after the same
number of dry-wet cycles. It can be seen that as the number
of dry-wet cycles increases, the saturation-dry strength ratio
decreases significantly, which means that the difference
between the strength of saturated rock samples and dry
rock samples is getting larger and larger. This downward
trend contains information about dry-wet cycle damage.
Furthermore, the greater the confining pressure, the smaller
the decrease, and the saturation-dry strength ratio under
high confining pressure (6MPa) is significantly greater than
that under low confining pressure (0MPa). Figure 13 shows
the difference in strength degradation between the saturated
state and the dry state under different wet and dry cycles
and confining pressure. The strength degradation difference
is defined as the ratio of the strength difference after n wet
and dry cycles to the initial strength. It is found that the
strength deterioration difference under low confining pres-
sure gradually increases with the increase of the number of
dry and wet cycles, while the trend is not obvious under
high confining pressure. The enhancement effect of the
confining pressure partially covers the deterioration caused
by the dry and wet cycle.

3.2. Clay Content and Swelling Behavior. The swelling behav-
ior of rock is often related to its clay composition. Clay min-
erals mainly include montmorillonite, illite, chlorite,
kaolinite, and serpentine. These minerals would swell after
absorbing water and eventually lead to rock damage and
destruction [66–70]. The cyclic dry-wet treatment process
would cause repeated expansion and contraction of clay
components, and moisture fluctuation is the main reason
[71–74]. The volume of expanded clay changes with the fluc-
tuation of water, which causes the air pressure in the pores to
rise sharply, and finally ruptures to form cracks. This irre-
versible phenomenon is called “air breakage” [75]. On the
other hand, there would be obvious argillization phenomena

after undergoing wetting-drying cycles, which weakens the
cementation between mineral grains in the rock and smooths
the shape of the grains themselves [36]. The increase in satu-
ration will also increase the dissolution of clay minerals and
the lubricity between mineral particles. Therefore, these
effects significantly reduce the strength and deformation
properties of the rock [35] and also reduce its brittleness,
resulting in the failure mode of the specimen from extension
failure to shear failure [36]. It should also be noted that the
dissolution and precipitation of soluble substances are
accompanied by substance migration. Beck et al. [76]
observed the surface of limestone samples after 50 dry-wet
cycles and found that the appearance of the limestone chan-
ged in color, becoming slightly brown, and a hard thin layer
appeared in about 20% of the place, similar to the oxide layer
on the metal, and the surface roughness of the rock sample
decreased. The reason is that during the saturation process,
the soluble matter dissolves, and during the subsequent dry-
ing process, the soluble matter migrates to the surface of the
rock sample along with the water vapor, where it crystallizes
out again. This phenomenon is macroscopically manifested
as the reversibility of rock properties to a certain extent, that
is, the strength recovery occurs in the dry state [77, 78] (as
shown in Figures 12 and 13).

The internal microscopic damage caused by the dry-wet
cycle would vary depending on the amount of clay content.
Lin et al. [79] found that the fracture mechanism of all dry
sandstones is mainly intracrystalline fracture, while saturated
sandstones with high chlorite content mainly intracrystalline
fracture and saturated sandstones with low chlorite content
intercrystalline fracture. Wang et al. [80] observed that argil-
laceous rocks have a certain irreversible deformation regard-
less of whether they are wet or dry. The form is a typical 1μm
open-pore microcrack network: the former is located in the
block and/or inclusion-matrix interface of the clay matrix;
the latter mainly exists in the block of clay matrix. For rocks
with low clay mineral content, the main degradation
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mechanism is to reduce the fracture energy and friction
coefficient, while the possible softening, expansion, and
dissolution behavior of clay minerals can only play a small
role [32]. In short, the content of clay components is a key
component factor that affects the effect of dry-wet cycles
on rock degradation.

3.3. Microstructure Evolution. By means of scanning electron
microscopy (SEM) observation, image analysis, and discrete
element simulation, the microscopic morphology and
structure of the rock surface, including the particles contact
network, particles force chains distribution, microcrack
diameter, length, and area, can be obtained. After cyclic dry-
ing and wetting treatment, the microstructure of rocks
changes from a well-organized dense structure stage to a
porous stage and then to a cracking stage [1, 6, 7, 30, 31,
34–37, 45, 80–82]. Microcracks in the rock grow and expand,
and their density, length, complexity, and interconnectivity
increase. At the same time, the size, shape, and distribution
of pores also undergo significant changes, and the grains
are also degraded. These changes are the main reason for
the degradation of mechanical properties [33, 34]. The initi-
ation and propagation of microcracks are mainly the result of
cyclic loading and unloading of tensile stress caused by water
absorption and desorption of rocks in the cyclic wetting and
drying process [30].

Figure 14 shows the SEM images of the rock surfaces
after different wet-dry cycles. When the rock sample does
not absorb water, the microstructure of the particles shows
a clear outline without obvious overlap. After the water-
rock interaction, the microstructure of the rock sample sur-
face is no longer compact and uniform, and the particle
shape gradually changes from blocky and flat to flocculent
and disordered [83]. When the number of wetting and dry-
ing cycles reaches more than 10 times, the microstructure
of the rock changes greatly compared with the natural state
[6, 82]. The original small pores gradually infiltrated and
merged into large pores, and the phenomenon of stacking
and overlapping and massive precipitation appeared, and
the shape of the grains changed from a clear, neat, and
dense edge to a mud layer. When the number of wetting
and drying cycles reaches more than 30 times, the pores
further expand and become larger, and obvious micro-
cracks appear.

The dry-wet cycle has a great deteriorating effect on the
dynamic energy absorption of the rock. Yuan et al. [84]
found that the fracture surface energy of the sandstone sam-
ple decreases due to the stress transformation between sand-
stone mineral particles during the dry-wet cycle. Hu et al.
[85] analyzed the degradation mechanism of the rock during
the dry-wet cycle by considering the temperature-induced
stress, load, and fluid effect, that is, temperature-induced
stress and applied load cause tensile stress inside the rock
sample and compressive stress on the surface; when the stress
generated by the temperature and the overburden load is
greater than the tensile strength of the rock sample, the inter-
nal cracks begin to expand, providing a channel for the action
of water, and the contact area between water and rock is
increasing; under the action of hydraulic fracturing and

weakening, the fractures are connected and the width of the
fractures increases, which eventually leads to failure.

In summary, the development process of rock micro-
structure after cyclic drying and wet treatment is roughly
shown in Figure 15. Without wet and dry treatment, the min-
eral particles are tightly connected by cement, and the shape
of the particles is clear and sharp. After 1 to 10 cycles of dry
and wet treatment, the soluble matter dissolves and migrates,
resulting in small erosion pores between the particles, but the
morphology of the particles does not change much. After 10
to 30 wet and dry cycles, the pores gradually become larger,
the dissolved substances fall off and settle on the edges of
the pores, and the mineral particles become apparently
smooth. After more than 30 wet and dry cycles, microcracks
appear between the particles, the surface roundness of the
mineral particles is larger, the cohesive force is greatly
reduced, and secondary cracks also appear in the particles,
which tend to be looser and disintegration breakage. It
should be noted that the number of dry and wet cycles men-
tioned above is only an approximate number. For different
rocks, these specific times are different, but the whole process
of change is roughly the same.

4. Rock Deterioration Constitutive Model after
Dry-Wet Cycle

Macroscopically, the mass loss of rock samples, P-wave
velocity attenuation, relative changes in water content, elastic
modulus, friction angle, and cohesion; microscopically, the
CT number of CT scanning, and the characteristic parame-
ters of microscopic cracks obtained by SEM image processing
include quantity, size and surface area; in addition, statistical
parameters, fractal dimensions, etc. can all be used as damage
variables. The constitutive model of rock damage is difficult
to be unified due to the complexity of damage variables
[86–89]. Based on different damage variables, the constitu-
tive equations describing the deterioration of rocks after dry-
ing and wet cycles are also different. Hu et al. [90] established
the damage constitutive equation under the coupling action
of the dry-wet cycle and the load based on the influence of
temperature and the number of dry-wet cycles on the atten-
uation rate, combined with the damage evolution equation
based on the energy principle. Du et al. [91] separated mac-
roscopic damage variables and microscopic damage variables
and constructed the constitutive equation of sandstone after
impact load and dry-wet cycle coupling. Wang et al. [92] pro-
posed an improved D-C equation to describe the initial com-
pression stage and the residual stage after the peak during
rock deformation. Wang et al. [93] proposed a damage non-
linear Burgers viscoelastic-plastic (DNBVP) model consider-
ing the effect of saturation-dehydration cycles by introducing
a nonlinear viscoplastic body and a damage variable describ-
ing dry-wet cycles and then derived the three-dimensional
creep equations of the new model and identified its creep
parameters. Furthermore, Wang et al. [94] proposed four
kinds of functions including an exponentially decreasing
function, a linearly decreasing function, a linearly increasing
function, and an exponentially increasing function to express
the relationships between the shear modulus, viscoelastic
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parameters of the Burgers model, and the deviatoric stress
under different dry-wet cycles. Through comparative analy-
sis, it is found that the theoretical curves generated using pro-
posed four kinds of functions are in good agreement with the
experimental data. Liu et al. [95] proposed a damage variable
considering the combined influence of cyclic wetting-drying
and loading and further established an improved damage
model which considers the effect of cyclic wetting-drying
on internal friction angle and the nonlinear deformation

characteristics in the fissure closure stage with statistical
damage mechanics. The determination method for the
parameters in the proposed damage model was also intro-
duced. He et al. [96] explored the deterioration features and
acoustic wave parameters and resistivity (AWPR) of the
sandstone in cyclic wetting and drying experiments and pro-
posed a cumulative damage model in the light of the AWPR
through the instantaneous damage analysis. Huang et al. [97]
investigated the physical and mechanical properties under
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Figure 14: SEM images of rock surfaces after different wet-dry cycles (after [6]).
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acid dry-wet cycles and established a constitutive model of
uniaxial compression based on Weibull damage variable,
which has the best effect in acid solution with less cycle times
or pH value of solution greater than 6. Zhang et al. [98]
derived an evolution model of the disintegration breakage
of red-bed soft rock using the Morgan-Mercer-Florin
(MMF) model, measured the disintegration behaviours of
red-bed soft rock by the disintegration ratio, and derived a
new formula to calculate the disintegration ratio based on
the concept of the traditional disintegration ratio using the
established model. Xu et al. [99] established a traditional
strength prediction model based on P-wave velocity com-
bined with the damage theory and Lemaitre strain equiva-
lence hypothesis and then proposed a modified model
considering both the drying-wetting cycle number and con-
fining pressures.

In shale gas development and other engineering prac-
tices, the study of rock mass diffusion and seepage equa-
tions is very important [100–102]. There are few studies
on the influence of the dry-wet cycle on the law of water
migration. Van der Hoven [103] conducted a detailed
analysis of the unsaturated flow and solute transport of
the high-porosity matrix rock during the dry-wet cycle,
and the modeling results indicated that the advective flux
of solutes from the fractures into the matrix during wet-
ting was greater than from the matrix back into the frac-
tures during drying, resulting in a net storage of solutes
in the matrix, and the rock system behaved more like a
fully saturated system where diffusion is the dominant
transport process between fractures and matrix with the
increase of number of dry-wet cycles.

5. Conclusions and Prospects

This article summarizes the geological and engineering
scenarios of the dry-wet cycle and the research results of
the rock degradation effect. Through the collection and
normalization of the dry-wet cycle test data in the existing
literature, the degradation degree and mechanism of the

physical and mechanical properties of rocks are analyzed.
The main conclusions are as follows.

(1) As the number of wet and dry cycles increases, the
physical properties (including dry weight, P-wave
velocity, porosity, water absorption, and durability
index) and mechanical properties of rocks (includ-
ing static compressive/tensile strength, elastic mod-
ulus, dynamic compressive/tensile strength, shear
strength, fracture toughness, cohesion, and internal
friction angle) would all experience different
degrees of deterioration

(2) The possible mechanisms of the influence of dry-wet
cycles on rock degradation include reduction of
fracture energy, reduction of capillary tension,
increase of pore pressure, reduction of friction
coefficient, chemical corrosion, mineral dissolution,
expansion and softening, and solute migration

(3) The content of clay components is a key factor that
affects the effect of dry-wet cycles on rock degrada-
tion. The degradation mechanism of rocks with dif-
ferent clay content is also different

(4) The evolution of rock microstructures, especially
microcracks, after dry-wet cycles is closely related to
changes in the physical and mechanical properties

Based on these conclusions, we need to focus on the
following aspects in the future. First, what is the actual
dry and wet cycle process (frequency and mode) in
nature? Second, what is the mineral composition and
structure of the rock? What are the components of the
solution? What kind of chemical, biological, physical, and
mechanical interactions occur between the solution and
the rock? Third, what kind of theoretical model is used
or established to describe the dry-wet cycle process so as
to predict the degradation behavior of the physical and
mechanical properties of rocks?

(a) (b)

(c) (d)

Small pore

Large pore Microcrack

Precipitation
Secondary 
Crack

Mineral particle

Become smooth

Figure 15: Diagrams of the microstructure development process after different wet-dry cycles. (a) 0 times; (b) 1-10 times; (c) 10-30 times;
(d) >30 times.
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The determination of changes in hydrogeological properties (e.g., permeability and specific storage) of aquifers disturbed by mining
activity is significant to groundwater resource and ecological environment protection in coal mine areas. However, such parameters
are difficult to continuously measure in situ using conventional hydrogeological methods, and their temporal changes associated
with coal mining are not well understood. The response of well water level to Earth tides provides a unique probe to determine
the in situ hydrogeological parameters and their variations. In this study, the tidal responses of well water level were employed
to characterize the changes in hydrogeological parameters of the overburden aquifer induced by longwall mining in a coalfield,
northwest China. Based on the long-term hourly recorded water level data, two analytical models were used to determine the
temporal changes of permeability and specific storage of the overburden aquifer. The results showed that the hydrogeological
parameters changed with the longwall coal face advance. When the longwall coal face approached the wells, the aquifer
permeability increased several to dozens of times, and the response distance ranged from 80m to 300m. The specific storage
decreased before the coal face reached wells and recovered after the coal face passed. The results of this study indicate that the
hydrogeological parameter changes induced by coal mining are related to the location of the well relative to the coal face and the
stress distribution in the overburden aquifer. This study revealed the changes in permeability and specific storage associated
with the mining disturbance which could have great significance for quantitative assessment of the impact of mining on
overburden aquifer.

1. Introduction

Underground coal mining could change the structure and
properties of the overburden aquifers due to surrounding
rock stress changes and cause deformation which results in
subsidence or settlement of the ground surface. The slight
changes of stress and strain in the rock mass can be reflected
in the change of pore pressure or well water level through
seepage flow or the transfer of hydrostatic pressure [1]. Fur-
thermore, high-intensity groundwater pumping and drain-
ing as well as strong mining vibration during the mining

processes may cause the clogging or unclogging of fissures/-
fractures in aquifers and the resultant hydrogeological prop-
erty changes. Therefore, the hydrogeological parameters
(e.g., permeability and specific storage) can be used as an
indicator of the deformation of the aquifer associated with
mining activities.

Groundwater flow in the overburden aquifer during
longwall mining is governed by a complex interaction
between roof caving and ground subsidence, pore pressure,
and permeability changes and is influenced by in situ geolog-
ical and hydrogeological conditions [2]. The parameter
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variations of the overlying aquifer during longwall mining
have been studied by many researchers. During mining, the
rock failure above a longwall coal face may increase the aqui-
fer permeability [3, 4]. After mining, the permeability in the
fractured zone may decrease due to stress reestablishment
and fracture closure [5, 6]. The aquifer permeability and spe-
cific storage could be varied up to two or three orders of mag-
nitude due to mining [7]. However, temporal changes in
hydrogeological properties are still not well characterized
and understood because it is difficult to evaluate the continu-
ous variation of aquifer parameters due to the lack of corre-
sponding methods. Generally, numerical modeling [4, 8, 9]
and laboratory and in situ experiments [10–12] are utilized
to evaluate the parameter variations of the overlying aquifer
during mining. However, numerical modeling usually needs
a lot of observation and experimental data and needs to sim-
plify the boundary conditions and formation structures,
which could cause uncertainty of the results. The laboratory
and in situ experiments, such as the pumping test, are expen-
sive, time-consuming, and not suitable for long-term contin-
uous observation. As a result, we need an in situ, convenient,
and inexpensive way to obtain continuous hydrogeological
parameters during mining activity. The methods based on
the tidal response of the well water level provide a plausible
way to such requirements.

The theoretical development on the response of well-
aquifer systems to Earth tidal loading has been well docu-
mented since the 1960s [13–16]. It has been known that the
well water level in a well-confined aquifer can be a good mea-
sure of the crustal solid tide strain [17]. The water level in a
well fluctuates in response to pressure head variations caused
by the dilation of the aquifer under the Earth tidal loading
[14]. Because time is needed for water to flow into or out of
the well, there exists a phase shift between the tidal dilation
of the aquifer and the water level response in the well. The
amplitude and phase shift of the well water level to Earth tides
are the functions of aquifer transmissivity, storage coefficient,
and the period of the harmonic disturbance [18, 19]. There-
fore, tidal response of well water level can be used to determine
aquifer parameters such as permeability and specific storage.
On the basis of the theory, two well-known classical models,
the vertical flow model and horizontal flow model, were pro-
posed [18, 19]. This method provides a way to determine the
in situ hydrogeological parameters and has been used in some
research fields such as aquifer deformations induced by earth-
quakes [20–23]. However, only a few studies have investigated
the strain changes and fracture development under continu-
ous mining disturbance using the tidal response of well water
level, which may be different from the earthquake-induced
changes that are mainly caused by transient stresses. The tem-
poral changes of the hydrogeological parameters associated
with coal mining are still not well understood.

To study the changes in hydrogeological parameters of
aquifer disturbed by mining activity, we observed the tidal
response of well water level in three wells in Ningtiaota Coal-
field, northwest China. The spectral and tidal analyses were
applied to identify and extract the tidal components in the
well water level. The permeability and specific storage were
estimated by two models (vertical flow model and horizontal

flow model). The variation characteristics of permeability
and specific storage associated with the process of coal face
advancing were also investigated.

2. Study Area

The Ningtiaota Coalfield is located in the northern Shaanxi
Province, northwest China (Figure 1). The regional stratum
was generally characterized by a monoclinic layer that was
gently inclined to the northwest, with a dip angle of about 1
degree. The stratum sequences from top to bottom are the
Quaternary Holocene alluvium (Q4

al) and eolian sand
(Q4

eol), the Upper Pleistocene Salawusu Group (Q3s), the
Middle Pleistocene Lishi Group (Q2l), the Neogene Pliocene
Baode Group (N2b), the Middle Jurassic Zhiluo Group (J2z),
and the Yan’an Group (J2y) (Table 1). So far, according to the
geological investigation, mine construction, and production,
no faults or folds were found in this area.

A coal seam is located at the top of the fourth section of
the Yan’an Group, and the coal-bearing sequences extend
approximately horizontally. The thickness of the overburden
layers of the excavated coal seams varies from 2m to 247m.
Aquifers were classified according to drill core logging and
pumping tests. In the light of lithology, the top Quaternary
strata Q3s, Q4

eol, and Q4
al comprise fine-grained sand, sandy

soil, and sandy clay, which are considered unconfined aqui-
fers. The Lishi Group (Q2l) and Baode Group (N2b) are char-
acterized as sandy clay and clay, which are considered an
aquitard. The direct overburden aquifer of the coal-bearing
sequence is the Jurassic Zhiluo Group (J2z) fractured aquifer,
with well-developed weathered medium-coarse-grained
gravel-bearing sandstone. The source of water in the under-
ground tunnel was found to be mainly from this aquifer dur-
ing coal mining. Compared with the Yan’an Group (J2y), a
more intense weathering process has occurred in the Zhiluo
Group (J2z). Although similar in lithology, they are quite dif-
ferent in structures. We could also obtain the same aquifer
classification from the pumping test. As shown in Table 1,
the values of aquifer parameters of the Yan’an Group (J2y)
are much smaller than those of the Zhiluo Group (J2z). Fur-
thermore, there are weak hydraulic connections between
Quaternary and Jurassic aquifers [24].

The S1229 coal face is about 4 km in length, 260m in
width, and with a mining height of around 5.7m. The
S1229 coal face is located in the middle of the coalfield, and
several coal faces in the north had already been excavated.
The S1229 coal face excavation started in September 2015
in a westward direction (Figure 2(a)) and ended in September
2017. During this period, the total water inflow in the under-
ground tunnel is observed (Figure 2(b)).

3. Observations

Three wells (J7, J10, and J14) are used to monitor the water
level from the start of mining of the S1229 coal face in Sep-
tember 2015 through September 2017. J7 is located directly
above the S1229 coal face. J10 is about 122 meters away from
the south side of the S1229 coal face. J14 is chosen as the
comparable well because it is far away from the S1229 coal
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face and least affected by mining activity. Information on well
structures is shown in Figure 3 and detailed in Table 2. All of
the wells were instrumented with pressure sensors (levelog-
ger) to measure the height of the water column above the
sensors with the sampling frequency of one hour. The accu-
racy of the pressure sensors is ±0.05% of the full scale for sen-
sors with a range of 100 ft and a resolution of 24 bits of the
same scale. To evaluate the effects of the barometric pressure,
a pressure transducer (barologger) was also set up in the air
inside well J7. Besides, rainfall data are obtained from the
weather station we installed in the mining district. Figure 4
shows the observations of the water level and barometric
and precipitation data during S1229 coal face excavation.
The sensor in J7 was taken out for about one week in April
2017, so there was no recorded water level data during this
period. Otherwise, all the data is continuous.

As shown in Figure 4, the water level in J7 declined grad-
ually since the start of mining. From the start of mining to
June 2017, the water level in J7 declined 4m gradually; by this
time, the longwall excavation zone was about 300m away
from J7. In March 2017, the J7 water level appeared two
abnormal fluctuations. The water level dropped rapidly from
June 2017; the water level had dropped 42m when mining
reached the position beneath the J7 well in the middle of
August. Because of the rapid decrease of the water level, the

sensor was exposed to the air and failed to record data on
August 16. Two days later, the water level rose steadily, and
then, an instantaneous decrease was observed on August
25. Unfortunately, 15 days after the S1229 coal face passed
the J7 well, the borehole was damaged and subsequent water
level data was missing.

The water level variations are different in J10 compared
with those of J7. One noticeable difference is that the water
level in J10 started declining rapidly when the longwall exca-
vation zone was approximately 200m away in February 2017,
and then, the water level kept falling until the S1229 coal face
excavation ended.

The water levels in J7 and J10 varied greatly, while there is
no distinct change in the water level in J14. Besides, there
were no significant water level changes with the rainfall.
Combining Figure 2 with Figure 4, it is obvious that the dra-
matic changes in the water level of J7 and J10 are related to
the mining of the S1229 coal face.

4. Methods

The variation of aquifer parameters in coal mining areas
mainly results from the disturbance of geological media
caused by mining activities and mine drainage. This variation
can be directly reflected in the water level. Based on the

39
°0

2ʹ
39

°0
0ʹ

J14

J10J7
Mining direction

Coal face S1229

Underground tunnels

0 2 km

38
°5

8ʹ

39
°0

2ʹ

110°16ʹ110°14ʹ110°12ʹ

N

110°16ʹ110°14ʹ110°12ʹ

39
°0

0ʹ
38

°5
8ʹ

Q4
al

N2b

Q4
eol

J2z

Q4s

J2y
Q4m
Wells
Q4l
Mine boundary

Figure 1: Geological map with location of longwall coal faces, boreholes of Ningtiaota Coalfield.

3Geofluids



T
a
bl
e
1:
T
he

st
ra
tu
m

an
d
aq
ui
fe
r
pa
ra
m
et
er
s
by

pu
m
pi
ng

te
st
of

N
in
gt
ia
ot
a
C
oa
lfi
el
d.

St
ra
tu
m

Li
th
ol
og
y

T
hi
ck
ne
ss

H
yd
ra
ul
ic
co
nd

uc
ti
vi
ty

(m
/d
)

Sp
ec
ifi
c
ca
pa
ci
ty

(L
/s
m
)

Sy
st
em

Se
ri
es

G
ro
up

Q
ua
te
rn
ar
y

H
ol
oc
en
e
(Q

4)
A
eo
lia
n
sa
nd

(Q
4eo

l )
A
llu

vi
um

(Q
4al
)

Fi
ne
-g
ra
in
ed

sa
nd

0-
39
.0
8

A
ve

9.
2

0-
6.
05

0.
27
01
-6
.4
2

0.
05
5-
0.
24
4

U
pp

er
P
le
is
to
ce
ne

(Q
3)

Sa
la
w
us
u
(Q

3s
)

Sa
nd

y
so
il,

sa
nd

y
cl
ay

0-
27
.5
3

A
ve

7.
61

0.
44
8-
6.
88
3

0.
00
13
76
-0
.5
43
5

M
id
dl
e
P
le
is
to
ce
ne

(Q
2)

Li
sh
i(
Q
2l
)

Sa
nd

y
so
il,

sa
nd

y
cl
ay

0-
6.
5

N
eo
ge
ne

P
lio

ce
ne

(N
2)

B
ao
de

(N
2b
)

Sa
nd

y
cl
ay
,c
la
y

0-
10
3.
37

A
ve

60
.8

Ju
ra
ss
ic

M
id
dl
e
Ju
ra
ss
ic
(J
2)

Z
hi
lu
o
(J
2z
)

Sa
nd

st
on

e,
m
ud

st
on

e
13
.5
8-
42
.5
3

0.
01
79
-2
.2
77

0.
00
78
~0

.4
46
1

Y
an
an

(J
2y
)

Sa
nd

st
on

e,
m
ud

st
on

e,
co
al
se
am

17
0.
52
-2
40
.9

A
ve

20
8.
97

0.
00
02
69
-0
.0
00
3

0.
00
00
65
2-
0.
00
05
8

4 Geofluids



continuous time series of water levels, we extract the solid
tide component in the well water level by tidal analysis, and
then, we utilize two analytical models to calculate the aquifer
parameters.

4.1. Spectral and Tidal Analysis. First, we conducted a spec-
tral analysis to identify the tidal components based on the
water level data at three wells and local barometric pressure
data, in which a band-pass filter of 0.8 to 2.2 cycles/day was
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Figure 2: (a) S1229 panel advancing distance and (b) water inflow of entire coalfield. Red vertical dash lines show the times when the longwall
excavation zone is closest to the J10 and J7 wells, respectively.
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used to eliminate the long-term trend of the water level
data and the high-frequency noise. Although there may
be dozens of tidal constituents that can be analyzed, the
main lines of the spectrum of the tidal potential are due
to the O1, K1, M2, S2, and N2 tides [18]. The N2 constit-
uent was neglected due to its small amplitude. Therefore,
we used four tidal constituents, O1, K1, M2, and S2, in

the frequency domain analysis. Then, a program Baytap
08 is used to measure the phase and amplitude responses
of water level for each tidal constituent and the corre-
sponding errors. We also set local barometric pressure as
an auxiliary series to eliminate the effect of barometric
pressure on the water level. The study site is far from
the ocean, so the ocean tide is ignored.

Table 2: Monitored wells in mining areas.

Well Radius (cm) Total depth (m) Casing depth (m) Coal seam depth (m) Surface elevation (m) Distance from startup (m)

J7 11.3 203.3 78.0 185.5 1310.2 4755

J10 11.3 171.1 30.0 141.0 1309.7 3162

J14 11.3 188.4 72.0 174.2 1283.5 8368
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4.2. Analytical Model. Figure 5 shows an idealized well in a
confined aquifer. We assumed that the aquifer is two-
dimensional isotropic, homogenous, and laterally extensive.
The water level (x) in the well fluctuates in response to pres-
sure head (h) variations caused by the dilation of the aquifer
under the tidal forces. The amplitude and phase lag of well
water level are the functions of the inner radius of the casing
(rc), radius of the screened portion of the well (rw), aquifer
transmissivity, and storage coefficient [18, 19]. Two analyti-
cal models determining the functional relationships, i.e., hor-
izontal flow model and vertical flow model, were developed
and have been widely used [18, 19]. We used a horizontal
flow model, in which the flow to the well is radial, to deter-
mine the aquifer parameters [18]. However, the observed
phase shift of J10 and J14 is positive, which may be caused
by leakage to the water table [19] and cannot be described
by a horizontal flow model. As a result, we need a vertical
flow model applied to J10 and J14. Therefore, we use a hori-
zontal flow model to calculate the hydrogeological parame-
ters for the J7 well and use a vertical flow model to
calculate the hydrogeological parameters for the other wells.

4.2.1. Horizontal Flow Model. As mentioned above, in a well-
confined aquifer, both the phase lag and amplitude of well
water level are the function of transmissivity and storage
coefficient of aquifer [18]. Therefore, we can calculate the
permeability and specific storage according to the phase shift
and amplitude response. Analysis was based on the analytical
solution proposed by Hsieh et al. [18]; the amplitude
response A and phase shift η can be represented as

A = x0
h0

����
���� = E2+2� �−1/2, ð1Þ

η = arg x0
h0

� �
= − tan−1 F

E

� �
, ð2Þ

where

E ≈ 1 − ωrc
2

2T Kei αwð Þ, ð3Þ

F ≈
ωrc

2

2T Ker αwð Þ, ð4Þ

αw = ωS
T

� �1/2
rw, ð5Þ

S = Ssd: ð6Þ

The amplitude response A is the ratio between the ampli-
tude of water level oscillations and that of earth tidal dilation
strain, and the phase shift η is the time lag of the water level
oscillations relative to that of the imposed dilation strain. x0
is the complex amplitude of water level fluctuation, and h0
is the complex amplitude of pressure head fluctuation. T is
the transmissivity (m2/s), Ss is the specific storage (1/m), S
is the storage coefficient, Ker ðαwÞ and KeiðαwÞ are the real
and imaginary parts of zero-order Kelvin function, rw is the
radius of the well (m), rc is the inner radius of the casing
(m), and ω is the frequency of the tide (rad/s).

4.2.2. Vertical Flow Model. When the water head gradient is
vertical, the well water level tidal response can be simulated
by periodic loading applied at the surface of a half-space
and finite layer [19, 25]. The boundary condition at the water
table is drained, and at the infinite depth, the boundary is
undrained [26]. The pore pressure is related to the surface
load, and its magnitude is the amplitude response A. Wang
[25] presented an analytical solution to the water level tidal
response under this condition. The amplitude response A is
given by

A = x0
h0

����
���� = γσ0 1 − 2 exp −

z
δ

� �
cos z

δ
+ exp −

2z
δ

� �	 
1/2
,

ð7Þ

where

δ =
ffiffiffiffiffiffi
2D
ω

r
: ð8Þ
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∆Well casing

Aquifer d

h-s
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x

Figure 5: Illustration of an idealized well in a confined aquifer. Note: rc is the inner radius of the casing. rw is the screened portion of the well. s
is the drawdown of the pressure head. d is the aquifer thickness.
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The phase shift η is given by

η = arg x0
h0

� �
= tan−1 exp −z/δð Þ sin z/δð Þ

1 − exp −z/δð Þ cos z/δð Þ
� 

, ð9Þ

where γσ0 is the amplitude of pore pressure, z is the depth
from the water table, and D is the hydraulic diffusivity
which equals the division of transmissivity T and storage
coefficient S.

To get the values of T and S separately, we used a simpli-
fied method to determine the specific storage SS [17]. The
specific storage can be defined as

SS = ρg 1 − nð Þα + nβ½ �, ð10Þ

and the relation of water level to tidal dilation strain can be
shown as

x = εv
ρg 1 − nð Þα + nβ½ � , ð11Þ

where ρ is the fluid density (kg/m3), g is the acceleration of
gravity (m/s2), n is the porosity of the aquifer, α is the compress-
ibility of the rock (MPa-1), β is the compressibility of the fluid
(MPa-1), and εv is the aquifer dilation strain (volume strain).
By combining equations (10) and (11), SS can be shown as
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SS =
εv
x
: ð12Þ

If the barometric pressure effects are removed from the tidal
analysis, the aquifer dilation strain εv is equal to the tidal dila-
tion strain ε. Thus, equation (12) can be rewritten as

SS =
ε

x
= 1
A
: ð13Þ

Therefore, storage coefficient S can be obtained according
to equations (6) and (13), and the corresponding transmissivity
T can be calculated by

T =DS =DSsd: ð14Þ

5. Results

5.1. Spectrum of Water Level. The results of the spectral anal-
ysis are shown in Figure 6. It can be seen that tidal constitu-
ents at O1, K1, S2, and M2 of all the wells are clear, which
indicated a good response to tidal loading. The spectra of
the barometric pressure, however, show only two clear con-
stituents at K1 and S2, which means that the K1 and S2 con-
stituents in water level are greatly affected by barometric
pressure. Also, the O1 constituents in all wells are smaller
than M2. Therefore, we focused on the tidal response at the
frequency of M2, which has relatively large signal-to-noise
ratios, and it is less affected by barometric loading.

5.2. Tidal Response and Hydrogeological Parameters. Figure 7
clearly shows that there are no obvious changes in phase and
amplitude response of well water level at the J14 well;
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however, the phase and amplitude response of J7 and J10
changed significantly when the longwall excavation zone
approached each well. The phase shift of the J7 well decreased
firstly and then increased during the mining. From the start
of mining to June 2017, the phase shift of J7 declined gradu-
ally (25°). The phase shift of J7 started increasing as the coal
face approached and eventually undermined the coal beneath
the borehole, and the increment is 42°. The phase shift of J10
increased by 40° during the times when the longwall coal face
approached the borehole and recovered about two months
later. Furthermore, the phase shift of the J7 well dropped 14
degrees in March 2017 and recovered after a month. We infer
that the sudden drop of phase shift might be related to the
two unexpected water level drops in the J7 well as mentioned
before. At that time, the work face is still about 1400 meters
away from the J7 well. Though the amplitude changes are rel-
atively insensitive compared with the phase shift changes

[20], the amplitude response in J7 and J10 shows a relatively
good agreement with phase shift changes (Figure 7(b)).

Based on the measured phase and amplitude response,
we use two models to calculate the transmissivity (T) and
storage coefficient (S); the relationship between transmissiv-
ity (T) and permeability (k) is

k = μ

ρgd
T , ð15Þ

where k is the permeability (m2), μ is the dynamic viscosity
(Pa·s), ρ is the density (kg/m3), g is the gravitational acceler-
ation (m/s2), and d is aquifer thickness (m). The storage coef-
ficient (S) can be obtained by equation (6). The calculated
permeability k and storage coefficient of the formation sur-
rounding these three wells are shown in Figure 8. The perme-
ability of the J7 and J10 wells exhibited a similar trend to that
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Figure 8: (a) Permeability and (b) specific storage. The different colors show the results for different wells.
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of the phase shift. When the longwall excavation zone
approached the wells, both the J7 and J10 permeability has
increased by several to dozens of times.

6. Discussion

6.1. Aquifer Hydrogeological Parameter Changes during
Mining. Figure 9 shows the variation in water level, perme-
ability, and specific storage of J7 and J10 as a function of coal
face location with respect to borehole location. The perme-
ability of J7 and J10 declined gradually at first which was sim-
ilar to the change in water level. In March 2017, the changes
of permeability and specific storage of J7 are related to the
two abnormal water level fluctuations as mentioned before.
The earlier aquifer hydrogeological parameter changes may
be related to slow depressurization and dewatering [27]. It
is worth noting that during this period, the values of the

parameters in J10 are relatively variable compared with that
of J7. This might be due to the strong effect of the barometric
pressure in the J10 well (Figure 6).

As the water levels change rapidly, the permeability and
specific storage of J7 started to change drastically when the
coal face was approximately 300m away from the J7 well
and eventually undermined the well. During this period, the
value of permeability increased from 4:81 × 10−15m2 to
1:15 × 10−14m2 (Figure 9(a)), and the value of specific storage
decreased from 1:04 × 10−5m-1 to 5:32 × 10−6m-1. The varia-
tion in the values of J10 was similar to J7. An obvious increase
in permeability was observed to be from 5:57 × 10−14m2 to
3:27 × 10−12m2 when the coal face was about 80m away from
J10 (Figure 9(c)). When the coal face was about 300m away
from the J10 well, the specific storage of J10 started to decline
until the coal face eventually undermined the well and subse-
quently recovered to its previous value.
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Figure 9: Variations of water level, permeability, and specific storage of J7 and J10 as a function of longwall coal face location relative to
borehole location. Negative values represent a coal face location before it reaches the borehole location, where positive values represent the
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These results may be explained by the fact that the per-
meability is controlled by mining-induced stress [8, 11].
The tensile stress in front of the work face possibly creates
new fractures, which could increase the permeability of the
aquifer around the wells. With the advance of the coal face,
the tensile stress converts to compressive stress after the coal
face undermined the well [28, 29]. In this case, the permeabil-
ity of the aquifer around the wells will decrease due to forma-
tion compression and fracture closure.

The decrease of specific storage is due to the reduction
of pore water pressure and porosity induced by drainage
and aquifer compression. It is worth mentioning that the
specific storage of J10 recovered to its previous level in
the postclosure period. The increase of the specific storage
of J10 after the coal face passed may be interpreted by
aquifer rebound [30].

6.2. Water Level Changes Associated with Mining. From the
start of mining, the water level of J7 and J10 is relatively stable
or gradually decreased, which can be attributed to slow
depressurization and dewatering of other mining faces else-
where in the coalfield. Rapid declines in water levels occurred
when the longwall excavation zone approached J7 and J10
wells, and the water level of J7 drops significantly faster than
that of J10. The sharp water level drops in J7 and J10 are
likely due to dewatering via the new fracture created by frac-
turing and dilation of joints [31].

Combined with the variation in water level and aquifer
hydrogeological parameters, the aquifer deformation around
J7 and J10 wells might be elastic during mining. For a deep
confined aquifer, the hydraulic head recovery may not be
related to recharge [32], and the recovery of the J7 water level
might be related to the water released by partial closure of
fractures during the formation compression [30, 32]. It is
interesting to note that no recovery was observed in the water
level in the J10 well while the hydrogeological parameters of
J10 recovered to their previous level after the coal face passed
as mentioned before. Therefore, it can be inferred that the
continuous decline of the water level in the J10 well is prob-
ably due to the continuous leakage from the aquifer around
the J10 well to other connected aquifers.

6.3. Uncertainty and Future Perspectives. There are some
uncertainties of the estimated results. Due to the lack of field
monitoring strain data, we can only determine aquifer
parameters based on the theoretical solid tides, which may
lead to error in the estimations. In the period of the drastic
change of the well water level, the standard deviations of cal-
culated phase and amplitude are relatively large, which leads
to the corresponding uncertainty of estimated permeability
and specific storage. Besides, we were unable to make a com-
plete evaluation of the aquifer parameter changes of the J7
well due to the missing subsequent recovery water level data
of the well. Nevertheless, this study showed the primary char-
acteristics of the aquifer parameter changes under coal min-
ing and demonstrated that the tidal effects of the well water
level can be effectively used to investigate such changes. It is
worth noting that mining-induced changes in hydrogeologi-
cal parameters of overburden aquifer may be related to site-

specific structures and operations of coal mines. It is expected
that more research would be conducted in the future to
improve the accuracy of parameter estimations and to fur-
ther understand the changes in aquifer structure and proper-
ties and hydrological circle caused by mining.

7. Conclusion

In this paper, we use the method of the tidal response of well
water level to explore the changes in hydrogeological param-
eters of the overburden aquifer in the mining area. Based on
the long-term water level monitoring data, two analytical
models were used to determine the temporal changes of
hydrogeological parameters under mining disturbance. The
main conclusions can be drawn as follows:

(1) The permeability of aquifer can increase by several to
dozens of times when the longwall excavation zone
approached the monitoring wells; the response dis-
tances of aquifer deformation to mining can be up
to 300m

(2) During mining, the drawdown of water level in wells
is likely due to dewatering via the new fracture cre-
ated by mining; the well water level and hydrogeolo-
gical parameters may be recovered after the work face
passed, possibly due to the rebound effects of aquifer

(3) The changes in well water level and hydrogeological
parameters in different monitoring sites (wells)
showed different characteristics, which may be
related to the well and aquifer structures as well as
the positions of the monitoring wells relative to the
coal face

The results of this study could enhance our understand-
ing of the hydrogeological parameter changes in the overbur-
den aquifers and could have implications for groundwater
protection and safety of mining in coal mine areas.
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The water yield of coal seam roof aquifers is the key factor for evaluating and controlling water disasters in coal seam roofs. To
evaluate the water yield of the sandstone aquifer in the roof of the Carboniferous-Permian Damiaozhuang Formation no. 8 coal
seam in the Donghuantuo Mine, North China, seven main controlling factors affecting the water yield of sandstone aquifers are
determined, including the permeability coefficient, consumption of drilling fluid, core recovery, aquifer thickness, brittle-plastic
rock thickness ratio, fault scale index, and fault point density. Further, the fuzzy Delphi analytic hierarchy process (FDAHP)
and entropy weight method (EWM) are used to calculate the subjective and objective weights of each main factor, respectively,
and a combination weight model (CWM) is proposed based on the least square method to compose the comprehensive weights.
Then, an improved water yield property index (IWYPI) model is established, and the water yield zoning map of sandstone
aquifers is acquired. Engineering practice shows that the evaluation accuracy of the water yield property index (IWYPI) model
based on the CWM is as high as 93.75%, which is 18.75% and 12.5% higher than that of the water yield property index (WYPI)
model based on the FDAHP and EWM, respectively. The research results propose a novel method for evaluating the water yield
of coal seam roof aquifers and can provide scientific guidance for the prevention and control of water disasters in the no. 8 coal
seam roof of the Donghuantuo Coal Mine.

1. Introduction

As the largest coal mining country in the world, China also has
some of themost seriousmine water disasters [1–3]. Especially
with the large-scale development of deep resources, the pre-
vention and control of water disasters remains a top priority
and is complicated by many problems and challenges. Control
and utilization of China’s groundwater resources remain a
major research topic in coal mine safety production and scien-
tific mining research [4–6]. From 2000 to 2011, there were
1089 coal mine water accidents in China with a total death toll
of 4329 [7]. In particular, North China-type coalfields in
China not only suffer from the problem of water inrushes
from coal seam floors but also face the threat of water catastro-
phes from coal seam roofs [8]. The sufficient and necessary

conditions for the occurrence of water disasters in coal seam
roofs are that mining and caving touch water-filled aquifers,
and the corresponding areas have high water yields, i.e., the
aquifer provides the material for the water inrush from the
coal seam roof, and the water yield of the aquifer directly
determines the amount and duration of the water inrush [9].
Therefore, how to effectively evaluate the water yield of coal
seam roof aquifers and how to delineate the zones of coal seam
roofs with high water yields based on reality has important
guiding significance and practical value for the prevention
and control of coal mine roof water disasters.

Studying the water yield properties of aquifers is essential
for preventing and controlling water disasters in coal seam
roofs, and several assessment methods have been developed
in recent decades. Geophysical prospecting and pumping test
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methods have been widely used and play an active role in the
evaluation of aquifer water yields [10–17]. However, these
two methods have problems, such as being the only method
considered, a heavy workload, a high cost, and a limited con-
trol range, which limit their application [18]. Another impor-
tant method is the analytic hierarchy process (AHP) water
yield property index method [19], which uses geographic
information systems (GIS) to fuse multisource geoscience
information and to comprehensively reflect the results of
water yield evaluations with various influencing factors and
the differences and relationships among these factors. Com-
pared with the geophysical prospecting method and the
water pumping test method, the AHP has many potential
advantages, but the weights of the factors influencing the
water yield in this method are highly subjective as they are
based on expert opinions; in addition, it is difficult to reach
consistency in the judgement matrix in this method for more
than four factors [20, 21]. Grey theory, BP neural networks,
fuzzy clustering methods, and principal component analysis
methods have been introduced for the evaluation of water
yields, strengthening the evaluation of the water yield [22–
25]. However, these methods have limitations in practical
application, and they fail to address uncertain factors such
as insufficient sample sizes, data information fusion, or sub-
jective fuzzy evaluation in the evaluation process. For exam-
ple, grey theory requires many water inrush examples and
calculates the weight of each index according to the correla-
tion coefficient between the index of each example and water
inflow; however, when the amount of data is insufficient, the
evaluation results are likely to deviate greatly [26]. The BP
neural network model often results in overfitting, which usu-
ally leads to a local minimum and a slow convergence speed
problem [27]. The fuzzy clustering method is theoretical and
difficult to combine with actual mining areas [28]. However,
principal component analysis effectively eliminates the influ-
ence of information superposition among evaluation indexes
[29], but it compromises by making the evaluation index
value fuzzy to reduce the dimensionality of the variables [30].

In summary, there are certain limitations to evaluate the
water yield of an aquifer using any one method alone. There-
fore, this paper proposes a water yield evaluation method
based on the coupling of the fuzzy Delphi analytic hierarchy
process (FDAHP) and entropy weight method (EWM) and
applies it to evaluate the water yield of the sandstone aquifer
in the roof of the Donghuantuo Coal Mine in a North China-
type coalfield. The FDAHP and EWM are combined to deter-
mine the weight of each influencing factor. Considering the
opinions of a group of decision-making experts, the prob-
lems of large errors from single-person evaluations and diffi-
cult consistency of the judgement matrix in the AHP are
effectively avoided, and the characteristics of measured data
are considered, thereby realizing the organic integration of
subjective and objective weights and improving the accuracy
and reliability of the evaluation results. Based on this, an
improved water yield property index (IWYPI) model is
established. The analysis results compared with engineering
practice data are used to validate than the IWYPI model as
an operational tool to evaluate the water yield of the no. 8
coal seam roof aquifer in the Donghuantuo Coal Mine. The

obtained water yield zoning map of the sandstone aquifer
provides a detailed scientific basis for ensuring safe coal mine
production and roof water disaster prevention.

2. The Study Area

2.1. Physical Geography. The Donghuantuo Coal Mine is a
typical North China Carboniferous-Permian coalfield with
extremely complex hydrogeological conditions. During the
construction period of the mine, the maximum water inflow
reached 62.84m3·min-1, and many water inrush accidents
have occurred. At present, as the increase of the depth of coal
mining, the threat of water hazards will continue to increase
[31]. The Donghuantuo Mine is located in Tangshan City,
Hebei Province (Figure 1). It is approximately 10 km east to
Tangshan Station and 14 km south to Xugezhuang Station.
The mine is within alluvial plain terrain; there are neither
hills nor rivers in the mine area. The terrain is flat and high
in the northeast and low in the southwest. The elevation of
the terrain ranges from 2 to 23m, and the topographic slope
is 1.6. The climate of the mine area is continental: hot and
rainy in summer and cold and windy in winter. The temper-
ature ranges from 39.6 to -21°C with an average of 11.1°C.
The average annual rainfall is 614.7mm, and the average
annual evaporation is 1321.1mm. There is no surface water
system in the mine area.

2.2. Geological Conditions. The Donghuantuo Coal Mine is in
the northwestern Kaiping Coalfield. The strata of the Kaiping
Coalfield are North China-type deposits. According to the
strata exposed by boreholes, the study area contains Ordovi-
cian, Carboniferous, Permian and Quaternary strata. The
coal-bearing strata in the mine are Carboniferous and Perm-
ian. The total thickness of the coal seams is 19.70m, which
includes the no. 8, no. 9, no. 11 and no. 12-1 main coal seams.

The mine is located on both sides of the Chezhoushan
syncline, which is part of a coal-bearing structure in the west-
ern Kaiping Coalfield. Its main structural controls are those
of the Neocathaysian system, and the structural lines are
mostly NE-trending. The syncline is a large coal-bearing syn-
cline with a long and narrow asymmetrical dip to the south-
west. The strike of the syncline axis is approximately N60°E,
and the synclinal axis slopes to the northwest.

Strata on both sides of the syncline vary greatly. The
strata in the southeast wing are gentle with an inclination
of approximately 20°, while the strata in the northwest wing
are steep with an inclination of approximately 70°. The main
structural form of the mine is the monoclinic structure in the
southeastern wing of the Chezhoushan syncline. The fault
structure is well developed in the mine, and the strike of the
fault is mostly consistent with the direction of the syncline
axis (Figure 2).

2.3. Hydrogeological Characteristics of the Mine. In this study,
the main coal seam is the no. 8 coal seam, the direct water-
filled aquifer is a Permian sandstone fractured aquifer, and
the indirect water-filled aquifer is a Quaternary bottom gravel
aquifer. There is a weak permeable aquifer between these two
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aquifers (Figure 2). The Permian sandstone fractured aquifer
is the main threat to safely mining the no. 8 seam.

The Permian sandstone fractured aquifer is dominated
by coarse sandstone and gravel-bearing giant sandstone with
unequal grains and muddy siliceous cementation. This aqui-
fer has extensive direct contact with the bottom gravel aqui-
fer, and the gravel aquifer is the recharge source, so water is
abundant and not easily drained. The specific capacity of

boreholes is 0.016-1.806 L·s-1·m-1, and the permeability coef-
ficient is 0.369-10.492m·d-1.

The topographic difference between the outcrops in the
two wings reveals that the northwest wing is a recharge area,
and the southeast wing is an excretion area under natural
conditions. The Permian sandstone fractured aquifer receives
pore water from the bottom pebble beds of the Quaternary
aquifer along the northwest wing. There has been a

Figure 1: Map showing the location of the study area.

Fault Borehole Coal seam Quaternary
alluvium

Quaternary
bottom
gravel
aquifer

Q
uaternary
system

Perm
ian

system

Permian
sandstone

aquifer

Permian
sandstone

aquifer
No. 5

0

−100

−200

−400

−300

−500

−600

0

100 m
Scale

N38°W C63 C36 C7 C30

−100

−200

−400

−300

−500

−600

Guy
e

for
mati

on

Ta
ng

jia
zh

ua
ng

for
mati

on

Dam
iao

zh
ua

ng

for
mati

on

No. 6
Coal
seam

No. 7
No. 8

Ordovician
limestone

aquifer

Figure 2: 2-2′ geological profile of the study area.
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fundamental change in the groundwater movement arising
from the operation of the mine, with the underground min-
ing area becoming a drainage area and the outcrop zones
near the mining area of the north and south flanks becoming
a recharge area. At present, groundwater drainage is achieved
by mine pumping.

3. Data

3.1. Major Controlling Factors of the Aquifer Water Yield. A
thorough analysis of the hydrogeological data of the mining
area was performed to generate a thematic database of multi-
variate geological information to comprehensively reflect the
water yield of the water-filled aquifer. This analysis com-
prised seven factors: the permeability coefficient, consump-
tion of flushing fluid, aquifer thickness, ratio of brittle-
plastic rock thickness, core recovery rate, fault point density,
and fault scale index (Figures 3 and 4).

(1) The permeability coefficient is a constant represent-
ing the permeability of rock strata. Generally, the
higher the permeability coefficient is, the more per-
meable the rock. The permeability of the Permian
sandstone fractured aquifer in the study increased
gradually from northeast to southwest in the range
of 1.05-2.15m·d-1

(2) The consumption of drilling fluid can reflect the per-
meability of the drilled rock. There is a certain degree
of drilling fluid leakage when drilling through an
aquifer. The larger the amount of leakage is, the bet-
ter the development degree and connectivity of the
voids in the strata. The flushing fluid consumption
of the Permian sandstone fractured aquifer in the
study area increased gradually from northeast to
southwest within a range of 0.1-14.5m3·h-1

(3) Aquifer thickness is the prerequisite for determining
the water yield and the primary factor affecting the
occurrence of groundwater. Generally, the thicker
the aquifer is, the greater its water content. In the
study area, the closer the Permian sandstone frac-
tured aquifer was to the syncline axis, the thicker
the aquifer was. The overall thickness increased grad-
ually from northeast to southwest within a range of
140-230m.

(4) The ratio of the brittle-to-plastic rock thickness can
be used as an index to qualitatively judge the perme-
ability of sandstone fractured aquifers. In the case of
failure due to tectonic stress, the fracture characteris-
tics reflected by lithologies with different mechanical
properties are quite different. The stress release of
brittle sandstone mainly occurs in the form of shear
and tensile failures. Fractures and joints are relatively
developed in the sandstone layer, which greatly
enhances the permeability. Plastic clay rocks release
their stress in the form of plastic deformation under
a load action, which results in minimal changes to
its permeability. Therefore, in general, the larger the

ratio of brittle-to-plastic rock thickness is, the higher
the permeability of the aquifer. The lithology of the
Permian sandstone fractured aquifer in the study
area is mainly medium and fine sandstone. Brittle
rocks are much thicker than plastic rocks. Except in
some individual sections, the ratio of the brittle-to-
plastic rock thickness gradually decreased from
northeast to southwest in the study area, ranging
from 1.05-2.35.

(5) Core recovery refers to the ratio of the core length to
the drilling depth, which is expressed as a percentage.
Core recovery is a rock quality index used to express
the integrity of a rock mass. The lower the core rate is,
the more fragmented the rock and the better its con-
nectivity. The core recovery rate of the Permian sand-
stone fractured aquifer in the study area gradually
decreased from northeast to southwest, ranging from
0.87 to 0.99.

(6) The density of fault points refers to the number of
intersections and endpoints of faults in a unit area.
Intersections and endpoints of faults form in space
and along planes and have certain rules for develop-
ment. The higher the fault point density is, the more
developed the rock mass fissures and the higher the
water content and water conductivity. There are
many faults in the study area that are widely distrib-
uted. The geological profile shows that most of the
faults cut the Permian sandstone fissure aquifer.
The high density of fault points in the middle and
southern parts of the study area indicates that the
water yield of the Permian sandstone fractured aqui-
fer is obviously affected by faults.

(7) The fault size index is the sum of the product of the
fault throw and strike lengths of all faults in the unit
area, as shown by

F = ∑n
i=1LiHi

S
, ð1Þ

where F is the fault size index,Hi is the fault throw of
the ith fault (m), Li is the strike length of the ith fault
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Figure 3: Major controlling factors of the water yield evaluation.
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in the unit area (m), N is the number of faults within
the unit area, and S is the unit area (m2).

The fault size index comprehensively reflects the size and
development of faults. The larger the fault size index is, the
larger the groundwater recharge scope and occurrence space
and the higher the water yield of the faults. The large-scale
index of faults in the central and northern parts of the study
area indicates that the area is disturbed by faults, and faults
may serve as water-filling sources or conduits to increase
the possibility of roof water inrushes.

3.2. Data Normalization. Taken individually, components of
multivariate geological information provide only a limited
reflection of the aquifer water yield, and data integration is
necessary to comprehensively reflect the aquifer water yield.
The physical quantities of aquifers represented by multivari-
ate geological information are different. To achieve data inte-
gration, the limitations of different physical dimensions must
first be eliminated. Normalization of data is a feasible way to
achieve this, and Equations (2) and (3) were used to normal-
ize the factors from the established multivariate geological
information database, which were positively and negatively
correlated with the water yield, respectively.

yi =
xi − xmin

xmax − xmin
, ð2Þ

yi ′ =
xmax − xi
xmax − xmin

: ð3Þ

yi and yi ′ are the normalized value for positive and negative
factor respectively, while xmax and xmin are the maximum and
minimum of the original data, respectively. In this paper, the
evaluation factors were normalized by Equation (2), with the
exception of the core recovery factor, which was calculated by
Equation (3).

4. Methods

4.1. Procedures. To acquire a relatively reasonable and accu-
rate evaluation of the water yield of the coal roof aquifer,

the comprehensive weight should be determined by consid-
ering the fuzziness of the comprehensive evaluation process,
the decision-making experience of the expert group, and the
differential information of the evaluation factor.

Based on the scientific quantification of multiple factors,
the synthesized evaluation applies comprehensive coupling
of the FDAHP and EWM, as shown in Figure 5.

4.2. Determination of the Factor Weights

4.2.1. Subjective Weights by the FDAHP. The FDAHP is a
fuzzy group decision-making method that integrates fuzzy
mathematics appraisal and the AHP and the Delphi group
decision-making method [32, 33]. The relative importance
matrix (Table 1) for all determined factors according to each
expert’s judgement value by the Saaty scale method is essen-
tial and the basis of generating a pairwise comparison matrix.

According to expert opinions, F1, F2,…, F7 are the eval-
uation factors, while aij is defined as the relative importance
comparison judgement value for a pair of factors and is
obtained by the Fi value divided by the Fj value. Therefore,
ten 7 × 7 pairwise comparison judgement matrices for each
expert were generated.

A =

1 a12 ⋯ a17
1
a12

1 ⋯ a27

⋮ ⋮ ⋱ ⋮
1
a17

1
a27

⋯ 1

2
666666664

3
777777775
: ð4Þ

Then, a group of fuzzy pairwise comparison matrices was
established by making use of the triangular fuzzy number bij,
which was calculated using Equation (5) and consisted of
pessimistic, moderate, and optimistic comparison judge-
ments of the evaluation factor according to the opinions of
ten experts.

bij = αij, βij, γij
� �

: ð5Þ
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Figure 4: Thematic map of multiple geological factors for the water-filled aquifer in the no. 8 coal seam roof.
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αij ≤ βij ≤ γij, and they are obtained separately by Equations
(6), (7), and (8). Furthermore, the established group fuzzy
pairwise comparisonmatrix in this paper is shown in Table 2.

αij =min bijk
� �

, k = 1, 2,⋯, p, ð6Þ

βij =
Ym
k=1

bijk
� � !1/m

, k = 1, 2,⋯, p, ð7Þ

γij =max bijk
� �

, k = 1, 2,⋯, p: ð8Þ
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Figure 5: Flowchart of the methodology.

Table 1: Relative importance matrix of evaluation factors.

Factor
Expert 1
(E1)

Expert 2
(E2)

Expert 3
(E3)

Expert 4
(E4)

Expert 5
(E5)

Expert 6
(E6)

Expert 7
(E7)

Expert 8
(E8)

Expert 9
(E9)

Expert10
(E10)

Permeability coefficient (F1) 9 9 9 8 9 8 9 9 9 9

Consumption of drilling fluid (F2) 4 4 5 4 5 4 4 4 4 4

Core recovery (F3) 3 4 3 5 3 3 3 4 5 3

Aquifer thickness (F4) 8 8 7 8 7 9 7 8 7 7

Brittle-plastic rock thickness ratio
(F4)

3 3 3 3 3 3 4 4 3 3

Fault scale index (F5) 4 4 4 4 5 4 4 3 4 5

Fault point density (F6) 3 2 3 2 2 3 3 2 2 3
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In the following defuzzification process, the geometric
average method is applied to acquire the relative fuzzy
weights for each factor. The group fuzzy weight vector and
the fuzzy weights vector are determined by calculating Equa-
tions (9) and (10) successively.

ri = ai1 ⊗ ai2 ⊗⋯⊗ ainð Þ1/n, ð9Þ

wi = ri ⊗ r1 ⊗ r2 ⊗⋯ ⊗ rnð Þ−1: ð10Þ

The two triangular fuzzy numbers ½a1, a2, a3� and ½b1, b2
, b3� are calculated using

a ⊕ b = a1 + b1, a2 + b2, a3 + b3½ �, ð11Þ

a ⊗ b = a1 × b1, a2 × b2, a3 × b3½ �, ð12Þ

a−1 = a3−1, a2−1, a1−1
� �

: ð13Þ
Finally, the weights for each evaluation factor were

obtained by the normalization of the fuzzy weight vector
(wL

i ,wM
i ,wN

i ) by calculating Equation (14), and the results
are shown in Table 3.

Ui = wL
i ×wM

i ×wN
i

� �1/3
∑m

i=1 wL
i ×wM

i ×wN
i

� �1/3 : ð14Þ

4.2.2. Objective Weights by the EWM. As a quantitative
objective weighting method, the EWM can determine the
factor weights according to the degree of variation in the
major controlling factors by using information entropy to
measure the uncertainty and heterogeneity of the factor
value distribution.

For a certain factor value, the uneven distribution usually
shows a significant difference in heterogeneity and manifests
as a higher entropy but a lower entropy weight. Therefore,
the existing objective criteria for weighting could avoid the
influence of subjective factors as much as possible.

To obtain information entropy for each evaluation factor
by the EWM [34], the standardized matrix Yij was estab-
lished and expressed as Equation (15), which consisted of
standardized data with 5787 evaluation units from united
spatial thematic data of 7 evaluation factors calculated by

Equations (2) and (3). Thus, i = 1, 2, 3,⋯, 5787, and j = 1, 2,
3,⋯, 7 in this paper.

Y = Yij

� �
=

y11 y12 ⋯ y17

y21 y22 ⋯ y27

⋮ ⋮ ⋱ ⋮

y57871 y57872 ⋯ y57877

2
666664

3
777775: ð15Þ

Then, Yij was normalized to calculate the projected out-
come Pij of the j

th factor by

Pij =
Yij

∑m
i=1Yij

: ð16Þ

Then, the information entropy Ej could be defined as
Equation (17), as shown in Table 4.

Ej = − ln mð Þ−1 〠
m

i=1
Pij ln Pij: ð17Þ

The diversification degree of information based on the jth

factor value dj could be expressed as dj = 1 − Ej, and the
entropy weights of each factor were calculated by following
Equation (18) and are shown in Table 4.

V j =
dj

∑n
j=1dj

: ð18Þ

4.2.3. TotalWeights by the CWM.Whereas the a priori weight-
ing method FDAHP can provide subjective weights by

Table 2: Group fuzzy pairwise comparison matrix.

F1 F2 F3 F4 F5 F6 F7

F1 (1.00, 1.00, 1.00) (1.80, 2.15, 2.25) (1.80, 2.56, 3.00) (1.13, 1.27, 1.50) (2.25, 2.83, 3.00) (1.80, 2.21, 3.00) (3.00, 3.25, 4.50)

F2 (0.44, 0.46, 0.56) (1.00, 1.00, 1.00) (0.80, 1.19, 1.67) (0.50, 0.59, 0.71) (1.00, 1.32, 1.67) (0.80, 1.03, 1.33) (1.33, 1.51, 2.50)

F3 (0.33, 0.39, 0.56) (0.60, 0.84, 1.25) (1.00, 1.00, 1.00) (0.38, 0.50, 0.83) (0.75, 1.11, 1.67) (0.60, 0.87, 1.33) (1.00, 1.27, 2.50)

F4 (0.67, 0.78, 0.89) (1.40, 1.69, 2.00) (1.20, 2.01, 2.67) (1.00, 1.00, 1.00) (1.75, 2.26, 2.67) (1.40, 1.77, 2.67) (2.00, 2.59, 3.50)

F5 (0.33, 0.35, 0.44) (0.60, 0.76, 1.00) (0.60, 0.90, 1.33) (0.38, 0.44, 0.57) (1.00, 1.00, 1.00) (0.60, 0.76, 1.00) (1.00, 1.12, 1.50)

F6 (0.33, 0.45, 0.56) (0.75, 0.97, 1.25) (0.75, 1.15, 1.67) (0.38, 0.57, 0.71) (1.00, 1.32, 1.67) (1.00, 1.00, 1.00) (1.00, 1.47, 2.50)

F7 (0.22, 0.31, 0.33) (0.40, 0.66, 0.75) (0.40, 0.79, 1.00) (0.29, 0.39, 0.50) (0.67, 0.90, 1.00) (0.40, 0.68, 1.00) (1.00, 1.00, 1.00)

Table 3: Calculated group fuzzy weights and total weights by the
FDAHP.

Evaluation factors Group fuzzy weights Total weights

F1 (0.1796, 0.2663, 0.3866) 0.2647

F2 (0.0824, 0.1237, 0.1971) 0.1263

F3 (0.0644, 0.1041, 0.1934) 0.1092

F4 (0.1333, 0.2104, 0.3236) 0.2088

F5 (0.0624, 0.0930, 0.1486) 0.0953

F6 (0.0715, 0.1205, 0.1953) 0.1191

F7 (0.0449, 0.0820, 0.1216) 0.0766

8 Geofluids



considering the fuzziness of the evaluation process by group
decision-making, and the EWM can determine the objective
assessment with good stability upon attribute preference, the
combination weight model (CWM) based on the optimization
method is proposed in this paper. In situations that consider
both the experience of a group of experts and the objective
datum situation, the CWM can provide practical and reason-
able weights.

The judgement basis of the CWM can be expressed as fol-
lows: the total deviation between the FDAHP calculations and
the EWM result should be as small as possible. Therefore, the
optimization model that applies the least square method to
combine the subjective weight of a group of experts uj with
the objective entropy weight vj is established as [35]

min D wð Þ = 〠
m

i=1
〠
n

j=1
uj −wj

� �
Yij

� �2 + vj −wj

� �
Yij

� �2n o
,

ð19Þ

s:t: 〠
n

j=1
wj = 1, ð20Þ

wj > 0: ð21Þ
Furthermore, the CWM optimization model can be

expressed as Equation (22) by the Lagrangian transformation.

A e

eT 0

" #
×

wj

λ

" #
= B

1

� 	
: ð22Þ

The diagonal matrixA and the vector matrices e,W, and B
are defined as Equations (23) to (26), respectively.

A = diag 〠
m

i=1
Y2
i1, 〠

m

i=1
Y2
i2,⋯,〠

m

i=1
Y2
in

" #
, ð23Þ

e = 1, 1,⋯,1½ �T , ð24Þ

wj = w1,w2,⋯,wn½ �T , ð25Þ

B = 〠
m

i=1

1
2 u1 + v1ð ÞY2

i1, 〠
m

i=1

1
2 u2 + v2ð ÞY2

i2,⋯,〠
m

i=1

1
2 un + vnð ÞY2

in

" #T
:

ð26Þ
In this paper, the 7 × 7matrix A was established by calcu-

lating the square sum of each factor, as shown by Equation
(27), and the subjective weight uj in Equation (26) was
obtained from the FDAHP weighting process, while the objec-
tive weight vj was acquired based on the measured informa-
tion entropy of controlling factors by the EWM method.

Finally, the CWM weights were acquired by calculating
Equation (28), and the combination weight 5787 coupling
of the subjective weight uj and objective entropy weight vj
is shown in Table 5.

Wj = A−1 × B + 1 − eTA−1B

eTA−1e
× e

� 	
: ð28Þ

4.3. Evaluation of the IWYPI Model. The distribution of the
aquifer water yield is controlled by a combination of factors;
therefore, the comprehensive analysis of multisource infor-
mation is considered to be the best method to evaluate the
water yield of coal roof aquifers [36–38]. Based on the statis-
tical values of 7 influencing factors of 36 boreholes in the
northern no. 2 mining area and central mining area of the

Donghuantuo Coal Mine, this paper first standardizes these
factors and then applies the spatial information processing
and analysis function of GIS to integrate the information of
the 7 factors affecting the aquifer water yield.

On this basis, combined with the CWM composed of
the FDAHP and EWM, an IWYPI model is established by
adding linear weights to quantitatively describe the compre-
hensive influence of aquifer lithology, aquifer hydraulic
properties, and fault characteristics of different weight com-
binations on the aquifer water yield. The calculation for-
mula is shown by

WI = 〠
n

j=1
Wj ∗ f j x, yð Þ: ð29Þ

A =

1661:2474 0 0 0 0 0 0
0 755:0315 0 0 0 0 0
0 0 1585:8033 0 0 0 0
0 0 0 547:9346 0 0 0
0 0 0 0 1310:3613 0 0
0 0 0 0 0 445:8467 0
0 0 0 0 0 0 1097:3887

2
666666666666664

3
777777777777775

: ð27Þ
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where WI is the aquifer water yield property index; j is the
factor number; n is the number of factors, which is 7 in this
paper; Wj is the weight value of the jth factor; f jðx, yÞ is the
standard value of the jth factor; and ðx, yÞ are geographic
coordinates.

The IWYPI model in this paper is established accord-
ing to Equation (29) and shown as Equation (30). Corre-
spondingly, the water yield property index (WYPI) model

weighted by the FDAHP and EWM can also be calculated
by Equation (29).

WI = 0:1631 ∗ f1 x, yð Þ + 0:1701 ∗ f2 x, yð Þ
+ 0:1096 ∗ f3 x, yð Þ + 0:1527 ∗ f4 x, yð Þ
+ 0:0086 ∗ f5 x, yð Þ + 0:2298 ∗ f6 x, yð Þ
+ 0:0861 ∗ f7 x, yð Þ:

ð30Þ

5. Results and Discussion

5.1. Results. According to the IWYPI and WYPI models,
which have different weighting methods, the water yield zon-
ing maps of the roof sandstone aquifer of the no. 8 coal seam
are constructed by using GIS spatial superposition and reclas-
sification functions, and a frequency histogram of WI values
calculated by the three methods is acquired (Figure 6). As
shown in Figures 7–9, there are differences in the evaluated
WI values calculated from the different methods, with a larger
value indicating a higher water yield. TheWI values calculated
by the FDAHP are 0.1549~0.5941, theWI values calculated by
the EWM are 0.1131~0.5216, and the WI values calculated by
the CWMare 0.1357~0.5271. Furthermore, the corresponding
classification thresholds of WI values for four levels are deter-
mined by the natural break algorithm embedded in the GIS
classification method. Therefore, the least square sum of the
WI value and corresponding mean value are obtained by iter-
ative grouping for determining thresholds. According to the
classification threshold (Table 6), the water yield is divided
into the following zones: poor, medium, rich, and richer; the
distribution of partitions for each evaluation result is shown
in Figures 7–9.

As shown in Figures 7–9, the overall trends of the results
of the evaluation of the aquifer water yield by the three
methods are consistent. The results are also cross-verified,
which indicates that the water yield of the sandstone aquifer
in the no. 8 coal seam roof in the Donghuantuo Mine ranges
from poor to richer, among which the rich and richer zones
are mainly distributed in the southern and middle regions,
the medium zones are mainly distributed in the northern
and middle regions, and the poor zones are mainly distrib-
uted in the northeast and central and western regions. As
shown in Figures 4(a)–4(g), the difference in the water yield
in the study area is mainly related to the aquifer permeability

Table 4: The entropy and entropy weights of evaluation factors.

Factor F1 F2 F3 F4 F5 F6 F7

Entropy E 0.9841 0.9446 0.9715 0.9749 0.9788 0.9118 0.9752

Entropy weight V 0.0615 0.2137 0.1101 0.0967 0.0819 0.3405 0.0956

Table 5: The calculated weights of evaluation factors by the FDAHP, EWM, and CWM.

Factor F1 F2 F3 F4 F5 F6 F7

FDAHP weight U 0.2647 0.1263 0.1092 0.2088 0.0953 0.1191 0.0766

Entropy weight V 0.0615 0.2137 0.1101 0.0967 0.0819 0.3405 0.0956

Combination weight W 0.1631 0.1701 0.1096 0.1527 0.0886 0.2298 0.0861
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coefficient, thickness, and fault development, and the water
yield in the zones with high values of these factors is rela-
tively high. For example, the permeability coefficient and
consumption of drilling fluid in the southern part of the
study area are high, so the evaluation results of the three
methods in the south indicate zones with rich-richer water
yields. The fault scale index and fault point density in the
middle of the study area are high, and the evaluation results
of the middle of the study area by the three methods indicate
medium-richer water yields. In contrast, except for the ratio

of the brittle-to-plastic rock thickness, the water yield in
areas with low index values is relatively poor, such as in
the central and western regions of the study area, and the
evaluation results of the three methods indicate zones with
poor water yields.

5.2. Engineering Practice. According to the Regulations for
Coal Water Prevention and Control in China [39], the theo-
retical evaluation of the aquifer water yield is based on a unit
of water inflow (represented by q); however, the pumping test
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boreholes in the coalfield are generally limited in number and
unevenly distributed. It is difficult to scientifically and rea-
sonably divide the water yield of the aquifer by the q value.
Therefore, the FDAHP, EWM, and CWM methods were
used to establish a multisource geoscience information fusion
WYPI model and an IWYPI model, which provide the more
comprehensive scientific basis for the evaluation of the aqui-
fer water yield.

Validation is the key to verifying results [40, 41]. The unit
water inflow of the pumping test boreholes (represented
by q) can directly indicate the water yield of aquifers. When
data on the unit water inflow of the borehole are lacking, the
inflow of the water inrush point (represented by Q) can also
be used as the direct basis of the aquifer water yield. There-

fore, the q and Q values are reliable bases to verify the evalu-
ation results of different methods.

The q value can be divided into four grades (Table 7),
poor, medium, rich, and extremely rich, according to the
Regulations for Coal Water Prevention and Control in
China. According to Table 7, the q values of 8 boreholes in
the sandstone aquifer of the no. 8 coal roof in the study area
are analysed. Among these q values, the boreholes with a
medium water yield account for 50%, and the boreholes with
both poor and rich water yields account for 25%; the maxi-
mum q value of the boreholes is 1.806 L·s-1·m-1, which is a
rich water yield, and no boreholes with extremely rich water
yields are found. To make the evaluation results of water
yield zoning more convenient for conducting mine water
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Table 6: Classification thresholds of WI values by the FDAHP, EWM, and CWM.

Partition code Water yield zone WI value by the FDAHP WI value by the EWM WI value by the CWM

Zone I Poor 0.1549-0.2693 0.1131-0.2232 0.1357-0.2436

Zone II Medium 0.2694-0.3638 0.2233-0.2966 0.2437-0.3229

Zone III Rich 0.3639-0.4628 0.2967-0.3794 0.3230-0.4085

Zone IV Richer Greater than 0.4628 Greater than 0.3794 Greater than 0.4085

Table 7: Specified and revised classification standard for the water yield.

Specified level
Specified q
(L·s-1·m-1)

Partition code Revised level
Revised q
(L·s-1·m-1)

Q (m3·min-1)

Specified classification
standard

Weak q ≤ 0:1

Revised classification
standard

Zone I Poor q ≤ 0:1 Q < 0:2
Medium 0:1 < q ≤ 1:0 Zone II Medium 0:1 < q ≤ 1:0 0:2 ≤ q < 1:0

Rich 1:0 < q ≤ 5:0 Zone III Rich 1:0 < q ≤ 1:5 1:0 ≤ q < 2:0
Zone IV Richer q > 1:5 q ≥ 2:0

Extremely rich q > 5:0 — — — —
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prevention and control work in the Donghuantuo Coal Mine,
the rich water yields can be further subdivided, that is, the
rich water yield (1~5L·s-1·m-1) in the “Regulations” can be
further divided into rich (1~1.5 L·s-1·m-1) and richer
(1.5~2L·s-1·m-1) water yields, as shown in Table 7. The
revised classification standard of the water yield is suitable
for the Donghuantuo Coal Mine. In the actual coal mining
project of the Donghuantuo Coal Mine, the Q value is used
to classify the water yield by taking the maximum inflow of
each water inrush point in the Donghuantuo Mine in the last
10 years as the classification basis (Table 7).

Therefore, to verify the accuracy of the evaluation results
of the FDAHP, EWM, and CWM, the evaluation results are
compared with the actual engineering data, and a verification
test is carried out. A total of 16 engineering test samples were
collected, including 8 water inrush points and the q values of
8 boreholes in the Permian sandstone aquifer, and the evalu-
ation results were tested. The evaluation results of these three
methods and the actual results of 18 test samples are shown
in Table 8. The results show that the coincidence degrees of
the evaluation results of the FDAHP, EWM, and CWM with
the actual results are 75%, 81.25%, and 93.75%, respectively;
that is, the accuracy of the CWM is the highest.

6. Discussion

Through the verification of the evaluation results of the three
methods, the evaluation ability of the CWM is the best, and
its correctness percentage is as high as 93.75%, which is
18.75% and 12.5% higher than that of the FDAHP and
EWM, respectively. The results of the FDAHP, EWM, and
CWM are compared to determine the differences among
the three evaluation methods. There are differences in the

proportional area of each water yield grade evaluated by dif-
ferent methods (Figure 10).

According to the proportional area of each water yield
grade from small to large, the water yields evaluated by the
FDAHP and CWM are IV, III, I, and II, and the water yield
grades evaluated by the EWM are IV, III, II, and I. This shows
that the proportional area evaluated by the EWM for the
poor water yield is relatively large, while for rich and richer
water yields, which more easily cause water disasters in coal
seam roofs, the proportional areas calculated by the FDAHP,
EWM, and CWM are 24.19%, 33.95%, and 33.56%, respec-
tively; this indicates that the proportional areas evaluated
by the FDAHP for the rich and richer water yield areas are
relatively small. Two main reasons account for these differ-
ences: (1) the FDAHP focuses on the influence of hydraulic
properties of aquifers on the water yield and underestimates
the influence of fault development characteristics on the
water yield. For example, water inrush point Q99 is located
in the fault development area and is affected by normal
fault DF25 with a fault distance of 9m. The aquifer fissure
at this point is developed, with the water inflow reaching
1.8m3·min-1 and the aquifer having a rich water yield.
However, the FDAHP classifies it as a medium water yield,
which is inconsistent with the actual situation. (2) The
EWM overemphasizes the difference in fault development
characteristics in the study area but weakens the important
influence of the aquifer permeability coefficient and thickness
on the water yields. For example, the q value of the DG33
borehole is 1.22 L·s-1·m-1, and the sandstone aquifer where
it is located is 60m thick, with a permeability coefficient of
2.2m·d-1, which is a rich water yield. It is unreasonable to
characterize it as a medium water yield based on the EWM.
Thus, the CWM takes into account both the recommenda-
tions of the experts and the internal relations among various

Table 8: Validation between the evaluation results and actual results.

Type and no. of
verification case

Name
Measured q
(L·s-1·m-1)

Measured Q
(m3·min-1)

Actual Judgment
WYPI result

by the
FDAHP

WYPI result
by the EWM

IWYPI result
by the CWM

Hydrologic borehole

1 C35 0.086 — I II Disagree I Agree I Agree

2 DG39 0.110 — II III Disagree IV Disagree III Disagree

3 C42 0.143 — II II Agree II Agree II Agree

4 DG27 0.183 — II I Disagree II Agree II Agree

5 DG43 0.018 — I I Agree I Agree I Agree

6 C48 0.610 — II II Agree II Agree II Agree

7 DG33 1.222 — III III Agree II Disagree III Agree

8 DG31 1.806 — IV IV Agree IV Agree IV Agree

Water inrush point

9 Q99 — 1.80 III II Disagree III Agree III Agree

10 Q87 — 0.90 II II Agree III Disagree II Agree

11 Q97 — 2.00 IV IV Agree IV Agree IV Agree

12 Q15 — 1.02 III III Agree III Agree III Agree

13 Q22 — 1.00 III III Agree III Agree III Agree

14 Q39 — 4.57 IV IV Agree IV Agree IV Agree

15 Q52 — 4.00 IV IV Agree IV Agree IV Agree

16 Q27 — 3.19 IV IV Agree IV Agree IV Agree

13Geofluids



factors of the water yield; the CWM effectively reflects the
joint control of the aquifer lithology, hydraulic characteris-
tics, and fault factors on the water yield of the sandstone
aquifer of the no. 8 coal seam roof in the study area, making
the evaluation results more closely follow reality; moreover,
the CWM can analyse the water yield characteristics of the
coal seam roof more reasonably and accurately.

7. Conclusions

(1) Aquifers with rich and richer water yields provide the
material source for water disasters in coal seam roofs,
and they are also a prominent problem threatening
the safe production of coal seams. It is necessary but
challenging to evaluate the water yield of coal roof
aquifers. The IWYPI model of coal roof aquifers is
proposed and applied to evaluate the water yield of
the sandstone aquifer in the no. 8 coal seam roof in
the Donghuantuo Coal Mine. The factors that affect
the water yield are the permeability coefficient, con-
sumption of drilling fluid, core recovery, aquifer
thickness, brittle-plastic rock thickness ratio, fault
scale index, and fault point density. The IWYPI
model established by the CWM takes into account
the internal relations between the opinions of experts
and various factors influencing the water yield; this
model effectively reflects the common control of
aquifer lithology, hydraulic characteristics, and fault
factors on the aquifer water yield and overcomes
the problem that there are generally limited amounts
of water inflow data for boreholes in mines

(2) Engineering practice shows that the accuracy of the
IWYPI model based on the CWM is as high as
93.75%, which is 18.75% and 12.5% higher than that
of the WYPI model based on the FDAHP and EWM,
respectively. The evaluation results show that the

zones with rich and richer water yields are mainly
distributed in the southern and middle regions, the
zones with medium water yields are mainly distrib-
uted in the northern and middle regions, and the
zones with poor water yields are mainly distributed
in the northeast, central, and western regions. The
IWYPI model provides favourable technical support
for the prevention and control of water disasters in
coal seam roofs and has important practical signifi-
cance for ensuring safe coal mine production.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Conflicts of Interest

The authors declare no conflict of interest.

Acknowledgments

This study is financially supported by the National Natural
Science Foundation of China (Granted No. 41702264),
National Key Research and Development Program of China
(2016YFC0402803-02), and China Three Gorges Group
Co., Ltd. Project (0799217).

References

[1] S. N. Dong, L. W. Zheng, S. L. Tang, and P. Z. Shi, “A sciento-
metric analysis of trends in coal mine water inrush prevention
and control for the period 2000–2019,” Mine Water and the
Environment, vol. 39, no. 1, pp. 3–12, 2020.

[2] W. Qiang, L. Yuanzhang, and Y. Liu, “Using the vulnerable
index method to assess the likelihood of a water inrush
through the floor of a multi-seam coal mine in China,” Mine
Water and the Environment, vol. 30, no. 1, pp. 54–60, 2011.

[3] B. Li, X. Q. Wang, Z. J. Liu, and T. Li, “Study on multi-field
catastrophe evolution laws of water inrush from concealed
karst cave in roadway excavation: a case of Jiyuan coal mine,”
Geomatics, Natural Hazards and Risk, vol. 12, no. 1, pp. 222–
243, 2021.

[4] H. F. Duan and L. J. Zhao, “New evaluation and prediction
method to determine the risk of water inrush frommining coal
seam floor,” Environmental Earth Sciences, vol. 80, no. 1, 2021.

[5] Y. Zeng, Q. Wu, S. Liu, Y. Zhai, H. Lian, and W. Zhang, “Eval-
uation of a coal seam roof water inrush: case study in the
Wangjialing coal mine, China,” Mine Water and the Environ-
ment, vol. 37, pp. 174–184, 2018.

[6] S. Chen, D. Yin, F. Cao, Y. Liu, and K. Ren, “An overview of
integrated surface subsidence-reducing technology in mining
areas of China,” Natural Hazards, vol. 81, no. 2, pp. 1129–
1145, 2016.

[7] J. W. LaMoreaux, Q. Wu, and Z. Wanfang, “New development
in theory and practice in mine water control in China,” Car-
bonates and Evaporites, vol. 29, no. 2, pp. 141–145, 2014.

[8] H. Yin, Y. Shi, H. Niu et al., “A GIS-based model of potential
groundwater yield zonation for a sandstone aquifer in the Juye
Coalfield, Shangdong, China,” Journal of Hydrology, vol. 557,
pp. 434–447, 2018.

23.91

51.91

17.09

7.09

39.9

26.15

19.17

14.78

30.5

35.94

23.49

10.07

0

10

20

30

40

50

Zone IVZoneIIIZone IIZone I

A
re

a p
ro

po
rt

io
n 

(%
)

Partition

FDAHP
EWM
CWM

Figure 10: The proportional area of partition types for different
results.

14 Geofluids



[9] Y. F. Zeng, Q. Wu, X. Du et al., “Further research on 'water-
richness index method' for evaluation of aquifer water abun-
dance,” Journal of China Coal Society, vol. 45, no. 7,
pp. 2423–2431, 2020.

[10] S. P. Neuman, “On methods of determining specific yield,”
Ground Water, vol. 25, no. 6, pp. 679–684, 1987.

[11] W. C.Walton and C. F. McLane, “Aspects of groundwater sup-
ply sustainable yield,” Ground Water, vol. 51, no. 2, pp. 158–
160, 2013.

[12] H. Nampak, B. Pradhan, and M. A. Manap, “Application of
GIS based data driven evidential belief function model to pre-
dict groundwater potential zonation,” Journal of Hydrology,
vol. 513, pp. 283–300, 2014.

[13] P. Sander, M. M. Chesley, and T. B. Minor, “Groundwater
assessment using remote sensing and GIS in a rural groundwa-
ter project in Ghana: lessons learned,” Hydrogeology Journal,
vol. 4, no. 3, pp. 40–49, 1996.

[14] R. Dhakate, D. K. Chowdhary, V. V. S. Gurunadha Rao, R. K.
Tiwary, and A. Sinha, “Geophysical and geomorphological
approach for locating groundwater potential zones in Sukinda
chromite mining area,” Environmental Earth Sciences, vol. 66,
no. 8, pp. 2311–2325, 2012.

[15] Y. LI, J. YANG, Z. PAN, S. MENG, K. WANG, and X. NIU,
“Unconventional natural gas accumulations in stacked
deposits: a discussion of upper Paleozoic coal-bearing strata
in the east margin of the Ordos basin, China,” Acta Geologica
Sinica - English Edition, vol. 93, no. 1, pp. 111–129, 2019.

[16] Y. Li, D. Z. Tang, X. Hao, D. Elsworth, and Y. J. Meng, “Geo-
logical and hydrological controls on water coproduced with
coalbed methane in Liulin, eastern Ordos basin, China,”AAPG
Bulletin, vol. 99, no. 2, pp. 207–229, 2015.

[17] Y. Li, Y. B. Wang, J. Wang, and Z. J. Pan, “Variation in perme-
ability during CO2-CH4 displacement in coal seams: part 1 -
experimental insights,” Fuel, vol. 263, article 116666, 2020.

[18] M. Qiu, F. J. Huang, Y. Wang, and T. Guan, “Prediction
model of water yield property based on GRA, FAHP and
TOPSIS methods for Ordovician top aquifer in the Xinwen
coalfield of China,” Environmental Earth Sciences, vol. 79,
no. 10, 2020.

[19] Q. Wu, Z. L. Fan, S. Q. Liu, Y. W. Zhang, and W. J. Sun,
“Water-richness evaluation method of water-filled aquifer
based on the principle of information fusion with GIS: water-
richness index method,” Journal of China Coal Society,
vol. 36, no. 7, pp. 1124–1128, 2011.

[20] T. L. Saaty, The Analytic Hierarchy Process: Planning, Priority
Setting, Resource Allocation, McGraw-Hill, New York, USA,
1980.

[21] L. Q. Shi, M. Qiu, Y. Wang, X. Qu, and T. Liu, “Evaluation of
water inrush from underlying aquifers by using a modified
water-inrush coefficient model and water-inrush index model:
a case study in Feicheng coalfield, China,” Hydrogeology Jour-
nal, vol. 27, no. 6, pp. 2105–2119, 2019.

[22] Q. Wu, K. Xu, W. Zhang, and Z. Wei, “Roof aquifer water
abundance evaluation: a case study in Taigemiao, China,” Ara-
bian Journal of Geosciences, vol. 10, no. 11, 2017.

[23] H. J. Gong, S. L. Liu, and Y. F. Zeng, “Evaluation researchon
water-richness of aquifer based on BP artificial neural net-
work,” Coal Technology, vol. 37, no. 9, pp. 181-182, 2018.

[24] L. M. Fan, L. Q. Ma, Y. H. Yu, S. Wang, and Y. Xu, “Water-
conserving mining influencing factors identification and
weight determination in northwest China,” International Jour-

nal of Coal Science and Technology, vol. 6, no. 1, pp. 95–101,
2019.

[25] W. Zhai, W. Li, Y. Huang et al., “A case study of the water
abundance evaluation of roof aquifer based on the develop-
ment height of water-conducting fracture zone,” Energies,
vol. 13, no. 16, p. 4095, 2020.

[26] L. L. Xiao, Q. Wu, C. Niu et al., “Application of a new evalua-
tion method for floor water inrush risk from the Ordovician
fissure confined aquifer in Xiayukou coal mine, Shanxi,
China,” Carbonates and Evaporites, vol. 35, no. 3, 2020.

[27] Y. Li and M. Song, “Coal mine safety evaluation with V-fold
cross-validation and BP neural network,” Journal of Com-
puters, vol. 5, no. 9, 2010.

[28] Y. Wang, W. F. Yang, M. Li, and X. Liu, “Risk assessment of
floor water inrush in coal mines based on secondary fuzzy
comprehensive evaluation,” International Journal of Rock
Mechanics and Mining Sciences, vol. 52, pp. 50–55, 2012.

[29] B. Li, Q. Wu, and Z. Liu, “Identification of mine water inrush
source based on PCA-FDA: Xiandewang coal mine case,” Geo-
fluids, vol. 2020, Article ID 2584094, 8 pages, 2020.

[30] W. T. Liu, Q. Li, J. Y. Zhao, and B. Fu, “Assessment of water
inrush risk using the principal component logistic regression
model in the Pandao coal mine, China,” Arabian Journal of
Geosciences, vol. 11, no. 16, 2018.

[31] H. S. Tian, Y. Q. Hong, and Y. J. Ma, “Hydrogeology charac-
teristics and measures of water prevention in Donghuantuo
mine in Kailuan,” Ground Water, vol. 31, no. 3, pp. 110–
113, 2009.

[32] Z. Yang, W. P. Li, J. H. He, and Y. Liu, “An assessment of water
yield properties for weathered bedrock zone in Northern
Shaanxi Jurassic coalfield: a case study in Jinjitan coal mine,
Western China,” Arabian Journal of Geosciences, vol. 12,
no. 23, 2019.

[33] M. Hayaty, M. R. Tavakoli Mohammadi, A. Rezaei, and M. R.
Shayestehfar, “Risk assessment and ranking of metals using
FDAHP and TOPSIS,” Mine Water and the Environment,
vol. 33, no. 2, pp. 157–164, 2014.

[34] X. Li, “Topsis model with entropy weight for eco geological
environmental carrying capacity assessment,”Microprocessors
and Microsystems, vol. 82, article 103805, 2021.

[35] E. Hou, Z. Ji, X. Che et al., “Water abundance prediction
method of weathered bedrock based on improved AHP and
the entropy weight method,” Journal of China Coal Society,
vol. 44, no. 10, pp. 3164–3173, 2019.

[36] I. Chenini, A. B. Mammou, and M. el May, “Groundwater
recharge zone mapping using GIS–based multi-criteria anal-
ysis: a case study in Central Tunisia (Maknassy Basin),”
Water Resources Management, vol. 24, no. 5, pp. 921–939,
2010.

[37] N. S. Magesh, N. Chandrasekar, and J. P. Soundranayagam,
“Delineation of groundwater potential zones in Theni dis-
trict, Tamil Nadu, using remote sensing, GIS and MIF tech-
niques,” Geoscience Frontiers, vol. 3, no. 2, pp. 189–196,
2012.

[38] I. Park, Y. Kim, and S. Lee, “Groundwater productivity poten-
tial mapping using evidential belief function,” Groundwater,
vol. 52, no. S1, pp. 201–207, 2014.

[39] State Administration of Work Safety, State Administration of
Coal Mine Safety, Regulations for Mine Water Prevention
and Control, China Coal Industry Publishing House, Beijing,
China, 2009.

15Geofluids



[40] K. A. N. Adiat, M. N. M. Nawawi, and K. Abdullah, “Assessing
the accuracy of GIS-based elementary multi criteria decision
analysis as a spatial prediction tool - a case of predicting poten-
tial zones of sustainable groundwater resources,” Journal of
Hydrology, vol. 440-441, pp. 75–89, 2012.

[41] W. J. Guo, J. H. Zhao, L. M. Yin, and D. Kong, “Simulating
research on pressure distribution of floor pore water based
on fluid-solid coupling,” Arabian Journal of Geosciences,
vol. 10, no. 1, 2017.

16 Geofluids



Research Article
CO2-Driven Hydraulic Fracturing Trajectories across a
Preexisting Fracture

Qi Zhang,1,2,3 Jiehao Wang ,4 Yufeng Gao,1,2 Shengfei Cao,1,2 Jingli Xie,1,2 Like Ma,1,2

and Yuemiao Liu1,2

1Beijing Research Institute of Uranium Geology (BRIUG), 10, Xiao-Guan-Dong-Li, P.O. Box 9818, Beijing 100029, China
2CNNC Key Laboratory on Geological Disposal of High-Level Radioactive Waste, 10, Xiao-Guan-Dong-Li, P.O. Box 9818,
Beijing 100029, China
3State Key Laboratory for Geomechanics & Deep Underground Engineering, China University of Mining & Technology, Xuzhou,
221116 Jiangsu, China
4Department of Energy and Mineral Engineering, EMS Energy Institute and G3 Center, Pennsylvania State University,
University Park PA 16802, USA

Correspondence should be addressed to Jiehao Wang; jiehao.wang89@gmail.com

Received 29 January 2021; Revised 18 March 2021; Accepted 8 April 2021; Published 29 April 2021

Academic Editor: Guanglei Zhang

Copyright © 2021 Qi Zhang et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Defining the trajectory of hydraulic fractures crossing bedding planes and other fractures is a significant issue in determining the
effectiveness of the stimulation. In this work, a damage evolution law is used to describe the initiation and propagation of the
fracture. The model couples rock deformation and gas seepage using the finite element method and is validated against classical
theoretical analysis. The simulation results define four basic intersection scenarios between the fluid-driven and preexisting
fractures: (a) inserting—the hydraulic fracture inserts into a bedding plane and continues to propagate along it; (b) L-shaped
crossing—the hydraulic fracture approaches the fracture/bedding plane then branches into the plane without crossing it; (c) T-
shaped crossing—the hydraulic fracture approaches the fracture/bedding plane, branches into it, and crosses through it; (d)
direct crossing—the hydraulic fracture crosses one or more bedding planes without branching into them. The intersection
scenario changes from (a)→ (b)→ (c)→ (d) in specimens with horizontal bedding planes when the stress ratio β (β = σy/σx)
increases from 0.2 to 5. Similarly, the intersection type changes from (d)→ (c)→ (a) with an increase in the bedding plane angle
α (0°→ 90°). Stiffness of the bedding planes also exerts a significant influence on the propagation of hydraulic fractures. As the
stiffness ratio E1/E2 increases from 0.1 to 0.4 and 0.8, the seepage area decreases from 22.2% to 41.8%, and the intersection type
changes from a T-shaped crossing to a direct crossing.

1. Introduction

The production of environmentally friendly unconventional
gas has increased rapidly in recent years including shale
gas, gas from tight sandstones, and coal bed methane [1–4],
obviating the recovery of hydrocarbons from conventional
reservoirs and coal [5, 6]. In the US, unconventional gas
accounted for 46% of total production of natural gas in
2016 [7]. However, the permeability of these unconventional
reservoirs is extremely low (less than 0.1mD) [8, 9], necessi-
tating massive hydraulic fracturing to improve production
[10]. At present, water is the primary fracturing fluid due to

its low cost and ready availability [11–15]. However, water-
based fracturing may be constrained in water-deficient areas
since fracturing treatments for a single reservoir may con-
sume more than 227m3 [16]. In addition, the disposal of
the large amount of flowback water that is precharged with
dissolved pollutants may adversely affect potable aquifers,
induce seismicity [17], and pose a potential risk to public
health [18]. Recently, laboratory experiments indicate that
gas may be a superior candidate to water for fracturing. These
results show that the breakdown pressures of gas fracturing
are lower than those for water fracturing [19, 20]. Compared
to fractures induced by water, those induced by gas have
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rougher surfaces, more tortuous paths, and a larger potential
to form a complex fracture network, in turn potentially
resulting in higher surface flow-transfer surface areas and
reduced conductive flow lengths [10, 19, 21]. Additionally,
the adsorption capacity of CO2 is 4-20 times of that of meth-
ane [22, 23], enabling the competitive replacement of meth-
ane by CO2 and the cosequestration of CO2.

Shale is a sedimentary rock containing bedding planes
[24], which exert a significant influence on the propagation
of hydraulic fractures. Indeed, the complex fracture network
created by hydraulic fracturing may, in part, result from the
intersection scenarios between hydraulic fractures and bed-
ding planes [25–28]. Thus, it is of vital importance to under-
stand the behavior of hydraulic fractures intersecting
bedding planes during propagation.

A variety of studies focus on the behavior of hydraulic
fractures intersecting preexisting bedding planes, including
theoretical analyses, laboratory experiments, and numerical
simulations. Multiple crossing criteria have been proposed
using different methods, such as linear elastic fracture
mechanics [29], theory of dislocations [30], and systematic
analysis [31].

Laboratory hydraulic fracturing experiments conducted
on rock containing bedding planes investigate the controls
on intersection behavior from different perspectives.
Hydraulic fracturing experiments in prefractured shale indi-
cate that hydraulic fractures tend to cross a preexisting frac-
ture only under high differential stresses and at high angles of
approach [32]. Three forms of intersections were obtained in
experiments when hydraulic fractures propagate in rock with
cemented natural fractures [33], including (1) the hydraulic
fracture bypassing the natural fracture, (2) the hydraulic frac-
ture arresting into and diverting along the natural fracture, a
(3) a combination of bypass and diversion. Also, the impact
of permeability, fluid flow rate, friction coefficient, stress
coefficient, and form of the bedding planes are shown to
impact the nature of the intersection and potential crossing
[34–36].

Numerical simulation is an effective way to study the
intersection relation between hydraulic fractures and bed-
ding planes. Such approaches have explored the physics of
fracture-inhomogeneity interactions, indicating that hydrau-
lic fracture branching and diversion are the result of inhomo-
geneity [37, 38]. Investigations of the interaction between
hydraulic fractures and bedding planes have utilized discrete
element methods (DEM) [39, 40], displacement discontinu-
ity methods (DDM) [41], and extended finite element
methods (XFEM) [42]. However, the finite element method
(FEM) combining with damage theory is also an effective
way to simulate the fracture initiation and propagation. The
intersection mechanism between the fluid-driven fracture
and bedding planes using FEM is rarely reported.

In this work, a coupled hydraulic-mechanical model is
proposed where a damage evolution law is employed. It is
then solved by FEM using COMSOL and MATLAB and
utilized to simulate the fracturing processes. The
intersection scenarios between hydraulic fractures and bed-
ding planes under several conditions are numerically
researched.

2. Governing Equations

We develop a damage-based hydraulic-mechanical model
that follows the evolution of damage around a borehole with
a propagating fluid-driven fracture. The model couples fluid
and mechanical deformations to define the geometry of the
resulting fluid-driven fracture.

2.1. Rock Deformation Equation. According to the elastic the-
ory, the constitutive equation considering the influence of
pore pressure can be written as

σij = 2Gεij + 2G ν

1 − 2ν εvδij − ηpδij, ð1Þ

where σij is the stress tensor, G is the shear modulus of rock,
εij is the strain tensor, ν is Poisson’s ratio of rock, εv = ε11 +
ε22 + ε33 is the volumetric strain, δij is the Kronecker delta,
η is the Biot coefficient, and p is the pore pressure.

Combining the modified constitutive equation, the geo-
metric equation, and the equilibrium equation, the modified
Navier-type equation can be written as

Gui,jj +
G

1 − 2ν uj,ji − ηp,i + f i = 0, ð2Þ

where u is the displacement vector and f i is the component of
the body force.

2.2. Gas Flow Equation. The governing equation for CO2 flow
based on mass balance can be defined as

∂m
∂t

+∇ ⋅ ρgqg
� �

=Qm, ð3Þ

where m is the CO2 mass per volume of rock, ρg is the CO2

density, qg is the seepage velocity of CO2, Qm is the source
of CO2, and t is the time variable.

According to Darcy’s law, the seepage velocity of CO2 can
be defined as

qg = −
k
μg

∇p, ð4Þ

where k is the permeability of the shale rock and μg is the vis-
cosity of CO2.

The shale rock is assumed saturated with the injected
CO2; therefore, CO2 mass per volume of rock can be written
as m = ρgϕ (ϕ is the porosity of the rock). And CO2 will
transfer from the gaseous to the supercritical state when the
pressure reaches 7.43MPa (the temperature is kept at
350K). As shown in Figure 1, the density and viscosity of
CO2 change dramatically when the phase change occurs.
Base on the above, the first item of equation (3) can be
induced as [13]

∂m
∂t

= ϕ
∂ρg
∂t

+ ρg
∂ϕ
∂t

= ϕcρg
∂p
∂t

, ð5Þ
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where c = ð1/ρgÞð∂ρg/∂pÞ is the compressibility coefficient of
CO2 which can be calculated from Figure 1.

Substituting equations (4) and (5) into equation (3), the
CO2 continuity equation is shown as

ϕcρg
∂p
∂t

+∇ ⋅ −
k
μg

ρg∇p

 !
=Qm: ð6Þ

2.3. Damage Evolution Law. A damage evolution law based
on representative elemental volume (REV) is used in this
study to describe the initiation and propagation of hydraulic
fracture in numerical samples with bedding planes. The evo-
lution of stress-strain of REV under uniaxial tension or com-
pression is shown in Figure 2. Shear or tension damage is
initiated when the stress state of a REV meets the Mohr-
Coulomb criterion or the maximum tensile stress criterion,
as expressed by

H1 = σ1 − f t0 = 0, ð7Þ

H2 = −σ3 + σ1
1 + sin φ

1 − sin φ
− f c0 = 0, ð8Þ

where σ1 and σ3 are the first principal stress and third prin-
cipal stress, respectively; f t0 and f c0 are the tensile strength
and compressive strength of the REV, respectively; φ is the
internal friction angle; andH1 andH2 are the threshold func-
tions. Once a REV begins to get damage, the evolution of its
stress-strain relation can be described by a nonlinear func-
tion as shown in Figure 2. A damage variableD is used to rep-
resent the damage level and is defined as [43]

D =

0, H1 < 0,H2 < 0,

1 − εt
ε1

����
����
2
, H1 = 0, dH1 > 0,

1 − εc
ε3

����
����
2
, H2 = 0, dH2 > 0,

8>>>>>>><
>>>>>>>:

ð9Þ

where ε1 and ε3 are the first principal stain and the third prin-
cipal strain, respectively, and εt and εc are the tensile strain
and compressive strain, respectively.

For a damaged REV, the elastic modulus decreases but
the permeability increases correspondingly as the damage
variable increases. The evolution of elastic modulus and per-
meability with damage variable D can be defined as follows:

E = E0 1 −Dð Þ, ð10Þ

k = k0 exp αkDð Þ, ð11Þ

where E and E0 are the elastic modulus and the initial elastic
modulus of a REV, respectively; k0 is the initial permeability
of a REV; and αk is the damage-permeability effect coefficient
to define the influence of damage on permeability.

2.4. Rock Heterogeneity. Shale is a kind of sedimentary rock
which is heterogeneous. Previous studies indicated that the
heterogeneity of rock plays an important role on the propa-
gation of microcracks [44]. And many studies have shown
that Weibull distribution can well characterize the heteroge-
neity of rock [13, 45]. In this work, theWeibull distribution is
introduced to describe the heterogeneity of shale rock.
Mechanical parameters of REVs (strength and elastic modu-
lus) are assumed to satisfy the Weibull distribution function,
and the probability density function is written as

f uð Þ = ξ

z0

z
z0

� �ξ−1
exp −

z
z0

� �ξ
" #

, ð12Þ

where z represents the mechanical parameter of REVs, z0 is
the average value of the mechanical parameter, and ξ is the
heterogeneity coefficient.

3. Verification and Implementation of the
Proposed Numerical Model

We use a finite element method to solve the proposed numer-
ical model and obtain numerical results, and we compare the
numerical results with two classical analytical results to verify
the effect of the proposed model.
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Figure 1: The evolution of density and viscosity of CO2 versus
pressure at 350K.
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Figure 2: The damage constitutive criterion of REVs under uniaxial
stress conditions.
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3.1. Model Implementation. The numerical model is estab-
lished in the previous section. Due to the complex coupled
relationship between solid mechanics field and fluid seepage
field, it is difficult to obtain an analytical solution. Therefore,
the finite element method (FEM) is adopted to solve these
coupled equations. The primary procedures are summarized
as shown in Figure 3:

(a) After setting up the model geometry, the geometry is
discretized into a series of REVs. Then, the initial
mechanical parameters are defined at the REV scale

and the boundary conditions are applied
correspondingly

(b) Numerical calculation is conducted by COMSOL
Multiphysics at the initial load step. After calculation,
the stress and strain of REVs are obtained for the fol-
lowing analysis

Start

Model geometry being set up and
discretized into REVs

Initiation of boundaries and parameters.
Apply the initial load step

Coupling analysis calculated by COMSOL
Multiphysics

Obtain the stress and strain of REVs

Check whether damage occurs in
REVs by equations (7) and (8)? 

Update the parameters

Check whether the damage area
is extended?

Add a load increment

Check whether there is sample failure?

End

No

Yes

No

Yes

Yes

No

Figure 3: Primary solution procedures for the numerical model.

𝜎x

𝜎y

0.04 m

0.2 m

0.
2 

m

Figure 4: The numerical geometry for verification.
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(c) According to criterions (7) and (8), all REVs will be
checked whether the damage occurs; this step is com-
pleted via MATLAB

(d) The damage variable of damaged REVs can be calcu-
lated according to equation (9), then the elastic mod-
ulus and permeability of the damaged REVs are
updated with equations (10) and (11)

(e) Numerical simulation is conducted with the updated
parameters, and the simulation results are compared
with results of the former iteration step. If the dam-
age area expands, steps (c)–(e) are repeated; other-
wise, step (f) is applied

(f) The boundary conditions are updated in the next
load increment

3.2. Model Verification. In this part, the proposed model for
simulating the propagation of the hydraulic fracture is vali-
dated. There are two classical theoretical solutions for fore-
casting the breakdown pressure in terms of far-field
stresses, tensile strength, and initial pore pressure. One is
proposed by Hubbert and Willis [46] (the H-W solution)
for impermeable rock whilst the other one is presented by
Haimson and Fairhurst [47] (the H-F solution) for perme-
able rock. These two solutions can be expressed by

PHW = σt + 3σ3 − σ1 − p0, ð13Þ

PHF =
σt + 3σ3 − σ1 − p0

2 − η 1 − 2νð Þ/ 1 − νð Þ − p0, ð14Þ

where PHW and PHF are the breakdown pressures of the H-W
solution and the H-F solution, respectively; σt is the tensile
strength of the shale rock; and p0 is the initial pore pressure
of the shale rock.

In this part, the tensile strength of the shale rock is 6MPa,
the initial pore pressure of the rock is 1MPa, the initial per-
meability of the rock is 10-18m2, the Biot coefficient is 0.1,
and Poisson’s ratio of the rock is 0.225. The model geometry
for verification is shown in Figure 4. The vertical in situ stress
σy is kept at 30MPa, while the horizontal in situ stress varies
from 10MPa to 30MPa. And a tectonic stress ratio β
(β = σy/σx) is introduced. The breakdown pressures under

different tectonic stress ratios obtained by the H-W solution,
H-F solution, and numerical simulation are shown in
Figure 5. The results showed that the simulation results are
a little bit smaller than the H-W solutions but greater than
the H-F solutions, since the permeability of shale rock in this
part is close to the permeability adopted in the H-W solution.
The similar results can be also found in simulations con-
ducted by Lu et al. [48] and Zhang et al. [45]; this verifies
the accuracy of the model coupling rock deformation and
gas seepage and the numerical implementation, though no
bedding planes are involved in this part.

4. Numerical Settings

Shale rock naturally contains bedding planes with different
directions owing to geological deposition and folding. These
bedding planes in different directions play a significant role
in the propagation of the hydraulic fracture. Thus, numerical
samples with bedding planes in different directions are
adopted in this work. As shown in Figure 6, the numerical
sample is a 2D plane rectangle (0:2m × 0:2m) with a bore-
hole (0.04m in diameter) in its center. The dotted lines in
the numerical sample represent bedding planes of which
the thickness has a uniform value of 2mm. Bedding planes
are distributed uniformly in the numerical sample, and the
distance between two adjacent bedding planes is 0.02m. It

Table 1: The parameters used in simulations.

Parameters Rock matrix Bedding plane

Average elastic modulus of REVs (GPa) 36 18

Poisson’s ratio 0.225 0.25

Average tensile strength of REVs (MPa) 6.2 3.1

Average compressive strength of REVs (MPa) 62 31

Initiate porosity 0.01 0.015

Initiate permeability (m2) 10-18 1:5 ∗ 10−17

Internal friction angle (rad) 0.368 0.368

Initiate pore pressure (MPa) 1 1

Heterogeneity coefficient 6 6

Initiation pressure
Linear fit of initiation pressure

y = –0.1+13.7⁎x, R2 = 0.998
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Figure 7: The fracture initiation pressure of specimen versus stress
ratio β.
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should be noted that α is the angle between the bedding plane
and the horizontal direction. As for boundary settings, loads
applied on the left boundary and top boundary represent
horizontal in situ stress and vertical in situ stress, respec-
tively. And the right boundary and bottom boundary are
set as rollers. All boundaries are set as no-flow boundaries
except for the borehole, on which the fracturing fluid is
injected with an injection rate of 0.0053m3/s. The parameters
used in the simulations can be found in Table 1.

5. Results and Discussion

The physical processes for CO2-driven hydraulic fracture tra-
jectories across a bedding plane are simulated. Besides, the
evolution of intersection scenarios between hydraulic frac-
tures and bedding planes under several conditions (stress
ratio, bedding plane angle, and bedding plane stiffness) is
obtained and discussed.

5.1. Effect of Stress Ratio

5.1.1. Simulation Results. A series of numerical simulation
tests were conducted to study the impact of stress ratio
on the propagation of hydraulic fractures. Eight stress
ratios were used in this study which are β = σy/σx = 1
MPa/5MPa (0.2), 2MPa/5MPa (0.4), 3MPa/5MPa (0.6),
4MPa/5MPa (0.8), 5MPa/4MPa (1.25), 5MPa/3MPa
(1.67), 5MPa/2MPa (2.5), and 5MPa/1MPa (5). Bedding
planes were set as horizontal for all numerical samples in
this part, and boundary settings and mechanical parame-
ters can be found in Section 4.

In Figure 7, the fracture initiation pressure means the
injection pressure at the borehole when damage first occurs
in numerical samples. It should be noted that the horizontal
in situ stress is kept at 5MPa while the vertical in situ stress
increases from 1MPa to 5MPa. It can be seen from the
results that the fracture initiation pressure increases from
2.4MPa to 13.5MPa as the stress ratio increases from 0.2 to
1. And the relation between the fracture initiation pressure
and the stress ratio can be fitted by a linear function.

Figure 8 shows the distribution of hydraulic fractures in
samples with horizontal bedding planes under different stress
ratios. As for stress ratio β = 0:2, the main hydraulic fracture
propagates horizontally, that is, the direction of the maxi-
mum principal stress. Also, hydraulic fractures are observed

(a)

 

(b) (c) (d)

 

(e) (f) (g) (h)

Figure 8: The distribution of hydraulic fractures in horizontal bedding plane samples under different stress ratios. (a) σx = 5MPa, σy = 1MPa
; (b) σx = 5MPa, σy = 2MPa; (c) σx = 5MPa, σy = 3MPa; (d) σx = 5MPa, σy = 4MPa; (e) σx = 4MPa, σy = 5MPa; (f) σx = 3MPa, σy = 5MPa;
(g) σx = 2MPa, σy = 5MPa; (h) σx = 1MPa, σy = 5MPa. (The black lines represent bedding planes.)
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inserting into bedding planes because of their lower strength
and elastic modulus compared with the rock matrix. No frac-
ture propagates along the vertical direction. When the stress
ratio β = 0:6, hydraulic fractures mainly propagate along the
horizontal direction or insert into bedding planes. Some frac-
tures are observed approaching the bedding plane and then
branching into it or directly crossing through the bedding
plane. As for β = 0:8, the propagation of hydraulic fractures
in the horizontal direction is not as deep as the case of β =
0:6. Hydraulic fractures branching into and crossing through
the bedding planes can be observed in the vertical direction.
In the following cases, vertical stress remains at 5MPa, while
horizontal stress varies from 4MPa to 1MPa. For the stress
ratio β = 1:25 and β = 1:67, the intersection scenarios of
hydraulic fractures and bedding planes are similar with the
case of β = 0:8, containing hydraulic fractures crossing
through bedding planes, approaching bedding planes, and
then branching into and crossing through bedding planes.
However, the propagation of hydraulic fractures in the hori-
zontal direction is gradually restricted. As for β = 2:5 and β
= 5, a main vertical hydraulic fracture is formed along the

direction of the maximum principal stress and almost no
horizontal hydraulic fractures are observed in this condition.
Based on the above results, it is indicated that the bedding
plane and stress ratio have a significant influence on the dis-
tribution of hydraulic fractures. The horizontal radius and
vertical radius of hydraulic fractures under different stress
ratios is shown in Figure 9, which can reflect the fracturing
area in a specific case. When the stress ratio β increases from
0.2 to 5, the horizontal radius decreases first dramatically and
then slowly from 0.08m to 0.007m, whilst the vertical radius
increases first sharply and then gradually from 0.00243m to
0.0622m.

5.1.2. Intersection Scenario between the Hydraulic Fracture
and Bedding Plane. Understanding the complexity of the
fracture network is of vital importance for hydraulic fractur-
ing design. The fracture network near the gas reservoirs is
formed through propagation and combination of basic inter-
section scenarios. Thus, the basic intersection types between
the hydraulic fracture and bedding plane are summarized
in this subsection.

BP

HF 

(a)

BP

HF 

(b)

BP

HF 

(c)

BP

HF 

(d)

Figure 10: Four intersection scenarios between hydraulic fractures (HF) and bedding planes (BP): (a) inserting, (b) L-shape crossing, (c) T-
shape crossing, and (d) direct crossing.
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Based on the simulation results above, four types of inter-
section scenarios between hydraulic fractures and bedding
planes are shown in Figure 10. (a) Inserting: the hydraulic
fracture inserts into a bedding plane and continues to propa-
gate along it, i.e., the hydraulic fracture is arrested by the bed-
ding plane. (b) L-shaped crossing: the hydraulic fracture
approaches the fracture/bedding plane then branches into
the plane without crossing it. (c) T-shaped crossing: the
hydraulic fracture approaches the fracture/bedding plane,
branches into it, and crosses through it. (d) Direct crossing:
the hydraulic fracture crosses one or more bedding planes

without branching into them. It indicates that the intersec-
tion types vary from (a)→ (b)→ (c)→ (d) with the increase
of stress ratio β in specimens with the horizontal bedding
planes.

5.2. Effect of Bedding Plane Angle. Numerical simulations
were performed to study the effect of the bedding plane
angle on the propagation of hydraulic fractures. Six kinds
of specimens with different bedding plane angles (α = 0°,
α = 15°, α = 30°, α = 45°, α = 60°, and α = 90°) were used
in this part. The horizontal in situ stress and vertical in

(a) (b)

Hydraulic
fractures

(c)

Hydraulic
fractures

Hydraulic
fractures

(d)

(e) (f)

Figure 11: The distribution of hydraulic fractures in specimens with different bedding plane angles: (a) α = 0°, (b) α = 15°, (c) α = 30°, (d)
α = 45°, (e) α = 60°, and (f) α = 90°.
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situ stress were kept at 1MPa and 5MPa, respectively.
And other boundary settings and mechanical parameters
can be found in Section 4.

The distribution of hydraulic fractures in specimens with
different bedding plane angles is shown in Figure 11. For the
bedding plane angle α = 0°, a vertical main fracture is formed
crossing through bedding planes since the vertical in situ
stress is five times of the horizontal in situ stress. When α
= 15°, the distribution of hydraulic fractures is similar with
the former case (α = 0°). The results indicate that the bedding
planes with angle α = 15° do not have an obvious influence on
the propagation of hydraulic fractures. With the bedding
plane angle increasing to 30°, the intersection type between
the hydraulic fracture and bedding plane changes from direct
crossing to T-shaped crossing. It should be noted that only a
small amount of hydraulic fractures branch into the bedding
planes. As for the bedding angle α = 45°, the T-shaped cross-
ing is the primary intersection scenario; more hydraulic frac-
tures branch into the bedding planes compared with the case
of α = 30°. With the bedding plane angle increasing to 60°, the
results show that the intersection scenario changes from T-
shaped crossing to inserting; no crossing scenario is observed

in this condition. When the bedding plane angle α = 90°,
hydraulic fractures propagate along the vertical direction or
insert into bedding planes. The results indicate that the inter-
section type changes from (d)→ (c)→ (a) with the increase
of the bedding plane angle α.

5.3. Effect of Bedding Plane Stiffness. Three numerical tests
were performed to research the behavior of hydraulic frac-
tures propagating in specimens with different levels of stiff-
ness of bedding planes. The stiffness (elastic modulus E2) of
the rock matrix was fixed whilst three different levels of stiff-
ness of bedding planes (elastic modulus E1) were used in this
part (E1/E2 = 1/10, E1/E2 = 4/10, and E1/E2 = 8/10). The bed-
ding plane angle α was 30° in the specimen, and the horizon-
tal in situ stress and vertical in situ stress were 1MPa and
5MPa, respectively. Again, the boundary settings and the
injection rate are the same as those defined in Section 4.

Figure 12 shows the distribution of hydraulic fractures in
specimens with different levels of stiffness of bedding planes.
For the case of E1/E2 = 1/10, when the hydraulic fracture
approaches the bedding plane, it is easy to branch into the

Hydraulic
fractures 

Hydraulic
fractures 

(a)

Hydraulic
fractures 

(b)

(c)

Figure 12: The distribution of hydraulic fractures in specimens with different levels of stiffness of bedding planes: (a) E1/E2 = 0:1, (b) E1/
E2 = 0:4, and (c) E1/E2 = 0:8.
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bedding plane since the stiffness of the bedding plane is much
smaller than that of the rock matrix. T-shaped crossing is
formed between hydraulic fractures and bedding planes.
Comparing the case of E1/E2 = 4/10 with the former one
(E1/E2 = 1/10), it can be found that the number of hydraulic
fractures branching into bedding planes decreases. T-shaped
crossing is also observed in this case. For the case of E1/E2
= 8/10, a vertical main fracture is formed crossing bedding
planes, and direct crossing is the intersection scenario
between the hydraulic fracture and bedding plane. The
results show that the intersection type changes from T-
shaped crossing to direct crossing with the increase of the
bedding plane stiffness. Besides, the bedding plane stiffness
has an obvious impact on the development of the seepage
area and acoustic emission (Figure 13). It should be noted
that the acoustic emission is recorded from the number of
damaged REVs per second. In all three cases, the seepage
area increases slowly in the initiate stage (1 s–30 s) then
increases rapidly. For the case of E1/E2 = 1/10, the seepage
area is 0.00418m2 at time t = 40 s, and the highest acoustic

emission is 655. When the stiffness ratio E1/E2 increases
from 0.1 to 0.4 and 0.8, the seepage area decreases
22.2% and 41.8% to 0.00325m2 and 0.00243m2, respec-
tively, whilst the highest acoustic emission decreases to
550 and 364, respectively. The results indicate that
hydraulic fractures are formed more easily, and a relatively
more complex intersection scenario is obtained with a
lower stiffness of the bedding plane.

6. Conclusions

Understanding the mechanism of the intersection scenario
between hydraulic fractures and bedding planes is of vital
importance for creating a complex fracture network and
improving the recovery of unconventional resources. In this
work, a coupled hydraulic-mechanical model is developed
where a damage evolution law is used to describe the initia-
tion and propagation of hydraulic fractures. This model is
then used to conduct a series of numerical simulations to
investigate the propagation of hydraulic fractures in
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Figure 13: The development of seepage area and acoustic emission with different levels of stiffness of bedding planes: (a) E1/E2 = 0:1, (b)
E1/E2 = 0:4, and (c) E1/E2 = 0:8.
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specimens with bedding planes. The following conclusions
can be obtained:

(1) Stress ratio has a vital impact on the intersection sce-
nario between a hydraulic fracture and a bedding
plane. Four types of intersection scenarios are sum-
marized based on the study: (a) inserting—the
hydraulic fracture inserts into a bedding plane and
continues to propagate along it; (b) L-shaped cross-
ing—the hydraulic fracture approaches the fracture/-
bedding plane then branches into the plane without
crossing it; (c) T-shaped crossing—the hydraulic
fracture approaches the fracture/bedding plane,
branches into it, and crosses through it; (d) direct
crossing—the hydraulic fracture crosses one or more
bedding planes without branching into them. The
simulation results indicate that intersection types
vary from (a)→ (b)→ (c)→ (d) in specimens with
horizontal bedding planes when the stress ratio β
increases from 0.2 to 5. Besides, the fracture initiation
pressure increases from 2.4MPa to 13.5MPa while
the stress ratio increases from 0.2 to 1

(2) The bedding plane angle can also greatly affect the
propagation of hydraulic fractures. The results show
that the intersection type changes from
(d)→ (c)→ (a) with the increase of the bedding plane
angle α (0°→ 90°)

(3) We also investigate the influence of bedding plane
stiffness on the propagation of hydraulic fractures.
The results indicate that the intersection type changes
from the T-shaped crossing to the direct crossing
with the increase of the bedding plane stiffness.
When the stiffness ratio E1/E2 increases from 0.1 to
0.4 and 0.8, the seepage area decreases 22.2% and
41.8% and the highest acoustic emission decreases
from 655 to 550 and 364, respectively
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The micromechanism of the effects of different height/width ratios (H/W) and initial stress levels on unloading characteristics of
deep rock was investigated based on PFC3D true-triaxial unloading simulation. The results show that the increase of H/W will
increase the movement speed of rock particles and intensify the acoustic emission (AE) activity inside the rock. With the
increase of H/W, the failure mode of rock changes from splitting failure to tensile-shear failure. With increasing initial stress
level, the particle velocity and overall fragmentation degree of rock increase. However, the increase of lateral stress will limit the
coalescence of microfractures and weaken AE activity in the rock. Under unloading condition, the bonds between particles
generally crack along the unloading direction, and the tensile effect is more pronounced under the condition of low initial stress
level and high H/W. Under unloading condition, the variable energy of rock increases with increasing H/W and initial stress
level, and the kinetic energy of rock particles increases with increasing H/W. The increase of initial stress level will increase the
kinetic energy of rock particles when H/W is high.

1. Introduction

The instability and failure of surrounding rock caused by
excavation unloading effect is a huge problem faced by deep
underground engineering. It is important to master the
unloading characteristics of deep rock mass, which is neces-
sary to improve the stability of surrounding rock and give full
play to the optimal effect of support [1–5].

The mechanical properties of deep rock are affected by its
stress environment. The deformation and failure characteris-
tics of rock under different stress levels are different. Qiu et al.
[6] investigated the unloading strength, deformation law, and
expansion characteristics of marble under different unload-
ing initial damage levels and unloading path and revealed
the control effect of unloading initial damage degree and

unloading path. Xu et al. [7] studied the influence of initial
stress and unloading rate on the deformation and failure
mechanism of Jinping marble under true-triaxial compres-
sion. Hou et al. [8] examined the effects of unloading rate
on the deformation and failure of surrounding rock under
different confining pressures. Zhang et al. and Yin et al. [9,
10] performed test and numerical simulation under different
stress levels to investigate the deformation and failure charac-
teristics of rock. Li et al. and Ma et al. [11, 12] carried out lab-
oratory tests and obtained the failure mode and spalling
strength of rock under different confining pressures.

The research shows that the deformation and failure
characteristics of surrounding rock are not only affected
by the change of stress level but also related to the specific
size [13–15]. Some scholars have studied the mechanical
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properties of rocks with different sizes. Mogi and Bažant
et al. [16, 17] found that with increasing length/diameter
ratio, the rock strength will decrease significantly. Li
et al. [18] observed that the macrofailure mode of rock is
affected by the change of height/width ratios (H/W). Zhao
et al. [19, 20] presented the results of an experimental study
on strainburst behaviors of rock with different H/W under
the condition of true-triaxial unloading. Li et al. and Chen
et al. [21, 22] studied the effects of different H/W on the
true-triaxial unloading characteristics of rock. However,
these studies only focus on the macrolevel, and the failure
mechanism of rock at the microlevel has not been studied.
The mesomechanism of the influence of H/W and initial
stress on the unloading characteristics of deep rocks is still
unclear.

For the macrolevel study of mechanical properties of
high-stress rock mass, predecessors have done a lot of basic
work. At present, it is necessary to further explore the failure
mechanism of deep rock under different conditions from the
microlevel. The particle flow code (PFC) discrete element
method can conveniently handle discontinuum problems
and effectively simulate discontinuous phenomena such as
the cracking and separation of a medium, offering an impor-
tant means for studying the failure mechanism of rock-like
media [23–25]. Wu et al. [26] conducted PFC simulation of
unloading rockburst test and obtained the microfracture
phenomenon and process of rock sample under different
stress states. Huang et al. [27] analyzed the strength failure

behavior and crack evolution mechanism of granite contain-
ing noncoplanar holes based on PFC simulation and labora-
tory tests. Bahaaddini et al. [28] used PFC to numerically
investigate the influence of the geometrical parameters of
jointed rock masses on the mechanical properties of the
joints. Mohammad et al. [29] established a new rock strength
criterion based on true-triaxial tests and PFC simulation.
Valdez et al. [30] used PFC to study the influence of fracture
roughness and microfractures on the mechanical responses
of rock joints. The above studies show that the PFC can be
used to investigate rock deformation and failure characteris-
tics from the microlevel and that the simulation results are
basically consistent with the actual results.

To further explain the mechanical behavior of deep rock,
unloading tests were carried out in the present study through
PFC3D true-triaxial simulation. The stress-strain relation-
ship, failure modes, and crack evolution process of deep rock
under different H/W and initial stress level were analyzed
from macro- and microperspectives.

2. Numerical Simulation Scheme

2.1. Construction of a Numerical Model. PFC3D is used in the
present study for true-triaxial numerical simulation. The par-
allel bond model (PBM), a commonly adopted contact
model, is selected. In this model, the bond breakage leads to
an immediate decrease in the macrostiffness [23, 31], and

Table 1: Microparameters of the calibrated PFC3D model.

Microparameter Description
Calibrated

value

Rmin (mm) Minimum particle radius 1.5

RmaxRmin Particle radius ratio 1.66

Ec (GPa) Effective modulus 15

k∗ Normal-to-shear stiffness ratio 1.5

μ Particle friction coefficient 0.5
�Ec (MPa) Bond effective modulus 15

�k
∗ Bond normal-to-shear stiffness

ratio
1.5

�σn (MPa) Normal bond strength (mean ± SD) 30 ± 5
�τn (MPa) Shear bond strength (mean ± SD) 60 ± 5
λ Bond width multiplier 1

Table 2: Test and simulation results.

Method

Uniaxial
compression
strength

(σc (MPa))

Young’s
modulus
(E (GPa))

Poisson’s
ratio (ν)

Sample
size

(R ×H
(mm))

PFC
simulation

154.03 22.46 0.16 25× 100

Laboratory
test

154.27 22.89 0.17 25× 100
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Figure 1: Stress-strain curves obtained from the laboratory test and
PFC simulation.

Table 3: Initial stress level.

Stress level σ1 (MPa) σ2 (MPa) σ3 (MPa)

S1 40 10 5

S2 50 20 10

S3 60 40 20
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hence, the characteristics of rock material failure can be
reflected well.

Microparameters are used in PFC3D to characterize
the mechanical properties of particles and bonds. There-
fore, first, the calculated macroparameters of the sample
must be compared with the laboratory test results, then
the microparameters must be adjusted, and finally, a set
of parameters that make the simulation results consistent
with the test results must be determined and used for sub-
sequent simulation calculations. The rock physical and
mechanical parameters were obtained by uniaxial com-
pression of granite standard samples. Rock samples tested
were granite which is typically hard and brittle rock found
in Anhui province. According to the relationship between
the macro- and microparameters of the model [32–35],
the trial-and-error method is used to calibrate micropara-
meters, the experimental results are matched by continu-
ously adjusting the microparameters, and the obtained
microparameters are shown in Table 1.

Table 2 shows the laboratory test results and PFC sim-
ulation results. The comparison in Figure 1 reveals that
the stress-strain characteristics of the discrete element
model are basically consistent with the laboratory test results
(note that the experimental curve exhibits a nonlinear
increase due to the presence of microfractures in the granite
specimens at the compaction stage, whereas the simulation
curve shows a linear increase because of the relatively
uniform contact between particles in the PFC3D model),
indicating that the overall mechanical properties of the rock
can be captured by using the PBM model and calibrated
microparameters in the PFC.

2.2. Test Procedure. Due to the influence of excavation
unloading effect, the surrounding rock is in the state of tan-
gential stress concentration and radial stress reduction.
Therefore, in order to study the unloading characteristics of
deep rock under different stress levels and H/W (height/-

width ratio) and simulate the stress state of surrounding rock
of deep tunnel, the specific steps are as follows: (1) the simu-
lation adopts the force loading mode. Firstly, load σ1, σ2, and
σ3 to the set stress level, as shown in Table 3; (2) keep the
other five stresses unchanged and remove the unloading
surface stress and stabilize for 2000 steps; (3) keep the σ2
and σ3 unchanged and load σ1 with 0.1MPa/step until the
specimen fails.

The H/W of the specimen is set in three groups, and the
specific size is shown in Figure 2, in which the normal direc-
tion along the negative direction of the X-axis is the unload-
ing surface.

3. Simulation Results

3.1. Stress-Strain Relationship. Figure 3 shows the relation-
ship between the complete stress-strain curve and AE under
different H/W and initial stress level. In the figure, the black
curve corresponds to the axial stress, the red curve corre-
sponds to the number of AE events, and the blue curve
corresponds to the total number of microfractures (Fa).
It can be seen from the figure that the stress-strain curve
obtained by simulation experienced an elastic stage, a plas-
tic stage, and a postpeak failure stage (due to the influence
of the PFC loading mechanism, there is no compaction stage
in the curves obtained from numerical simulation). It can be
found that the nonlinear stage of the curve is short. After
reaching the peak value, the fractures in the specimen rapidly
expand and penetrate, and the stress-strain curve drops
rapidly. The deformation and failure of the sample showed
obvious brittleness.

Combined with Table 4, the results indicate that when
H/W is constant, the peak stress and peak strain (the corre-
sponding ε1 at the peak stress) increase with increasing initial
stress level. Under the three H/W conditions, the peak stress
increases by 16% to 19%, and the peak strain increases by
12% to 14%. The results show that the strength of rock will

200 mm

100 mm

50 mm

100 mm

100 mm
100 mm

100 mm
100 mm 100 mm

Figure 2: Numerical model.

3Geofluids



300

250

200

AE number
Fa
𝜎1

150

𝜎
1/

M
Pa

100

0
2 4 6 8

0

5

A
E 

nu
m

be
r/

10
2

10

15

20

25

30 48

40

32

24

F a
/1

03

16

8

0

50

𝜀1/10–3

(a) L/H = 0:5, S1
300

250

200

AE number
Fa
𝜎1

150

𝜎
1/

M
Pa

100

0
2 4 6 8

0

5

A
E 

nu
m

be
r/

10
2

10

15

20

25

30 48

40

32

24

F a
/1

03

16

8

0

50

𝜀1/10–3

(b) L/H = 0:5, S2
300

250

200

AE number
Fa
𝜎1

150

𝜎
1/

M
Pa

100

0
2 4 6 8 10

0

5

A
E 

nu
m

be
r/

10
2

10

15

20

25

30 48

40

32

24

F a
/1

03

16

8

0

50

𝜀1/10–3

(c) L/H = 0:5, S3

Figure 3: Continued.
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Figure 3: Continued.
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be improved with increasing lateral stress, and the ductility of
rock will be more obvious with increasing lateral stress,
which shows the transformation trend from brittleness to
ductility. Under the same initial stress level, the peak stress
and peak strain decrease with increasing H/W. The peak
stress and peak strain decrease by 14% to 16% and 22% to
24%, respectively. This shows that the strength of rock will
be reduced with increasing H/W, and the brittleness of rock
will be more pronounced with increasing H/W.

3.2. Acoustic Emission (AE) Simulation Results. Through
the monitoring of information such as time, space, and
the fracture intensity generated by AE signals during the
rock fracture process, the process of rock crack initiation,
development, and coalescence can be derived. In the PFC
program, particles are used to construct a computational
model, where the bonds between particles are broken under
external force and microfractures are generated. Therefore,
the rupture initiation and evolution in the model can be sim-
ulated to effectively reproduce the AE mechanism of the rock
[36–38]. PFC is used in this study to simulate the AE charac-
teristics of the rock unloading failure under different H/W
and different initial stress level. Figure 3 shows that before
reaching the peak value, the number of microfractures in
the sample and the number of AE events increase only
slightly, but when the stress reaches the peak value, both start
to increase rapidly, and the curve of total number of micro-
fractures exhibits a steep rise. This phenomenon is consistent
with the characteristics of brittle failure of granite under
unloading conditions.

Combined with Table 5, it can be found that under the
same stress level, the peak value of AE event number and
the total number of microfractures increase with increasing
H/W. Under the three stress levels, the peak AE event num-
ber increases by 1.48 to 1.62 times, the total number of
microfractures increases by 64.4% to 90.9%, and the failure
progress of the rock is the most severe under the condition
ofH/W = 2. Under the same H/W conditions, the total num-
ber of microfractures increases with increasing initial stress
level, while the peak value of AE events decreases with
increasing initial stress level. Under the three H/W condi-

tions, the peak value of AE events decreases by 2.2% to
8.1%, which indicates that the AE activity is more severe in
the progress of rock failure when the initial stress level is
low, and the increase of lateral stress will limit the coales-
cence of microfractures.

3.3. Rock Failure Mode. Table 6 shows schematic diagrams of
the typical macrofailure of specimens obtained by simulation
under different conditions; the red and yellow parts represent
the tensile and shear failure of bond between particles,
respectively. It can be seen from the figure that under differ-
ent conditions, the bonds in the specimen mainly fail under
tension, and the splitting fracture and inclined shear fracture
extending from unloading surface the interior of the rock can
be observed; the failure mode is tensile-shear failure.

As shown in Table 6, under the same H/W condition,
with the increase of initial stress level, the overall fragmen-
tation degree of the specimen increases. The specimen
macrofailure mode gradually changes from shear failure
to tensile-shear failure, and the number of splitting frac-
tures in the specimen increases significantly. Under the
condition of H/W = 1, 2, it can be found that under the
condition of initial stress level of S1, the interior of the
specimen is penetrated by oblique shear fractures, and
there are a few splitting fractures. When the initial stress
levels are S2 and S3, the rock plate formed by splitting
appears near the unloading surface of the specimen. Under
the same initial stress level, the overall fragmentation
degree of the specimen decreases with increasing H/W.
The overall fragmentation of the specimen was relatively
high under the condition of H/W = 0:5, and the splitting
failure is the main failure mode when H/W is low.

4. Discussion

4.1. Analysis of Micromechanism of Rock Failure. Figure 4
shows the proportion of shear fractures in rock microfrac-
tures under different conditions. It can be found that the
bond between rock particles mainly fail under tension. With
increasing stress level, the proportion of microfractures
formed by shear failure increases gradually, and the tension

Table 4: Simulation results.

Stress level
Peak stress σ1 (MPa) Peak strain ε1/10

-3

L/H = 0:5 L/H = 1 L/H = 2 L/H = 0:5 L/H = 1 L/H = 2
S1 251.71 237.42 212.09 8.01 7.11 6.11

S2 278.13 259.26 236.84 8.79 7.54 6.72

S3 290.79 272.21 251.38 8.97 7.74 6.97

Table 5: AE simulation results.

Stress level
Peak value of AE events Total number of microfractures

L/H = 0:5 L/H = 1 L/H = 2 L/H = 0:5 L/H = 1 L/H = 2
1 2485 3971 6518 38227 50884 76435

2 2431 3743 6332 41963 55549 98766

3 2449 3648 6084 45991 61937 114869
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effect between rock particles gradually weakens. When the
stress level is S1 and S2, the proportion of shear fracture
decreases with increasing H/W, while the proportion of shear
fracture decreases first and then increases with increasing
H/W at stress level of S3. It can be found that when H/W =
2 and the initial stress level is S1, the tension effect is more
pronounced between particles.

To further explain the micromechanism of rock failure
under different conditions, the particle motion of typical
samples is analyzed. The velocity distribution in the speci-
men is shown in Table 7.

It can be seen from the table that particles in the rock
mainly move along the unloading direction, and the closer
the particles are to the unloading surface, the higher their
velocities are. Combined with Table 4, it can be seen that
the rock specimen first fails near the unloading surface and
gradually expands to the interior. The fragmentation degree
of the specimen near the unloading surface is relatively high;
this is consistent with the true-triaxial unloading test, which
shows that the deformation of the specimen exhibits strong
expansion along the unloading direction. According to the
velocity and movement direction of rock particles in the
table, the formation of fractures in rock is mainly attributed
to the following: (1) local particles move in the same direc-
tion but at different velocities. The particle velocity at the
unloading surface is larger than that in the inner part of the
specimen, the velocity of particles in front being higher than
that of particles in the rear, which eventually form the split-
ting fractures; (2) local particles move relative to each other
at a certain angle (<180°) and velocities are different, forming
tensile-shear fractures, i.e., under the combined tensile-shear
action.

It can be found that the velocity of rock particles
increases with increasing H/W and initial stress level.
According to Table 7, when the initial stress level is constant,
under the condition of higher H/W, the velocity of rock par-
ticles is higher, the deformation and failure progress and AE

activity of rock are more intense, but the overall fragmenta-
tion degree of rock is low. Under constant H/W, the increase
of initial stress level will make the rock accumulate more
energy and improve the velocity of particles in the rock, the
fractures in the rock developed and propagated relatively
fully, and the overall fragmentation degree of rock will be
higher. But the increase of lateral stress will limit the coales-
cence and connection of microfractures in the rock and
weaken AE activity in the process of rock failure.

As shown in Figure 5, taking the distribution of the angles
of microfractures in rock under the condition of H/W = 1
and initial stress level of S3 as an example (Dip is the dip
angle of the microfracture plane, and dip-direction is the
angle between the inclination of the microfracture plane
and the Y-axis), it can be found that dip of the microfracture
plane is mostly concentrated at 90°, and dip-direction of the
microfracture plane is mostly concentrated between -90°

and 90°. Indicating that due to the unloading effect, the bonds
in the rock under unloading conditions generally crack along
the unloading direction. Combined with Table 7, it can be
found that the specimen is under tension along the unloading
direction, and the tensile force exerted on the bonds in the
specimen exceeds its normal strength, leading to the tensile
failure of the bonds.

4.2. Energy Evolution of Rock. Figures 6 and 7 show the strain
energy and kinetic energy evolution curves under different
conditions. From an energy perspective, rock failure is
the result of the combined effect of the accumulation
and transformation of energy, including internal strain
energy and dissipative energy. Taking the patterns of
strain energy and kinetic energy evolution as an example,
it can be found that the strain energy in the rock increases
continuously during the test process. When it is close to
failure, the strain energy is rapidly released and converted
into dissipative energy and kinetic energy acting on the
development and expansion of fractures. The kinetic energy
is basically zero in the prepeak stage (the kinetic energy
increases slightly due to the unloading effect when unloading
the unloading surface stress, then decreases rapidly and tends
to zero), and the kinetic energy of particles increases rapidly
when it is close to failure, which results in the rapid develop-
ment and coalescence of microfractures in the rock and leads
to the failure of the rock.

It can be found from Figures 6 and 7 that under constant
H/W, the strain energy of the specimen increases with
increasing initial stress level, which indicates that the increase
of the lateral stress improves the strength of the rock and
makes the rock accumulate more energy during the test.
When H/W = 0:5, the kinetic energy changes little with
increasing initial stress level but increases with increasing ini-
tial stress level under the conditions ofH/W = 1 and 2, which
indicates that the increase of the initial stress level has little
effect on the evolution of kinetic energy of rock particles.
Under constant initial stress level, the strain energy and
kinetic energy of the specimen increase with increasing
H/W, and the energy release is more rapid with increasing
H/W, which indicates that the increase of H/W will make
the rock accumulate more energy and accelerate the process
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of energy transformation, which makes the rock more likely
to be damaged.

5. Conclusion

The effects of different H/W and initial stress levels on
unloading characteristics of deep rock were investigated
based on PFC3D true-triaxial unloading simulation. The
conclusions drawn are as follows:

(1) The increase of H/W will increase the velocity of rock
particles. During the test process, the deformation
and failure of rock and the activity of AE are more
intense, and the failure of the rock showed obvious
brittleness. When the H/W is low, the splitting failure
is the main failure mode of rock, and with increasing
H/W, the failure mode of rock gradually changes into
tensile-shear failure

(2) With increasing initial stress level, the particle veloc-
ity and overall fragmentation degree of rock increase.
However, the increase of lateral stress will limit the
coalescence of microfractures and weaken AE activity
in the rock

(3) Under unloading condition, the main failure mode of
bond is tensile failure, and the bonds between parti-
cles generally crack along the unloading direction,
and the tensile effect is more pronounced under the
condition of low initial stress level and high H/W

(4) Under unloading condition, the variable energy of
rock increases with increasing H/W and initial stress
level, and the kinetic energy of rock particles
increases with increasing H/W. When H/W is low,
the change of initial stress level has little effect on
kinetic energy, while the increase of initial stress level
will increase the kinetic energy of rock particles when
H/W is high
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In the whole life cycle of the extraction structure in block caving mine from the beginning of roadways excavation to the end of ore
drawing, there are many factors affecting the stability of the extraction structure. The investigation in the mine site shows that the
extraction structure often presents the law of repeated instability. In order to reveal the mechanism of repeated instability of the
extraction structure, the whole life cycle of extraction structure can be divided into three stages, namely, the formation stage of
extraction structure, the undercutting stage without initial caving, and the ore caving and drawing stage. The three-dimensional
finite difference software FLAC3D was used to establish the numerical model of the extraction structure in the whole life cycle in
the block caving method. The process of ore caving and ore drawing was replaced by manual excavation of the caving area
above the undercut space and applying stress on the major apex. The stress and displacement evolution laws of the extraction
structure in three stages of the whole life cycle were studied and compared with the instability characteristics of the extraction
structure on mine site. The whole life cycle instability mechanism of the extraction structure in Tongkuangyu mine is revealed;
the research results show that the extraction structure near the advancing undercut front is prone to producing compressive
stress concentration under the action of the surrounding rock stress arch in the stope; if the rock mass shear failure condition is
reached, the instability of the extraction structure occurs. The extraction structure near the advancing undercut front is
gradually transferred to the area under the undercut space with undercut increase, and the tensile stress concentration gradually
appears in the sidewall of ore loading roadway and the tip of major apex; if the tensile strength of the rock mass in the
extraction structure is exceeded, the instability occurs again. It is helpful to reduce the probability of the instability of the
extraction structure to promote the overburden ore caving as soon as possible after the undercutting begins.

1. Introduction

With the increasingly fierce market competition in recent
years, the use of efficient mining methods and large-scale
automatic equipment has become a trend in mining indus-
try. Block caving is a low-cost, high efficiency, and large-
scale mining method; block caving mining is the preferred
method for mining deep mineral resources because of its
small amount of rock drilling and large production capacity
[1–3]. The extraction structure of the block caving method

is the general term of a series of roadways and chambers
used for ore drawing between the undercut level and the
production level [4, 5]. The extraction structure undertakes
the task of ore drawing. Once the extraction structure is
damaged, the caved ores cannot be transported from the
production level. Therefore, the stability of the extraction
structure is very important, which is one of the key factors
for the successful application of the block caving method.
Due to the long service life of the extraction structure in
the block caving mine and many factors affecting the
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stability, the maintenance of the extraction structure is dif-
ficult and the risk of instability is high.

Many experts have studied the instability reasons of the
extraction structure during the process of block caving min-
ing. Trueman et al. [6–8] studied the effect of undercut mode,
horizontal stress, and other factors on the extraction struc-
ture of block caving method by using theoretical analysis,
numerical simulation, and other methods, and related con-
trol measures was proposed. Rojas et al. [9, 10] monitored
the stress and microseismic events of the production road-
ways to explore reasons of the instability of the extraction
structure during the ore caving stage. Pierce et al. [11–13]
studied the force of ore bulk on the extraction structure in
the ore drawing stage, and the research results showed that
unbalanced ore drawing was not conducive to the stability
of the extraction structure, and the maximum vertical stress
of the ore drawing roadway can reach 12 times of the vertical
stress at the bottom of the ore bulk. Castro et al. [14, 15] used
laboratory physical experiment to explore the vertical stress
of extraction structure during the ore drawing stage, and
the research conclusions presented that the vertical stress
was mainly influenced by the area of ore drawing area and
the distance between the monitoring point and the ore draw-
ing advancing front.

In the whole life cycle of the extraction structure of the
block caving mine from the beginning of roadways excava-
tion to the end of ore drawing, there are many factors affect-
ing its stability. Under the condition of large horizontal in
situ stress, it is found that the extraction structure often pre-
sents the law of repeated instability. Previous studies have not
really revealed the repeated instability mechanism of the
extraction structure in the whole life cycle in the block caving
method. Xia et al. [16–18] revealed the reasons for the
repeated instability mechanism of the extraction structure
during the process of undercutting but did not take into
account the influence of the ore caving stage. In order to
reveal the mechanism of repeated instability of the extraction
structure, the whole life cycle of the extraction structure can
be divided into three stages, namely, the formation stage of
extraction structure, the undercutting stage without initial
caving, and the ore caving and drawing stage. Based on the

engineering background of Tongkuangyu mine, a typical
block caving mine in China, the evolution characteristics of
stress and displacement of the extraction structure in the
whole life cycle of block caving were simulated by using
three-dimensional finite difference software FLAC3D, and
the simulation results were compared with the instability
characteristics of the extraction structure in mine site. The
instability mechanism of the extraction structure in the
whole life cycle is revealed, which is of great significance to
ensure the safety of block cave mining.

2. Instability Characteristics of Extraction
Structure in Tongkuangyu Mine

The instability characteristics of the extraction structure are
mainly manifested on the damage of the production road-
way, the collapse of the major apex, the deformation of the
undercut roadway, and the dislocation of the ventilation
shaft; it is shown in Figure 1.

Based on the site investigation and analysis of the damage
area of production level in Tongkuangyu mine, the spatial
and temporal evolution process of the instability area of the
extraction structure over the years was reviewed, and the fol-
lowing instability laws can be found:

(1) A large proportion of the instability area of the
extraction structure occurs in the range of 20-30m
near the advancing undercut front, which shows the
ground pressure failure of the ore drawing and ore
loading roadways

(2) With the advancement of undercutting, some insta-
bility areas of the extraction structure appear
repeated instability after repair, and there is also a
certain proportion of instability under the undercut
space, which shows the repeated failure of ore draw-
ing and ore loading roadways

(3) With the increase of the undercut area, the damage
area of the production level gradually increases, and
the ground pressure behavior becomes more intense

(a) (b)

Figure 1: Instability of extraction structure in Tongkuangyu mine: (a) collapse of the ore loading roadway and (b) bending of steel arch frame
in ore drawing roadway.
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3. Establish of Extraction Structure Numerical
Model in Whole Life Cycle

3.1. Numerical Model Establish Method. The three-
dimensional finite difference software FLAC3D was used to
establish the numerical model. FLAC3D software is suitable
for simulating the stress and deformation of continuous
medium, and thus, it has advantages in studying the stress
of the extraction structure formation stage and the undercut-
ting stage when the overburden ore does not form caving.
However, FLAC3D is not suitable for the simulation study
of overburden rock caving and ore bulk drawing. Particle
flow code (PFC) and 3 dimension distinct element code
(3DEC) have great advantages in simulating ore bulk flow
and ore caving, but it is inefficient in the calculation of a
large-scale mining model. It is necessary to design the model-
ing method reasonably to study the stress of the extraction
structure in the ore caving stage by FLAC3D.

In view of the undercutting stage when the overburden
ore did not form the initial caving, three undercut units were
preset. The stress state of the extraction structure after exca-
vation of each undercut unit was monitored, respectively. It
could be used to study the stress evolution of the extraction
structure with the increase of the undercut area.

The study of stress evolution law of the extraction struc-
ture during the caving stage did not involve the display of
caving process, and only studied the stress state of the extrac-
tion structure before and after ore caving in the process of
undercutting. Therefore, in the process of modeling, the
command flow could be used to manually excavate the
preset three domed caving areas step by step. The scope
of the caving area was determined according to the following
principles, the approximate range was firstly determined
according to the plastic zone of overburden strata simulated
by each step of undercutting, and then, the optimization
was carried out according to the observed caving range in
the upper panel roadway of the mine. After the area of under-
cut unit reaches the area of initial caving, the first domed cav-
ing area was excavated manually with command flow. With
the advancement of undercutting, the other two caving areas
were excavated manually in turn. Thus, the dynamic process
of collapse could be transformed into a static process, and the
stress evolution law of the extraction structure in the process
of caving stage could be monitored and studied.

The model of the ore drawing stage after overburden ore
caving was established by drawing on the conclusion of force
analysis of ore bulk on the extraction structure studied by
Pierce [9]. The stress of ore bulk acting on the extraction
structure is mainly transferred through the major apexes. In
the process of ore drawing, the flow of internal ore produces
the equilibrium stress arch. Due to the influence of the equi-
librium arch of the ore bulk, the vertical stress on the top of
the major apexes is different from that on the bottom of the
ore bulk, and it is shown in Figure 2. From formula (1), the
stress acting on the top of the major apexes is 1.6 times as
large as the average vertical stress at the bottom of the ore
bulk in the stope.

�σT
σV

= d
d − l

, ð1Þ

where d is the distance between the adjacent ore loading
roadway, and it is 30m in Tongkuangyu mine and l is the
length of drawbell, and it is 11m in Tongkuangyu mine.
The buried depth of undercut level in the main sublevel in
the 530 panel in Tongkuangyu mine is 536m. The average
vertical stress at the bottom of ore bulk in stope is about
1.5MPa by interpolation according to the functional rela-
tionship in Figure 3. Thus, the vertical stress acting on the
top of the major apex is 2.4MPa. A uniform stress of
2.4MPa can be applied at the tip of the major apexes below

Average cave load 𝜎V

Stress on major
apexes

Stress in mobilized
zone 𝜎M

Cave stability zone

Major apexes
Production level

L

d

𝜎T

Figure 2: Schematic diagram of extraction structure under ore bulk force [11].
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Figure 3: Function diagram of average stress at the bottom of ore
bulk [11].
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the caving space to replace the ore bulk in the ore drawing
process above the extraction structure. Therefore, the
dynamic simulation of the discontinuous medium was trans-
formed into the static simulation of the continuous medium,
and the stress evolution process of extraction structure in the
ore drawing stage can be studied.

To sum up, through a reasonable conception of the
modeling method and numerical simulation based on
three-dimensional finite difference software FLAC3D, the
stress evolution process in the whole life cycle of the extraction
structure could be effectively studied, and then, the instability
mechanism of extraction structure could be explored.

3.2. Model Structure Parameters. The overall structure of the
model is shown in Figure 4(a), and the internal structure of
the model is shown in Figure 4(b). The range of the model
is taken from the local range of the main sublevel in the
530 panel of the No.4 orebody in Tongkuangyu mine. The
model has 410m strike length, 291m vertical strike length,
and 310m height, and 1942313 units in total. According to
the needs of the research content, a total of 9 ore loading
roadways, 60 ore drawing roadways, and 60 drawbells are
arranged at the production level, and the burial depth of pro-
duction level is 545m. The top open face of the drawbell is
13m × 10m (length × width), the bottom open face is 11m
× 6:4m (length × width), and the height is 10m. The net
cross-section of ore drawing roadways and ore loading road-
ways is 3:8m × 3:2m (width × height). The distance between
the production level and the undercut level is 10m; the dis-

tance between the adjacent ore loading roadway is 30m; the
ore drawing roadways are arranged in the branch herring
bone type with the distance of 15m. The undercut level is
arranged above the extraction structure, and five undercut
units are arranged from right to left. The undercut height is
12m, and the undercut units are arranged in the diagonal
direction step by step, which makes the simulation more in
line with the actual situation of undercutting in Tongkuan-
gyu mine. Three caving units are arranged above the under-
cut level; it is shown in Figure 4(b).

3.3. Strength Criteria and Boundary Conditions. The Mohr-
Coulomb criterion was used in this calculation. Many
parameters in the Hoek-Brown criterion could calculate
rock mass failure with fissures [19–21]. In order to effec-
tively describe the influence of fissures on the strength of
rock mass in the numerical model, the equivalent calcula-
tion of some parameters was needed between the Hoek-
Brown criterion and Mohr-Coulomb criterion. The rock
mass mechanical parameters in the numerical model are
shown in Table 1.

The vertical stress in the numerical model changes line-
arly with the depth. According to the buried depth of the
ore body and the average rock mass density, the vertical stress
was applied on the top plane of the model. The measured in
situ stress was applied inside the model, the horizontal move-
ment is limited on the side of the model, and the vertical
movement is limited on the bottom plane of the model.

(a)

Drawbell

Ore-loading
roadway

Ore-drawing
roadway

Undercut units

Caving units

(b)

5 4 3 2 1

(c)

Figure 4: Numerical model: (a) overall structure of the model, (b) internal structure of the model, and (c) excavation sequence of the undercut
unit.

Table 1: Rock mass mechanical parameters in the numerical model.

Items
Elasticity modulus,

E (GPa)
Bulk density,
ρ (kg/m3)

Cohesive strength,
C (MPa)

Shear modulus,
G (GPa)

Internal friction
angle, φ (°)

Tensile strength,
σt (MPa)

Poisson
ratio, μ

Value 5.99 2740 6.6 2.45 42.58 6.62 0.22
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The in situ stresses applied inside the model are as fol-
lows:

σx = 22:8954 − 0:0399Z, ð2Þ

σy = 11:6484 − 0:0204Z, ð3Þ

σz = 14:6600 − 0:0269Z: ð4Þ
3.4. Numerical Simulation Steps of Extraction Structure in
Whole Life Cycle. The simulation process of the numerical
model was carried out according to the actual undercutting
mode of Tongkuangyu mine. The extraction structure was
formed firstly, and then, the undercutting level was exca-
vated; the specific steps were as follows:

(1) The three-dimensional model was established, and
the initial stress and boundary conditions were
applied to form the initial equilibrium. At this time,
the rock mass was in the in situ stress state

(2) The extraction structure was formed by excavating
ore loading roadways, ore drawing roadways, and
drawbells

(3) The undercut level was divided into five units along
the diagonal direction and was pushed in ladder type,
as shown in Figure 4(c); each color represented one
undercut unit. Two undercut units were excavated
step by step to form major apexes firstly; the initial
caving was not formed in this stage. The stress and
displacement state of major apexes and production
roadways were monitored and analyzed

(4) With the excavation of the remaining three undercut
units step by step, three ore caving areas were exca-
vated in turn, which represented the continuous cav-
ing of overburden ore. At the same time, the vertical
downward uniform stress was applied on the major
apexes formed under the caving area, which repre-
sented the stress exerted on the extraction structure
by the ore bulk. The stress and displacement state of
major apexes and production roadways were moni-
tored and analyzed

4. Mechanical Effect of Extraction Structure in
Whole Life Cycle

4.1. Stress Evolution Characteristics of Extraction Structure in
Whole Life Cycle

4.1.1. Evolution Characteristics of Maximum Principal Stress
of Extraction Structure. The evolution characteristic contour
of the maximum principal stress in the XOY cutting plane of
the production level in each stage is shown in Figure 5, and
the evolution characteristic contour of the maximum princi-
pal stress of in the XOZ cutting plane of the extraction struc-
ture are shown in Figure 6. In all contours, the negative value
represents the compressive stress, and the positive value rep-
resents the tensile stress. The red area in the contour is the
high stress concentration area of the maximum principal

stress, and its value negative, so it exists in the form of com-
pressive stress.

The extraction structure is formed after excavating ore
loading roadways, ore drawing roadways, and drawbells. It
can be seen from Figures 5(a) and 6(a) that the compressive
stress is concentrated on the two sidewalls of the ore loading
roadways and ore drawing roadways in a small range, the
maximum value is 40.5MPa, and the stress concentration
factor is 1.8. Most range of the whole extraction structure is
not in the stress concentration area, so the overall stability
of the extraction structure is not affected when the excavation
is completed.

It can be seen from Figures 5(b)–5(d), with the advance-
ment of undercutting, the compressive stress concentration
on the production level under the undercut space is gradually
released. The maximum principal stress is positive, so it turns
into the state of tensile stress. There is only a small range of
compressive stress concentration at the production level
under the undercut boundary on the right side. The compres-
sive stress concentration gradually shifts to near the advanc-
ing undercut front, and the area of compressive stress
concentration gradually expands. The stress concentration
on the first ore loading roadways and ore drawing roadways
in front of the advancing undercut front increases obviously
after undercutting. After excavation of the third undercut
unit, the maximum compressive stress of the production
level near the advancing undercut front reaches 46.2MPa,
which is 12.7 percent higher than that of the extraction struc-
ture initially formed, and the compressive stress concentra-
tion factor reaches 2. As shown in Figures 6(b)–6(d), after
the formation of the major apex, it is in the area where the
compressive stress decreases.

With the continuous increase of the undercut area, the
overburden ore collapses after reaching the hydraulic radius.
As shown in Figures 5(d) and 5(e), the concentration degree
of compressive stress of production level near the advancing
undercut front slightly decreases after the overburden ore
caving. As shown in Figures 5(e)–5(g), with the continuous
caving of overburden ore, the compressive stress of produc-
tion level near the advancing undercut front continues to
increase. The maximum compressive stress of the ore draw-
ing level in front of the advancing line reaches 53.2MPa after
excavation of the fifth undercut unit and third caving unit,
which is 29.5 percent higher than that of the extraction struc-
ture initially formed, and the compressive stress concentra-
tion factor reaches 2.3.

4.1.2. Evolution Characteristics of Minimum Principal Stress
of Extraction Structure. The evolution characteristics contour
of the minimum principal stress in the XOY cutting plane of
the production level in each stage are shown in Figure 7, and
the evolution characteristic contour of the minimum princi-
pal stress in the XOZ cutting plane of the extraction structure
are shown in Figure 8. The red area in the contour is the high
stress concentration area of the minimum principal stress,
which is positive, so it exists in the form of tensile stress.

The extraction structure is formed after excavating ore
loading roadways, ore drawing roadways, and drawbells. It
can be seen from Figures 7(a) and 8(a) that the tensile stress
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is concentrated on the intersections of the ore loading road-
ways and ore drawing roadways in a small range; the mini-
mum value is 2.5MPa. Most range of the whole extraction
structure is not in the stress concentration area, so the overall
stability of the extraction structure is not affected when the
excavation is completed. By comparing Figure 5(a) with
Figure 7(a), it is found that tensile stress concentration rather
than compressive stress concentration is easy to occur at the

intersections of ore loading roadways and ore drawing road-
ways after the extraction structure formation.

It can be seen from Figures 7(c) and 8(d) that, with the
advancement of undercutting, the tensile stress concentra-
tion on the production level under the undercut space is
gradually obvious, and the disturbance is gradually increased.
At the initial stage of the formation of the extraction struc-
ture, tensile stress concentration was on the intersections.
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Figure 5: Evolution characteristic contour of the maximum principal stress in the XOY cutting plane of the production level: (a) after the
formation of the extraction structure, (b) after excavation of the first undercut unit, (c) after excavation of the second undercut unit, (d)
after excavation of the third undercut unit, (e) after initial caving, (f) after excavation of the fourth undercut unit and second caving unit,
and (g) after excavation of the fifth undercut unit and third caving unit.
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After excavation of the third undercut unit, both sidewalls of
the ore loading roadways and ore drawing roadways under
the undercut space are affected by high tensile stress. The
maximum tensile stress is 5.8MPa, which is 1.3 times as large
as the extraction structure initially formed. It can be seen
from Figures 8(b)–8(d) that the tensile stress is concentrated
on the tip of the pillar after the major apex formation; after
three steps of undercutting, the maximum tensile stress on
the tip of major apex increases from 2MPa to 4MPa.

With the continuous increase of the undercut area, the
overburden ore caves and the ore bulk fall on the extraction
structure under the undercut space. At this time, the orderly
ore drawing is carried out. It can be seen from Figures 7(d)–
7(e) and 8(d)–8(e) that, after the ore body bulk falls down
and starts to extract ores, the maximum tensile stress concen-
trated on the two sidewalls of ore loading roadways and ore
drawing roadways under the undercut space decreases from
5.8MPa to 3.8MPa, and the maximum tensile stress
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Figure 6: Evolution characteristic contour of the maximum principal stress in the XOZ cutting plane of the extraction structure: (a) after the
formation of the extraction structure, (b) after excavation of the first undercut unit, (c) after excavation of the second undercut unit, (d) after
excavation of the third undercut unit, (e) after initial caving, (f) after excavation of the fourth undercut unit and second caving unit, and (g)
after excavation of the fifth undercut unit and third caving unit.
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concentrated on the major apex decreases from 4MPa to
2.5MPa. The range of tensile stress concentration on the
extraction structure is also slightly reduced, so the ore bulk
on the extraction structure can effectively reduce the tensile
stress concentration of the extraction structure under the
undercut space. It can be seen from Figures 7(e)–7(g), with
the advance of undercutting, the continuous caving of the
overburden ore, and the orderly ore drawing, the tensile
stress concentrated on the two sidewalls of ore loading road-

ways and ore drawing roadways under the undercut space
gradually increases; after excavation of the fifth undercut unit
and third caving unit, the maximum tensile stress increases
to 5.7MPa. It can be seen from Figures 8(e)–8(g) that, with
the continuous process of undercutting and caving, the ore
bulk accumulated on the extraction structure increases grad-
ually, the ore drawing point also increases gradually, and the
range of tensile stress concentration on the extraction struc-
ture decreases gradually, but the tensile stress concentrated
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Figure 7: Evolution characteristic contour of the minimum principal stress in the XOY cutting plane of the production level: (a) after the
formation of the extraction structure, (b) after excavation of the first undercut unit, (c) after excavation of the second undercut unit, (d)
after excavation of the third undercut unit, (e) after initial caving, (f) after excavation of the fourth undercut unit and second caving unit,
and (g) after excavation of the fifth undercut unit and third caving unit.
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on the tip of major apex continues to increase. After excava-
tion of the fifth undercut unit and third caving unit, the max-
imum tensile stress concentrated on the tip of major apex
reaches 4MPa.

It can be seen from the comparison of Figures 5 and 7,
with the advancement of undercutting, the production level
near the advancing undercut front gradually shifts to the
location under the undercut space, and the high compressive
stress concentrated on the two sidewalls of ore loading road-

ways and ore drawing roadways gradually turns to high ten-
sile stress concentration.

4.2. Displacement Evolution Characteristics of Extraction
Structure in Whole Life Cycle

4.2.1. Evolution Characteristics of Horizontal Displacement of
Extraction Structure. The evolution characteristic contour of
the horizontal displacement in the XOY cutting plane of the
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Figure 8: Evolution characteristic contour of the minimum principal stress in the XOZ cutting plane of the extraction structure: (a) after the
formation of the extraction structure, (b) after excavation of the first undercut unit, (c) after excavation of the second undercut unit, (d) after
excavation of the third undercut unit, (e) after initial caving, (f) after excavation of the fourth undercut unit and second caving unit, and (g)
after excavation of the fifth undercut unit and third caving unit.
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production level in each stage are shown in Figure 9, and the
evolution characteristic contour of the horizontal displace-
ment of the XOZ cutting plane of the extraction structure
are shown in Figure 10. The red area in the contour is the area
with larger displacement along the positive directions of x
-axis, and the blue area in the contour is the area with larger
displacement along negative directions of the x-axis.

The extraction structure is formed after excavating ore
loading roadways, ore drawing roadways, and drawbells. It
can be seen from Figure 9(a) that the sidewalls of ore loading

roadways located on the boundary of production level are
deformed, the sidewalls wall of ore loading roadways located
on the left boundary is deformed to the right, and the side-
walls of ore loading roadways located on the right boundary
is deformed to the left; the maximum value is only 16.8mm.
It can be seen from Figure 10(a) that the two sidewalls of
drawbells move closer; the maximum horizontal displace-
ment value is 18.3mm. In general, the displacement of the
roadway is not large after the initial formation of the extrac-
tion structure, which cannot affect the mining production.
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Figure 9: Evolution characteristic contour of the horizontal displacement in the XOY cutting plane of the production level: (a) after the
formation of the extraction structure, (b) after excavation of the first undercut unit, (c) after excavation of the second undercut unit, (d)
after excavation of the third undercut unit, (e) after initial caving, (f) after excavation of the fourth undercut unit and second caving unit,
and (g) after excavation of the fifth undercut unit and third caving unit.
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It can be seen from Figures 9(b)–9(d) that, with the
advancement of undercutting, the sidewalls of ore loading
roadways near the advancing undercut front are deformed
to the right, and the displacement of the left sidewall is larger
than that of the right sidewall; moreover, the displacement
increases with the increase of the undercut area. After three
steps of undercutting, the displacement value increases from
18.9mm to 28.8mm. It can be seen from Figures 10(b)–10(d)
that the left sidewalls of the first drawbells near the undercut
front are deformed to the right; after three steps of undercut-
ting, the displacement increases from 18.3mm to 30.2mm.

The displacement of major apexes near the undercut front
is deformed to the right; after three steps of undercutting,
the displacement increases from 18.3mm to 30.2mm.

It can be seen from Figures 9(e)–9(g) and 10(e)–10(g)
that, after the overburden ore caving, with the continuous
increase of the undercut area, the deformation of ore loading
roadways, major apexes, and drawbells at the undercutting
boundary increases continuously. After excavation of the
fifth undercut unit and third caving unit, the maximum dis-
placement of the sidewalls of ore loading roadways near the
advancing undercut front increases to 42.6mm, and the
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Figure 10: Evolution characteristic contour of the horizontal displacement in the XOZ cutting plane of the extraction structure: (a) after the
formation of the extraction structure, (b) after excavation of the first undercut unit, (c) after excavation of the second undercut unit, (d) after
excavation of the third undercut unit, (e) after initial caving, (f) after excavation of the fourth undercut unit and second caving unit, and (g)
after excavation of the fifth undercut unit and third caving unit.
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maximum horizontal displacement of the sidewalls of ore
loading roadways, major apexes, and drawbells near the
advancing undercut front increases to 42.6mm, 53.4mm,
and 53mm, respectively.

4.2.2. Evolution Characteristics of Vertical Displacement of
Extraction Structure. The evolution characteristic contour
of the vertical displacement in the XOY cutting plane of the
production level in each stage are shown in Figure 11, and
the evolution characteristic contour of the vertical displace-

ment in the XOZ cutting plane of the extraction structure
are shown in Figure 12. The red area in the contour is the area
with larger displacement along the positive directions of z
-axis, and the blue area in the contour is the area with larger
displacement along the negative directions of z-axis.

The extraction structure is formed after excavating ore
loading roadways, ore drawing roadways, and drawbells. It
can be seen from Figures 11(a) and 12(a) that the roof of the
drawbells subsides, and the subsidence value is 18.3mm. Slight
floor heave occurs in the floor of ore loading roadways and
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Figure 11: Evolution characteristic contour of the vertical displacement in the XOY cutting plane of the production level: (a) after the
formation of the extraction structure, (b) after excavation of the first undercut unit, (c) after excavation of the second undercut unit, (d)
after excavation of the third undercut unit, (e) after initial caving, (f) after excavation of the fourth undercut unit and second caving unit,
and (g) after excavation of the fifth undercut unit and third caving unit.
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drawbells, and the floor heave value is 12.7mm. The vertical
displacement of other parts of the extraction structure is small,
which does not affect the mining activities at all.

It can be seen from Figures 11(b)–11(d) and 12(b)–12(d)
that, with the advancement of undercutting, the vertical dis-
placement of the extraction structure under the undercut
space increases with the increase of the undercutting area;
after three steps of undercutting, the maximum vertical dis-
placement of the floor of ore loading roadways, major apexes,

and the floor of drawbells under the undercut space increases
from 27.3mm, 30.8mm, and 21.4mm to 77.4mm, 95.7mm,
and 77.9mm, respectively.

It can be seen from Figures 11(d)–11(e) and 12(d)–12(e)
that, after the overburden ore caving, the upward displacement
of the extraction structure under the undercut space decreases
slightly. However, it can be seen from Figures 11(e)–11(g)
and 12(e)–12(g) that, with the continuous increase of the
undercut area, the upward displacement of the extraction
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Figure 12: Evolution characteristic contour of the vertical displacement in the XOZ cutting plane of the extraction structure: (a) after the
formation of the extraction structure, (b) after excavation of the first undercut unit, (c) after excavation of the second undercut unit, (d)
after excavation of the third undercut unit, (e) after initial caving, (f) after excavation of the fourth undercut unit and second caving unit,
and (g) after excavation of the fifth undercut unit and third caving unit.

13Geofluids



structure under the undercut space increases continuously,
the value of ore-loading roadways floor, major apexes, and
drawbells floor under the undercut space increases to
102mm, 98.5mm, and117mm, respectively.

It can be seen from the comparison of Figures 9 and 12,
with the advancing of undercutting, the horizontal displace-
ment of the extraction structure near the advancing undercut
front becomes larger, while the vertical displacement of the
extraction structure under the undercut space becomes
larger.

5. Instability Mechanism of Extraction
Structure in Whole Life Cycle

5.1. Instability Mechanism of Extraction Structure near the
Advancing Undercut Front. In order to study the instability
mechanism of the extraction structure near the advancing
undercut front, it is necessary to deeply analyze the stress
and displacement variation laws of the extraction structure
in the stage of undercutting and ore caving. According to
the analysis of stress evolution characteristics of the extrac-
tion structure, the extraction structure is mainly affected by
the compressive stress near the advancing undercut front.
Therefore, the stress monitoring points were set at the pro-
duction level near the advancing undercut front. The varia-
tion law of the maximum compressive stress with the
undercut area is shown in Figure 13(a). Undercut area 0 in
the figure represents the stress state of the extraction struc-
ture before undercutting.

According to the analysis in Figure 13(a), it can be found
that before the initial caving of the overburden ore, with the
continuous increase of the undercut area, the concentration
degree of compressive stress in the production level near
the advancing undercut front becomes more and more obvi-
ous. The main reason is that the stress arch is formed around
the undercut space after undercutting. With the continuous
increase of the undercut area, the span of the stress arch
increases, and the weight of the overburden ore gradually
increases; the degree of stress concentration in the range of
stress arch becomes more and more high. It can be shown

that the compressive stress of the extraction structure
increases near the advancing undercut front. According to
the Mohr-Coulomb criterion, if the shear failure condition
of the rock mass with the extraction structure is reached,
the ground pressure failure occurs. When the undercutting
reaches the hydraulic radius of caving, the overburden ore
produces initial caving, and the weight of overburden ore
can be reduced. Therefore, the compressive stress in the
range of the stress arch is reduced, which shows that the com-
pressive stress of the extraction structure decreases slightly
near the advancing undercut front. Thus, effective measures
should be taken in time to induce the overburden ore caving
after the undercutting, which can help to reduce the com-
pressive stress concentration on the extraction structure near
the advancing undercut front. After that, with the continuous
undercutting, the stope span continued to increase; the
weight of overburden ore borne by the stress arch increases
continuously in general, although the process is accompanied
by the collapse of ore. Therefore, the stress of the extraction
structure near the advancing undercut front, and if the sup-
port is weak in production level, the ground pressure behav-
ior become more and more intense. It can be shown as the
ground pressure failure of ore loading roadways and ore
drawing roadways.

In order to study the influence range of the stress arch
near the advancing undercut front in the continuous caving
stage, the stress monitoring points are arranged at the first
ore loading roadway in front of the undercut front in the fifth
undercut step. The spatial distribution of the compressive
stress on the two sidewalls of the ore loading roadway near
the advancing undercut front is shown in Figure 13(b). The
highest compressive stress value of 40.6MPa after the forma-
tion of the extraction structure is taken as the baseline, and
the stress of monitoring points higher than the baseline stress
value are located in the stress increasing area, while the stress
of monitoring points lower than the baseline stress value are
located in the stress decreasing area. It can be seen from the
analysis in Figure 13(b) that the position 2m~28m in front
of the advancing undercut front is in the affected range of
the stress arch and in the stress increasing area. Therefore,

0

40.5
40.6

44.0
46.0

47.9

53.2

46.2
Initial caving

Undercutting stage Undercutting and
caving stage

40

42

44

46

48

50

52
St

re
ss

 v
al

ue
 (M

Pa
)

54

5 10 15
Undercut area (103m2)

20

(a)

0
Distance between monitoring point and

advancing undercut front (m)

24
27
30
33
36
39

St
re

ss
 v

al
ue

 (M
Pa

)

42
45
48
51

10 20 30 40 50

Stress decrease
area

Stress increase
area

(b)

Figure 13: Variation law of compressive stress of the extraction structure near the advancing undercut: (a) variation law of maximum
compressive stress with undercut area increasing and (b) spatial distribution of compressive stress near the advancing undercut.
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during the process of undercutting, if the support of the
extraction structure in front of advancing undercut front is
weak or meets the extraction structure with low rock strength,
the instability of extraction structure occurs. Therefore, the
instability of the extraction structure can be found as early as
28m in front of the advancing undercut front. The collapse
of an ore drawing roadway is shown in Figure 14(a), and the
seriously deformed sidewall of ore drawing through a vein is
serious, as shown in Figure 14(b). The instability characteris-
tics, occurrence time, and law of the extraction structure in
front of the advancing undercut front are consistent with the
numerical simulation results.

In order to study the deformation law of the extraction
structure in front of the advancing undercut front, the dis-
placement monitoring points are arranged at the production
level. It is found that the horizontal displacement of the
extraction structure in front of the advancing line is more
obvious than the vertical displacement. The x-direction hor-
izontal displacement analysis of the left sidewall of the ore
drawing roadway and drawbell is shown in Figure 15.

It can be seen from Figure 15 that, with the increase of the
undercut area, the displacement of the extraction structure in
front of the advancing undercut front continues to increase

and the deformation only decreases slightly after the initial
caving. It shows that the collapse of the overburden ore as
soon as possible is helpful to reduce the horizontal deforma-
tion of the extraction structure in front of the advancing
undercut front. According to the field investigation, the side-
wall deformation of the ore drawing in front of the advancing
undercut front is serious, and it moves closer to the undercut
space. As shown in Figure 14(b), the sidewall failure phe-
nomenon is consistent with the numerical analysis results.

5.2. Instability Mechanism of Extraction Structure under
Undercut Space. In order to study the instability mechanism
of the extraction structure mechanism of the extraction
structure under undercut space, it is necessary to deeply ana-
lyze the stress and displacement variation laws of the extrac-
tion structure in the stage of undercutting and ore caving.
According to the analysis of stress evolution characteristics
of the extraction structure, the extraction structure is mainly
affected by the tensile stress under undercut space. Therefore,
the stress monitoring points were set at the sidewalls of the
ore loading roadway and the tip of major apex under under-
cut space. The variation law of the maximum tensile stress
with the undercut area is shown in Figure 16(a). Undercut
area 0 in the figure represents the stress state of the extraction
structure before undercutting; no major apexes are formed at
this time, so the tensile stress value of the major apex is
missing.

It can be seen from the analysis in Figure 16(a) that,
before the formation of the initial caving of the overburden
ore, with the continuous increase of the undercut area, the
tensile stress concentration degree of the sidewall of ore load-
ing roadway and tip of the major apex under the undercut
space becomes more and more obvious. It is mainly because
of the combined action of high horizontal tectonic stress and
vertical stress after undercutting that the extraction structure
produces vertical upward bending deformation. In order to
resist the bending deformation, the extraction structure pro-
duces higher tensile stress. After the initial caving of the over-
burden ore, the ore bulk falls on the extraction structure and
begins to extract ores orderly. At this time, the tensile stress
concentration on the sidewall of the ore loading roadway
and tip of the major apex under the undercut space is

Collapse of ore-drawing
roadway

(a)

Seriously deformed
sidewall

(b)

Figure 14: Instability characteristics of the extraction structure near the advancing undercut: (a) collapse of ore drawing roadway and (b)
seriously deformed sidewall.
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released to a certain extent. Measures should be taken to pro-
mote the collapse of the overburden ore in time after under-
cutting, which can effectively reduce the tensile stress
concentration on the extraction structure under the undercut
space. However, with the continuous increase of the undercut
area and overburden ore caving, the stope space becomes
larger and larger, and the bending deformation of the extrac-
tion structure becomes larger and larger, so the tensile stress
concentration on the extraction structure continues to
increase. At this time, if the stress exceeds the tensile strength
of the rock mass of the extraction structure, the instability of
the extraction structure occurs. The tensile stress on both
sidewalls of the ore loading roadway under the undercut
space is always higher than that on the tip of major apex,
which indicates that the ore loading roadway is easier to be
damaged than the major apex, and the support should be
strengthened.

In order to study the deformation law of the extraction
structure under the undercut space, the displacement moni-
toring points are arranged at the production level. It is found
that the vertical displacement of the extraction structure
under the undercut space is more obvious than the horizontal
displacement. The upward displacement analysis of the floor
of the ore drawing roadway and major apex is shown in
Figure 16(b). With the increase of the undercut area, the ver-
tical displacement of the extraction structure under the
undercut space continues to increase, which shows that
upward displacement of the ore drawing roadway floor and
major apex increases. The deformation only decreases
slightly after the initial caving, which indicates that the cav-
ing of the ore bulk and orderly ore drawing in the stope can
help to reduce the vertical deformation of the extraction
structure. Compared with Figures 16(a) and 16(b), it can be
found that the tensile stress concentration on the extraction
structure increases with the increase of the upward deflection
of the extraction structure under the undercut space. It can be
concluded that the tensile stress of the extraction structure

under the undercut space is due to the resistance to the bend-
ing deformation of the extraction structure towards the
undercut space. The upward deflection of the substructure
is weakened after the initial caving, so the tensile stress con-
centration on the extraction structure is weakened, which
helps to maintain the stability of the extraction structure.
The rib spalling in the ore loading roadway is shown in
Figure 17(a), and the floor heave in the ore loading roadway
is shown in Figure 17(b); the results of the numerical analysis
are consistent with the ground pressure failure phenomenon
of field investigation.

5.3. Repeated Instability Mechanism of Extraction Structure
in the Whole Life Cycle. In order to explore the mechanism
of repeated instability of extraction structure in the whole life
cycle, the stress variation law of the same position of the
extraction structure with the undercut step is analyzed, as
shown in Figure 18. Step 0 in Figure 18 is the state of the
extraction structure when the undercutting is not carried
out. After the first and second steps of undercutting, the
monitoring point is located in the extraction structure in
front of the advancing undercut front. After the third step
of undercutting, the monitoring point is located in the
extraction structure under the undercut space.

It can be seen from the analysis in Figure 18 that the max-
imum principal stress of the extraction structure in front of
the advancing undercut front increases rapidly from
38.8MPa to 43.3MPa when the advancing undercut front is
close to the monitoring point, and the sign is negative, so the
extraction structure in front of the advancing undercut front
is in the concentration area of compressive stress at this time.
After the third step of undercutting, the extraction structure of
the monitoring point is under the undercut space. At this time,
the compressive stress gradually decreases to 5.2MPa, while
the minimum principal stress becomes positive and increases
to 3.3MPa, and the monitoring point of the extraction struc-
ture is in the tensile stress concentration area at this time. It
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Figure 16: Stress and displacement evolution laws of extraction structure under undercut space: (a) variation law of maximum tensile stress
with undercut area increasing and (b) variation law of maximum vertical displacement with undercut area increasing.
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can be seen that the extraction structure in front of the advanc-
ing undercut front mainly presents compressive stress concen-
tration, and the extraction structure under the undercut space
mainly presents tensile stress concentration. With the gradual
advancement of the undercutting, the extraction structure pre-
sents compressive stress concentration firstly and then tensile
stress concentration at the same position. It is possible that the
extraction structure can be damaged twice. As shown in
Figure 19, the ore loading roadway is damaged again after
the support.

In conclusion, the instability mechanism of the extraction
structure in the whole life cycle in the block caving mine is
summarized as follows: During the process of block caving
mining under high level tectonic stress, with the advance-
ment of undercutting, the stress of extraction structure pre-
sents the stress variation law that compressive stress
concentration is prior to the tensile stress concentration.
The schematic diagram of the instability mechanism of the
extraction structure is shown in Figure 20. The stress arch
is formed around the undercut space after undercutting; the
spatial form presents as an egg-shaped thick wall structure
with the long axis in the direction of the undercut advance
and the short axis along the direction of the undercut front,

and the stope is surrounded by an egg-shaped thick wall
structure. The extraction structure in front of the advancing
undercut front is under the influence of the compressive
stress increasing area, and the extraction structure under
the undercut space is in the compressive stress unloading
area and the tension stress increasing area. With the contin-
uous increase of undercutting area and stope span, the weight
of overburden ore borne by stress arch above undercut space
is increasing, and the compressive stress of the extraction
structure in front of the advancing undercut front increases
continuously. According to the Mohr-Coulomb criterion,
when the stress reaches the shear failure condition of the rock
mass of the extraction structure, the ground pressure damage
occurs, and the instability of the extraction structure can be
caused with the increase of the damage range. As the under-
cutting continues, the extraction structure located on com-
pression stress concentration area is gradually transferred
to the position under the undercut space. Affected by the
higher horizontal tectonic stress and vertical stress, the exca-
vation space is squeezed, and the extraction structure pro-
duces upward bending deformation. In order to resist the
bending deformation, the extraction structure gradually
changes to the tension state. With the increasing of the
undercut space, the concentration degree of tensile stress
becomes higher and higher. When the tensile stress of the
extraction structure exceeds the tensile strength of the rock
mass, the ground pressure damage occurs again. Therefore,

Rib spalling in ore-
loading roadway

(a)

Floor heave in ore-
loading roadway

(b)

Figure 17: Instability characteristics of extraction structure under undercut space: (a) rib spalling in the ore loading roadway, (b) floor heave
in the ore loading roadway (Figure 17 is reproduced from [19]).
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during the process of mine production, repeated instability
of extraction structure may occur. With the increase of
undercut area, the stress value increases gradually, and the
ground pressure behavior becomes intense. At the same
time, in the early stage of undercutting, to induce the over-
burden ore caving timely, orderly ore drawing can reduce
the compressive stress concentration on the extraction
structure in front of the advancing undercut front and the
tensile stress concentration on the extraction structure
under the undercut space. A combined support form of bolt
mesh cable shotcreting and floor concrete reverse arch
should be established before the high stress formation in
front of advancing undercut front, which could effectively
control the loose deformation of the surrounding rock of
the ore drawing roadway, and increase the stability of the
extraction structure.

6. Conclusions

The three-dimensional numerical model of the extraction
structure in the whole life cycle in the block caving method
was established; the stress and displacement evolution laws
obtained are consistent with the instability characteristics of
the extraction structure in mine site. The following conclu-
sions can be drawn:

(1) The extraction structure near the advancing undercut
front is prone to produce compressive stress concen-
tration under the action of the surrounding rock
stress arch in the stope; if the rock mass shear failure
condition is reached, the instability of the extraction
structure occurs

(2) The extraction structure near the advancing undercut
front is gradually transferred to the area under the
undercut space with undercut increase, and the ten-
sile stress concentration gradually appears in the

sidewall of ore-loading roadway and the tip of major
apex; if the tensile strength of rock mass in extraction
structure is exceeded, the instability occurs again

(3) To induce the overburden ore caving as soon as pos-
sible can reduce the compressive stress concentration
on the extraction structure in front of the advancing
undercut front and the tensile stress concentration
on the extraction structure under the undercut space,
which is helpful to reduce the probability of the insta-
bility of the extraction structure
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The rational characterization and quantitative analysis of the complex internal pore structure of rock is the foundation to solve
many underground engineering problems. In this paper, CT imaging technology is used to directly characterize the three-
dimensional pore network topology of sandstone with different porosity. Then, in view of the problem, which is difficult to
quantify the detailed topological structure of the sandstone pore networks in the previous study, the new complex network
theory is used to characterize the pore structure. PageRank algorithm is based on the number of connections between targets as
a measure index to rank the targets, so the network degree distribution, average path length, clustering coefficient, and
robustness based on PageRank algorithm and permeability-related topological parameters are studied. The research shows that
the degree distribution of sandstone pore network satisfies power law distribution, and it can be characterized by scale-free
network model. The permeability of rock is inversely proportional to the average path length of sandstone network. The
sandstone pore network has strong robustness to random disturbance, while a small number of pores with special topological
properties play a key role in the macroscopic permeability of sandstone. This study attempts to provide a new perspective of
quantifying the microstructure of the pore network of sandstone and revealing the microscopic structure mechanism of
macroscopic permeability of pore rocks.

1. Introduction

Reservoir rocks contain huge numbers of pores with different
sizes and complex shapes, and most part of the pores are con-
nected with each other under the natural or artificial inter-
vention, which is the main space for the migration of
underground oil and gas. The connectivity of rock pore net-
work directly affects the fluid flow behavior in geotechnical
engineering [1–3]. However, the pore network of rock is
highly complex. Accurately revealing the connectivity of
micro and nanoscale and quantitatively analyzing the inter-
nal relationship between their microstructure and macrosco-
pical permeability are the key problems to enhance the oil
and gas recovery [4–7]. In order to study the microseepage

mechanism of porous rock, scholars put forward the research
methods based on continuum mechanics and pore network
structure, respectively.

Based on the research method of continuum mechanics,
Zhang et al. [8] coupled the gas flow control equation, coal
deformation equation, and porosity model and established
the permeability evolution model of multiporosity coal seam.
Mitra et al. [9] studied the permeability variation of coal sam-
ples under the competitive mechanism of effective stress and
adsorption expansion deformation. Pan et al. [10] studied the
influence mechanism of effective stress on the permeability of
coal samples, and the results show that the permeability of
coal samples changed exponentially with gas pressure. Peng
et al. [11] pointed out that under the same boundary
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conditions, there are significant differences in permeability of
coal samples of different scales, and the sensitivity of perme-
ability to confining pressure is also different. Pan [12] mea-
sured the permeability of coal samples in parallel, oblique,
and vertical bedding directions. Lin and Zhou [13] found that
the permeability of coal samples with parallel bedding is most
closely related to the confining pressure effect and then stud-
ied the variation law of coal seam permeability with stress
evolution under the action of in situ stress. Cao et al. [14]
found by measuring the permeability of outburst raw coal
that the permeability of coal seam first decreased and then
increased with the gas pressure. Gao et al. [15] used the
hybrid network theory to analyze the network parameters,
modularization, and pore aggregation degree of sandstone
with different porosity. This method can quantitatively ana-
lyze the structural parameters that cannot be quantified by
traditional connectivity analysis and fractal dimension anal-
ysis. Ye et al. [16] established a dual pore network model of
rock and analyzed the variation trend of permeability of coat-
ing model with microscopic parameters such as porosity dis-
tribution, average path length, and throat length distribution.
Gong et al. [17] proposed a fractal reconstruction model of
rock pore structure based on improved simulated annealing
algorithm. The influences of pore radius and average pore
shape factor on the pore structure characteristics of sand-
stone were analyzed from eight pore structure parameters,
including pore number per unit volume, porosity, average
pore size, pore volume, minimum maximum pore radius,
and minimum average pore radius.

In order to analyze the influence mechanism of micro-
pore structure on the permeability of porous rocks, Darabi
et al. [18] studied the gas seepage process in dense porous
media. Assuming that the porous media is composed of nano
to millimeter pores, considering the influence of capillary
roughness, the apparent permeability model was obtained.
Singh et al. [19] obtained a new apparent permeability model
by using analytical method without considering slippage
effect. There are no empirical parameters in the model, which
are only related to pore size, pore shape, temperature, gas
properties, and average reservoir pressure. Yu et al. [20] pro-
posed the fractal analysis model of porous media permeabil-
ity and proposed the analytical expressions of fractal
dimension, porosity, and microstructure of single-phase
and multiphase porous media for the first time. Miao et al.
[21, 22] extended the theory of fractal porous media to frac-
ture network and constructed the fractal model of fracture
network area density, which relates the structural parameters
of fracture network, such as fracture size, fractal dimension,
and porosity. Liu et al. [23] discussed the influence of size
effect on permeability by combining seepage mechanics
research method and Monte Carlo method to characterize
fracture distribution mechanism. Li et al. [24, 25] developed
a fully coupled multidomain multiphysics model to simulate
the interactions between the fractured, nonfractured, and
hydraulic fracture domains, taking into account the differ-
ences in properties and interactions between the fractured,
nonfractured, and hydraulic fracture domains. Liu et al.
[26–28] characterized pores and fractures by fractal dimen-
sion of pore, fractal dimension of curved capillary, and fractal

dimension of fracture length. Coupled the fractal theory of
porous media with the multifield model of coal seam, they
established a multifield coupling mechanical model consider-
ing the influence of fissure and pore structure. Li et al. [29]
used Frenkel-Halsey-Hill method to obtain the fractal
dimension of pores used to characterize the pores and
obtained the structural parameters used to characterize the
natural organic matter such as aliphatic chain length, aro-
matic carbon condensation degree, and hydrocarbon genera-
tion potential by peak fitting of infrared spectra. Considering
the geometric parameters of porous media, including poros-
ity, liquid saturation, fractal dimension of granular matrix
and liquid phase, and fractal dimension of bending of liquid
phase, Qin et al. [30] proposed a theoretical model of effective
thermal conductivity of porous media with rough surface. Li
et al. [31] discussed the influence of pore characteristic
parameters such as fractal dimension of curvature, fractal
dimension of pore, and minimum to maximum capillary
diameter ratio on relative permeability. A detailed compari-
son is made between the continuous method and the pore
material prevention method as shown in Table 1.

Firstly, based on continuum mechanics, the influence of
micropore structure is generally not considered. Secondly,
traditional reservoir structure analysis methods, such as
Euler number and fractal dimension, are difficult to charac-
terize the detailed topological properties of the pore network
characteristics comprehensively and quantitatively. In order
to solve the problem of scientific and quantitative character-
ization of microconnectivity characteristics of porous rock
pores from the perspective of complex network theory, the
topological structure and robustness characteristics of sand-
stone pore network were studied after obtaining CT images
of sandstone with different porosity.

2. Extraction of Core Pore Network

Based on X-ray micron CT, four groups of two-dimensional
tomography images of sandstone with different porosity are
obtained, as shown in Figure 1. The experimental data comes
from Professor Blunt’s team of Imperial University of Tech-
nology. The data is public. The rock and equipment used in
the experiment and the acquisition method of experimental
data can be found on the official website of the team. See
Acknowledgments for the website. The image shown in

Table 1: Comparison of continuous method and pore network
method.

Characterization
methods

Continuum
methods

Pore network
methods

Same parameters Porosity Porosity

Different parameters /

Number of pores
Average pore
diameter

Number of throat
Coordination

number
Clustering
coefficient
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Figure 1 is one of the slices of each sample. The gray level of
each pixel in a two-dimensional image indicates the point
density value. Considering that the area outside the rock
sample is assigned black, it is eliminated for the analysis pro-
cess, and the rectangular area is selected as the research object
in the sample.

3. Topological Structure Analysis of Pore
Network Model

In the research process of pore network structure, we use the
network analysis software GEPHI, which has the function of
searching and eliminating dead pores. Generally, pores with a
diameter of less than 10nm are micropores, pores with a
diameter of 10 nm-100 nm are small pores, macropores with
a diameter of 1000 nm-100000nm, and cracks with a diame-
ter of over 100000 nm [32]. The basic parameters of sand-
stone samples with different porosity are shown in Table 1.
From Table 2, it can be seen that when the porosity is small,
such as 16.9% and 17.1%, the number and of nodes in the
pore network model are large. When the porosity is large,
such as 24.6% and 34%, the number of nodes in the pore net-
work model is small, and it is less than 1/4 of that of the rock
sample of which porosity is 16.9%. The main reason is that
the smaller the porosity is, the smaller the particle size of
the sandstone is, the smaller the volume of pore and pore

throat is, so that the number of nodes in the network is more.
The results show that the porosity is inversely proportional to
the size of the pore network (the number of nodes).

Euler number and fractal dimension are usually used in
the analysis of pore structure, and the topological structure
of the pore network is difficult to be quantitatively analyzed.
In this paper, the complex network theory analysis method is
introduced into the pore network structure analysis, and the
parameters such as the degree distribution, the clustering
coefficient, and the average path length are calculated,
respectively. The number of pore throat attached to a certain
pore is defined as degree, which is usually expressed by k. In
order to analyze the degree distribution of sandstone pore
network, we counted the proportion of pores with different
degrees to the total number of nodes expressed with PðkÞ,
as shown in Figure 2. From Figure 2, it is known that the
degree distribution curves of sandstone samples with differ-
ent porosity have obvious long-tail characteristics. Different
from the normal distribution, where most of the data are
concentrated near the median, the distribution of sandstone
pore network is more consistent with the scale-free network
model which obeys the power law distribution.

The degree distribution is mainly used to measure the
connected characteristics of the single pore in the sandstone
pore network. In order to further explore the degree of aggre-
gation between pores, the clustering coefficient is calculated.

(a) 16.9% (voxel: 875 × 900 × 400) (b) 17.1% (voxel: 550 × 550 × 512)

(c) 24.6% (voxel: 950 × 950 × 300) (d) 34.0% (voxel: 950 × 950 × 350)

Figure 1: X-ray tomography images of sandstone with different porosity.
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Assumed that pore i in a pore network has ki pores connected
to it. The ki pores are called the neighbor pores of pore i.
There is a maximum of kiðki − 1Þ/2 throats among the neigh-
bor pores of pore i. The ratio between the number of the
actual throat number Ni among pore i’s neighbor pores and
the number of the most probable throat number kiðki − 1Þ/
2 is defined as the clustering coefficient of pore i, which is
expressed as Ci.

Ci =
2Ni

ki ki − 1ð Þ : ð1Þ

The value of Ci changes between 0 and 1 in the network.
The larger the Ci is, the more the throats among pore i and its
neighbor pores are. The distribution of the pore network
clustering coefficient of sandstone with different porosity is
shown in Figure 3. The horizontal axis is the number of the
pore node. As shown in Figure 3, the clustering coefficients
of most of the pores are less than 0.6. Only a small number
of pores are closely connected to the pores of the surrounding
pores. These small amounts of pores may play an important
role in the permeability of sandstone.

In order to measure the transmission efficiency of the
network, the complex network theory gives a metric param-
eter “the average path length.” The average path length L of
the sandstone network is the average number of throats
between each pair of pores in the network.

L = 2
N N − 1ð Þ 〠

N−1

i=1
〠
N

j=i+1
dij: ð2Þ

whereN is the number of pores in the network. dij is the min-
imum number of throats between any two nodes of the net-
work i and j.

The average path length distribution of pore network in
sandstone samples with different porosity is shown in
Figure 4. From Figure 4, it is known that the average path
length of the sandstone pore network is proportional to the
number of pores, and it is inversely proportional to the
porosity. And the greater the porosity, the larger the perme-
ability of sandstone and the smaller the average path length
would be.

4. Analysis of the Robustness of Pore Network

Usually, we do not consider the importance of a single
pore in the whole percolation network when analyzing
the pore structure. In order to investigate whether a single
or a small number of pores will lead to significant changes
in the transmission efficiency of the whole seepage net-
work, that is, whether the permeability of the rock net-
work depends on a small number of important pores, we

Table 2: Structural parameters of sandstone pore network.

Porosity
φ

Node number
N

Edge number
M

Permeability
K (mD)

Resolution
R (μm)

16.9% 8301 14381 224 9.1

17.1% 8345 12360 259 9.0

24.6% 1945 4697 3898 5.0

34.0% 1266 3833 13169 4.9
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Figure 2: Degree distribution of sandstone pore networks.
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have studied the robustness of the sandstone pore
network.

In the network science, the average path length is the key
parameter to measure the transmission efficiency of the net-
work. The smaller the average path length is, the higher the
network transmission efficiency is. We eliminate the pore
nodes in the pore network based on two methods and then
discuss the evolution process of network transmission effi-
ciency. Method 1: random elimination; method 2: elimina-
tion based on PageRank algorithm.

As the sorting algorithm in the complex network the-
ory, the PageRank algorithm is based on the network
topology as the importance of the network node impor-
tance. The basic idea of the PageRank algorithm is that
the pore network is regarded as graph G = ðV , EÞ, where
V is the number of notes and E is the number of edges.
Give each node an initial PageRank value. Suppose there
is an edge ðvi, vjÞ between node vi and node vj, then node

vi throws a ticket to the node vj. Using C′ðiÞ to represent
the number of edges connected with node i, then node vi
contributes a PageRank value of P′ðiÞ/C′ðiÞ to the node vj.
The algorithm process is as follows.

First, define the initial PageRank value for each node vi:

P′0 ið Þ = 1
n + 1ð Þ , 0 < i ≤ n: ð3Þ
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Figure 5: The robustness curve of sandstone with different porosity.
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After the s times of iteration, the PageRank value of each
node is as follows:

P′s ið Þ = 1 − dð Þ + d × 〠
V j ,Við Þ∈E

P′s−1 jð Þ
C′ jð Þ

, 0 < i ≤ n, ð4Þ

where d is a damping factor (0 < d < 1), which represents the
probability of connecting a node. In this iterative way, multi-
ple rounds are iterated until the PageRank value converges or
when the sum of the PageRank value changes of all nodes is
less than the custom threshold. Then, the pores are sorted
according to the PageRank values.

The evolution process of the average path length is cal-
culated as shown in Figure 5 according to two schemes,
which are random deletion and PageRank-sorted deletion
from the most important node. The horizontal coordinate
axis is the number of deleting nodes, and the total amount
of removing pores is 5% of the total number of pores. It can
be seen from Figure 5 that when the pores in the sandstone
pore network are randomly deleted, the average path length

of the sandstone pore network increases only slightly.
When the PageRank algorithm was used to rank the impor-
tance of pores and remove important nodes, the average
path length increased significantly. It can be concluded that
in the sandstone pore network, a small number of impor-
tant nodes selected by the PageRank algorithm play a cru-
cial role in the permeability of the whole macroscopic
network. In the process of underground oil and gas exploi-
tation, under the action of ground stress, adsorption, and
desorption, if these key pores are plugged, it may cause sig-
nificant change in the whole network permeability [19–22].

The variation curve of the average degree of pore network
of sandstone under the two node elimination schemes is
shown in Figure 6. As shown in Figure 6, compared with ran-
dom deleting nodes, the decrease of pore average degree in
the node deletion scheme based on PageRank algorithm is
more obvious. That is, the overall connectivity of the sand-
stone pore network has been obviously weakened. In order
to analyze the specific evolution process of the network
degree distribution, we calculated the contrast curves before
and after the deletion of the pores, as shown in Figure 7.
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Figure 7: Pore network degree distribution of sandstone under different deletion schemes.

6 Geofluids



From Figure 7, it is known that random deleting nodes
have little influence on the overall pore network degree distri-
bution, and the curves before and after deletion are basically
coincided. And before and after the node deletion based on
the PageRank algorithm, the data of the back section of the
curve are significantly reduced. The main reason is that the
PageRank algorithm sorted the more important nodes, whose
degree is larger, that is, the connectivity is stronger. Therefore,
most of the nodes which have been deleted by the second
scheme are the nodes with the large degree. This is also the
reason for the obvious decrease in the average degree of the
deletion method based on PageRank scheme in Figure 6.

The clustering coefficient is the coefficient that indicates
the degree of node aggregation. This property is the cluster-
ing characteristic of the network. According to Figure 8, the
distribution of the clustering coefficient of sandstone pore
network has little change under different deletion schemes.
In order to analyze the overall aggregation degree of sand-
stone pore network, we calculated the average clustering
coefficient of pore network of different porosity sandstone,
as shown in Figure 9.

Compared with Figures 8 and 9, we can see that although
the distribution of clustering coefficients changes slightly
before and after the deletion, the average clustering coefficient
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Figure 8: Clustering coefficients of sandstone pore network under different elimination schemes.
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of the network has been significantly reduced. Especially the
deletion method based on the PageRank algorithm, the clus-
tering coefficients of the four porosity sandstone networks
have decreased by about 0.1. The main reason is that the
PageRank algorithm elimination scheme deletes a large num-
ber of nodes with large degree. That is, a large number of edges
(throats) have been deleted, which leads to a significant reduc-
tion in the overall connectivity of the network. The pore net-
work analysis process is shown in Figure 10.

5. Conclusions and Discussion

In this work, the complex network theory is used to study the
characteristics of rock network. The degree distribution, clus-
tering coefficient distribution, and average path length of the
three-dimensional pore network are discussed, and the
robustness of the network is also analyzed. The conclusions
are as follows:

(1) Compared with the random model, the porosity dis-
tribution is more consistent with the scale-free net-
work model of power-law distribution, that is, the
porosity network of sandstone has no obvious char-
acteristic value

(2) The average path length of sandstone pore network is
directly related to the network size. The larger the
aperture volume, the smaller the number of network
nodes and the smaller the average path length.
PageRank is a function defined in the pore network
structure. It gives a positive real number for each
pore, which indicates the importance of the pore

and forms a vector as a whole. The higher the PageR-
ank value is, the more important the pore is. Com-
pared with the random model scheme, the average
path length of the PageRank deletion scheme is much
more significant than that of the random model
scheme when the same few nodes are deleted by the
PageRank algorithm, which may have a greater
impact on the permeability of the whole sandstone
pore network [20, 21]

(3) The pore network of sandstone is robust to random
deletion. However, a few special nodes selected by
the PageRank algorithm are deleted, which greatly
reduces the transmission performance of the net-
work. By comparing the stochastic model with the
PageRank algorithm model, it is shown that the spe-
cial pore structure plays a key role in the connectivity
of the whole network. Based on the influence of the
robustness of sandstone pore network on permeabil-
ity, it can be used to select the position with strong
robustness as the production well location in engi-
neering, so as to ensure the stability of permeability
and gas production.

Data Availability

Data used to support the results from the experimental
results can be obtained at the university of British imperial,
and access to sites is as follows: https://www.imperial.ac.uk/
earth-science/research/research-groups/perm/research/
pore-scale-modelling/micro-ct-images-and-networks/.
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Figure 10: N-S diagram of the overall process of pore network analysis.
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Coal will still be China’s basic energy for quite a long time. With the increase of mining depth, gas content and pressure also
increase. The problems of gas emission and overrun affect the safety and efficient production of coal resource to a certain extent.
In this work, the field test of gas drainage borehole peeping and trajectory measurement in coal seam of Changling coal mine
are carried out. These coal seams include C5

b coal seam, upper adjacent C5
a coal seam, C6

a coal seams, C6
c in lower adjacent

strata, and C5
b coal seam in high-level borehole. The view of gas drainage borehole peeping and trajectory measurement in the

working seam, upper adjacent layer, lower adjacent layer, and high position are obtained. It is found that the hole collapses at
the position of about 20m in both adjacent strata and high-level boreholes, and there are a lot of cracks in the high-level
boreholes before 12m. The deviation distance of high-level borehole is large, and the actual vertical deviation of upper adjacent
layer is small. Finally, the strategies to prevent the deviation of drilling construction are put forward. It includes four aspects:
ensuring the reliability of drilling equipment, reasonably controlling the drilling length, standardizing the drilling, and
reasonably selecting the drilling process parameters.

1. Introduction

For quite a long time in the future, coal is still China’s main
energy and important chemical raw materials, supporting
the rapid and stable development of China’s national econ-
omy [1–5]. More than 90% of China’s coal mines are mainly
underground mining. The complex coal seam occurrence
conditions bring serious threat to coal mine safety produc-
tion, even inducing personal injury [6–10]. In recent years,
relying on scientific and technological progress, coal mine
safety production situation continues to improve. Coal min-
ing enterprises have higher requirements for gas drainage
technology and pay more attention to the related problems
of drainage drilling.

The curvature of drilling trajectory in extraction will lead
to the blank area in the coal seam extraction, which greatly
affects the gas drainage effect and may lead to coal-gas out-
burst, gas explosion, and other gas accidents. The main rea-

sons are geological factors and technological factors [11–
14]. The main geological factors are the anisotropy of rocks
and the interbedding of soft and hard rocks. Coal rock with
bedding, schistosity, and other structural characteristics has
obvious anisotropy in drillability, which easily leads to bore-
hole bending. In addition, the technical reasons such as
uneven drilling foundation, too long drill pipe, incorrect ver-
tical axis installation, and the technological reasons such as
too much bit pressure, too high drilling speed, and too much
flushing fluid will lead to the bending of the drilling hole.
These will lead to the deviation of the final hole position from
the target location. Borehole peeper can be used to detect coal
seam structure, geological structure, roadway roof separa-
tion, borehole quality, and roadway grouting effect. Espe-
cially in the study of fracture zone development law, it can
be displayed intuitively and clearly through the display, and
it can also measure the trajectory of gas drainage borehole
[15–17].
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Scholars in various countries have done a lot of research
on the principle and prevention of gas drainage borehole
bending. Polak et al. [18, 19] established a new theoretical
model of drill pipe and hole wall contact. Through the field
test, it is found that the model can better estimate and predict
the contact force and corresponding deformation of drill
pipe, which provides a basis for controlling the drilling direc-
tion of drill pipe. Lueke et al. [20, 21] analyzed in detail the
influence of geological conditions, drill pipe pressure, bit
structure, borehole diameter, drilling depth, and other factors
on borehole deviation during drilling. Based on the field test,
it is proposed that the deviation prevention device can be
installed at the appropriate position to reduce the deviation
of the borehole. Based on the angular displacement sensor
and communication module, Manacorda et al. [22] proposed
and designed a bit radar equipment for directional drilling.
The device can transmit the actual position of the bit in real
time, which provides a reference for effectively controlling
the drilling direction. Matheus et al. [23, 24] analyzed the
shortcomings of existing drilling trajectory control and pre-
sented an adjustment method combining drill pipe control
and prediction. It focuses on the application value of new
rotary steering system (RSS) in drilling, providing a new
method to control the movement of drill pipe in real time
during drilling. Li [25] used wireless digital compass incli-
nometer to measure the coordinates of the drilled hole in
Chambishi mine, Zambia. He calculated and compared the
actual coordinates with the design coordinates to get the final
offset. Liang et al. [26] analyzed the causes of borehole devi-
ation from three aspects of geological factors, technological
factors, and operation technical factors, summarizing the
regularity of borehole deviation and the measures to prevent
borehole deviation. Zhu et al. [27] invented a compound dril-
ling device for deviation prevention and straight drilling
while drilling, which can effectively improve the drilling
speed and the ability of deviation prevention and correction
in vertical wells and monitor the deviation change in real
time with high stability and low cost. Ding et al. [28] analyzed
the problems and error sources in the past drilling construc-
tion and gave a method for calculating the trajectory of bore-
hole. Wang et al. [29, 30] proposed and designed angle
compensation correction method and designed the evalua-
tion index of borehole correction effect in view of serious
deviation of pressure relief gas drainage borehole trajectory
in 2603 working face of Liyazhuang coal mine. Zhao et al.
[31] analyzed the geological, technical, and technological fac-
tors the causing borehole bending in drilling engineering
construction. They put forward the preventive measures of
correctly installing construction equipment and adopting
reasonable drilling tool structure. Zhao [32] presents that
the main factors of borehole bending can be attributed to
three aspects: formation structure, drilling pressure, and
equipment installation. He put forward corresponding pre-
ventive measures according to different reasons.

In order to investigate the development and trajectory of
gas drainage borehole fracture zone in coal mine, the Chan-
gling coal mine is taken as a case. By peeping at the high-
level boreholes of C5

b coal seam, upper adjacent layer C5
a

coal seam, lower adjacent layer C6
a and C6

c coal seam, and

C5
b coal seam high-level drilling in Changling coal mine,

the development law of borehole fracture zone was investi-
gated, and the trajectory of construction holes of 1250 and
4000 drilling rigs was measured to determine the trajectory
of gas drainage holes and explore the deviation law of drilling
trajectory.

2. General Situation of Mine and
Layout of Boreholes

2.1. General Situation of Mine. Changling coal mine is
located in the southeast of Zhaotong City, Yunnan Province.
The designed production capacity of the mine is 0.6 million
t/a. Mining depth is from +1800m to +1400m elevation.
The mining area is 11.399 km2. The mine is divided into
two levels of mining. The first level elevation is +1560m,
and the second level elevation is +1520m. The mine is
divided into five mining areas, and the mining sequence is
101 mining area, 102 mining area, 201 mining area, 202 min-
ing area, and 203 mining area. Plan of excavation engineering
in mining area is shown in Figure 1. There are only three
minable coal seams in the mine, namely, C5

b, C6
a, and C6

c.
The dip angle of coal seam is 2 degrees to 10 degrees, and
most of them are below 8 degrees with small coal seam spac-
ing. The coal seam characteristics are shown in Table 1.

2.2. Drilling Layout. The design technical parameters of C5
b

coal seam gas drainage borehole are shown in Table 2. The
layout of coal seam boreholes is shown in Figure 2.

There are six construction boreholes in the C5
b coal seam.

Two short boreholes in the working seam, numbered C5
b-C1-

1 and C5
b-C1-2, are used for the drilling peeping and trajec-

tory measurement. Two long boreholes in the working seam
(constructed by 4000 drilling rig), numbered C5

b-C2-1 and
C5

b-C2-2, are used for the drilling peeping and trajectory
measurement. Two high-level boreholes, numbered C5

b-A3-

1 and C5
b-B2-1, are used for borehole peeping and trajectory

measurement. Two construction boreholes in the C5
a coal

seam, numbered C5
a-C2-1 and C5

a-C2-2, are used for the bore-
hole trajectory measurement. Two construction boreholes in
the C6

a coal seam, numbered C6
a-C2-1 and C6

a-C2-2, are used
for the borehole trajectory measurement. Two construction
boreholes in the C6

c coal seam, numbered C6
c-C2-1 and

C6
c-C2-2, are used for the borehole trajectory measurement.

3. Overview of Test Equipment

3.1. Drilling Equipment

3.1.1. ZY-1250 Full Hydraulic Drilling Rig for Coal Mine. ZY-
1250 full hydraulic drilling rig for coal mine is composed of
seven parts: pump station, operating platform, power head,
frame, column, and drilling tool. It is mainly suitable for dril-
ling gas drainage holes, drainage holes, coal seam water injec-
tion holes, grouting fire prevention holes, geological
exploration holes, and various engineering holes in coal
mines. It is suitable for all kinds of coal seams and strata with
rock firmness coefficient f less than or equal to 8. The cross-
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sectional area of roadway for drilling rig is more than or
equal to 6.5m2.

3.1.2. LD4000ZYWL00II (SZ2) Crawler Full Hydraulic
Drilling Rig for Coal Mine. LD4000ZYWL00II (SZ2) crawler
full hydraulic drilling rig for coal mine is mainly composed of
bottom car, support rotation, work surface, frame, operation
platform, pump station, gripper, guide sleeve, pipeline sys-
tem, drilling tool, rear water braid, and other components.
It is mainly used for drilling gas drainage hole, grouting fire
prevention hole, coal seam water injection hole, outburst pre-
vention and pressure relief hole, geological exploration hole,

and other engineering holes. It is suitable for all kinds of coal
seams and strata with rock firmness coefficient f less than or
equal to 10. The drill can walk independently and turn in
place. The cross-sectional area of roadway for drilling rig is
more than 9m2. Or the width is more than 3m, and the
height is more than 3m. The pump station converts the elec-
tric energy into hydraulic energy, and the pressure oil from
the oil pump drives the motor and the propulsion cylinder
to complete various actions of the drilling rig. The hydraulic
system adopts the linkage oil circuit. Through the setting of
each function selection valve, by operating the rotation and
advance/retreat handle, it can realize the positive/negative

Figure 1: Excavation plan of 101 mining area of Changling coal mine.
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rotation, forward/backward of the power head, the loosen-
ing/clamping of the chuck and gripper, and the correspond-
ing linkage functions.

3.2. Drilling Peeping and Trajectory Measurement System.
The ZKXG30 mine drilling imaging track detection device
is a high-tech equipment for comprehensive detection of
drilling. The product integrates the functions of drilling pho-
tography, peeping (video), imaging, and track measurement
and completes the workload of the previous four tests in
one test. Meanwhile, it can obtain drilling dynamic video,
local high-definition photos, full drill hole wall expanded
plan, and drilling space track, which is efficient and fast.
The instrument includes low-power embedded dual core
processor, high-definition high-speed digital camera, and
military grade high-precision space angle measuring device,
which is supplemented by advanced control algorithm and
image processing algorithm and other software systems to

realize all functions synchronously. The product design fully
considers the actual working environment of the coal mine
and strives for simple operation, stable system performance,
simple, and reliable. The system structure of the ZKXG30
mining borehole imaging track detection device (track) is
shown in Figure 3.

4. Test Principle and Steps

4.1. Introduction of the Device Structure. The ZKXG30 mine
drilling imaging track detection device (track) is mainly com-
posed of host, probe, and sounder. The host is mainly com-
posed of internal system, external interface, and battery
pack. The external interface includes probe port, sounder
port, operation control knob interface, and charger interface.
The internal system mainly includes ARM dual core proces-
sor and data storage unit. The internal system is connected
with external components through external interfaces. Under

Table 1: Coal seam characteristics.

Coal
seam

Coal seam thickness Layers of gangue
Thickness of
gangue (m) Apparent

density (t/m3)
Recoverable range and reserve ratio

Minimum Maximum Average Maximum − Minimum
Average

Maximum − Minimum
Average

C1 0.8 1.05 0.89 -1 − 3/2 -0:03 − 0:14/0:08 1.70 Sporadic recoverable with 2% reserves

C5
a 0.8 1.42 1.09 -0 − 3/1 -0 − 0:29/0:03 1.60

The recoverable area is 23%, and the
reserves account for 5.3%

C5
b 0.86 5.51 2.75 −

0 − 18
3:3 −

0 − 6:9
0:16

The whole area is recoverable, accounting
for 69.7% of the total reserves

C6
a 0.8 2.48 1.28 −

0 − 9
2 −

0 − 0:56
0:14 1.65 Recoverable area 50%, reserves 13%

C6
c 0.8 1.56 0.97 -0 − 5/0:7 -0 − 0:45/0:05 1.65 Recoverable area 52%, reserves 10%

Table 2: Basic parameters of coal seam gas drainage borehole.

Number
Coal
seam

Place
Dip

angle (°)
Azimuth

(°)
Drilling
depth (m)

Aperture
(mm)

Drilling type

C5
b-C1-

1

C5
b

152106 track lane, which is 1000m and 1030m away
from the gateway

-3 350 70 75

Down
bedding

C5
b-C1-

2
-3 350 70 75

C5
b-C2-

1 152106 track lane, which is 500m and 530m away
from the gateway

-3 350 100 94

C5
b-C2-

2
-3 350 100 94

C5
b-A3-

1 C5
b

152105 track lane, which is 300m away from the
gateway

+14 230 80 75
High-level
drilling

C5
b-B2-1

152105 track lane, which is 200m away from the
gateway

+14 285 80 75

C5
a-C2-1 C5

a 152106 track lane, which is 500m and 530m away
from the gateway

+3 350 70 75
Up crossing

C5
a-C2-2 +3 350 70 75

C6
a-C2-1 C6

a 152106 track lane, which is 500m and 530m away
from the gateway

-10 350 70 75 Down
crossingC6

a-C2-2 -10 350 70 75

C6
c-C2-1 C6

c 152106 track lane, which is 500m and 530m away
from the gateway

-15 350 70 75 Down
crossingC6

c-C2-2 -15 350 70 75
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C1

C5b-C2-2
C5b-C2-1

C5b-C1-2C5b-C1-1

152106 working face

C2 (4000 drilling rig)

(a)

152105 working face

A3

B2

C5b-A3-1

C5b-B2-1

152106 working face

(b)

C2

C5a-C2-2
C5a-C2-1

152106 working face

(c)

Figure 2: Continued.
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the control of the software system, the functions of track
acquisition, display, storage, and data transmission are real-
ized. The principle block diagram of the instrument is shown
in Figure 4.

4.2. Test Principle. The ZKXG30 mining borehole imaging
track detection device mainly includes ZKXG30-Z mining

borehole imaging track detection device host, ZKXG30-
T/T(a)/T(b) mining borehole imaging track detection device
probe, ZKXG30-S mining borehole imaging track detection
device depth encoder, and other main components, as well
as video transmission cable, signal cable, push rod, and other
accessories. The sounder is used to record the depth of the
probe in the borehole. ZKXG30-T(b) mine drilling imaging

C2

C6a-C2-2C6a-C2-1

152106 working face

(d)

C2

C6c-C2-2
C6c-C2-1

152106 working face

(e)

Figure 2: (a) Layout of boreholes for peeping and trajectory measurement in C5
b coal seam. (b) Layout of high-level boreholes peeping and

trajectory measurement in C5
b coal seam. (c) Layout of trajectory survey boreholes in C5

a coal seam. (d) Layout of trajectory survey boreholes
in C6

a coal seam. (e) Layout of trajectory survey boreholes in C6
c coal seam.

Probe

Detector

Host machine

Underground part

Analysis and
evaluation

system
software

Special charger

Printer

Indoor part of the ground

Figure 3: ZKXG30 mining borehole imaging track detection device (track) system structure diagram.
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trajectory detection device has a built-in LED white light
emitting diode (with brightness adjustment circuit), and a
camera, which is used to capture the hole wall image, and a
built-in high-performance three-dimensional electronic
compass, which is used to measure the drilling azimuth and
inclination of the probe position. The ZKXG30-T(a) mine
drilling imaging trajectory detection device has built-in
high-performance three-dimensional electronic compass,
which is used to measure the drilling azimuth and inclination
of the probe position. The video signal, control signal, and
compass digital signal in the probe are transmitted to the host
through the mine intrinsically safe communication cable.
The host receives the probe signal and the depth pulse signal
of the sounder, calculates the depth position of the probe, and
processes the video signal such as image recording, matching,
and splicing. Video recording can be full hole or partial.
Video and image matching and splicing are carried out
simultaneously. As the probe continues to move into the
hole, the whole hole wall is automatically matched and
spliced into a complete plane expansion. While processing
the image, the host computer can display the real-time mon-
itoring image and the stitched unfolded image and can switch
the display of borehole trajectory projection. The saved data
can be played back and browsed. After connecting with PC,
the instrument can be used as a U disk, which is convenient
to copy and paste files.

4.3. Test Steps

4.3.1. Drilling Preparation. The diameter of the drilling probe
shall not be less than 30mm, and the depth shall be within
100m, so as to ensure that the drilling has a certain elevation
angle. Therefore, the water can flow out freely and keep as
straight as possible to avoid step holes. After drilling, it needs
to be placed for 10 minutes. After the fog in the hole disap-

pears, it can be detected to ensure that the probe window will
not condense water vapor.

4.3.2. Technical Staffing. At least 3 field operators are
required for drilling exploration in deep roadway, excluding
drilling personnel. One probe operator is responsible for
using the push rod to push the probe slowly and smoothly
into the drilling hole. Another cable operator is responsible
for passing the cable through the depth decoder at a constant
speed, and the last one host operator is responsible for con-
trolling the host.

4.3.3. Device Connection. Connecting probe: both ends of the
cable are fixed with 7-core waterproof plug. The plug is con-
nected with the probe, and the plug cap is tightly fixed with
the probe

Detector installation: the tripod is stably placed under the
air port, and the probe cable is installed on the pulley

Connecting to the host: the other end of the 7-core video
cable is connected to the host signal interface, and the 4-
core cable connects the detector interface with the host deep
interface

4.3.4. Equipment Operation. The equipment operation
includes (1) power on self-test; (2) adjust the screen
brightness; (3) drilling imaging detection device connec-
tion probe debugging: (a) turning on the host and entering
the imaging detection mode, (b) setting the parameters, (c)
menu selection, (d) adjusting the inner diameter and pulse
distance, and (e) image acquisition; and (4) drilling track
detection device connection probe debugging: (a) turning
on the host and enter the track detection mode, (b)
parameter setting, and (c) image acquisition, as shown in
Figure 5.

Probe Probe port

Detector Detector interface

External interface Internal system

Main control unit
(ARM)

Data storage unit
(8G TF memory card)

Graphic display unit
Color LCD screen (800⁎480)

Host machine

Operation knob

NI-MH D8000P
6V/8000 mAh

Charging port
(connect to charger)

Figure 4: Block diagram of host structure.
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5. Test Results and Countermeasures

5.1. Drilling Peep Results. The peep results of this coal seam,
upper adjacent layer, lower adjacent layer, and high-level
gas drainage boreholes are shown in Figures 6–10.

Through peeping at the coal seam, upper adjacent layer,
lower adjacent layer, and high-level gas drainage boreholes,
the results show that the integrity of the boreholes in the coal
seam is well. There is no obvious macrocracks, but there is
water accumulation. Although the water in the borehole is
ventilated and drained after the completion of drilling con-
struction, there is still a certain length of water immersion
in the depth of the down bedding drilling, which will directly
affect the gas drainage effect. Due to the influence of drilling
opening at 0-1m of the hole opening in the lower adjacent
layer, the hole collapse is very serious. The integrity of the
borehole at 1-6m is good, but the surrounding fissures are
obviously developed. The borehole at 8-10m begins to col-
lapse obviously, and the borehole at 10m completely col-
lapses. The overall quality of the borehole is very poor.
Compared with the lower adjacent layer, the integrity of the
upper adjacent layer is better. However, there are obvious
through type axial fractures. The borehole is completely col-
lapsed at about 18m.

There are a lot of cracks in the high-level borehole before
12m. When selecting the high-level borehole for gas drain-
age, attention should be paid to the sealing distance of the
borehole greater than 12m. Otherwise, the gas concentration
will decrease, and the gas drainage efficiency will be affected.
The hole collapse occurred at the position of about 20m in
both adjacent strata and high-level boreholes, and the high-
level boreholes collapsed seriously, which basically blocked
the boreholes. In the follow-up gas drainage process, it will
affect the drainage flow in varying degrees, resulting in the
decline of drainage efficiency.

5.2. Prevention Measures of Hole Collapse. In view of the
above experimental results, the prevention of hole collapse
can be carried out from the following aspects. In the specific
construction, according to the drilling speed, drilling pres-
sure, rock powder, backwater, and lithology changes, the
accurate judgment is made. Usually, clean water can be used
as the flushing fluid. If the condition is not allowed and only
circulating water can be selected, the bottom of cage should
be kept in a clean state to avoid contamination by debris
and rock powder, which will lead to the drill bit buried and
paste, and eventually collapse. The drilling speed and feed
pressure of the drilling rig should also be well controlled. If
the rock stratum is relatively soft, the speed and pressure
should be appropriately reduced according to the actual situ-
ation, and the footage height should also be appropriate. In
case of hole collapse, the lithology and specific location of
the starting section should be judged quickly and accurately,
and the effective measures should be taken in time.

The operator should have practical experience and skilled
technology, and be able to find the hole collapse in time, and
adjust the drilling feed pressure and speed according to the
coal and rock conditions. If the coal and rock are relatively
soft, the drilling pressure and drilling speed should be appro-
priately reduced, the lifting frequency of drill pipe should be
increased, and the coal and rock powder in the hole should be
discharged in time, so as to reduce or avoid the drilling
accidents.

According to the hardness of the rock in the hole, the bit
type is selected to improve the drilling efficiency. When the
rock is soft and the water invasion time is long, the hole col-
lapse is easy to occur. The work should not be stopped during
the shift handover, so as to facilitate the rapid construction
and reduce the probability of hole collapse.

In the process of drilling, if the rock is soft, the drilling
speed should be slowed down at this time, and the hole

Figure 5: Image acquisition interface.
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should be swept repeatedly after passing through the soft
rock to avoid sticking. If the rotary resistance is large and
the pump is choked, the feed pressure should be stopped to
ensure the water circulation. Then, the drilling tool is moved
up and down, continuing to work after removing obstacles.
When there is abnormal phenomenon, it is forbidden to lift
the drilling tool by force.

When drilling stops, the drilling tool is lifted to a height
of 3m to 5m from the bottom of the hole. When there is clear

water in the hole, it can be stopped, so as to avoid the phe-
nomenon of buried drilling. When drilling again, the drilling
slag in the hole should be washed clean, and the process
speed of drilling to the bottom of the hole should be slowed
down. It can work normally after reaching the bottom of
the hole.

5.3. Trajectory Measurement Results. The three-dimensional
schematic diagram of peeping results of borehole

3.06 m 4.45 m

5.08 m 9.20 m

12.07 m 14.71 m

15.12 m 17.72 m

21.78 m 22.21 m

Figure 6: View of gas drainage borehole in C5
b coal seam.
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trajectory measurement is shown in Figure 11, and the
horizontal projection, East-West projection, and North-
South projection are shown in Figures 12–14.

The trajectory measurement of gas drainage boreholes
in C5

a, C5
b, C6

a, and C6
c coal seams was carried out on

site, including 6 boreholes in C5
b coal seam and 2 bore-

holes in each adjacent coal seam. The trajectory measure-
ment results and trajectory deviation of gas drainage
boreholes in working seam, upper adjacent layer, lower

adjacent layer, and high position are shown in Table 3.
The average values of deviation of borehole inclination,
azimuth deviation of borehole, and vertical height devia-
tion are listed in the table. In the data, a positive sign indi-
cates upward deviation, and a negative sign indicates
downward deviation. The actual measurement results show
that the dip angles of the boreholes in the coal seam, the
high-level boreholes, and the upper adjacent layers all
deviate downward, while the dip angles of the boreholes

0.09 m

0.70 m 1.27 m

1.89 m

2.77 m

2.31 m

3.52 m

3.98 m 4.15 m

5.26 m 6.09 m

7.49 m 7.61 m

0.26 m

Figure 7: View of gas drainage boreholes in lower adjacent layer C6
a coal seam.
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in the lower adjacent layers deviate upward. The azimuth
deviation of high position borehole is the largest and that
of upper adjacent layer borehole is the smallest. The devi-
ation distance of high-level borehole is the largest, and the
average vertical height of downward deviation is 5.8m.
The actual vertical height deviation of upper adjacent layer
is the smallest, and the average vertical height of down-
ward deviation is 0.8m.

5.4. Prevention Measures of Deviation in Drilling
Construction. In view of the above experimental results,
we think that the prevention of drilling construction devi-
ation can be carried out from the following aspects.

(1) Ensure Reliable Drilling Equipment. Good equipment
is the premise of accurate drilling construction.
Reasonable drilling rig and BHA (bottom hole

–0.15 m –0.36 m

–1.08 m –1.78 m

–2.35 m –2.97 m

–3.51 m –4.01 m

–4.38 m –5.82 m

–6.80 m –7.65 m

–8.80 m –9.47 m

–9.80 m –10.08 m

Figure 8: View of gas drainage boreholes in lower adjacent layer C6
c coal seam.
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assembly) should be selected according to the geo-
logical conditions, and the drilling rig and BHA
should be maintained regularly to ensure the stable
and reliable state of drilling equipment. Drilling
deviation correction technology should be actively
applied to reduce the bending degree of drilling
as much as possible

(2) Reasonable Control of Drilling Length. “Borehole
deviation” increases with the increase of borehole
depth, and long borehole is easy to form gas drain-
age goaf at the bottom of borehole. Therefore,
from the perspective of controlling borehole devia-
tion, the design and construction length of bore-
hole should be reduced as far as possible on the

1.33 m 2.02 m

–3.20 m

–4.86 m

–6.30 m

–9.60 m

–5.18 m

–7.33 m

–10.61 m

–12.64 m

–11.82 m

–13.70 m

–15.67 m –16.57 m

4.70 m

3.97 m

Figure 9: View of C5
a gas drainage borehole in upper adjacent layer.
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–1.88 m –2.64 m

–4.78 m –5.90 m

–7.04 m –7.76 m

–9.31 m –10.55 m

–12.55 m –16.84 m

Figure 10: View of high-level borehole in C5
b coal seam.
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premise of ensuring full coverage of borehole con-
trol area

(3) Scientific and Standardized Drilling. The deviation of
drilling angle is one of the main reasons for the devi-
ation of drilling. We should change the traditional
opening method of manual measurement such as
compass and slope gauge and try to use advanced
equipment and technology to locate the hole

(4) Reasonable Selection of Drilling Parameters. Accord-
ing to the different geological conditions, mechanical
properties of coal and rock mass, and drilling con-
struction process parameters, the drilling construc-
tion process parameters such as feed force, rotation
speed, and flushing fluid flow are reasonably selected
to reduce the drilling deviation
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Figure 11: Main control page of borehole track of gas drainage.
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6. Conclusions

In this work, the field test of gas drainage borehole peeping
and trajectory measurement in coal seam of Changling coal
mine are carried out. The conclusions are as follows.

(1) By peeping at the boreholes of C5
b coal seam, upper

adjacent layer C5
a coal seam, lower adjacent layer

C6
a and C6

c coal seam, and C5
b coal seam high-level

drilling in Changling coal mine, it can be concluded
that the integrity of boreholes in this coal seam is
good. There is no obvious macrocracks, but there is
water accumulation. The phenomenon of hole col-
lapse occurs at the position of about 20m in both
adjacent strata and high-level boreholes, which will
directly affect the gas drainage effect. There are a lot
of cracks in the high-level boreholes before 12m.
When high-level boreholes are selected for gas drain-
age, the sealing distance should be greater than 12m

(2) The dip angles of the boreholes in the coal seam, the
high-level boreholes, and the upper adjacent layers all
deviate downward, while the dip angles of the bore-

holes in the lower adjacent layers deviate upward.
The deviation distance of the high-level boreholes is
the largest. The average vertical height of the down-
ward deviation is 5.8m. The actual vertical height
deviation of the upper adjacent layers is the smallest,
and the average vertical height of the downward devi-
ation is 0.8m

(3) Through the experiment, we put forward four strate-
gies to prevent the deviation of drilling construction:
ensuring the reliability of drilling equipment, reason-
ably controlling the drilling length, standardizing the
drilling, and reasonably selecting the drilling process
parameters
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In mining engineering, after the extraction of underground resources, the maximum surface subsidence is usually less than the
mining thickness of coal seam. However, under the condition of thick loose layer, some special phenomena appear in surface
subsidence, for example, the maximum surface subsidence value is greater than the mining thickness of coal seam. This special
phenomenon cannot be predicted by traditional subsidence prediction methods. To solve this problem, by using the numerical
simulation software Fast Lagrangian analysis of continua (Flac), we study the changing rules of subsidence with different strata
lithology and unconsolidated layer thickness and reveal the formation mechanism of this law. The results show that the effect of
the thick unconsolidated layer on the hard rock is greater than that of the soft rock. When the rock is soft, the unconsolidated
layer moves as a whole following the bedrock during the whole mining process. The surface subsidence decreases approximately
linearly with the thickness ratio increase of the unconsolidated layer to bedrock. However, when the rock is hard or medium
hard, there are supporting structures formed inside the rock stratum, which has supporting effect on the overlying strata. The
surface subsidence undergoes three proportional sections, first increases, then decreases, and finally increases with the thickness
ratio increase of the unconsolidated layer to bedrock. Combined with these laws, based on the theory that the rock strata space
can be completely compressed gradually, we derive the calculation method of surface subsidence under the condition of thick
unconsolidated layer and apply it to practice. The results show that the prediction results are consistent with the actual situation
and meet the engineering requirements. The research results can provide a reference for the subsidence prediction of similar
conditions.

1. Introduction

The exploitation of underground coal resources has acceler-
ated the economic development, but at the same time, it
has also brought about great economic [1–3], environmental,
and ecological damage problems [4–10], such as water accu-
mulation on the subsidence area, cracks on the surface, settle-
ment of residential land, and house damage, etc. For a long
time, scholars have been studying and analyzing the mining
subsidence under general conditions from the aspects of
subsidence law [11–14], subsidence mechanism [15, 16],

subsidence prediction [17–19], subsidence control method
[20, 21] and obtained many research results, which have been
applied in the field.

For describing the law of surface subsidence, the indexes
of subsidence, slope, curvature, horizontal displacement, and
horizontal strain are commonly used at present. Generally
speaking, when mining horizontal or gently inclined seams,
slope is the first derivative of subsidence, curvature is the sec-
ond derivative of subsidence, horizontal displacement is pro-
portional to subsidence, and horizontal strain is the first
derivative of horizontal displacement [22]. It can be seen that
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subsidence is the main evaluation index. To express the
degree of subsidence, the concept of subsidence factor is
often used, especially in mining subsidence prediction. Subsi-
dence factor is an important parameter, which indicates the
ratio between the maximum subsidence value of the surface
and the vertical thickness of the coal seam when the gob
has reached the critical size.

q = WO

M cos α , ð1Þ

where q is the subsidence factor,WO is the surface maximum
subsidence value,M is the mining thickness of coal seam, and
α is the dip angle of coal seam.

Generally, the empirical value of subsidence factor can be
determined according to the lithology of overlying strata, as
shown in Table 1.

From the table, we can see that the subsidence coefficient
is generally less than 1.0. That is, the surface subsidence value
is less than the thickness of underground mining coal. How-
ever, through the analysis of a large number of measured
data, it is found that under the condition of thick loose layer,
there is a peculiar phenomenon: the surface maximum subsi-
dence value is greater than the mining thickness of coal seam.
In eastern and central China, there are many mine areas cov-
ered with the thick unconsolidated layer and the water table
is high. Large-scale surface subsidence usually leads to the
large area of surface water accumulation (Figure 1), which
easily submerges the farmland and farmhouses, seriously
damaging the local ecosystem.

Based on the measured data, the surface subsidence rule
under the thick unconsolidated layer was studied. A variety
of phenomena show that the surface subsidence rules with
the thick unconsolidated layer have its particularity and the
subsidence has been beyond the scope of traditional
concepts. The maximum subsidence value of the surface is
greater than the mining thickness of coal seam, the range of
surface subsidence is wider, the horizontal movement value
of some measuring points at the boundary is greater than
the subsidence value, the active period is intense and concen-
trated, and the surface subsidence is stable for a long time
(He et al., 1994). The research results under general condi-
tions are not suitable for mining in thick unconsolidated
layer.

This paper chose the Huainan mine area as the research
object. Based on the numerical simulation method, with dif-
ferent lithology and different thickness ratio of unconsoli-
dated layer and bedrock, the subsidence changing rules of
different layers are studied. A revised formula for calculating
subsidence is put forward accordingly. The research results
have important theoretical and practical significance for
enriching the theory of surface subsidence, protecting the
surface buildings and ecological environment, reducing
mining damage, improving the economic benefits of coal
production enterprises, avoiding industrial and agricultural
disputes, and realizing the sustainable development of coal
industry.

2. Experimental Region and Research Method

2.1. Experimental Region. The experimental region is located
in Huaihe alluvial plain (Figure 2(a)). The mining area is flat.
There are no faults in this area, and the geological structure is
simple. The groundwater depth in this area is about 1m,
which is typical in high water table coal mining areas. Coal
seam 8 is a stable mineable coal seam with a thickness of
1.19-5.87m and an average thickness of 3.25m. The roof is
dominated by sandstone, while the floor is mudstone and
sandy mudstone. Through the analysis of rock characteristics
and physical mechanics properties, the comprehensive lithol-
ogy of overlying strata is medium hard.

The panel 11118 is arranged in coal seam 8. The length
along the inclination and strike direction of panel 11118 is
162m and 620m, respectively (Figure 2(b)). The average
mining thickness is 5.0m, and the average mining depth is
550m. The unconsolidated layer thickness is about 300m,
and the bedrock thickness is about 250m. The mining
method adopts comprehensive mechanized coal mining with
full height at one time, and the roof was managed by full
caving method. The mining-induced damage to the ground
structures is shown in Figure 3.

2.2. Research Method. Taking into account the geological and
mining material of panel 11118, a two-dimension numerical
model was built by using software Flac. The mining subsi-
dence model has dimensions of length = 2000m and height
= 600m. The model strata are simplified, and there are six
layers from bottom to top. The lowest strata are floor mud-
stone with the thickness of 45m. Overlying the strata is coal
seam, and the thickness is 5m. The immediate roof is sand-
stone with 10m thickness. Above the immediate roof are silt-
stone and fine sandstone, and the thickness is 90m and
150m, respectively. The top is unconsolidated layer with
the thickness of 300m. The comprehensive lithology of over-
lying strata is medium hard. Coal seam dip angle is 0°. The
value of panel length is 800m. This model assumes that the
rock failure obeys Mohr-Coulomb strength criterion. The
numerical simulation design is showed in Figure 4. In this
paper, Hs is the thickness of the unconsolidated layer, Hj is
the thickness of bedrock, and H is the mining depth.

For comparison and analysis, the other two models were
built based on the prototype of medium-hard rock numerical
model. The models only change the physical mechanics
parameters, and the strata geometry size and name remain
the same as the prototype. According to the knowledge of rock
mechanics, the harder the lithology is, the greater the density,
elasticity module, Poisson ratio, tensile strength, internal fric-
tional angle, and cohesive force are. Therefore, taking medium
hard as the prototype, the parameters of soft rock stratum are
0.9 times of medium hard, while those of hard rock stratum

Table 1: Empirical value of surface subsidence factor.

Lithology Hard Medium hard Soft

Subsidence factor 0.40-0.65 0.65-0.85 0.80-1.00
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are 1.1 times. The soft, medium-hard, and hard models with
different physical mechanics parameters are shown in Table 2.

3. Experimental Results and Analysis

3.1. Subsidence Changing Rules of Different Lithology and
Strata under Thick Unconsolidated Layer. The model was
mined 5m height at one time, and the excavation dimension
was 800m. The maximum subsidence value and subsidence
factor of different layers with soft, medium-hard, and hard
rock could be obtained from immediate roof to surface with
50m interval value. Subsidence curves of immediate roof,
unconsolidated layer and bedrock interface (hereinafter
referred to as interface in this paper), and surface with differ-
ent lithology are shown in Figure 5.

Changing curves are shown in Figure 6 of subsidence
factor of different layers in the soft, medium-hard, and hard
lithology strata and unconsolidated layer.

Figure 6 indicates that no matter the rock lithology
whether soft or hard, the subsidence factor decreases line-
arly with the increase of vertical distance from the layer to
goaf.

If the overlying strata are hard lithology, in the process of
the rock damage and subsidence, the fracture zones not only
produce the vertical cracks of rock but also produced a large
number of bed separation cracks along the strata level. These
fissures and fractures form a large amount of compressible
space in bedrock. Under the action of thick unconsolidated
layer, these compressible spaces are recompressed, and the
compression is large. This causes the subsidence factor in
bedrock to decrease rapidly with the increase of vertical
distance from the layer to goaf.

If the bedrock is soft lithology, overburden is not easy
in order to produce the bed separation cracks in the pro-
cess of the rock subsidence and less compressible space
formed. Under the action of the thick unconsolidated
layer, the compressible spaces are recompressed, but the
compression is smaller than the hard rock. Therefore, the
subsidence factor in soft bedrock decreases slower than
that in hard rock with the increase of vertical distance
from the layer to goaf.

Therefore, there is more compressible space in hard rock
than in soft rock, and the subsidence factor of hard rock is
less than that of the soft rock under the same condition.

When the lithology is medium hard, the change of subsi-
dence factor falls in between.

However, the unconsolidated layer variation has noth-
ing to do with the strata lithology and the changing trend
of unconsolidated layer is the same. All of them move as a
whole. The subsidence factor of unconsolidated layer
inside changes little and decreases linearly with the
increase of vertical distance from bedrock to surface. The
change range of unconsolidated layer is close to the soft
rock. Therefore, it is stated that the unconsolidated layer
has a certain expansion, which can play a supporting role
to the surface.

3.2. Subsidence Changing Rules of Surface and Interface with
Different Unconsolidated Layer Thickness. To study the effect
of different unconsolidated layer thickness on the subsidence
factor, keeping the rock size, thickness of coal seam, mining
dimension, nature of unconsolidated layer, and the rock lithol-
ogy conditions unchanged, the thickness of unconsolidated of
100m, 200m, 400m, 500m, and 600m was simulated.

Starting from the direct roof of coal seam to the surface,
taking 50m as interval, the variation curves of subsidence
factors of soft, medium-hard, and hard rock strata and differ-
ent thickness of loose strata are drawn. As shown in Figure 7,
the direct roof is 0m from the vertical distance of goaf, and
the interface of loose strata and bedrock is 250m from the
vertical distance of goaf. The maximum vertical distance in
abscissa means the position of the surface.

From the analysis of Figure 7, it can be seen that the
subsidence factors of all layers in rock mass and loose
stratum decrease with the increase of vertical distance
from the layer to goaf, and the variation range is different.
With the increase of the thickness of unconsolidated layer,
the variation range of subsidence factor with different lith-
ological strata is different. When the bedrock is weak, the
subsidence factor of the interface between the unconsoli-
dated layer and the bedrock changes slightly. When the
thickness of the unconsolidated layer increases from
200m to 600m, the subsidence factor is about 0.90-0.92.
Nevertheless, when the bedrock is hard, the subsidence
factor of the interface changes greatly when the thickness
of the unconsolidated layer increases from 100m to
600m, from 0.38 to 0.82. Such a wide range of changes
indicates that the increase of the unconsolidated layer
thickness increases the load on the underlying bedrock

Figure 1: Surface water accumulation.
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and greatly increases the space compression of the
bedrock.

4. Discussion

4.1. Subsidence Mechanism Analysis. For further analysis, the
maximum subsidence values and subsidence factors of sur-
face and interface are calculated based on different lithology
and thickness ratios of unconsolidated layer to bedrock.
The variation curves are drawn in Figure 8.

Combines with Figure 8, we can reveal the subsidence
mechanism from two dimensions of lithology and thickness
ratio of unconsolidated layer to bedrock.

(1) When the bedrock lithology is weak, the subsidence
factor of the interface is larger, and the change range
is smaller than others (Figure 9). This indicates that
after the soft rock is affected by mining, there is
almost no supporting structure and compressible
space formed in the bedrock. The main performance
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Figure 2: Study site. (a) Location of Huainan coal mine in China, the original image is quoted from national platform for common geospatial
information services; (b) roadway layout of 11118 working face.

(a) Surface water ponding (b) Surface crack

(c) Damage to the house

Figure 3: Problem map induced by mining subsidence.
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of overlying strata is overall subsidence. The increase
of unconsolidated layer thickness is equivalent to the
increase of mining depth, which leads to the surface
subsidence factor approximately linearly reduced
with the increase of thickness ratio

(2) When the bedrock lithology is hard or medium hard,
there is more supporting structure and compressible
space formed within the strata. The increase of
unconsolidated layer thickness is equivalent to the
increase of load on bedrock, which leads to the com-
pressible space in the bedrock gradually reduced.
Moreover, the larger the unconsolidated layer thick-
ness is, the greater the reduction degree of compress-
ible space within the bedrock is. Through the
experiment, it is found that the subsidence factor of
the interface increases linearly with the increase of
the thickness ratio. However, the surface subsidence
factor has certain fluctuation, which can be roughly
divided into three proportional sections

(a) Proportional section one: when the thickness of
the unconsolidated layer is less than 1.2 times
that of the bedrock (Figure 10(a)). With the
increase of the unconsolidated layer thickness,
the load on the bedrock increases gradually, and
the compressible space with poor structure inside
the stratum is compressed. At this time, the sub-
sidence factors of the surface and the interface
have the same trend, both of which increase.
However, the total supporting force of support-
ing structure in bedrock is greater than the pres-
sure of overlying loose layer and its own gravity

(b) Proportional section two: when the unconsoli-
dated layer thickness is between 1.2 and 2.0 times
that of the bedrock (Figure 10(b)). With the
increase of the unconsolidated layer thickness,
the load on the bedrock increases gradually with
the increase of the unconsolidated layer thick-
ness. However, due to the existence of strong
braced structure, the increase of subsidence fac-
tor at the interface is smaller than that at propor-
tional section one. At the same time, the increase

of unconsolidated layer thickness is equivalent to
the increase of mining depth, resulting in the
decrease of surface subsidence factor. That is,
the subsidence factor of interface and surface
has opposite development trend at this propor-
tional section

(c) Proportional section three: when the unconsoli-
dated layer thickness is larger than 2.0 times that
of the bedrock (Figure 10(c)). With the increase
of unconsolidated layer thickness, the load on
the bedrock becomes larger, and the strong
braced structure inside the stratum is collapsed.
At this time, the surface subsidence factor
increases again, and the change trend of the
interface subsidence factor is the same again

4.2. Inversion Method of Subsidence Factor under the
Condition of Thick Unconsolidated Layer. We use the
probability integral method to predict overburden and
surface subsidence. The probability integral method is an
influence function method, which is based on the extrac-
tion of the infinitesimal elements of an area. The surface
subsidence induced by the extraction of a unit coal seam
is as follows:

We xð Þ = 1
r
e−π x2/r2ð Þ: ð2Þ

If we integrate the whole space, the calculation formula
for any surface point subsidence is as follows:

W x, yð Þ = Mq cos α
r2

ðD3

0

ðD1

0
e−π x−sð Þ2+ y−tð Þ2ð Þ/r2ð Þdtds, ð3Þ

where Wðx, yÞ is the surface subsidence value of point
ðx, yÞ, Mis the mining height, q is the subsidence factor,
α is the inclination angle of coal seam, r is the major
influence radius, and D3 and D1 are the length and width
of the panel, respectively.

The predicted results mainly include subsidence (w),
inclination (i), curvature (k), horizontal displacement (u),

Unconsolidated layer (300 m)
60

0 
m

2000 m

Fine sandstone (150 m)

Siltstone (90 m)

Mudstone (45 m)

Unconsolidated layer and bedrock interface

Surface

Coal seam (5 m)
Sandstone (10 m)

Figure 4: Numerical simulation design.
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and horizontal deformation (ε). Among them, inclination,
curvature, horizontal displacement, and horizontal deforma-
tion can be derived from subsidence. Therefore, subsidence is
the most important.

i12 =
w1 −w2

l12
,

k = i12 − i23
0:5 l12 + l23ð Þ ,

u = bri,
ε = brk:

ð4Þ

Subsidence is mainly determined by the parameter of
subsidence factor. Therefore, this paper mainly studies the
calculation method of subsidence factor under the condition
of thick loose layer. In general, the law of overburden subsi-
dence and surface subsidence is mainly determined by bed-
rock, and the subsidence factor can be selected according to
the traditional experience (Table 1). However, under the con-
dition of thick unconsolidated layer, the subsidence law is

determined by both bedrock and unconsolidated layer; the
surface shows specificity. Therefore, we need to consider
the comprehensive influence of rock and soil on the subsi-
dence to study the subsidence factor. Thus, we take the con-
tinuous corrective effect of the unconsolidated layer on the
subsidence into consideration and deduced the calculation
formula of the subsidence factor under the condition of thick
unconsolidated layer.

Given the subsidence correction factor is ks (Figure 11),
which is induced by the multifactor comprehensive influence
of unconsolidated layer, for an area element Δs at the maxi-
mum subsidence position of the interface, after subsidence,
the bedrock provides the compressible space mqjΔs for the
unconsolidated layer. Assume that the compressible space
is compressed n times, and it is completely compacted.

After the compressible space is compressed for the first
time, the new subsidence space mqs ′Δs appears on the
ground surface, as follows:

m × qj × Δs = ks ×m × qS′ × Δs, ð5Þ
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Figure 5: Subsidence curves of different layers with different lithology.
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namely,

m × qj = ks ×m × qs′: ð6Þ

After the compressible space is second compressed, the
subsidence space mqs″Δs appears on the ground surface, as
follows:

m × qs′= ks ×m × qs″: ð7Þ

Similarly, after the compressible space is compressed n
times, the subsidence space mqsΔs appears on the ground
surface, as follows:

m × qn−1s = ks ×m × qs: ð8Þ

Combined with the formula above,

m × qj = ks
n ×m × qs, ð9Þ

namely,

qs =
qj
kns

, ð10Þ

where m is the mining thickness (m), Hs is the unconsoli-
dated layer thickness (m), and n is the compress time.

Now calculate n. The subsidence correction factor of
unconsolidated layer is ks and i is the compress time.

hi =
mqj cos α

ks
i : ð11Þ
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Figure 6: Changing curves of subsidence factor in soft, medium-hard, and hard lithology strata.
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After the compressible space is compressed n times,

h = h1 + h2+⋯+hn, ð12Þ

namely,

h =
mqj cos α
ks − 1 1 − 1

ks
n

� �
: ð13Þ
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Figure 7: Subsidence factor changing curves of soft, medium, and hard lithology strata and different thickness of unconsolidated layers.
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Let h be equal to Hs. So

Hs =
mqj cos α
ks − 1 1 − 1

ks
n

� �
: ð14Þ

Therefore, the relationship of subsidence correction
factor ks and compress times n is

n =
ln 1 − Hs/mqj cos α

� �
ks − 1ð Þ

h i
ln 1/ksð Þ , ð15Þ

where α is the dip angle of coal seam.
To simplify the calculation, n can be obtained by the

following formula:

n = Hs

mqj cos α
: ð16Þ

Therefore, the surface subsidence factor qs is

qs =
qj
kns

: ð17Þ

4.3. Determination of Subsidence Factor. The surface subsi-
dence is the appearance of the mining influence on the sur-
face under the joint action of bedrock and loose layer. The
mining influence first propagates in the bedrock, then trans-
fers to the loose layer through the interface, and finally to the
surface. To accurately invert the surface subsidence factor, it
is necessary to study the propagation law of mining influence
within the bedrock, determining the subsidence factor at the
interface and then to study the propagation law of the mining
influence within the unconsolidated layer, determining the
surface subsidence factor.

4.3.1. For Interface. According to the above analysis, when
the bedrock is medium-hard or hard lithology and the thick-
ness ratio of unconsolidated layer to bedrock is larger than
2.0, the supporting structure in the rock mass is gradually
collapsed, which leads to the increase of interface subsidence
factor. This phenomenon can be regarded as lithologic soft-
ness. Therefore, when predicting any point subsidence in
the interior space of bedrock under thick unconsolidated
layer, especially in medium-hard and hard lithology, the
interface subsidence factor cannot be calculated according
to the conventional experience. Referring to the regulation,
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Figure 9: Schematic diagram of overburden subsidence of soft rock.
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the interface subsidence factor qj can be obtained from
Figure 11 as follows:

qj =
0:80 ~ 1:00 soft lithology
0:65 ~ 0:85 medium‐hard lithology
0:40 ~ 0:65 hard lithology

8>><
>>: Hs ≤ 1:2Hj,

ð18Þ

qj =
0:75 ~ 1:00 soft lithology
0:65 ~ 0:75 medium‐hard, hardlithology

(
1:2Hj <Hs ≤ 2:0Hj,

ð19Þ

qj = 0:80‐1:00 soft, medium‐hard, hard lithologyHs > 2:0Hj:

ð20Þ

4.3.2. For Surface. According to formula (17), to calculate the
surface subsidence factor, we need to know the value of qj, ks,
and n. Use formulas (18)–(20) to determine qj and formula
(16) to calculate n. Generally speaking, ks is variety in differ-
ent mine areas and does not suffer the effect of dip angle of
coal seam and the rock lithology. For convenience in use,
the theory lookup table calculated from formula (17) is
shown in Table 3.

From Table 3, we can get the relevant data and calculate
the surface subsidence factor.

4.4. Application Scope. The application of this method is lim-
ited. When the movement of the strata above the gob is only
affected by self-weight and overburden pressure, the larger
the thickness ratio, the higher the accuracy of parameter
inversion. However, when a place has a wide range of geolog-
ical structures (e.g., faults and folds) or geological events (e.g.,

earthquakes), the subsidence boundary shape model is
unsuitable.

5. Case Study

The rock lithology of Bai Shan colliery in Huai Bei mine area is
medium hard. The thickness of unconsolidated layer and the
bedrock is 145m and 64m, respectively. The coal seam thick-
ness is 2.1m, and the dip angel of coal seam is 10°. The strike
length of the workface is 500m, and the tendency length is
175m. The measured surface subsidence factor is 1.25.

Table 3: Lookup table of theoretical value of ks and qs/qj.

n
50 100 150 200 250 300 350 400 450 500qs/qj

ks
0.995 1.28 1.65 2.12 2.73 3.50 4.50 5.78 7.43 9.54 12.26

0.996 1.22 1.49 1.82 2.23 2.72 3.33 4.07 4.97 6.07 7.42

0.997 1.16 1.35 1.57 1.82 2.12 2.46 2.86 3.33 3.87 4.49

0.998 1.11 1.22 1.35 1.49 1.65 1.82 2.02 2.23 2.46 2.72

0.999 1.05 1.11 1.16 1.22 1.28 1.35 1.42 1.49 1.57 1.65

1.000 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.001 0.95 0.90 0.86 0.82 0.78 0.74 0.70 0.67 0.64 0.61

1.002 0.90 0.82 0.74 0.67 0.61 0.55 0.50 0.45 0.41 0.37

1.003 0.86 0.74 0.64 0.55 0.47 0.41 0.35 0.30 0.26 0.22

1.004 0.82 0.67 0.55 0.45 0.37 0.30 0.25 0.20 0.17 0.14

1.005 0.78 0.61 0.47 0.37 0.29 0.22 0.17 0.14 0.11 0.08

1.006 0.74 0.55 0.41 0.30 0.22 0.17 0.12 0.09 0.07 0.05

1.007 0.71 0.50 0.35 0.25 0.17 0.12 0.09 0.06 0.04 0.03

1.008 0.67 0.45 0.30 0.20 0.14 0.09 0.06 0.04 0.03 0.02

1.009 0.64 0.41 0.26 0.17 0.11 0.07 0.04 0.03 0.02 0.01

1.010 0.61 0.37 0.22 0.14 0.08 0.05 0.03 0.02 0.01 0.01

Bedrock

Unconsolidated layer

Ground surface

Interface

A spatial correction

N-th spatial correction

Twice spatial correction

Subsidence propagation

Figure 11: Correction process of subsidence factor.
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Based on the geological and mining condition, Hs/Hj =
2:3 and Hs > 2:0Hj. According to formula (20), the interface
subsidence factor is as follows:

qj = 0:85: ð21Þ

Compress times n:

n = Hs

mqj cos α
= 145
2:1 ∗ 0:85 ∗ cos 10∘ = 82, ð22Þ

qs
qj

= 1
ks

82 : ð23Þ

Combined with Table 4, the value of qs/qj can be obtained
by linear interpolation when n = 82. In addition, the value of
1/ks82 is calculated by ks. The values of both are shown in
Table 4. According to formula (20), the two should be equal.
By searching Table 4, we can see that when ks = 1, the two are
basically equal. Therefore, the unconsolidated layer subsi-
dence correction factor ks of Bai Shan colliery can be
obtained, ks = 0:995. qs is greater than qj. It is stated that
the surface subsidence aggravates because of the aquifer
water loss and soil secondary consolidation.

Correspondingly, the value of qs/qj is 1.5168. Then, the
calculated surface subsidence coefficient is

qsc = 1:5168 ∗ qj = 1:5168 ∗ 0:85 = 1:29: ð24Þ

To evaluate the prediction precision, the relative error is
used. The relative error is

f = qsa − qscj j
qsa

, ð25Þ

where f is the relative error, qsa is the actual surface subsi-
dence factor, and qsc is the calculated surface subsidence
factor.

Bring in the value and calculate the relative error.

f = qsa − qscj j
qsa

= 1:25 − 1:29j j
1:25 = 5%: ð26Þ

The results show that the relative error is less than 10%,
which can meet the engineering requirements and can better
predict the subsidence of overburden rock.

6. Conclusions

(1) This paper presents an inversion method of subsi-
dence based on geological conditions. By using this
method, the case that the surface subsidence is
greater than the mining thickness can be inverted,
which is not available in other methods

(2) Numerical simulation is used to reveal the variation
law of surface mining-induced subsidence under dif-
ferent lithology and thickness ratio. For soft rock, the
surface subsidence decreases approximately linearly
with the thickness ratio increase of the unconsoli-
dated layer to bedrock. However, for hard or
medium-hard rock, the surface subsidence undergoes
three proportional sections, first increases, then
decreases, and finally increases with the thickness
ratio increase of the unconsolidated layer to bedrock

(3) Based on the theory that the rock strata space can be
completely compressed gradually, from the perspec-
tive of lithology, we have revealed the mechanism of
the above laws

(4) The case study of this inversion method has been
carried out. The results show that the inversion effect
is good, and the relative error is only 5%
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Table 4: The calculated value of 1/ks82 and qs/qj.

ks 1/ks82
qs/qj

n = 50 n = 82 n = 100
0.995 1.5084 1.28 1.5168 1.65

0.996 1.3891 1.22 1.4528 1.49

0.997 1.2794 1.16 1.4016 1.35

0.998 1.1784 1.11 1.3504 1.22

0.999 1.0855 1.05 1.3184 1.11

1.000 1.0855 1.00 1.28 1.00

1.001 0.9213 0.95 1.248 0.90

1.002 0.8489 0.90 1.2288 0.82

1.003 0.7822 0.86 1.2032 0.74

1.004 0.7208 0.82 1.184 0.67

1.005 0.6643 0.78 1.1712 0.61

1.006 0.6123 0.74 1.1584 0.55

1.007 0.5644 0.71 1.1456 0.50

1.008 0.5203 0.67 1.1392 0.45

1.009 0.4796 0.64 1.1328 0.41

1.010 0.4422 0.61 1.1264 0.37
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Many researchers have investigated the effect of basement excavation on tunnel deformation. However, the influence of
consolidation on the interaction of basement-tunnel-soil is rarely considered or systematically studied in clay. In this study,
three-dimensional coupled-consolidation finite element analyses were conducted to investigate the effect of consolidation on the
tunnel response to excavation. An advanced nonlinear constitutive model was adopted, and numerical parametric investigations
were conducted to study the effect of the excavation depth, tunnel stiffness, soil permeability coefficient, and consolidation time
on the tunnel response. The results revealed that the basement excavation led to stress release, which caused tunnel heave.
Owing to the dissipation of excess negative pore water pressure, the tunnel heave further increased to become approximately
twice as large compared with that observed when the foundation pit excavation had just been completed. As the consolidation
time increased, the longitudinal tunnel heave and tunnel diameter change caused by the foundation pit excavation gradually
increased, but the growth rate was slower down. When the consolidation time changed from 50 days to 150 days, the maximum
tunnel heave at the crown and the maximum tunnel diameter change increased by 1.18 and 1.48 times, respectively. The soil’s
permeability coefficient did not have a significant effect on the tunnel heave at the crown nor on the tunnel diameter change.
The results obtained by this study are expected to be useful as an engineering reference for the analysis of soil structure
problems in clay.

1. Introduction

With the further progress of urbanization, the foundation
pit engineering appears constantly, most of which are
located in structures and densely populated areas. In cur-
rent foundation pit engineering design, not only the effect
of adjacent structures on the foundation pit but also the
effect of foundation pit excavation on adjacent structures
should be considered. The former is mainly to ensure that
reasonable measures are taken to ensure the safety of
foundation pit excavation and foundation construction,
while the latter is to consider the excessive deformation
of adjacent buildings caused by the excessive deformation
of foundation pit, thus affecting the safety of structures.
If appropriate measures are not taken, the adjacent struc-
tures will be damaged, causing serious economic losses
and huge social impact. As a major engineering problem
in urban underground space construction, it is essential

to predict and evaluate the interaction between foundation
pit excavation and adjacent structures.

The deformation of adjacent tunnels as a result of base-
ment excavation is such a typical problem in this kind of
major engineering problems. To investigate the effect of tun-
nels due to a nearby basement excavation, numerous studies
have been conducted using field tests [1–5], centrifuge model
tests [6–10], and analytical and numerical methods [11–27].

Burford [1] reported that the excavation of the large base-
ment of the Shell Centre in London Clay resulted in an
upward displacement between 20mm and 30mm for the
underlying Bakerloo line tunnel. After 27 years, the maxi-
mum uplift measured under the basement of the southbound
Bakerloo tunnel was 50mm, while that of the northbound
tunnel was 41mm. It is shown that the release of overburden
pressure will lead to long-term uplift of a tunnel in London
clay. Shi et al. [10] carried out three-dimensional centrifuge
tests to investigate tunnel responses due to overlying
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basement excavation in lightly (overconsolidation ratio
ðOCRÞ = 1:7) and heavily overconsolidated (OCR = 6:0)
kaolin clays. It is found that special attention should be paid
to long-term rather than short-term tunnel responses.

However, most previous studies investigating the tunnel
deformation caused by basement excavation mainly focused
on the short-term tunnel response [2, 4–6, 8, 9, 11, 14–27].
The field monitoring of a tunnel affected by foundation pit
excavation in clay revealed that the long-term heave of the
tunnel in clay is very large, and the time required to reach
the steady state is very long [1]. Thus, it seems that the
subway tunnel response on clay ground is highly dependent
on time. Therefore, in the analysis of the existing tunnel
response in clay, it is important to consider the short-term
response systematically from the foundation pit excavation
construction period and the long-term response after the
construction is completed.

Prediction of tunnel response induced by excavation is
becoming one of the major tasks for geotechnical engineers.
The use of the numerical method to analyse the interaction
between excavation and the existing tunnel is frequent [11,
13–20, 22, 23, 28, 29]. It is well known that a soil model in
the numerical method should capture the state-, strain-,
and path-dependent soil stiffness even at small strains and
path- and state-dependent soil strength. In addition, the
consolidation characteristics should be considered in clay.
In order to investigate the influence of a basement excavation
on the tunnel behaviour in dry sand precisely, Ng et al. [8]
carried out two centrifuge model tests to investigate this
issue. Several numerical analyses based on these centrifuge
model tests were conducted by adopting the hypoplasticity
model for sand, and it was found that the hypoplasticity
model can more effectively capture the soil behaviour com-
pared with the previously reported centrifuge model test
[9, 16, 18, 19]. Mašín and Herle [30] developed a basic hypo-
plastic model to predict the clay behaviour at medium to
large strain levels. To account for strain-dependent and
path-dependent soil stiffness at small strains, Mašín [31]
improved the basic hypoplastic model by incorporating the
concept of the intergranular strain [32]. The improved
model was used by Najser et al. [33] and the computed
ground deformations agree with the measured results. How-
ever, numerical simulation considering the state-, strain-,
and path-dependent soil stiffness even at small strains, the
path- and state-dependent soil strength, and the consolida-
tion characteristics of soil has not been reported in litera-
tures to investigate the interaction of foundation pit
excavation and existing tunnel.

Considering the abovementioned issues, the aim of this
paper was to investigate the tunnel behaviour and eluci-
date the internal law and mechanism of tunnel deforma-
tion resulting from basement excavation in clay. To this
end, three-dimensional coupled-consolidation numerical
analyses using the clay hypoplasticity model were carried
out to simulate the long-term response of a tunnel subjected
to basement excavation in clay. Numerical parametric inves-
tigations were also conducted to study the influence of the
basement excavation depth, soil and tunnel property, and
the consolidation effect on the tunnel response.

2. Material and Methods

The software ABAQUS (Version 6.17; ABAQUS, Inc.) was
adopted to conduct numerical analyses, wherein the hypo-
plastic model of clay with user-defined subroutine was estab-
lished by Mašín [34, 35].

2.1. Finite Element Model. The finite element mesh shown in
Figure 1 was constructed on the basis of the model test
reported by Ng et al. [8]. In this model, the finite element
mesh dimension was 18m in length, 18m in width, and
9m in depth in the prototype. The tunnel diameter was 6m
in the prototype. The other dimensions of basement excava-
tion and retaining wall were the same as that in the model
test. It should be noted that the centrifuge model tests were
conducted in sand but the finite element was carried out in
clay. For the boundary condition, roller supports were
adopted at the vertical surfaces and pin supports were
adopted at the bottom of the model. Soil-water coupling
analysis theory was adopted. The groundwater level was set
on the model top, and the bottom of the model was set as
an undrained boundary. To simulate the recharge of external
groundwater during the foundation pit excavation, the pore
pressure at the side boundaries of the model was set as hydro-
static pressure and remained unchanged throughout the
analysis process. The top surface of the model was set as a
free drainage boundary. The element types of the soil, retain-
ing wall, and tunnel were C3D8P, C3D8, and S4, respectively.
Interface elements were used at the soil-tunnel and at the
soil-retaining wall interfaces. The setting method can be
referred to document reported by Ng et al. [16].

2.2. Constitutive Model and Related Parameters. It is essential
to adopt a constitutive model which can simulate the soil
behaviour varying with strain from small to large levels. A
clay hypoplastic model proposed by Mašín [31] was used to
predict the behaviour of the clay. The original model requires
five parameters: φc

′, N, λ∗, κ∗, and r to predict the behaviour
of clay from medium to large strain levels. The other five
parameters, namely, R,mT,mR, βr , and χ are required to pre-
dict the soil response in the small-strain range. The physical
meaning of these parameters was shown in Table 1. Mašín
[36] reported the calibration of the parameters for London
Clay in the hypoplastic clay model. Table 1 summarizes the
parameters for London Clay used in this study. The tunnel
and retaining wall were simulated as a linear elastic material.
Both their Young’s modulus and Poisson’s ratio are 70GPa
and 0.2, respectively.

2.3. Numerical Simulation Process. The finite element simula-
tion process before soil consolidation is essentially the same
as the centrifugal model test process. The tunnel and retain-
ing structure were simulated using the “wished in place”
method, which assumes that the tunnel and retaining struc-
ture already exist before the foundation pit excavation. Grav-
ity was applied in the way of the physical force, and the
analysis is based on the excess pore pressure. The simulation
process is summarized as follows:
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(1) The initial stress field of the soil is established under
the 1 g condition. The initial stress in the tunnel and
retaining structure is the same as that of the sur-
rounding soil

(2) Gradually increase the acceleration of gravity until
60 g

(3) Simulate the excavation process using the birth-death
element method and complete the excavation in
three steps of 3m each

(4) After the basement excavation is completed, the con-
solidation time of 50, 100, 150, and 200 days is set to
investigate the effect of the surrounding soil’s consol-
idation on the tunnel deformation

3. Interpretation of Calculated Results

3.1. Tunnel Heave along the Tunnel Axis. Figure 2 shows the
calculated tunnel heave resulting from the basement excava-

tion and subsequent consolidation for 100 days. With the
increase of foundation pit excavation depth, the tunnel heave
increases gradually. After the foundation pit excavation, the
calculated tunnel heave was 0:020%He under the basement
centre, wherein, He is the basement depth. After consolida-
tion for 100 days, the calculated maximum value of the tun-
nel heave was 0:041%He. The measured maximum tunnel
heave given by Ng et al. [8] is 0:023%He, 0:051%He, and
0:074%He for each excavation depth 3m, 6m, and 9m,
respectively. This is because different soil media are used in
each case although using the same size of the model equip-
ment. By comparing the tunnel heave calculated for different
stages in clay, it is found that the maximum tunnel heave as a
result of stress relief after immediately excavation was
approximately half of the magnitude after consolidation for
100 days. Thus, it is concluded that the consolidation effect
on the tunnel heave is significant. Moreover, the effect of con-
solidation on the tunnel heave is approximately the same as
when the basement construction has just been completed,
which is analogous to the case reported by Burford [1] and
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Figure 1: (a) Finite element model and (b) retaining wall and tunnel (all dimensions in model scale, unit: mm).

Table 1: Parameters of London Clay in the clay hypoplastic model [36].

Parameters Physical meaning Values

N Control the position of the isotropic normal compression line 1.375

λ∗ Control the slope of the isotropic normal compression line 0.11

κ∗ Control the slope of the isotropic unloading line 0.016

φc′ The critical state friction angle 22.6°

r Control the shear stiffness 0.4

mR
Parameter controlling the initial (very-small-strain) shear

Modulus upon 180°strain path reversal and in the initial loading
1 × 10−4

mT
Parameter controlling the initial shear modulus upon 90°

Strain path reversal
4.5

R The size of the elastic range (in the strain space) 4.5

βr Control the rate of degradation of the stiffness with strain 0.2

χ Control the rate of degradation of the stiffness with strain 6
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Shi et al. [10]. This enlightens us that, in engineering practice,
it is necessary to pay close attention to the long-term influ-
ence of foundation pit excavation on tunnel displacement
in clay. Once the foundation pit is exposed for a long time
or the superstructure construction is too long, corresponding
measures should be taken to control the tunnel displacement
to prevent the tunnel lining from being damaged due to
excessive deformation.

3.2. Vertical Stress Change in Soil at Tunnel Crown. To deeply
understand the mechanism of the consolidation effect’s influ-
ence on the tunnel’s longitudinal deformation, the results for
the vertical stress change at the longitudinal tunnel crown are
shown in Figure 3. As can be seen, when the foundation pit
excavation was completed, the vertical stress of the soil at
the tunnel crown decreased owing to the stress release, and
the maximum variation was approximately −8 kPa. The ver-
tical stress variation in the excavated area of the foundation
pit was approximately nonlinear. Because of the stress
concentration, the soil stress at the bottom of the retaining
structure rapidly increased, the maximum value was approx-
imately 22 kPa, and the stress variation exceeded the maxi-
mum allowable stress change value specified by the BD [37]
(±20 kPa). The soil stress change after the retaining structure
sharply decreased and was within 20 kPa. Because of the
excavation unloading, a large amount of soil stress was
released and the tunnel moved upward, while the soil behind
the retaining structure moved into the pit, and the soil behind
the wall settled. The friction force generated by the relative
movement of the soil and the retaining structure prevented
the upward movement of the tunnel behind the wall, which
resulted in tunnel uplift. After 100 days of excavation, the
effective stress at the top of the tunnel and directly below

the centre of the foundation pit increased by 11 kPa relative
to the initial value. According to the principle of effective
stress, with the dissipation of excess pore water pressure,
the effective stress in the soil at the tunnel crown gradually
increased. This is consistent with existing observation data
for foundation pit excavation in clay [38, 39].

3.3. Tunnel Deformation in the Transverse Direction. Figure 4
shows the variation of the tunnel diameter change with the
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excavation unloading ratio and consolidation time. The
unloading ratio is defined as the ratio of the excavation depth
of the foundation pit to the cover-depth of the tunnel. The
positive value of the ordinate indicates the stretching of the
tunnel diameter, while the negative value indicates the com-
pression of the tunnel diameter. As can be seen in the figure,
the excavation unloading of the foundation pit directly above
the tunnel led to the vertical extension and horizontal com-

pression of the tunnel. As the unloading ratio increased, the
vertical diameter of the tunnel gradually elongated and the
horizontal diameter gradually compressed. When the base-
ment excavation was completed, the vertical elongation
(ΔDV ) of the tunnel was 0:008%D and horizontal compres-
sion (ΔDH) of the tunnel was 0:007%D (D is the tunnel diam-
eter). After 100 days of consolidation following the
excavation, the vertical elongation (ΔDV ) and horizontal
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compression (ΔDH) of the tunnel were 0:019%D and
0:020%D, respectively, both of which are approximately
twice as large as that observed when the foundation pit
was completed. According to the BTS [40], the allowable
maximum value of tunnel deformation ððΔDV + ΔDHÞ/2Þ
is 2%. Therefore, the tunnel deformation is within the
allowable range.

3.4. Earth Pressure Change around Tunnel Lining. Figure 5
shows the change of earth pressure in tunnel’s cross-section
after the foundation pit excavation. The tunnel’s cross-
section was located directly below the basement’s excavation
centre. Because of the symmetry, the earth pressure around
the tunnel was symmetrically distributed. The stress release
above the arch line of the tunnel was greater than that of
the soil below the arch line. The vertical stress release of the
soil around the tunnel was greater than that in the horizontal
direction. Therefore, the tunnel diameter was vertically
stretched and horizontally compressed, as shown in
Figure 4. Additionally, as shown in Figure 5, the earth pres-
sure above the tunnel springlines changed more than that
below the springlines, which resulted in overall tunnel uplift.
After 100 days of consolidation following the foundation pit
excavation, as a result of the dissipation of excess negative
pore water pressure, the earth pressure acting on the tunnel
crown increased while the change at the invert was small,
which resulted in the further increase of tunnel lining defor-
mation, as shown in Figure 4.

4. Parametric Investigation

4.1. Effect of Basement Excavation Depth. Figure 6 shows the
effect of the basement excavation depth on the maximum
tunnel displacement at the crown in clay. The basement
had variable depth of 3m, 6m, and 9m. The computed max-
imum tunnel displacement was 0:003%He, 0:013%He, and
0:020%He, respectively. It is found that the maximum tunnel
displacement in the longitudinal direction increased gradu-

ally as the basement depth increased; however, the growth
rate slowed down.

4.2. Effect of Tunnel Lining Stiffness. Figure 7 shows the effect
of the tunnel lining stiffness on the distribution of tunnel
heave along tunnel axis and the maximum tunnel heave in
clay. Considering that the tunnel material is unchanged, for
convenience, the bending rigidity of the tunnel (EtIt) is
replaced by the elastic modulus of the tunnel (Et). As can
be seen, the tunnel distribution shape was basically the same
for different tunnel lining stiffness. The tunnel stiffness did
not affect the main influence area caused by basement exca-
vation. The maximum tunnel displacement decreased line-
arly with the logarithm of the tunnel lining stiffness.

4.3. Effect of Soil Permeability Coefficient. The effect of the soil
permeability coefficient on the tunnel longitudinal heave is
shown in Figure 8. Let the soil permeability coefficient in
the foundation model be K0 = 3:6 × 10−6m/s and compare
the other two different working conditions, that is, K1 =
3:6 × 10−5m/s and K2 = 3:6 × 10−4m/s. As illustrated in
Figure 8, the longitudinal uplift of the tunnel increased with
the permeability coefficient. When the permeability coeffi-
cient of the basic model increased by 10 times and 100 times,
the longitudinal uplift of the tunnel increased by 15% and
17%, respectively. As can be seen, the soil permeability coef-
ficient only has a small effect on the tunnel uplift deforma-
tion. When the permeability coefficient of the soil increased
more than 10 times, the maximum tunnel heave underwent
a minor change.

4.4. Effect of Soil Consolidation Time. Figure 9 illustrates the
variation of the tunnel longitudinal heave with the consolida-
tion time. After the foundation pit excavation was completed,
the soil consolidation time was set to 50, 100, 150, and 200
days, respectively. Compared with the completion of the
foundation pit excavation, the maximum uplift of the tunnel
crown increased by 0.90, 1.10, 1.15, and 1.18 times, respec-
tively. As can be seen, the consolidation effect had a signifi-
cant effect on the tunnel heave. As the consolidation time
increased, the maximum uplift at the crown of the tunnel
gradually increased, but the growth rate slowed down. Com-
pared with 150 days of consolidation, the maximum tunnel
uplift only changed by 2.6% for 200 days of consolidation.
As can be seen, the consolidation can be considered to have
completed 150 days after the foundation pit excavation.

Figure 10 illustrates the variation of tunnel diameter
change in the cross-section with the consolidation time.With
the increase of the unloading ratio, the vertical diameter of
the tunnel gradually elongated and the horizontal diameter
gradually compressed. After the foundation pit excavation
was completed, the soil consolidation time was set to 50,
100, and 150 days. Compared with the completion of the
basement excavation, the maximum elongation of the tunnel
cross-section lining increased by 1.10, 1.44, and 1.48 times,
respectively. As can be seen, the consolidation effect had a
significant effect on the deformation of the tunnel lining in
the transverse direction. As the consolidation time increased,
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Figure 6: Tunnel heave as a result of different basement excavation
depth in clay.

6 Geofluids



the tunnel diameter change gradually increased, but the
growth rate slowed down and finally tended toward stability.

Figure 11 shows the variation of the vertical stress
change in soil at the tunnel crown with the consolidation
time. As can be seen, when the foundation pit excavation
was completed, the vertical stress of the soil at tunnel
crown decreased owing to stress release, and the maximum
variation was approximately -8 kPa. After the completion of

the foundation pit excavation, as the consolidation time
increased, the effective vertical stress gradually increased,
which led to the gradual increase of the tunnel longitudinal
uplift, as shown in Figure 9. Additionally, it can be seen
that, when the consolidation time was greater than 100
days, the vertical stress changed only slightly, which led to
the good stability of the tunnel’s longitudinal uplift, as
shown in Figure 9.
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Figure 7: Influence of tunnel Young’s modulus on (a) tunnel heave along its axis and (b) maximum tunnel displacement in clay.
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Figure 8: Effect of soil permeability on (a) tunnel heave along its axis and (b) maximum tunnel heave in clay.
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Figure 12 shows the relationship between the variation of
the earth pressure acting at the tunnel lining and the consol-
idation time. After the foundation pit excavation was com-
pleted, as the consolidation time gradually increased, the
pore water pressure of the soil around the tunnel gradually
dissipated, and the earth pressure acting on the tunnel lining

gradually increased, which led to the further increase of the
tunnel lining deformation, as shown in Figure 10. When
the consolidation time was more than 100 days, the earth
pressure acting on the tunnel cross-section did not change
much, which led to the good stability of the tunnel cross-
section lining deformation, as shown in Figure 10.
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Figure 9: Effect of consolidation time on (a) tunnel heave in longitudinal direction and (b) maximum tunnel heave in clay.
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5. Conclusions

Based on the centrifugal model test, this paper investigated
the effect of basement excavation on long-term tunnel defor-
mation using the clay hypoplasticity model, which considers
the small-strain, stress-path dependence, and soil consolida-
tion characteristics. The influence law and mechanism of the
consolidation effect on the long-term deformation caused by
excavation were investigated. Numerical parametric investi-
gations were also carried out to study the tunnel response.
The main conclusions drawn from this study are summa-
rized as follows:

(a) The unloading of the basement excavation resulted in
stress release, which caused tunnel heave. The tunnel
heave further increased by approximately two times
compared with that observed when the foundation
pit excavation had just been completed. The founda-
tion pit excavation directly above the tunnel resulted
in the vertical extension and horizontal compression
of the tunnel. As the unloading ratio increased, the
vertical diameter of the tunnel gradually elongated
and the horizontal diameter gradually compressed.
Owing to the effect of further consolidation, the tun-
nel diameter change continuously increased by
approximately two times compared with that at the
end of the foundation pit excavation. Thus, it is con-
cluded that the consolidation effect has a significant
effect on the longitudinal and transverse deformation
of the tunnel

(b) Owing to the excavation and subsequent consoli-
dation process, the maximum tunnel heave
increased with the basement depth, but the growth
rate slowed down. Additionally, the maximum tun-
nel heave decreased linearly with the logarithm of
the tunnel lining stiffness. As the consolidation
time increased, the longitudinal uplift and tunnel
diameter change gradually increased, but the
growth rate was slow. When the consolidation time
changed from 50 to 150 days, the maximum tun-
nel heave at the crown and the maximum tunnel
diameter change increased by 1.18 and 1.48 times,
respectively

(c) As the soil permeability coefficient gradually
increased, the tunnel longitudinal uplift and tunnel
diameter change gradually increased. When the per-
meability coefficient of the soil increased by 10 times
and 100 times, the maximum uplift of the tunnel
increased by 15% and 17%, and the tunnel diameter
change increased by 2% and 11%. Thus, the soil’s per-
meability coefficient did not have a significant effect
on the tunnel heave at the crown nor on the tunnel
diameter change

Data Availability

The computed data used to support the findings of this study
are included within the article.
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It is of great significance for the improvement of grouting technology and engineering practice to master the flow law of grout
between parallel plates. However, the traditional calculation model ignores the influence of the inertia term and only considers
the stable flow of slurry, so there is a big error in some cases. It is difficult to solve the motion equation of a Bingham fluid
considering the inertial force term directly. Combined with the relationship between the steady-state flow equation of a
Bingham fluid and a Newtonian fluid, the approximate unsteady-state flow equation of a Bingham fluid suitable for describing
slurry flow is constructed. In addition, according to the unsteady flow equation, the relationship between the time and distance
of slurry flow in parallel plate fractures can be obtained, and the simplified conditions of the Bingham fluid unsteady flow model
are given. Finally, the accuracy of the flow equations and the simplified conditions are verified by experiments and numerical
calculations.

1. Introduction

Grouting technology is widely used in many fields such as
mining, tunneling, landfilling of municipal solid waste, stor-
age of nuclear waste, and development and utilization of
underground space. In coal mining, a soft rock roadway is
often strengthened by grouting to prevent roadway damage
or large deformation during roadway excavation [1–4]. Bad
geological bodies such as lava and faults will have many
adverse effects on the construction during the tunneling pro-
cess. Grouting into the faults can increase the integrity of the
rock mass and ensure safe and efficient construction [5–7].
Landfill of municipal solid waste [8, 9] requires grouting
and antiseepage treatment in the buried pits that have been
dug in advance to avoid water and soil pollution caused by
toxic gas and liquid penetration. In the same way, nuclear
waste storage [10, 11] also needs to consider the environmen-
tal impact of radioactive materials and consider strengthen-
ing the surrounding areas of the rock to avoid irreparable

damage. In the long run, the scope of human activities is
becoming wider and wider, and the use of underground
space is gradually being put on the agenda. The use of under-
ground space will certainly use grouting technology. So far,
the method of grouting is more environmentally friendly,
economical, and effective than other methods.

However, in a grouting project, the important construc-
tion parameters such as slurry water-cement ratio, grouting
pressure, and time are often judged by experience. Studying
the flow of slurry in the fractured rock mass can guide on-
site grouting and can aid in properly designing the grouting
parameters [12]. A grouting project is of great significance.
Therefore, it is becoming more and more important to study
the characteristics of the slurry itself and the flow of the slurry
in the rock mass [13].

Fracture is the medium into which the slurry flows in a
rock mass, and the simplest type is the smooth parallel plate
fracture. By studying the parallel plate fracture, the flow law
of the slurry in the rock mass can be well grasped, so some
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scholars have studied this problem and have obtained a
series of results. Among them, the cubic law [14–16]
has been widely used because of its accuracy and sim-
plicity. Through theoretical derivation, it is found that
the cubic law can be obtained from the Navier-Stokes
(N-S) equation [17, 18]. To be precise, the cubic law is
the theoretical solution of an incompressible Newtonian
fluid doing steady laminar flow in smooth parallel frac-
tures. However, grouting materials are mostly non-
Newtonian fluids. Therefore, more flow equations have
been proposed. Wereley and Pang [19] proposed a flow
equation for the steady laminar flow of an incompress-
ible Bingham fluid in smooth parallel fractures. Yan
and Koplik [20] derived the flow equation of the steady
laminar flow of an incompressible power law fluid in a
smooth parallel fracture. Zou et al. [21] also obtained
the flow equation of a Herschel-Bulkley (H-B) fluid
which is more general.

The above models all have the same disadvantage,
that is, they ignore the effect of inertial terms. In some
cases, there is a large calculation error. In addition, at
present, many grouting materials have a very short solid-
ification time, ranging from a few seconds to a few tens
of seconds, and the viscosity changes significantly with
time, so it is necessary to take the inertial term into
account in the equation derivation. There is a “flow core”
when a Bingham fluid flows. Therefore, the unsteady flow
equation of a Bingham fluid needs to be divided into two
sections. The equation is complicated and difficult to
solve. In this paper, the unsteady-state flow model
between parallel plates of a Newtonian fluid considering
inertial force is first derived. Combined with the relation-
ship between the steady-state solution of a Bingham fluid
and a Newtonian fluid, the approximate unsteady-state
flow equation of a Bingham fluid suitable for describing
slurry flow is constructed and the approximate solution
is verified by numerical calculation. Then, based on the
unsteady-state flow model, the calculation method of the
flow distance of slurry in the fractures of smooth parallel
plates is obtained, and the simplified condition of a Bing-
ham fluid unsteady-state flow model is given. Finally, dif-
ferent models are used to calculate the mud diffusion
distance under different conditions, and the correctness
of the simplified conditions is also proven.

2. Theoretical Model

2.1. Steady-State Flow Model of Slurry in Fracture. Firstly, the
steady-state flow equation is derived based on 2D N-S equa-
tions, and the coordinate system is shown in Figure 1. The
derivation process is based on the following assumptions:

(1) The flow state of slurry is laminar flow

(2) The slurry is incompressible

(3) The grouting process has reached a stable state

(4) The property of slurry does not change during
grouting

The differential equation of viscous fluid motion is
expressed by stress:
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The constitutive equation of a Newtonian fluid is shown
as follows:
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The continuity equation for incompressible fluids is
shown as follows:
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= 0: ð3Þ

Bring equation (2) and equation (3) into equation (1) to
obtain the N-S equation [22], and we have
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>>>>>:

ð4Þ

According to the four hypotheses mentioned above, we
can get

v = 0,
∂v
∂x

= ∂v
∂y

= 0,

∂u
∂x

= 0:

ð5Þ

Therefore, the two-dimensional problem is simplified
into a one-dimensional problem. The definite condition that

b

X

Y Flow

L

Figure 1: Diagram of a parallel plate fracture channel.
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makes it easy to get the problem is shown as follows:

μ
∂2u
∂y2

+ ΔP
L

= 0,

∂u
∂y

����
y=0

= 0,

ujy=± b/2ð Þ = 0:

ð6Þ

The velocity distribution equation can be solved as
follows:

u = b2

8μ
ΔP
L

1 − 2y
b

� �2
" #

: ð7Þ

Integral along the Y direction to obtain the average veloc-
ity equation, we have

�u = 1
b

ð b/2ð Þ

− b/2ð Þ
udy = −

b2

12μ
ΔP
L

: ð8Þ

Similarly, equations of the average velocity of a non-
Newtonian fluid can be obtained. The average velocity equa-
tion of the steady flow of a Bingham fluid is shown as follows:

�u = 2
b

ð b/2ð Þ

y0

udy + b0ujy=y0 = −
b2

12μ
ΔP
L

1 − b0
b

� �2
1 + 1

2
b0
b

� �
,

ð9Þ

where b0 = −ð2τ0L/ΔpÞ, which is the width of the “flow core,”
like Figure 2.

Similarly, for a power law fluid, when we calculate the
steady-state flow equation of a power law fluid, we only need
to replace the constitutive equation of the fluid [4, 20, 23]:

τ = K _γn,

_γ = 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 ∂u

∂x

� �2
+ 2 ∂u

∂y
+ ∂v
∂x

� �2
+ 4 ∂v

∂y

� �2
s

:
ð10Þ

And then we can get,

K
∂
∂y

∂u
∂y

� �n

+ ΔP
L

= 0,

∂u
∂y

����
y=0

= 0,

ujy=± b/2ð Þ = 0:

ð11Þ

It is not difficult to acquire the steady-state average veloc-
ity equation of a power law fluid:

�u = −
n

4n + 2
ΔP
2KL

� � 1/nð Þ
b n+1/nð Þ: ð12Þ

It is not easy to directly calculate the flow equation of an
H-B fluid by the N-S equation. Therefore, based on the rela-
tionship between this model and the constitutive equation of
the model mentioned above, the flow equation of an H-B
fluid is obtained by analogy. The average velocity equation
obtained is consistent with the research results of other
scholars [21, 24].

�u = −
n

4n + 2
ΔP
2KL

� � 1/nð Þ
b n+1/nð Þ 1 − b0

b

� � n+1/nð Þ
1 + n

n + 1
b0
b

� �
:

ð13Þ

2.2. Unsteady Flow Model of Slurry in Fracture. The above
formula is based on the assumption of stable flow. Next, we
only keep assumptions (1), (2), and (4) to further derive the
unsteady flow equation. The influence of inertia force must
be taken into account in the establishment of unsteady-
state equations. The first is the unsteady flow solution based
on a Newtonian fluid:

∂u
∂t

−
μ

ρ

∂2u
∂y2

= ΔP
ρL

,

u 0, yð Þ = u0 yð Þ,
∂u
∂y

t, 0ð Þ = 0,

u t,− b2

� �
= u t, b2

� �
= 0:

ð14Þ

Solving equation (14) is a pure mathematical process.
First of all, it needs to be divided into two subproblems,
and then the solutions of the two subproblems are super-
posed to get the original solution.

Subproblem 1.

∂u
∂t

−
μ

ρ

∂2u
∂y2

= 0,

u 0, yð Þ = u0 yð Þ,
∂u
∂y

t, 0ð Þ = 0,

u t,− b2

� �
= u t, b2

� �
= 0:

ð15Þ

b

X

Y Flow

L

b0

Figure 2: Velocity distribution of a Bingham fluid in a parallel plate
fracture channel.
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Subproblem 2.

∂u
∂t

−
μ

ρ

∂2u
∂y2

= ΔP
ρL

,

u 0, yð Þ = 0,
∂u
∂y

t, 0ð Þ = 0,

u t,− b2

� �
= u t, b2

� �
= 0:

ð16Þ

The solution of Subproblem 1 is as follows:

u1 y, tð Þ = 〠
∞

k=1
ake

− kπ/bð Þ2 μ/ρð Þt sin kπ
b
y + kπ

2

� �
,  k = 1, 2,⋯ð Þ,

ð17Þ

where ak = ð2/bÞÐ ðb/2Þ−ðb/2Þu0ðyÞ sin ððkπ/bÞy + ðkπ/2ÞÞdx.
The solution of Subproblem 2 is as follows:

u2 y, tð Þ = b2ΔP
12μL〠

∞

k=1
f Y yð Þf T tð Þ,  k = 1, 2,⋯ð Þ: ð18Þ

f Y yð Þ = 24 1
kπ

� �3
−1ð Þk+1 + 1

h i
sin kπ

b
y + kπ

2

� �
,

f T tð Þ = 1 − e− kπ/bð Þ2 μ/ρð Þt:

ð19Þ

When the initial velocity u0ðyÞ = 0 in Subproblem 1, the
solution of Subproblem 1 is always equal to 0. Therefore,
the solution of the original problem is equal to the solution
of Subproblem 2.

unew y, tð Þ = u2 y, tð Þ: ð20Þ

According to equation (18), the unsteady solution of a
Newtonian fluid flowing in parallel plates can be divided into
three terms: the first term is the average velocity term repre-
senting the magnitude of the velocity, the second term is the
velocity distribution term related to the coordinates, and the
third is the time-dependent attenuation term.

It is assumed that the time for a Newtonian fluid and a
Bingham fluid to reach steady flow from 0 is the same. The
unsteady flow equation of a Bingham fluid can be obtained
by combining the relationship between the steady flow veloc-
ity equation of a Bingham fluid [25] and the steady solution
of a Newtonian runny nose (equation (7)).

ubin y, tð Þ = unew y, tð Þ ⋅ f trans1 yð Þ, ð21Þ

f trans1 yð Þ = 1 − 2y/bð Þ2 − 2 b0/bð Þ 1 − 2 yj j/bð Þð Þ
1 − 2y/bð Þ2 ,

b0
2 < yj j < b

2

� �
:

ð22Þ

Entrance stage

Transition stage

Steady stage

t

u u

Newtonian fluid Bingham fluid

Figure 3: Distribution diagram of velocity in the entrance stage, the transition stage, and the steady stage when a Newtonian fluid and a
Bingham fluid flow in fractures.

b
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P

t1 t2 t3

0

Figure 4: Pressure distribution diagram during grouting in a dry
fracture.

b

X

P

0

Figure 5: Schematic diagram of pressure distribution when
grouting in water-saturated fractures.

Table 1: Fracture parameters and slurry parameters used in
calculation.

Injection
pressure
(kPa)

Length
(m)

Aperture
(m)

Density
(kg/m3)

Plastic
viscosity
(Pa · s)

Yield
stress
(Pa)

10 0.1 0.001 1540 0.014 0.94
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Figure 6: Continued.
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Through the unsteady solution of a Newtonian fluid
and a Bingham fluid, we can get the fluid flow process
in a parallel plate, which will go through the entrance
stage, transition stage, and stable stage. The entrance
stage is located at the entrance of the parallel plate,
which is generally very short in length. In this stage,
the boundary effect has not affected the whole flow layer,
even for a Newtonian fluid; its velocity distribution will
show a similar shape of “flow core.” In the transition
stage, the boundary effect has affected the whole flow
layer, but the influence of inertial force has not disap-
peared, and the velocity distribution is still changing.

When it comes to the stable stage, the influence of the
inertial term has disappeared, and the fluid enters a sta-
ble flow state (see Figure 3).

3. Model Application and Simplification

3.1. Model Application. The derivation of the unsteady flow
solution of a Bingham fluid is not only to understand the flow
pattern of the slurry in the fissure, but more importantly to
obtain the parameters or methods that are of great signifi-
cance to grouting engineering.
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Figure 6: Relationship between velocity distribution curve and time when slurry flows in fractures.
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According to b0 = −ð2τ0L/ΔpÞ, when b0 = b, the slurry will
stop flowing. At this time, the critical pressure gradient is the
starting pressure gradient of the slurry, and the critical length
is the farthest distance that the slurry can reach in the fracture.

Δp
L

� �
cr

= −
2τ0
b

, ð23Þ

Lmax = −
Δpb
2τ0

: ð24Þ

In addition, through further processing of the unsteady-
state equation, the corresponding relationship between grout-
ing time and slurry flow distance can be obtained. Also based
on Newtonian fluids, equation (18) is integrated to obtain the
average velocity:

�unew = 1
b

ð b/2ð Þ

− b/2ð Þ
u y, tð Þdy = 2b2ΔP

μI
〠
∞

k=1

1
kπ

� �4
−1ð Þk+1 + 1

h i2
f T tð Þ:

ð25Þ

1. Spring assembly

2. Dial assembly

3. Inner cylinder shaft

4. External cylinder

5. Inner cylinder

1

2

3

4

5

Figure 7: ZNN-D6 viscometer physical figure and schematic diagram of key parts.
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Figure 8: Rheological curves of ordinary Portland cement slurry with different water-cement ratios.
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Since �u = ðdI/dtÞ [13], replace the left side of equation
(25), which can be obtained after an integral operation:

I2new = 4b2ΔP
μ

〠
∞

k=1

1
kπ

� �4
−1ð Þk+1 + 1

h i2
FT tð Þ, ð26Þ

FT tð Þ = t + b
kπ

� �2 ρ

μ
e− kπ/bð Þ2 μ/ρð Þt −

b
kπ

� �2 ρ

μ
: ð27Þ

According to the previous assumption, the average veloc-
ity of a Bingham fluid in the fracture is as follows:

�ubin = f trans2�unew,

f trans2 = 1 − b0
b

� �2
1 + 1

2
b0
b

� �
:

ð28Þ

The relationship between time and distance of a Bingham
flow in fractures is as follows:

Ibin
2 = f trans2

4b2ΔP
μ

〠
∞

k=1

1
kπ

� �4
−1ð Þk+1 + 1

h i2
FT tð Þ: ð29Þ

In the differential calculation, approximate processing is
also adopted. When integrating the flow distance I, ignoring
b0 will also change with I. Therefore, in the actual calculation,
it is necessary to correct the value of b0 by using an iterative
method.

Although the relationship between the slurry flow time
and the distance in the fracture has been obtained, it is neces-
sary to distinguish fractures before calculation. Here, frac-
tures are divided into dry fracture and water-saturated

fracture according to whether there is water in the fracture
before grouting. Different types of fractures use slightly dif-
ferent equations to predict slurry diffusion.

First of all, for the dry fracture, it is considered that there
is only air inside the fracture before grouting, and the air has
high permeability and compressibility, so the influence of air
on the slurry flow is not considered here, that is, the gas-
liquid two-phase flow is not considered. The traditional
method is to use the steady-state flow equation of slurry for
iterative calculation, but at the initial stage of slurry diffusion,
the diffusion distance tends to zero, that is, the pressure gra-
dient tends to infinity (see Figure 4), and the calculated veloc-
ity is also very large, so it is difficult to choose the appropriate
initial iteration value. One method is to use reverse iteration
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Figure 9: The relationship between flow time and flow distance when water flows in a fracture. Model 1 is the result of the iterative calculation
of equation (8), and model 2 is the result of direct calculation using equation (26).
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Figure 10: Schematic diagram of discrimination space.
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[26]. Take cubic law as an example, the iteration formula
is as follows:

In = In+1 − �un+1 tn+1 − tnð Þ,

�un+1 =
ΔPb2

12μIn+1
:

ð30Þ

When the fracture water is saturated, it is assumed
that both the slurry and the water are incompressible.
Since the pressure ladder will not decrease with the
increase of the diffusion distance (see Figure 5), the
diffusion distance of the slurry can be directly calculated
as follows:

Ibin =
ðt
0
�ubin τð Þdτ = f trans2

2b2ΔP
μL

〠
∞

k=1

1
kπ

� �4
−1ð Þk+1 + 1

h i2
FT tð Þ:

ð31Þ

3.2. Simplified Conditions. It can be seen from equation
(19) that the attenuation coefficient in the time-
dependent attenuation term is inversely proportional to

the square of fracture opening, inversely proportional to
the density of slurry, and directly proportional to the vis-
cosity of slurry. The development trend of grouting mate-
rials is that the viscosity of slurry is decreasing and the
density is increasing, which leads to an increase in the
time it takes for the slurry to reach steady flow. Espe-
cially for the fractures with a large opening, the influence
of inertia force cannot be ignored, and the grouting time
and flow distance calculated by the steady-state formula
are no longer applicable. According to the formula calcu-
lation, for the centimeter fracture, it takes nearly 60 s for
the slurry to reach the stable state. In the process of coal
mining, the grouting time often used for roadway rein-
forcement is about 200-300 s, which also shows that the
influence of inertia force cannot be ignored.

When using the Bingham fluid unsteady flow equation to
calculate the flow distance of slurry in the fracture, the rela-
tive error is ensured to be less than 5%, and the following
simplified condition is obtained:

μt

ρb2
≥ 0:3035: ð32Þ

Table 2: Calculation results of four models for slurry flow distance under different conditions.

Aperture, b (mm) Pressure, P (MPa) Time, t (s)
Diffusion distance, I (m)

Model 1 Model 2 Model 3 Model 4

0.1 0.1 0.01 0.0094 0.0093 0.0093 0.0093

0.1 0.1 1 0.0937 0.0937 0.0908 0.0908

0.1 0.1 100 0.9366 0.9366 0.6990 0.6990

0.1 1 0.01 0.0296 0.0295 0.0296 0.0295

0.1 1 1 0.2962 0.2962 0.2933 0.2933

0.1 1 100 2.9617 2.9617 2.6899 2.6899

0.1 10 0.01 0.0937 0.0933 0.0936 0.0932

0.1 10 1 0.9366 0.9365 0.9337 0.9337

0.1 10 100 9.3659 9.3658 9.0836 9.0835

1 0.1 0.01 0.0937 0.0606 0.0934 0.0605

1 0.1 1 0.9366 0.9326 0.9084 0.9046

1 0.1 100 9.3659 9.3655 6.990 6.9898

1 1 0.01 0.2962 0.1916 0.2959 0.1914

1 1 1 2.9617 2.9492 2.9332 2.9209

1 1 100 29.6174 29.6162 26.8995 26.8984

1 10 0.01 0.9366 0.6058 0.9363 0.6057

1 10 1 9.3659 9.3263 9.3372 9.2979

1 10 100 93.6586 93.6546 90.8355 90.8318

10 0.1 0.01 0.9366 0.0774 0.9337 0.0774

10 0.1 1 9.3659 6.0578 9.0836 5.9391

10 0.1 100 93.6586 93.2633 69.9001 69.6849

10 1 0.01 2.9617 0.2447 2.9589 0.2447

10 1 1 29.6174 19.1566 29.3320 19.0370

10 1 100 296.1744 294.9246 268.9949 267.9673

10 10 0.01 9.3659 0.7739 9.3630 0.7739

10 10 1 93.6586 60.5785 93.3722 60.4586

10 10 100 936.5858 932.6333 908.3553 904.6386
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The time-dependent terms of the non-steady-state model
quickly decay to 0, and they can be replaced by those of the
steady-state model:

τ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t

−3μΔP

s
≤ 0:062: ð33Þ

The size of the “flow core” is negligible with respect to the
fracture opening, so the Newtonian fluid model can be used
instead of the Bingham fluid model.

4. Results and Verification

4.1. Numerical Simulation of Bingham Fluid Flow in Fracture.
The numerical calculation results are compared with the
calculation results of equation (21). The fracture and
slurry parameters selected here [27] are shown in
Table 1.

According to the calculation results (see Figure 6), firstly,
the approximate solution of the unsteady flow of a Bingham

fluid between parallel plates obtained in this paper is highly
consistent with the numerical results. Secondly, it also shows
that the three stages of velocity distribution mentioned above
do exist. It needs to be explained that in the stable stage, the
velocity distribution does not observe “flow core,” because
the size of “flow core” (b0 = 1:88e − 5m) is too small relative
to the fracture opening.

4.2. Related Tests

4.2.1. Rheological Property Test of Cement Slurry. In order to
study the flow law of a slurry, the first step is to study the flow
characteristics of the slurry itself, that is, the rheology of the
slurry [28–30]. The commonly used rheological models of
slurry include the Newtonian fluid model, the Bingham fluid
model, the power law fluid model, and the H-B fluid model.
In this paper, a ZNN-D6 rotational viscometer (see
Figure 7) is used to test the rheological property of ordinary
Portland cement (OPC) slurry, and the rheological curves
of the OPC slurry under different water-cement ratios are
obtained (see Figure 8). When the water-cement ratio
(W/C) of the cement slurry is more than 0.7 but less than
1.0, the rheological curve is basically straight and the inter-
cept between the curve and coordinate Y axis is obviously
not zero, that is to say, there is yield stress. Therefore, we
think that the water-cement slurry is more suitable for the
Bingham fluid model than the OPC slurry with W/C of
0.7~1.0, which is also consistent with the research of other
scholars [31]. In the subsequent calculation of the slurry flow
distance under different conditions, the slurry parameters of
W/C = 0:8 in this experiment are selected.

4.2.2. Experiment of Unsteady Fracture Flow of Water. In the
derivation of the relationship between the diffusion distance
and time of slurry, the differential relationship of �u = dI/dt
is adopted, so in order to verify equation (26), the experiment
of water flowing in the parallel plate fracture is designed.
After processing the experimental data, the results obtained
and the theoretical calculation results are drawn in
Figure 9, which prove the correctness of the differential rela-
tionship. At the same time, the correctness of equation (29)
can also be guaranteed.

4.3. Application of Simplified Conditions. Based on formulas
(23) and (24), we design two discriminant conditionsXc
and Yc:

Xc =
μt

ρb2
− 0:3035,

Yc = τ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t

−3μΔP

s
− 0:062:

ð34Þ

According to the discriminant conditions, the dis-
criminant space corresponding to the model can be
divided into four quadrants (see Figure 10). According
to the previous analysis, the entire space can be calcu-
lated using model 4, but when the discriminant condi-
tions (Xc, Yc) fall in quadrant II, only model 4 can be

Table 3: Applicability of the first three models.

Aperture, b
(mm)

Pressure, P
(MPa)

Time, t
(s)

Relative error
Model

1
Model

2
Model

3

0.1 0.1 0.01 √ √ √

0.1 0.1 1 √ √ √

0.1 0.1 100 × × √

0.1 1 0.01 √ √ √

0.1 1 1 √ √ √

0.1 1 100 × × √

0.1 10 0.01 √ √ √

0.1 10 1 √ √ √

0.1 10 100 √ √ √

1 0.1 0.01 × √ ×
1 0.1 1 √ √ √

1 0.1 100 × × √

1 1 0.01 × √ ×
1 1 1 √ √ √

1 1 100 × × √

1 10 0.01 × √ ×
1 10 1 √ √ √

1 10 100 √ √ √

10 0.1 0.01 × √ ×
10 0.1 1 × √ ×
10 0.1 100 × × √

10 1 0.01 × √ ×
10 1 1 × √ ×
10 1 100 × × √

10 10 0.01 × √ ×
10 10 1 × √ ×
10 10 100 √ √ √

Note: if the relative error is less than 5%, it is √, otherwise it is × .
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used for calculation (to ensure that the model error is
within 5%); when the discriminant conditions (Xc, Yc)
fall into quadrant IV, all four models can guarantee rel-
atively high accuracy; when the discriminant conditions
(Xc, Yc) fall in quadrant II, model 2 can be used for

approximate calculation; finally, when the judgment con-
dition (Xc, Yc) is in quadrant I, model 3 can be used
for approximate calculation.

In order to further verify the feasibility of the criteria,
using the experimentally obtained cement slurry with W/C
= 0:8, plastic viscosity is 0.019, yield stress is 2.18, and den-
sity is 1600. The slurry flow distance under different condi-
tions is calculated. Among them, model 1 represents the
steady-state Newtonian fluid (equation (8)), model 2 repre-
sents the unsteady-state Newtonian fluid (equation (26)),
model 3 refers to the steady-state Bingham fluid (equation
(9)), and model 4 represents the unsteady-state Bingham
fluid (equation (29). The calculation results are shown in
Table 2.

Taking model 4 as the standard, first judge its applicabil-
ity based on the relative errors of the other three models (see
Table 3), and then calculate the discriminant coordinates
under different conditions to get Table 4 through the com-
parison table. The results in Tables 3 and 4 verify the accu-
racy of the discrimination method.

5. Conclusion

The unsteady flow equation of a Newtonian fluid in a par-
allel plate fracture is derived in detail based on the N-S
equation. Combining the steady-state flow equations of a
Newtonian fluid and a Bingham fluid, the unsteady-state
flow equation of a Bingham fluid which is more suitable
for describing slurry flow is constructed. The application
conditions of the new model are analyzed. We can get
the following conclusions:

(1) We have deduced the relationship between the flow
time and flow distance of a Bingham fluid in the par-
allel plate fractures, and proved the accuracy of the
derivation process through experiments

(2) The unsteady flow equation of a Bingham fluid
makes up for the traditional model’s inability to con-
sider the influence of inertial forces on the calculation
results, and the slurry flow velocity distribution is
divided into the inlet section, the transition section,
and the stable section through calculation

(3) We have provided the judgment condition that the
unsteady flow equation of a Bingham fluid simplifies
the traditional model. After bringing in the calcula-
tion criterion of specific construction parameters,
we choose whether to use the traditional model and
which model to use

The flow equations of power law fluids and H-B
fluids can be calculated with reference to the proposed
ideas, which can be used for the flow calculation of a
high water-cement ratio slurry. In future research, the
effect of fracture roughness and tortuosity on slurry
flow should also be studied. At the same time, changes
in the rheology of the cement slurry over time should
be considered.

Table 4: Discriminant coordinates obtained under different
conditions and their quadrants in the discriminant plane.

Aperture, b
(mm)

Pressure, P
(MPa)

Time, t
(s)

Discriminant
coordinates

Quadrant

0.1 0.1 0.01
(11.5715,
-0.0591)

IV

0.1 0.1 1 (1187.2, -0.0331) IV

0.1 0.1 100 (118750, 0.2267) I

0.1 1 0.01
(11.5715,
-0.0611)

IV

0.1 1 1 (1187.2, -0.0529) IV

0.1 1 100 (118750, 0.0293) I

0.1 10 0.01
(11.5715,
-0.0617)

IV

0.1 10 1 (1187.2, -0.0591) IV

0.1 10 100 (118750, -0.0331) IV

1 0.1 0.01
(-0.1847,
-0.0591)

III

1 0.1 1
(11.5715,
-0.0331)

IV

1 0.1 100 (1187.2, 0.2267) I

1 1 0.01
(-0.1847,
-0.0611)

III

1 1 1
(11.5715,
-0.0529)

IV

1 1 100 (1187.2, 0.0293) I

1 10 0.01
(-0.1847,
-0.0617)

III

1 10 1
(11.5715,
-0.0591)

IV

1 10 100 (1187.2, -0.0331) IV

10 0.1 0.01
(-0.3023,
-0.0591)

III

10 0.1 1
(-0.18475,
-0.0331)

III

10 0.1 100 (11.5715, 0.2267) I

10 1 0.01
(-0.3023,
-0.0611)

III

10 1 1
(-0.18475,
-0.0529)

III

10 1 100 (11.5715, 0.0293) I

10 10 0.01
(-0.3023,
-0.0617)

III

10 10 1
(-0.18475,
-0.0591)

III

10 10 100
(11.5715,
-0.0331)

IV
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Abbreviations

u, v: Flow velocity of fluid in x and y directions
p, τ: Area force acting on fluid microelements
f x, f y: Volume force acting on fluid microelements
μ: Newtonian fluid viscosity, corresponding to the

plastic viscosity of a Bingham fluid
ρ: Fluid density
L: Length of the fracture
b: Aperture of the fracture
b0: The width of the “flow core”
ΔP: Pressure difference across the fracture
K : Consistency coefficient of a power law fluid and a

Herschel-Bulkley fluid
_γ: Shear rate
n: The rheological index of a power law fluid and a

Herschel-Bulkley fluid
I: The flow distance of the fluid in the fracture at a

certain moment (the length from the end of the fluid
to the inlet).

Data Availability

The raw/processed data required to reproduce these findings
cannot be shared at this time as the data also forms part of an
ongoing study.
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Adsorption characteristics of coalbed methane (CBM) are significant to investigate the absorption of coal, shale, and porous media.
In particular, adsorption characteristics of CH4, CO2, and H2O play an important role in predicting CBM output and geologic
sequestration potentials of CO2 in research fields of CO2-enhanced CBM recovery (CO2-ECBM) and sequestration of CO2. In
this work, adsorption characteristics of CH4, CO2, and H2O in lignite molecules were simulated through the grand canonical
Monte Carlo (GCMC) method and molecular dynamics (MD) method. Research results demonstrated that given the same
temperature and pressure, the ultimate adsorption capacity of lignite per unit to H2O is the highest, followed by those of CO2
and CH4 successively. All isothermal adsorption curves conform to the “I-type” characteristics. In the saturated molecular
configuration, gas molecules show different distribution patterns at two sides of the lignite molecule chain. Lignite has typical
physical adsorption to CH4 and CO2, with adsorption energy provided by nonbonding energy. However, lignite has both
physical adsorption and chemical adsorption to H2O, with adsorption energy provided by both nonbonding energy and
hydrogen bond energy. High temperature is against adsorption of CH4, CO2, and H2O. Temperature might inhibit adsorption
of gas molecules. Research conclusions lay foundations for the exploitation and development of CBM and relevant studies on
sequestration of CO2.

1. Introduction

Recently, the energy problem has become an important
global research field. With the increasing exhaustion of fossil
fuels, it is crucial to find new energies [1, 2]. Coalbed meth-
ane (CBM), a high-efficiency, environmental-friendly, and
rich energy source, has been highly concerned by scholars
and experts [3–7]. It is the best substitute for fossil fuels at
present. CBM is mainly composed of CH4, CO2, H2O, O2,
and some other trace gases, and 80%-90% of CBM are
adsorbed on the surface of the coal matrix [8, 9]. According
to estimations, the global CBM resources are higher than
200,000 billion m3. China also possesses abundant CBM
reserves, and it is the third-largest CBM reserve in the world.
There are about 35,000 billion m3 of CBM resources in more
than 2,000m of buried depth, including about 12,000m3 of
explored reserves and 23,000m3 of future reserves. There is

a great development potential of CBM resources in China
[10, 11]. Meanwhile, exploiting CBM before coal mining
can avoid the occurrence of outburst of gas and gas explosion
effectively. Injecting CO2 to enhance coalbed methane (CO2-
ECBM) has been widely concerned by many scholars because
it can not only displace the methane in coal but also reduce
the greenhouse gas effect by geological storage [12, 13]. Many
studies have demonstrated that the total pore volume of coals
is mainly determined by micropores (<2nm) and mesopores
(2-50 nm) [14–16]. Therefore, elaborating the microscale
adsorption characteristics and mechanism of coals is critical
to adopt effective CO2-ECBMmeasures and gas disaster con-
trol technologies. Therefore, it is very necessary to carry out
molecular simulation on adsorption of CH4, CO2, and H2O
in coal matrix molecules.

With the development of scientific technology, the
molecular adsorption mechanism between adsorbent and
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adsorbate can be discussed through computer molecular sim-
ulation. Microscopic technology is very suitable to study
adsorption behavior of nanometer and submicron pores of
coals [17]. Matranga et al. [18] simulated the adsorption
behavior of CH4, CO2, and N2 on activated carbons by the
grand canonical Monte Carlo (GCMC) method, finding that
the adsorption capacity and adsorption heats of CO2 are
higher than those of CH4 and N2. Narkiewicz and Mathews
[19] introduced an adsorption position corresponding to
the CO2 adsorption of low-volatile soft coals and methane
molecular capacity and model through molecular simulation.
Zhang et al. [20] discussed adsorption effects of benzene ring
and side chains of coal surface molecules to CH4, CO2, N2,
and O2 through molecular simulation. Xiang et al. [21] con-
cluded adsorption capacities of CH4, CO2, and H2O, molec-
ular configuration, and effects of oxygen-containing
functional groups on adsorption performance of Yanzhou
coal through GCMC and MD methods. Mosher et al. [14]
carried out a molecular simulation to explore competitive
adsorption behaviors of CH4 and CO2 in micropores and
middle pore structures of coals. Dang et al. [22] and Song
et al. [23] studied adsorption behaviors of CH4, CO2, and
H2O in low-rank coals by using density functional theory
(DFT) and MD, finding that high temperature is against
adsorption of CH4, CO2, and H2O in coal matrix and
oxygen-functional groups and nitrogen-containing func-
tional groups of coal can influence adsorption greatly. Xu
et al. [24] studied molecular behaviors that CO2 promotes
CH4 desorption in coals. You et al. [25] simulated the inter-
action between subbituminous coals and water through MD
simulation and found that water molecules are easy to be
adsorbed by carboxyls. Li et al. [26] calculated and discussed
adsorption capacities of CH4, CO2, and N2 in coal silt models,
finding a relationship in adsorption capacities of three gases
with the increase of silt width: H2O > CH4 > N2. Gao et al.
[27] simulated adsorption characteristics of lignite through
GCMC and MDmethods. Results showed that the adsorption
isotherm of single gas conformed to the Langmuir equation
and the CO2 enjoys obvious advantages in the competitive
adsorption of multiple gases. Hu et al. [28] and You et al.
[29] studied self-diffusion and mutual diffusion of CH4,
CO2, and multicomponent gases through the MD method.

Although many works have been reported, only few con-
centrate on adsorption characteristics of CH4, CO2, and H2O
in lignite. Besides, lignite reserves account for 47% of total
coal reserves, indicating that lignite has great potentials in
CBM development and sequestration of CO2. In this study,
adsorption characteristics of CH4, CO2, and H2O in lignite
which possesses a great reserve were discussed with the clas-
sical GCMC and MD method. Moreover, the stable configu-
ration of lignite molecules was discussed, and the saturated
adsorption capacity and saturated molecular configuration
of lignite molecules were simulated. The variation law of
adsorption energy of different adsorbates in lignite molecules
was analyzed, and the microscopic mechanism of CH4, CO2,
and H2O adsorption in lignite molecules was elaborated.
Research conclusions provide theoretical supports to study
adsorption performances of different adsorbates in lignite
molecules.

2. Methodology

2.1. Brown Coal Structure Construction. Coal is a type of
porous heterogeneous solids with complicated physical and
chemical structures. The basic structural unit of coals
includes a regular part and irregular part. The regular part
is composed of benzene rings, heterocyclic rings, alicyclic
rings, and hydroaromatic rings, and it forms the core part
of the structural unit of coals. The irregular part is composed
of functional groups which are connected to the regular part
and side chains of alkyls. Among studies of the molecular
structure of coals, more than 130 molecular structures have
been proposed yet [30]. Among them, the Given model
[31], Wiser model [32], and Solomon model [33] are repre-
sentative ones. In particular, the Wiser model is regarded as
a relatively comprehensive and reasonable model to describe
lignite with a low degree of metamorphism, and this model
can reflect the modern concept of the molecular structure
of coals. The Wiser model can explain surface chemical and
other reactive properties of lignite. Therefore, it is widely
applied in simulation studies related to lignite molecules
[17, 26, 33]. The Wiser model (C184H155N3O20S3) has basic
features of lignite, including a single aromatic ring which is
linked and cross-linked through the aliphatic side chain. It
is applicable to the molecular simulation study of gas adsorp-
tion of lignite. The plane molecular structure of the Wiser
model is shown in Figure 1.

In this work, Materials Studio (MS) was used to carry out
the simulation calculation. In the MS, 3D lignite molecular
structural units were constructed according to the molecular
formula (C184H155N3O20S3), and they were defined as a
molecular fragment. The initial 3D space structure of lignite
molecules was gained by adding hydrogen until saturation.
In the Condensed-phase Optimized Molecular Potentials
for Atomistic Simulation Studies (COMPASS), the smart
technique was chosen to optimize the initial 3D spatial struc-
ture of lignite molecules. The number of iteration steps, con-
vergent standard accuracy, and energy deviation were set as
100,000, fine, and 0.0001 kcal/mol, respectively. The acting
energies of Coulomb electrostatic force and Van der Waals
(VDW) force were set at the atomic state, and charges carried
on the lignite molecular structure were distributed auto-
matically by a force field. Potential energy surfaces were
searched through annealing added with energy disturbance
to recognize the point with the lowest energy in the system.
The frame with the lowest energy was chosen as the stable
structure of the molecular structural model of lignite. The
optimized 3D structure of lignite molecules is shown in
Figure 2.

In order to verify the accuracy of the constructed molec-
ular model of lignite, unit cells were added through setting of
density to the stable molecular model of lignite in Figure 2 by
using the Amorphous Cell module. The constructed unit
cells were processed byMD optimization and annealing, thus
getting stable configuration and energy distribution of unit
cells under different densities. The molecular structure at
the lowest system energy is the most stable. At this moment,
the density corresponding to the system energy is the optimal
density after adding periodic boundary conditions. The
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variation laws of unit cell system energy of lignite with den-
sity are shown in Figure 3.

It can be seen from Figure 3(b) that with the increase in
system density, system energy of lignite molecules presents
a “V-shaped” variation after unit cells are added in. The
system energy of unit cells of lignite fluctuates when the
molecular density is between 1.20 g/cm3 and 1.26 g/cm3

(Figure 3(a)). When the molecular system density of lignite
is 1.23 g/cm3, the system energy of unit cells reaches the min-
imum. Besides, the system energy of unit cells shows an
upward trend with the increase and decrease of system den-
sity. In other words, the system energy of unit cells of lignite
reaches the lowest when the system density is 1.23 g/cm3.
Under this circumstance, the molecular structure of lignite
is the most stable and the molecular configuration of lignite
is the optimal one when periodic boundary conditions are
added in. This conforms to the mean lignite density
(1.21 g/cm3) which is calculated in References [34, 35].
Therefore, the constructed model can be used to investigate
the adsorption characteristics in lignite molecules. At this

moment, the unit cell size of lignite molecules is 1:5745695
nm × 1:5745695 nm × 1:5745695 nm.

2.2. Force Field. In molecular simulation calculations, various
types of force fields are used, including (a) the classic fields,
such as the MM force field, AMBER force field, CHARMM
force field, and CVFF force field, and (b) the second genera-
tion fields, such as the COMPASS force field. The existing
force field has been highly applicable to description of macro-
molecular substances and biomacromolecules [26, 36–38].
The molecular force field is formed by a set of potential func-
tions and dynamic constant. The total molecular energy is
the sum of kinetic energies and potential energies. Potential
energy of molecules can be expressed in a simple geometric
coordinate function.

The force field used in this study is a second-generation
field. The force field is designed to accurately calculate vari-
ous properties, structures, spectra, thermodynamic proper-
ties, and other expected parameters of a molecule. Thus, in
addition to incorporating an enormous amount of experi-
mental data, the derivation of the force-field constant refers
to the exact quantum calculation results. Due to the use of
varying parameters, second-generation force fields can be
divided into various types: CFF91, CFF95, PCFF, and
MMFF93.

An appropriate force field should be able to reproduce
experimental results quantitatively. We have used different
force fields, such as polymer-consistent force field (PCFF),
Dreiding, condensed phase optimized molecular potential
for atomistic simulation studies (COMPASS), and universal
force field, to calculate the density of the lignite molecule
model. The results indicated that the density computed
through Dreading force field was the closest to the experi-
mental values. The PCFF force field selected for this study
was derived from the CFF91 force field, which is suitable
for the study of polymers and organic matter. In addition
to the parameters of the force field of CFF91, PCFF contains
the force-field parameters of inert gas atoms, such as He, Kr,
and metal atoms. These parameters could be used to reckon
the molecular system containing these atoms.

The total energy of a molecule was considered to be the
sum of the kinetic and potential energies. The bonding
energy includes energy of slip keys (Eb), bending energy of
bond angle ðEθÞ, torsion energy of the bond dihedron ðEφÞ,
bending energy of bond angle surface ðEχÞ, and crossing
energy ðEcrossÞ. The nonbonding energy covers Coulomb
electrostatic force ðEcÞ and VDW force ðEvÞ. The total energy
of the molecular simulation system ðEtotalÞ can be expressed
as

Etotal = Eb + Eθ + Eφ + Eχ + Ecross + Ev + Ec: ð1Þ

Eb of atoms can be expressed as

Eb =〠
b

K2 b − b0ð Þ2 + K3 b − b0ð Þ3 + K4 b − b0ð Þ4� �
, ð2Þ

where K2, K3, and K4 are the elastic constant of chemical
bonds, respectively. b and b0 are the chemical bond length

Figure 1: Molecular plane structure of the Wiser model [28].

Figure 2: Stable molecular model of lignite. Color scheme: C: black;
H: gray; O: red; N: blue; S: yellow.
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and bond length at the equilibrium state, respectively. With
the decrease of the elastic constant, the vibrational frequency
and vibration amplitude slow down and decrease, respec-
tively. Eθ can be expressed as

Eθ =〠
θ

H2 θ − θ0ð Þ2 +H3 θ − θ0ð Þ3 +H4 θ − θ0ð Þ4� �
, ð3Þ

where θ and θ0 are the bond angle and bond angle at the
equilibrium state, respectively. H2, H3, and H4 are the bend-
ing elastic constants of the bond angle, respectively. Eφ can be
expressed as

Eφ =〠
φ

V1 1 − cos φ − φ0
1

� �� �
+V2 1 − cos 2φ − φ0

2
� �� ��

+V3 1 − cos 3φ − φ0
3

� �� �g,
ð4Þ

where V2, V3, and V4 are the torsion elastic constant of the
dihedral angle. φ refers to four adjacent dihedral angles
which are not formed by atoms on the same plane. φ0 can
be used to reflect the dihedral angle in the initial stage. Eχ

can be expressed as

Eχ =〠
χ

Kχχ
2, ð5Þ

where Kχ is the bending elastic constant of the bond angle
out of the plane. χ denotes the bending angle out of the plane.
Ecross of bonds, bond angles, and dihedral angles can be
expressed as

Ecross =〠
b

〠
b′
Fbb′ b − b0ð Þ b′ − b0′

� �
+〠

θ

〠
θ′
Fθθ′ θ − θ0ð Þ

� θ′ − θ0′
� �

+〠
b

〠
θ

Fbθ b − b0ð Þ θ − θ0ð Þ

+〠
b
〠
φ

b − b0ð Þ V1 cos φ +V2 cos 2φ +V3 cos 3φ½ �

+〠
b′
〠
φ

b′ − b0′
� �

V1 cos φ +V2 cos 2φ +V3 cos 3φ½ �

+〠
θ

〠
φ

θ − θ0ð Þ V1 cos φ +V2 cos 2φ +V3 cos 3φ½ �

+〠
φ

〠
θ

〠
θ′
Kθφφ′ cos φ θ − θ0ð Þ θ′ − θ0′

� �
,

ð6Þ

where Fbb′ is an extended coupling elastic constant, Fθθ′
denotes the bending coupling elastic constant, Fbθ refers to
the coupling elastic constant of extended bending, and
Kθφφ′ refers to the coupling elastic constant of torsional

bending. Ec can be expressed as

Ec =〠
i,j

qiqj
rij

, ð7Þ

where qi and qj are the quantity of electric charge of atoms. rij
refers to the distance between two atoms. The nonbonded
VDW forces (Ev) can be expressed as

Ev = 4εij
σij
rij

 !12

−
σij
rij

 !6" #
, ð8Þ

where εij is the effective dielectric constant between two
atoms and σij is the potential parameter which changes
according to the atom type.
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Figure 3: Variation of energy with density in unit cell system of lignite.
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2.3. Implementation of Simulation

2.3.1. Optimization of Adsorbate. Molecular structures of
adsorbates CH4, CO2, and H2O are plotted by Skirt in MS,
and a 3D atom document of gas molecules is constructed.
The plotted molecular structures of adsorbates were cleaned,
followed by optimization of molecular mechanical structures
and annealing processing under the Focite module. In this
process, parameters were set consistent with those in Section
2 for molecular optimization of coals.

2.3.2. Simulation Scheme and Parameter Setting. This study is
a GCMC simulation based on the Sorption module in MS
software. During simulation, the number of gas molecules
is added to the coal surface one by one. The coal surface will
release heats after adsorption with gas molecules, leading to
the energy of the system declining gradually. The system
energy reaches the minimum at saturated adsorption of gas
molecules in coal structures. Under this circumstance, the
number of gas molecules adsorbed on the coal surface is the
maximum adsorption capacity of the coal surface to the gas
molecule.

During GCMC simulation of adsorption behaviors based
on the Sorption module, the task term chose “adsorption iso-
therm,” and the interaction force between lignite molecules
and gas molecules chose “Ewald” and “atom-based.” The
electrostatic force was calculated by Ewald, and the VDW
force was calculated by the atom-based method. The interac-
tion between lignite molecules and gas molecules was
described by the Lennard-Jones (LJ) 12-6 electric potentials
[39]. Meanwhile, classical Metropolis rules were used to
accept or reject production, disappear, translation, and rota-
tion of gas micromolecules to assure that the system is at the
lowest energy state [40]. The temperature in simulation was
cycled five times automatically. Step length was adjusted
and calculated automatically. The whole simulation involved
2 × 107 Monte Carlo steps. The first 107 steps were set to
reach the adsorption equilibrium of the system, while the rest
107 steps were for sampling and statistics of relevant thermo-
dynamic parameters.

This work is to construct an optimized stable configura-
tion of lignite for adsorbent, and the adsorbates are CH4,
CO2, and H2O molecules. The simulation adopted
0.00MPa~10.00MPa pressure and periodic boundary condi-
tions. Two situations were involved in the simulation:

(1) The adsorption characteristics of CH4, CO2, and H2O
in lignite molecules under the temperature of
303.15K were simulated. The saturated adsorption
configuration was analyzed, and the evolution laws
of energies in the adsorption process were discussed

(2) Effects of simulation temperatures (283.15K,
303.15K, and 323.15K) on CH4, CO2, and H2O in
lignite were analyzed

The adsorption capacity gained in the simulation refers
to the number of gas molecules adsorbed in a single unit cell.
Its unit is moleculars/u.c., but the unit of adsorption capacity
in a conventional experiment is cm3/g. These adsorption

capacities in different units can be converted according to
the following formula:

1moleculars/u:c: = 1/N × 103 ÷M = 1/N ÷M ×Vmol, ð9Þ

whereN is the Avogadro’s constant which values 6:02 × 1023.
M refers to the mass of a single unit cell, and it is 4:08017
× 10−21 g. Vmol refers to the molar volume of gas under stan-
dard conditions, and it is 22:4 × 103 cm3/mol.

3. Results and Discussion

3.1. Adsorption Isotherms and Adsorption Capacity. The
adsorption performance of coal is usually expressed by the
adsorption isotherm of coal. The adsorption isotherm refers
to the curve of the change of coal’s adsorption gas volume
with gas pressure at a certain fixed temperature. A large num-
ber of research results at home and abroad show that when
coal adsorbs gas, the adsorption isotherm conforms to the
Langmuir adsorption equation expressed as

V = abp
1 + bp

, ð10Þ

where V is adsorption capacity (cm3/g), a is Langmuir
adsorption constant (cm3/g), b is Langmuir adsorption con-
stant (1/MPa), and p is gas pressure (MPa).

Firstly, GCMC molecular simulation on adsorption iso-
therm of single pure CH4, CO2, or H2Owas carried out under
303.15K and 0.00MPa~10.00MPa. Results are shown in
Figure 4.

Evident differences in adsorption capacities of CH4, CO2,
and H2O in lignite are observed in Figure 4. In particular,
with the increase in adsorption pressure, the adsorption
capacity soars up in the low-pressure stage. However, such
growth rate declines significantly when the adsorption pres-
sure reaches a fixed value. This indicates that the pressure
can promote adsorption behavior. In view of the upward
trend of adsorption capacity of lignite per unit mass, the
H2O adsorption in lignite is significantly faster than those
of CO2 and CH4 in the low-pressure stage. The CO2 adsorp-
tion in lignite is the second fast, and the CH4 adsorption is
the slowest. In the high-pressure stage, the adsorption rates
of CH4, CO2, and H2O in lignite tend to be stable. The simu-
lation results could describe adsorption characteristics of
CH4, CO2, and H2O on the lignite surface well by using the
Langmuir equation. The gained isothermal curves show good
“I-type” characteristics [41], which conform to previous
research results [21, 22, 42]. It can be seen from Figure 4 that
given the same temperature and pressure, the ultimate
adsorption capacities of CH4, CO2, and H2O in lignite per
unit mass observe the laws of H2O > CO2 > CH4. This was
consistent with previous research results based on simulation
[16, 17, 21, 26].

3.2. Adsorption Saturation Configuration. The saturated
molecular configuration of lignite molecules cannot be dis-
played clearly due to the influences of a single unit cell. The
molecular configuration of the unit cell was extended for
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one time along the direction AB through the task term
“supercell” in the Build module of MS software. The molecu-
lar configuration of CH4, CO2, and H2O in lignite molecular
cells was observed from a different perspective.

The saturated molecular configurations of CH4, CO2, and
H2O adsorption in lignite molecules are shown in Figure 5.
Distributions of the adsorbed CH4, CO2, and H2O molecules
in lignite molecules can be seen clearly, and all adsorbate
molecules distribute at two sides of the lignite molecular
chain. Specifically, CH4 molecules are in clustering distribu-
tion and present the conformation of pairwise crossing eth-
ane. CO2 molecules are in parallel or crossing and even
vertical arrangement. For the H2O molecules, the hydrogen
atoms point to the coal molecules or oxygen atoms in sur-
rounding H2O molecules as a response to the hydrogen bond
energy.

Under the same condition, the adsorbed quantities of
CH4, CO2, and H2O in the saturated configuration of lignite
vary. The adsorbed quantity of H2O is far higher than those
of CH4 and CO2, and the adsorbed quantity of CO2 is higher
than that of CH4, indicating that CO2 adsorption is more
advantageous than CH4 adsorption in lignite. With respect
to the adsorbed quantity of CH4, CO2, and H2O, there is a
law of H2O > CO2 > CH4, which conforms to the variation
law of isothermal adsorption curves gained from simulation.

For coal molecules with fixed pore diameter distribu-
tions, the MD diameters of adsorbates (0.38 nm, 0.33 nm,
and 0.265 nm for CH4, CO2, and H2O molecules) determine
their adsorption behaviors in coals. Only when coals with
pore diameter larger than the diameter of adsorbates can
the adsorbates be absorbed effectively [26]. When lignite
adsorbs CH4, CO2, and H2O, it is found that molecular diam-
eter is inversely proportional to adsorption capacity. This
proves that the adsorption capacity of H2O in lignite is higher
than those of CH4 and CO2. In fact, the interaction between
lignite molecules and H2O molecules is stronger in the

adsorption process, which is mainly caused by different inter-
action energies during gas molecular adsorption in lignite.

3.3. Adsorption Energy. During the simulation process, the
energy of the unit cell system after every adding of adsorbate
molecules can be recorded. This energy is the difference
between energy of the adsorption composite structure and
energies of adsorbents and adsorbates. The adsorption
energy can be calculated according to

ΔEads = Eadsorbent/adsorbate − Eadsorbent − Eadsorbate, ð11Þ

where ΔEads is the adsorption energy of adsorbates after the
occurrence of adsorption; Eadsorbent/adsorbate is the total energy
of the whole adsorption system after the occurrence of
adsorption behaviors; Eadsorbent is the energy of adsorbent
before adsorption, that is, energy of lignite cell model; and
Eadsorbate is the energy of adsorbates before adsorption, which
refers to energies of CH4, CO2, and H2O molecular models.

Heats are released during gas molecule adsorption, thus
resulting in the decreasing energy of the whole system. With
the increase in the number of adsorbate molecules, the total
system energy after adsorption presents a downward trend
until reaching the minimum. Subsequently, no adsorption
occurs by adding adsorbate molecules. Instead, there are
molecular repulsions and the total system energy increases
gradually. The number of adsorbate molecules when the total
system energy is the lowest refers to the saturated adsorption
capacity of the adsorbate.

3.3.1. Energy Change of Adsorbed CH4 Gas Molecules. It can
be seen from Figure 6 that Ec and Ev play positive roles in
the adsorption process of CH4 before saturated adsorption
in lignite molecular cells. However, Ec makes a tiny contribu-
tion, and Ev takes the dominant role in the adsorption of
CH4. The total system energy reaches the lowest, and the sys-
tem achieves the saturation state after the unit cell adsorbs 7
CH4 molecules. Subsequently, the adsorption system begins
to repel CH4 molecules after adding gas molecules.

3.3.2. Energy Change of Adsorbed CO2 Gas Molecules. It can
be seen from Figure 7 that Ec, Ev, and Eb‐H play positive roles
in the adsorption process of CO2 before saturated adsorption
in lignite molecular cells. However, Eb‐H makes a tiny contri-
bution, while Ec and Ev take the dominant role in the adsorp-
tion of CO2. The total system energy reaches the lowest and
the system achieves the saturation state after the unit cell
adsorbs 9 CO2molecules. Subsequently, the adsorption system
begins to repel CO2 molecules after adding gas molecules.

3.3.3. Energy Change of Adsorbed H2O Gas Molecules. It can
be seen from Figure 8 that the changes of system energy dur-
ing H2O adsorption in lignite molecular cells are more com-
plicated. Ec is the primary contributor to system energy,
followed by Eb‐H. The contribution of Ev is basically zero
before the adsorbed quantity of H2O molecules is lower than
12. After the adsorbed quantity of H2O is higher than 12, Ev
becomes negative energy against adsorption of H2O mole-
cules. Such repulsion effect increases with the increase of
adsorbed quantity of H2O molecules until reaching saturated
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adsorption. Although Ev hinders adsorption, the growth
amplitude of the sum of Ec and Eb−H which are positive to
the adsorption is higher than the growth amplitude of Ev,
thus keeping the adsorption. The total system energy reaches
the lowest, and the system achieves the saturation state after
the unit cell adsorbs 27 H2O molecules. Subsequently, the
adsorption system begins to repel H2O molecules after add-
ing gas molecules. During the repulsive interaction stage, Ec
and Eb‐H are major repulsive energies, while Ev turns to be
the energy that consumes repulsion effect.

According to system energy changes during CH4, CO2,
and H2O adsorption in lignite molecules, it can be seen that

(1) system energies after CH4, CO2, and H2O adsorption
in lignite molecules drop significantly. With respect
to the reduction amplitudes, there is a law of H2O
> CO2 > CH4, indicating that H2O adsorption
capacity in coals is the highest, followed by adsorp-
tion capacities of CO2 and CH4 [14, 17, 21, 23, 26]

(2) single ignite molecular cells reach the saturated
adsorption state and the system energy is the lowest
after adsorbing 7 CH4 molecules, 9 CO2 molecules,
or 27 H2O molecules. With continuous adding of
adsorbate molecules, the adsorption system begins
to repel gas molecules and the total system energy
increases gradually [21]

(3) in the process of CH4, CO2, and H2O adsorption in
lignite molecules, adsorption of CH4 and CO2 is typ-
ical physical adsorptions. The adsorption energy of
CH4 is provided by Ev in the nonbonding energy,
while the adsorption energy of CO2 is provided by
Ec and Ev in the nonbonding energy together.
Adsorption of H2O involves both chemical and

physical adsorptions, and the adsorption energy of
H2O is attributed to both nonbonding energy and
Eb‐H. This conforms to previous research conclusions
[23, 43–45]

3.4. Effects of Temperature on Adsorption Behaviors. Isother-
mal curves of CH4, CO2, and H2O adsorptions in lignite
under 0.00~10.00MPa and at different temperatures
(283.15K, 303.15K, and 323.15K) are shown in Figure 9.

Based on single-gas adsorption in lignite molecules, it can
be seen clearly that temperature can inhibit adsorption. This
can be explained as follows. CH4, CO2, and H2O adsorptions
in coals which are porous media belong to physical adsorp-
tion, and thermal movement of gas molecules is intensified
with the increase of system temperature, thus increasing
kinetic energy of adsorbate molecules. Under this circum-
stance, the probability for gas molecules to get rid of binding
of adsorption energy increases. In particular, the probability
of VDW force which promotes desorption increases, and
the difficulties of capturing adsorbed gas molecules on the
coal surface are increased, thus reducing adsorbing capacity
[44, 46, 47]. Meanwhile, the gas molecular adsorption on
the coal surface is a heat-releasing process, and temperature
rise is against the heat releasing, which is the reason for
decreasing adsorption capacity of lignite [48, 49].

4. Conclusions

In this work, adsorption characteristics of CH4, CO2, and
H2O molecules in lignite are discussed through a simulation.
The selection optimization and simulation methods of the
lignite molecular models are elaborated thoroughly. More-
over, adsorption capacities of CH4, CO2, and H2O in lignite
molecules, saturated molecular configuration, evolutions of
adsorption energies, and influences of temperature on
adsorption behavior are analyzed. Some major conclusions
could be drawn:

(1) The classical Wiser model can reflect the basic fea-
tures of low-metamorphism lignite comprehensively.
After molecular dynamics optimization and anneal-
ing process, the lignite molecular structure becomes
more compacted and has stronger stereo perception.
Based on a density energy simulation, the con-
structed lignite molecular model is proved applicable
to simulation of adsorption characteristics

(2) Adsorption capacities of CH4, CO2, and H2O in lig-
nite are significantly different. Given the same tem-
perature and pressure, H2O shows the highest
ultimate adsorption capacity of these three gases in
unit mass of lignite, followed by CO2 and CH4 suc-
cessively. The isothermal curves present well “I-
type” characteristics

(3) A single lignite molecular cell reaches saturated
adsorption upon 7 CH4 molecules, 9 CO2 molecules,
or 27 H2O molecules. The molecular configurations
of lignite molecules to CH4, CO2, and H2O gases
are extracted, finding that all gas molecules distribute
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at two sides of the lignite molecular chain. Specifically,
CH4 molecules are in clustering distributions and
form a pairwise crossing ethane conformation. CO2
molecules are in parallel or crossing and even vertical
arrangement. H2O molecules point to the coal mole-
cules or oxygen atoms in surrounding H2O molecules
as a response to the hydrogen bond energies

(4) The CH4 and CO2 adsorptions in lignite are typical
physical adsorption, and adsorption energies are pro-
vided by nonbonding energies. However, H2O
adsorption involves both physical and chemical
adsorptions, with adsorption energies provided by
both nonbonding energy and hydrogen bond energy

(5) Temperature can inhibit adsorption of lignite since
CH4 CO2 and H2O adsorptions in lignite are physical
adsorptions. With the increase of temperature, ther-
mal movement of gas molecules is intensified. As a
result, kinetic energy of adsorbate molecules
increases, and the difficulties of adsorbed gas mole-
cules are increased. Temperature rise is not in favor
of the adsorption-induced heat releasing

Data Availability

The data used to support the findings of this study are
included within the article.
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Mining-induced fractures in underground coal mining face affect the stability of overburdens and provide preferential
channels for water and material transfer in the underground environment. Therefore, to study the development of water-
flowing fracture zones in overburdens of working face and goaf is of great significance for roof control, gas drainage,
water resistance, disaster reduction, and efficient mining from the mining. In this study, a new method for predicting the
development of overburden water-flowing fracture zone height (DHOWFFZ) was proposed based on the characteristics of
overburden rock in No. 3 coal seam of Xin’an Coal Mine. First, the stope of No. 3 coal seam exhibits a rock stratum
structure of mudstone and sandstone overlapping. Considering this characteristic, the overburden strata of No. 3 coal seam
are divided into several “mudstone-sandstone” rock stratum groups. Furthermore, the ultimate tensile deformation of soft
rock is greater than that of hard rock. It is proposed to judge the development degree of penetrating fracture in each rock
stratum by adopting the elongation rate of mudstone intermediate layer. Meanwhile, the DHOWFFZ of “mudstone
sandstone” composite rock stratum structure in the 3402 working face of No. 3 coal seam is calculated to be smaller than
43.1m according to the actual situation. Finally, the DHOWFFZ in the 3402 working face was measured in the field,
which verifies the rationality of the new DHOWFFZ prediction method. The research results provide new ideas for the
prediction of DHOWFFZ and are helpful for future research in related fields.

1. Introduction

The repaid development of China’s economic situation is
pushing large-scale coal mining area growth and development.
However, the large-scale mining of coal resources has caused
great damage to the surrounding environment and communi-
ties and brought irreparable losses to people’s production and
life [1–3]. These problems are all related to the deformation
and damage of the overburdens caused by the mining of coal
resources. Therefore, how to effectively predict the deforma-
tion and cracking of the overburdens of the mining coal seams
has a very important practical significance for the protection
of the overlying aquifers and surface water resources and the
prediction of mine water damage accidents [4–6].

The overburden water-flowing fracture zone is not
only an important indicator reflecting the damage of over-
burdens but also a crucial channel for water flowing into
the goaf and causing various mine disasters. Therefore,
the development height of overburden water-flowing frac-
ture zone (DHOWFFZ) is an important technical parame-
ter for safe mining under a mine water body. Its height is
an intuitive description of the shape of the water-flowing
fracture zone. At present, field observation is the most
accurate method to determine the DHOWFFZ, and the
commonly used observation methods include underground
double-end water plugging observation method, surface
drilling flushing fluid consumption observation method,
high-density resistivity method, and television imaging
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method [7–9]. However, the traditional empirical formula
method is generally adopted in the prediction of
DHOWFFZ currently in China because the complex field
observation operation may affect the efficient production
in coal mines. The traditional empirical formula method
is H = ð1 ~ 3Þðm − SAÞ/ðKA − 1Þm, where H is DHOWFFZ;
m is the coal seam thickness; SA is the settlement value of
the rock beam at the gangue is generally selected accord-
ing to the empirical value; and KA is the coefficient of bro-
ken expansion of the fallen rock strata at the gangue of
the rock beam [10, 11]. In recent years, extensive in-
depth researches have been conducted on the prediction
of DHOWFFZ, showing promising results. The empirical
formula for DHOWFFZ prediction in China is developed
based on the summary of vast data obtained during coal
mining. Since only the mining thickness of coal seam is
considered in the formula, the calculated results are quite
different from the actual measured results in practical
application, indicating certain limitations [12]. When
investigating DHOWFFZ, scholars at home and abroad
have recognized the deficiency of the empirical formula
method and have proposed various new theories and
methods to accurately estimate the value of DHOWFFZ
research. Abbas et al. [13] proposed a new parameter
influencing the DHOWFFZ, namely, the lithology propor-
tion factor of hard rock, which avoided the statistical
determination of uniaxial compressive strength involved
in the classification of various roof types in the currently
used standards; Hu et al. [14] put forward a new
DHOWFFZ prediction method based on the position of
key overburdens strata. Chai et al. [15] established a GA-
SVR mining DHOWFFZ prediction model and verified
by practice that the accuracy of the model could meet
the actual requirements. Adhikary and Guo [16] revealed
a theoretical DHOWFFZ calculation method for fully
mechanized mining by constructing three models, i.e., (i)
a complete mechanical model of rock stratum suspension,
(ii) a model of rock stratum overhanging, and (iii) break-
ing and a mechanic model of broken rock block. Huang
et al. [17] proposed a new DHOWFFZ prediction method
of calculating overlying bedrock composite structure and
rock stratum tensile deformation. In general, current
researches on the DHOWFFZ are still in the stage of
exploration and experience accumulation.

The roof of coal seam in Xin’an Coal Mine is com-
posed of mudstone and sandstone. Each rock stratum pos-
sesses a “mudstone-sandstone” composite structure
comprising a lower layer of hard sandstone and an upper
layer of soft mudstone. In this study, based on the charac-
teristics of mudstone and sandstone crosscombination in
the roof of No. 3 coal seam in Xin’an Coal Mine. A new
method for calculating the DHOWFFZ is proposed in
light of the calculation method of horizontal tensile defor-
mation of soft rock stratum. The method works by calcu-
lating the elongation rates of mudstone intermediate layers
in rock stratum groups and analyzing the law of fracture
development in rock strata. The new DHOWFFZ predic-
tion method is suitable for “mudstone-sandstone” compos-
ite rock stratum structure.

2. Analysis of the Influence of “Mudstone-
Sandstone” Composite Rock Stratum
Structure on the Development of Water-
Flowing Fracture Zone

2.1. Engineering Geology. Xin’an Coal Mine is located in Liuz-
huang Town, Weishan County, Shandong Province, China.
The surface above the mine is Weishan Lake which covers
an area of about 1266km2. Coal-bearing strata of the mine
belong to Shanxi Formation and Taiyuan Formation, and
No. 3 coal seam with an average thickness of 8.7m is the main
mining coal seam. No. 3 coal seam is affected by two layers of
aquifers in the mine: (1) the first is a sandstone karst fracture
aquifer located 55-89m above No. 3 coal seam. With a thick-
ness of 12.6-21.1m and a unit water inflow of 0.02483-
0.79245L/s·m, the aquifer belongs to a weak to medium
water-rich aquifer. (2) The second is roof and floor sandstone
aquifers in No. 3 coal seam. The roof and floor sandstones,
both mainly composed of fine sandstone, are 8.0-45.4m and
4.1-10.6m in thickness, respectively. With a unit water inflow
of 0.0369-0.16434L/s·m, the aquifers belong to weak water-
rich fractured confined aquifers. To avoid the effect of water-
flowing fracture zone on the water body, the development rule
of water-flowing fracture zone is analyzed by taking the 3402
working face of Xin’an Coal Mine as an example. The position
of 3402 working face is displayed in Figure 1.

The ground elevation and elevation of the 3402 working
face are +31.56~+32.52m and -525.6~-604.2m, respectively.
The mining coal seam is No. 3 coal seam whose average thick-
ness and average dip angle are 8.7m is 9°, respectively. The
overburden roof, which belongs to medium hard rock strata
in terms of overall structure, is mainly composed of mudstone
and sandstone. The specific rock structure within 70m of
overburdens above the working face is exhibited in Figure 2.

As can be seen from Figure 2, there are 9 layers of weak
mudstones and sandy mudstones and 7 layers of hard fine
sandstones and siltstones within 70m of overburdens above
the working face. The overburdens are characterized by obvious
stratification. From No. 3 sandy mudstone upward, each layer
of mudstone is separated by a layer of sandstone, and the over-
burdens exhibit a rock stratum structure ofmudstone and sand-
stone overlapping. Moreover, each layer of mudstone shares a
similar thickness with the adjacent layer of sandstone above.

The roof rock was collected from the 3402 working face of
No. 3 coal seam in Xin’an Coal Mine and processed into cylin-
drical samples with a diameter of 50mm and heights of
100mm and 25mm and cubic samples with a side length of
100mm. Then, sample density was obtained using MH-300Z
mineral rock densitometer. Further, classical mechanical test-
ing was performed to obtain their uniaxial compression
strength, tensile strength, and shear resistance, as shown in
Figures 3–5. The corresponding data acquired were analyzed
to obtain the mechanical parameters of each rock layer.

The test results of mechanical parameters of rock layers
within 70m above the roof of No. 3 coal seam in Xin’an Coal
Mine are listed in Table 1. It can be known by testing the
basic mechanical parameters that the mechanical properties
of sandstone layers in the roof differ slightly, and those of
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mudstone layers in the roof are also similar. Besides, the
strength of sandstone is greater than that of mudstone.

2.2. Analysis of “Mudstone-Sandstone” Composite Rock
Stratum Structure. Numerous previous studies have revealed
that after the coal seam is mined, the overburdens bend and
subside in the form of stratum groups. In each stratum group,
a layer of hard rock at the bottom drives the upper layers of
softer rock to move synchronously and coordinately. The
movement and combination of rock strata are determined
by the strength factors (including lithology, thickness, elastic
modulus) of each rock stratum. The upper rock stratum with
low strength factors will move simultaneously with the lower

rock stratum with high strength factors, and the ultimate
elongation rate of upper rock stratum with low strength fac-
tors is higher than that of lower rock stratum with high
strength factors [18].

The fully mechanized caving coal mining technology is
adopted in the working face of No. 3 coal seam in Xin’an Coal
Mine. As the working face advances, the relatively weak
mudstone 1.4m above No. 3 coal seam and sandy mudstone
1.3m above No. 3 coal seam will collapse together with the
remaining coal in the process of coal caving. As illustrated
in Figure 1, from No. 4 rock stratum upwards, the roof of
No. 3 coal seam exhibits a rock stratum structure of mud-
stone and sandstone overlapping, and each layer of

Weishan Lake

3406 working face

3402 working face
Xinan
Coal
Mine

Figure 1: Position map of 3402 working face.
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Figure 2: Overburden stratum structure.

3Geofluids



mudstone shares a similar thickness with the adjacent layer
of sandstone above. According to this characteristic, the roof
overburden strata of No. 3 coal seam are divided into 7 rock
stratum groups, each comprising a sandstone layer and a
mudstone layer. Since the strength of sandstone is greater

than that of mudstone and the thicknesses of mudstone and
sandstone are similar in each group, it can be inferred that
the fracture development of each rock stratum group is con-
trolled by the movement of sandstone in the lower part, and
the mudstone and sandstone move synchronously and coor-
dinately. In addition, since the ultimate elongation deforma-
tion of soft rock is greater than that of hard rock [19], it is
assumed that when the mudstone fails to form a fracture as
it undergoes tensile deformation, the water-flowing fracture
zone develops at most to the rock stratum group where the
mudstone is located. Therefore, the maximum DHOWFFZ
can be determined by analyzing and judging whether mud-
stone tensile deformation in each rock stratum group can
lead to the formation of enough penetrating fractures which
enable water to flow smoothly.

2.3. Analysis of Rock Stratum Deformation Criterion for the
DHOWFFZ. According to the above analysis, with the over-
burden strata divided into groups, the judgment of
DHOWFFZ can be transformed into the analysis of tensile
deformation of the 7 layers of mudstone. Since the mudstone
above the working face is soft rock, compared with the orig-
inal horizontal state, the mudstone in the deformed state will
be elongated as it bends and subsides, as shown in Figure 6.
The tensile deformation value of the soft layer is a compre-
hensive parameter reflecting the development of fractures
in rock strata. The fracture development degree and hydrau-
lic conductivity of soft rocks share a direct causal relationship
with the tensile deformation of rock [20]. Hence, the elonga-
tion rate of mudstone intermediate layer can be regarded as a
criterion to analyze the fracture development degree and
hydraulic conductivity of “mudstone-sandstone” composite
rock stratum structure.

The deformation curve of mudstone is divided into three
sections, namely, the approximately horizontal section in the
middle and the elongated curve sections on both sides. The
deformation increased by the subsidence and elongation of
rock intermediate layer is mainly concentrated in the curve
sections of the subsided basin. Therefore, the deformation
rate ε of rock intermediate layer can be expressed as

ε = l1 − l0ð Þ
l0

, ð1Þ

where l0 is the length of rock intermediate layer before bend-
ing and deformation and l1 is the arc length of the curve sec-
tions of rock intermediate layer after bending and
deformation.

By means of fitting the two arcs, two parameters required
for the calculation of layer elongation rate ε are obtained:

l0 = hj cot δ0 + cot φ0ð Þ, ð2Þ

l1 = w2
j + l20

� �
artsin 2wjl0/ w2

j + l20
� �h i

π/ 180 × 2wj

� �
,:

ð3Þ
where hj is the height of the jth rock intermediate layer (m);
hj =∑j−1

i=1hi + h0/2 in which ∑ j−1
i=1hi is the total thickness of

Figure 3: Uniaxial compression test.

Figure 4: Brazilian splitting test.

Figure 5: Shear resistance experiment.
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lower layers (m); h0 is the thickness of the rock layer,m; δ0 is
the mining boundary angle of the coal seam; φ0 is the angle of
full mining; and wj is the maximum subsidence of the rock
stratum group where the jth layer of mudstone is located (m).

According to the research [21], the size of free movement
space of rock stratum is a key factor that determines the
bending and subsidence of rock stratum and the full develop-
ment of penetrating fractures. And the free space formed
after mining of coal seams will be filled by fractured and
expanded overburden rock. By taking into account the bulk-
ing coefficient of each rock layer, the maximum subsidence
wj of a certain mudstone intermediate layer in the
“mudstone-sandstone” composite rock stratum structure
can be calculated according to Equation (4):

wj =m − 〠
j−1

i=1
hi ki − 1ð Þ, ð4Þ

where m is the mining thickness of coal seam (m) and ki is
the residual bulking coefficient of sandstone in the ith group
below.

Table 1: Test results of physical and mechanical parameters.

Sample
No.

Rock name
Uniaxial compressive

strength (MPa)
Average
(MPa)

Tensile
strength
(MPa)

Average
(MPa)

Elastic
modulus(GPa)

Average
(GPa)

Bulk density
(g/cm3)

Average
(g/cm3)

1
No. 4 fine
sandstone

69.91

69.78

9.47

9.25

6.65

8.29

2.56

2.54

2
No. 6 fine
sandstone

65.33 8.55 8.60 2.58

3
No. 8 fine
sandstone

69.07 9.21 8.01 2.55

4
No. 10 fine
sandstone

71.26 9.55 7.88 2.56

5
No. 12
siltstone

73.63 9.90 10.07 2.43

6
No. 14 fine
sandstone

70.08 9.33 8.24 2.56

7
No. 16 fine
sandstone

68.52 8.74 8.59 2.54

8
No. 3 sandy
mudstone

28.57

25.61

2.11

1.76

2.96

2.96

2.43

2.39

9
No. 5

mudstone
21.43 1.80 2.73 2.35

10
No. 7

mudstone
24.18 1.91 2.74 2.41

11
No. 9

mudstone
21.66 2.36 3.52 2.39

12
No. 11

mudstone
30.40 1.42 2.99 2.39

13
No. 13

mudstone
27.43 1.17 2.73 2.35

14
No. 15

mudstone
25.63 1.55 3.11 2.40

15
No. 17

mudstone
25.61 1.76 2.89 2.37

16
No. 18

conglomerate
55.70 55.70 6.63 6.63 6.80 6.80 2.63 2.63

l0

l1

𝜑
0

𝛿
0

wj

hj

m

Figure 6: Sketch map of tensile deformation of rock stratum.
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The elongation rate of a certain mudstone intermediate
layer above the coal seam roof can be obtained by com-
bining Equations (1)–(4). It can be seen that the elonga-
tion rate ε of a rock layer is mainly affected by factors
such as the height of the rock stratum group, the thickness
of the stratum, the bulking coefficient of sandstone in the
rock stratum group, the boundary angle, and the angle of
full mining.

The bulking coefficient of caved immediate roof in the
goaf can be measured in the field, but that of upper rock
strata can hardly be accurately measured in the field. The
value of bulking coefficient, however, directly influences the
subsidence space of different rock strata. According to the
researches [22, 23], the smaller the size of fragmented rock
block is, the greater the bulking coefficient is. Besides, in
the vertical direction, with the increase of distance from the
goaf, the size of fragmented rock block increases rapidly,
and the residual bulking coefficient of it gradually decreases
as a logarithmic function. The relationship between the aver-
age bulking coefficient k and the distance from the mining

coal seam hi (i.e., the total thickness of lower rock strata)
can be expressed by the function k = kz − 0:017lnhi
(hi < 100) where kz is the bulking coefficient of the immedi-
ate roof below [24–26]. cot δ0 = cot φ0 = 0:577 in accordance
with Regulations on Coal Pillar Retention and Coal Mining
under Buildings, Water Bodies, Railways and Main Shafts
[5]. The data of working face suggest that the recovery rate
of the 3402 working face is 80%. Given the recovery rate,
the actual mining height of coal in the working face is about
6.96m, and the rest of coal and roof strata are broken
together and left in the goaf. Therefore, kz takes the value
of the bulking coefficient of coal, namely, 1.17, according to
the field test. Combined with Figure 2, the values of calcula-
tion parameters of the elongation rate of mudstone interme-
diate layer are given in Table 2.

For full comparison and explanation, the elongation rates
of mudstone intermediate layers in these rock stratum groups
were collated, based on which the fitting curve between the
layer elongation rate of rock and the height of rock interme-
diate layer was plotted, as disclosed in Figure 7.

As can be observed from Figure 7, the relationship
between the layer elongation rate of rock and the height of
rock intermediate layer is a negative exponential function.
The closer the rock layer is to the working face, the higher
its layer elongation rate is, indicating that the more seriously
it bends and subsides. As the height of rock layer increases,
the layer elongation rate decreases as a negative exponential
function. For soft rocks such as mudstone and sandy mud-
stone, the critical elongation rate of the rock layer is over
0.4%. That is, when the elongation rate of the rock layer is
lower than 0.4%, the upward development of the water-
flowing fracture zone can be restrained. Thus, the elongation
rate drops from 0.53% to 0.12% from No. 13 mudstone to
No. 15 mudstone, which is a turning point for the layer elon-
gation rate. After passing this turning point, the elongation
rates of mudstone layers are all lower than 0.4%. This dem-
onstrates that no penetrating fractures are generated in No.
15 mudstone which basically stays out of the range of the

Table 2: Calculation parameters of layer elongation rate.

Rock layer
Height of rock

intermediate layer (m)
Cot
δ0

Cot
φ0

Mining
thickness (m)

Bulking coefficient of
rock layer

Maximum subsidence of
rock layer (m)

Layer
elongation rate

ε

No. 5
mudstone

8.64 0.577 0.577 8.70 1.14 5.92 22.07%

No. 7
mudstone

15.49 0.577 0.577 8.70 1.13 5.16 5.54%

No. 9
mudstone

22.99 0.577 0.577 8.70 1.12 4.60 2.15%

No. 11
mudstone

30.84 0.577 0.577 8.70 1.11 3.64 0.70%

No. 13
mudstone

34.24 0.577 0.577 8.70 1.11 3.33 0.53%

No. 15
mudstone

42.44 0.577 0.577 8.70 1.11 2.56 0.12%

No. 17
mudstone

49.99 0.577 0.577 8.70 1.10 2.18 0.09%
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Figure 7: Relationship curve between the layer elongation rate of
rock and the height of rock intermediate layer.
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water-flowing fracture zone. It can be concluded that the
DHOWFFZ does not exceed the height of the 6th rock stra-
tum group, namely, 43.1m.

3. Field Measurement of DHOWFFZ

The field measurement was conducted by the method of
underground double-end water plugging observation with
the aid of a DHOWFFZ observation instrument. The work-
ing principle and structure of the observation instrument
are shown in Figure 8. Observation points were arranged in
the adjacent 3406 working face material roadway, and
DHOWFFZ observation boreholes were constructed to the
roof above the goaf of the 3402 working face. The coal pillar
in the section is 6m wide. The length of each constructed
observation borehole should exceed the expected
DHOWFFZ a little. During the observation, the method of
plugging and water injection observation in sections (each
observation section: 1-2m long) was adopted to observe the
DHOWFFZ from the bottom of the borehole to the top of
it. In the observation process, the water leakage amount will
differ greatly when the probe reaches different areas inside
and outside the fracture zone. Therefore, the fracture devel-

opment degree and water conductivity of rock layer can be
judged by the changes in water leakage amounts in the rock
layer sections. In this way, the DHOWFFZ can be deter-
mined accurately. The schematic diagram of DHOWFFZ
observation borehole arrangement is presented in Figure 9.

The results of DHOWFFZ observation are shown in
Figure 10. The elevation angle of borehole is 40-45°. It is cal-
culated that before the borehole depth reaches 9m, the bore-
hole is located in the rock mass above the protective coal
pillar of the working face. In this section, the rock stratum
is less affected by mining, so no observation was conducted
here [27]. When the water leakage amount becomes large
(generally about 20-30 L/min), the borehole has penetrated
into the fracture zone. With the increase of borehole depth,
the water leakage amount drops rapidly to about 5-
10 L/min which means that the rock layer in this section no
longer conducts water. The results of water injection observa-
tion reveals that the water leakage amount of borehole 1
changes greatly at the borehole depth of 50.8m and the ver-
tical depth of 38.9m (an obvious turning point). It can thus
be judged that the DHOWFFZ measured through borehole
1 is about 38.9m. Similarly, the DHOWFFZs measured
through boreholes 2, 3, 4, 5, 6, and 7 are given in Table 3.

Coal and rock mass

Air
feed

Plugging console

Water injection
console Water

delivery

Double-end water
plugging device

Figure 8: Working principle of observation instrument.

The development
height of overburden

water-flowing
fracture zone

3402 working face goaf

3406 working face
material roadway

Coal pillar 6 m 4.2 m
10.2 m

DHOWFFZ observation
boreholes

Figure 9: Schematic diagram of measurement borehole arrangement.
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Here is a comparison between the theoretical analysis
and the field measurement. The theoretical analysis shows
that the DHOWFFZ is smaller than 43.1m; the water-
flowing fracture zone finally develops into the rock layer
below No. 14 fine sandstone; and No. 14 fine sandstone is
classified into the range of the bending subsidence zone.
The field measurement suggests that the DHOWFFZs all lie
in the range of 35.9-41.3m which is in line with the theoret-
ical calculation results and does not exceed the height from
the goaf to No. 15 mudstone (43.1m). This demonstrates that
although No. 15 mudstone undergoes a certain bending and
subsidence, its tensile fracture only develops in the middle
and lower parts of the rock stratum, and its subsidence is
not enough to cause the development of a penetrating frac-
ture which covers the whole thickness of the rock. Thereby,
it can be inferred that the final DHOWFFZ will not exceed

the height of No. 15 mudstone. In the field application, con-
sidering a certain safety factor, the maximum value (41.3m)
measured on site is taken as the DHOWFFZ. The field mea-
surement results verify the rationality of the DHOWFFZ pre-
diction method of “mudstone-sandstone” composite rock
stratum structure based on the soft rock elongation rate. This
indicates that for the “mudstone-sandstone” composite rock
stratum structure, it is reasonable to judge the development
degree of penetrating fracture in the rock stratum by adopt-
ing the elongation rate of the mudstone intermediate layer.
By virtue of this method, the range of DHOWFFZ can be
obtained.

4. Conclusions

(1) By combining the actual geological characteristics of
Xin’an Coal Mine with the results of laboratory mechanical
tests, the rock stratum structure characteristics in the stope
of Xin’an Coal Mine are obtained as follows: The overburden
roof exhibits a rock stratum structure of mudstone and sand-
stone overlapping, and each layer of mudstone shares a sim-
ilar thickness with the adjacent layer of sandstone above.
However, their mechanical properties differ significantly. A
layer of hard rock at the bottom drives the upper layers of
softer rock to move synchronously and coordinately. There-
fore, the overburden rock strata are divided into several
“mudstone-sandstone” rock stratum groups, each compris-
ing one lower sandstone layer with high strength factors
and one upper mudstone layer with low strength factors.
The overburdens of the working face are gradually developed
upward in the form of the abovementioned “mudstone-
sandstone” rock stratum groups.
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Figure 10: Water leakage amount of borehole 1.

Table 3: Measuring results of water-flowing fracture zone.

Observation
borehole

Elevation
angle (°)

Length
(m)

Height of water-flowing
fracture zone (m)

Borehole 1 45 80 38.9

Borehole 2 40 85 35.9

Borehole 3 43 80 39.6

Borehole 4 45 80 38.2

Borehole 5 40 85 36.4

Borehole 6 45 80 41.3

Borehole 7 42 85 39.7
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(2) In light of the literature, the ultimate tensile deforma-
tion of soft rock is greater than that of hard rock. Therefore,
only when the soft mudstone in a rock stratum group bends
and deforms and undergoes the formation of a penetrating
fracture can the rock stratum group be completely classified
as a part of the water-flowing fracture zone. It is proposed to
judge the development degree of penetrating fracture in each
rock stratum by adopting the elongation rate of mudstone
intermediate layer, and the range of DHOWFFZ is judged
according to the changes in the elongation rate of themudstone
layer in each rock stratum group. Through calculation, the
DHOWFFZ of “mudstone-sandstone” composite rock stratum
structure in the 3402 working face is smaller than 43.1m.

(3) The DHOWFFZ in the 3402 working face was mea-
sured in the field, and the measured results are all smaller than
the theoretically predicted values. The field measurement ver-
ifies the rationality of the DHOWFFZ prediction method of
“mudstone-sandstone” composite rock stratum structure
based on the soft rock elongation rate. Furthermore, it is deter-
mined that the water-flowing fracture zone will not affect the
overburden aquifer above No. 3 coal seam of Xin’an Coal
Mine, and the mining of No. 3 coal seam is safe and feasible.
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Gas extraction from coal seams in China faces various middle-term and long-term problems, such as the poor sealing quality and
low extraction rate. The mean gas extraction concentration is only 30%. Studying the flowing laws of the grout and fracture
plugging mechanism is of important significance to improve the sealing quality and increase the gas extraction efficiency. For
this reason, a new coal-based grouting material was prepared in this study, and its parameters such as viscosity were tested.
Moreover, a grouting theoretical model with considerations of the flowing of the grout and coal fracture plugging by migration
and deposition of slurry particles was constructed. The crack distribution before and after the grouting of fractured coal samples
was scanned with an industrial CT, and the fracture distribution of coal samples was reconstructed using an independently
compiled MATLAB program. Meanwhile, the variations of the coal permeability before and after the grouting were tested. On
this basis, this study built a numerical calculation model of the grouting in fractured coal samples to simulate the leakage
stoppage and permeability reduction mechanism of the coal-based sealing material grouting. Results demonstrate that (1)
according to the experimental test results, the new coal-based grouting materials achieve a good fracture plugging effect, and the
fractures in coal samples after the grouting are filled densely by the grouting particles. (2) According to the simulation results,
the permeability of grouting coal samples declines quickly and then tends to be stable. The overall permeability of coal samples
and the fracture permeability are decreased by 93.5% and more than 99.9% in average, respectively. (3) Influences of the
grouting pressure on the permeability variation of coal samples were investigated through a numerical simulation. It was found
that a reasonable grouting pressure for coal samples is about 0.3MPa. (4) The numerical simulation reproduces the whole
process of the grout flowing and the fracture filling. The variation laws of the diffusion and the permeability of the grout which
are calculated through a numerical simulation agree well with the experimental results, which verifies the reasonability of the
model. Research conclusions can provide important significance in theory and practice to disclose the leakage stoppage and the
permeability reduction mechanism of the borehole grouting during the gas extraction and strengthen the sealing effects of
extraction boreholes.

1. Introduction

With the vertical extension of coal mining in China, disasters
like coal and gas outburst are intensifying increasingly. Gas
extraction is an important technical mean to develop and
use gas resources and prevent gas disaster accidents in coal
mines [1, 2]. Nevertheless, gas extraction from coal seams
generally has low extraction efficiency in China, and the

mean gas extraction concentration is only 30% [3]. This is
because due to the general poor sealing quality, a lot of air
in the roadway enters into the borehole along the surround-
ing rock fractures under the effect of negative extraction pres-
sure, thus causing air leakage (Figure 1). At present, the
grouting sealing technique like “two-plugging and one-
grouting” is a common sealing technique in gas extraction
[1]. The principle of “two-plugging and one-grouting” is to
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inject some condensable grout into the fractures or pores of
coal mass to improve the physical and mechanical properties
of coal masses and thereby increase their antipermeability
and stability [4–6]. Therefore, exploring the flowing and dif-
fusion laws of grout and fracture sealing mechanism of coal
masses has important engineering significance to guide the
sealing effect of boreholes and increase the gas extraction
efficiency.

With respect to existing studies on the flowing and diffu-
sion laws of grout, scholars have developed a grouting theory
of rock masses with boreholes, a grouting theory of fractured
rock masses, a splitting grouting theory, a compaction grout-
ing theory, and a dynamic grouting theory [7–11]. With
respect to the grouting theory of fractured rock masses, Baker
deduced a flow equation of Newtonian fluid in fractures
under the assumption that the fractures are parallel smooth
fractures with equal widths [12, 13]. Mu et al. [14] established
a grout diffusion model in a single random fracture. Xiao
et al. [15] calculated the relation curve between the extension
distance of grout in fractures of a panel and the grouting
time. Based on the flowing theory of viscous fluid, Xiaolong
et al. [16] built a radial diffusion model of grout in single-
plane fracture under anhydrous conditions. Gustafson et al.
[8] assumed that the grouting pressure is a constant value
and studied the flowing law of grout in a single-plane fracture
based on the Bingham body constitutive model. Draganović
et al. [17] developed a short-slot model between two assem-
bled discs with constrictions to investigate the filtration and
penetration length of cement-based grout. Yang et al. [18]
carried out a numerical simulation study on the diffusion
process of cement-based grout with a single rough crack
through a finite element method. Saeidi et al. [19] studied
the influences of crack characteristics on grout flowing and
penetration length in fractured rock masses through a
numerical simulation based on discrete element software
(Udec). Wenjun [20] built a diffusion and flow model of
the route in fractured rock masses with consideration of the
variations of the viscosity of the grout with time. With con-
sideration of time-varying characteristics of the viscosity of
grout, Qingsong et al. [21] constructed a theoretical model
of grout diffusion in horizontal fractures under a constant
grouting speed.

The sealing effect of grout in fractured rock masses is
mainly reflected by the changes of fracture and permeability.
With respect to studies on the permeability of grouting rock

masses, Renshu et al. [22] analyzed the fracture variations of
mudstone samples before and after grouting through CT
scanning under laboratory conditions and evaluated the frac-
ture sealing effect by a method based on fractal dimension.
Yue [23] tested the permeability of coal samples after grout-
ing and carried out an intuitive analysis of the influences of
grouting viscosity on the sealing effect of coal mass. Ning
et al. [24] carried out a numerical simulation study of the var-
iation laws of permeability of rock masses after grouting.
Based on an independently developed large triaxial seepage-
grouting multifunctional platform, Qi et al. [25] investigated
the evolutionary characteristics of the permeability of rock
masses before and after grouting through an experiment.
Rentai et al. [26] gained the relationship between the fracture
of rock masses and osmotic coefficient through a drilling
analysis, analyzed the flowing law of grout during the grout-
ing process through the flow dimension theory, and evalu-
ated the sealing effect of rock grouting. Guangxuan et al.
[27] developed an experimental system of 3-dimensional
penetrating grouting model and implemented a grouting test
on sandstone samples, getting time-varying laws of porosity,
permeability, and grouting pressure of samples. Sun et al.
[28] proposed a coupling HM model based on the coupling
effect between grout and rock mass and discussed the
grouting process through a numerical simulation. More-
over, they analyzed the influences of geostress on aniso-
tropic permeability characteristics of grouting rock masses.
Xu et al. [29] discussed the leakage stoppage and perme-
ability reduction of grouting in deep-fractured rock masses
through an independently developed physical simulation
platform of grouting.

In the above studies, the mathematical model of describ-
ing the diffusion and flow laws of grout is mature. Associated
studies have made beneficial discussions on the flowing and
diffusion laws and sealing effect of grout. However, most of
the existing studies assume coal and rock masses as an ideal
isotropic body [30–33] or set the fracture distribution based
on a random function [34]. Uncertainty of the initial fracture
distribution influences the reliability of the calculation results
directly, thus making existing studies difficult to describe the
motion law and diffusion scope of grout accurately. More-
over, the associated studies hardly have considered the phys-
ical essence of fracture and permeability changes of coal and
rock masses caused by sedimentation of grout particles, and
they cannot predict the leakage stoppage and permeability
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Borehole

Air

Coal

Fractures

Figure 1: Air leakage in boreholes for gas extraction.
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reduction characteristics of grout in coal samples reliably.
Furthermore, it lacks of a systematic study on flowing char-
acteristics and performance in leakage stoppage and perme-
ability reduction of the new coal-based grouting material.
Based on the distribution law of fracture field in coals
which was gained from practical CT scanning, this study
reflected the fracture evolution seepage law of grout in coal
masses scientifically with considerations to the fracture evo-
lution, leakage stoppage, and permeability reduction mech-
anism of grouting caused by diffusion deposition of
grouting particles. Research conclusions lay the foundation
for the optimization of grouting-based sealing of boreholes
during gas extraction. This study has important theoretical
and practical significance.

2. Theoretical Grouting-Based Sealing Model of
Surrounding Rock Fractures

Through grouting of fractured coal and rock masses, the grout
is driven by the grouting pressure and flows along fractures in
coal masses. Grouting particles deposit in block the fractures,
thus influencing the permeability of coal mass. To establish
an evolutionary model of the permeability of fractured coal
masses after grouting, some basic hypotheses were set up:

(1) Grouting particles are incompressible, and the injec-
tion concentration remains constant

(2) Effects of stress changes on the fractures of coal mass
are ignored in the grouting process

(3) The deposition process of grouting particles is irre-
versible. In other words, the separation process of
deposited grouting particles is ignored.

2.1. Definition. Based on the aforementioned assumptions, a
representative element for a typical coal microstructure is
shown in Figure 2. The length L (m) and volume V (m3) of
the element are expressed as

L = a + b, ð1Þ

V = a + bð Þ3, ð2Þ
where a (m) is the length of the matrix and b (m) is the aper-
ture of the fracture.

The total voidage φ (%) of an element is written as

φ = a + bð Þ3 − a3

a + bð Þ3
≅
3b
a
: ð3Þ

It should be noted that b≪ a.

2.2. Mass Conservation Equations for Particles. To study the
sediment characteristics of the grouting particles, the
dynamic mass conservation equations for the particles were
calculated based on a three-dimensional representative ele-
ment, as illustrated in Figure 3.

Grouting particles have migration and sediment pro-
cesses inside a representative element. For the migration pro-
cess, the average seepage velocity of an element can be
defined as q!i (m/s). In the direction of xi (i = 1,2,3), the mass
increase of particles flowing into the element in a unit time
can be calculated as

−
∂ Cρsqið Þ

∂xi
V ð4Þ

where C (%) is the particle concentration (i.e., particle satura-
tion) and ρs (kg/m3) denotes the density of grouting particles.

Figure 3 Illustration of a three-dimensional characteristic
element. Mi is the mass change of solids due to convection,
defined as Mi = Cρsqi.

In the direction of xi, the mass flowing into the element
due to the sediment should be expressed as

−
∂Mi

∂xi
V i = 1, 2, 3ð Þ: ð5Þ

For the element, the total mass flowing can be expressed
as the summation of the three directions:

−〠
3

i=1

∂Mi

∂xi
V

� �
: ð6Þ

For the sediment process, the total mass flowing into the
element can be expressed as

−
∂φ
∂t

ρsV ð7Þ

a b

Matrix
block 

Fracture Grouting
particles

REV

b/2

a

Figure 2: Sketch of the physical model for broken coal with grouting.
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According to the mass conservation law for the unit ele-
ment, giving the mass conservation equation for particles as

∂
∂t

Cφρsð ÞV = −〠
3

i=1

∂Mi

∂xi
V

� �
−
∂φ
∂t

ρsV , ð8Þ

Equation (8) can be simplified as

∂
∂t

Cφð Þ+∇ ⋅ Cq!
� �

= −
∂φ
∂t

: ð9Þ

2.3. Water Mass Conservation Equations. In a similar way as
Equation (9), the mass conservation equation for water flow
can be derived as

∂ φ 1 − Cð Þ½ �
∂t

+∇ ⋅ 1 − Cð Þq!
h i

= 0: ð10Þ

2.4. Evolution of the Fracture Aperture and Permeability.
According to that study [35, 36], the evolution of fracture
aperture was affected by the particles concentration as
well as the seepage velocity. The following equations have
been developed to determine the evolution of the fracture
aperture:

∂φ
∂t

= C ⋅ Kdep, ð11Þ

Kdep =
3 1 − φð Þu

2Dc
η: ð12Þ

The relationship between element permeability and
fracture aperture can be expressed as

k = b3

12a ,
ð13Þ

k
k0

= b
b0

� �3
: ð14Þ

2.5. Grout Flow. The schematic diagram of the flow of
grouting slurry in the coal cracks is shown in Figure 4.
According to the related study [37], the velocity equation
describing the flow of grout can be obtained:

qi = −
k
η
∇pi 1 − λ

∇pij j
� �

, ð15Þ

where

λ = 4τs
b

: ð16Þ

τs is the yield stress of the grouting slurry, which can
be obtained by the test.

Equations (9)–(16) compose the coupled processes of coal
fracture grouting under sediment effects. The above governing
equations will be implemented into COMSOL Multiphysics
next to understand the grouting mechanism in coal fractures.

3. Grouting Test of Fractured Coal Samples

3.1. Preparation of Grout and Viscosity Test. It can be seen
from Figure 5 that a new grouting material was prepared by
water, curing agent, expansive agent, and coal powder with
grain size lower than 100 meshes. Grout samples with differ-
ent water-solid ratios were prepared, and variations of their

o

M1L
2
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𝜕M2
𝜕x2

L2
M1+ L

𝜕M1
𝜕x1

M2L
2x3
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a+b

Figure 3: Sketch of a representative element for broken coal.

b

x y

z
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Figure 4: Sketch of grouting flow in coal fracture.
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viscosities were tested by experiments. The proportioning
schemes of water-solid ratio are shown in Table 1.

We test the viscosity of grout samples by using a Brinell
viscosity rotation tester, and the time-varying test results
and fitting curves of viscosity of grout samples with different
water-solid ratios are shown in Figure 6. Clearly, the initial
apparent viscosity is negatively correlated with water-solid
ratio. This is because the internal frictional resistance of the
grout decreases with the increase of free water content in
the grout. Moreover, the apparent viscosity of grout samples
with different water-solid ratios presents an upward trend as
time goes on, because the grout samples condense gradually
and the internal frictional resistance increases accordingly.

3.2. Experimental System and Steps. Grouting and experi-
mental systems of fractured coal samples are shown in
Figure 7. It is mainly composed of three experimental sys-
tems, namely, permeability test system, CT scanning system,
and grouting test system. The permeability test system is to
measure the permeability of coal samples before grouting.
The CT scanning system is to acquire the initial fracture dis-
tribution in coal samples through CT scanning and then
carry out a grouting test of coal samples: (1) coal samples
were wrapped with silicon seals and then loaded into a closed
cavity. The lower valve was kept open. (2) The upper valve
was connected to the grouting pipeline, and it was kept open.
(3) The prepared grouting materials were added by a manual
pressure pump and then the grouting test began. (4) In the
grouting test, the grouting pressure was maintained at
0.2MPa, and the upper valve was closed at 30min. The
grouting pipeline and manual pressure pump were cleaned.
(5) The closed cavity was open, and coal samples were taken
out. The grouting air chamber was cleaned for later use. After
finishing the grouting process, the permeability test and CT
scanning test of coal samples were performed again.

3.3. Experimental Results and Analysis. CT scanning results
of coal sample 1# before and after grouting are shown in
Figure 8. It can be seen from Figure 8(a) that the main frac-
tures extend gradually from the upper to bottom of the coal
samples, and the fractures are relatively wide. In this process,
fractures incline toward one side, and two fractures which
could extend to other sides could be seen at the upper end
and at 1/3 of the coal samples. The width of these two fractures
was relatively low. The main fracture developed two branches
after reaching the middle position of the coal samples. One
branch stops extension after reaching one side surface, and
the other branch was twisted after reaching the side surface
and then extended to the lower position of coal samples. This
branch was relatively narrow, and it only could be seen from
images. In Figure 9(b), the main fracture of coal samples was
filled completely by the grouting material. In branch fractures,
grouting materials cannot run through the whole fracture
channel due to the small width, big sinuosity, and poor con-
nectivity. There are few grouting particles in branches.

CT scanning results of coal sample 2# before and after
grouting are shown in Figure 9. It can be seen from
Figure 9(a) that there is a big fracture on the upper position
of the coal sample. It extends from top to bottom, then
inclines toward the side surface after reaching 1/3 of the
upper position of the coal sample, and finally disappears.
No other evident fracture structure is found in the coal sam-
ples. However, white minerals form a dense distribution at
1/3 of the lower position of the coal sample. Figure 9(b)
shows that the fracture shows good connectivity, and it is
filled completely by the grout, forming good cementation
between the grouting materials and the fracture wall.

With reference to the permeability test of coal samples
[38–43], the permeability of coal samples before and after
grouting was tested through a triaxial gas seepage experimen-
tal system of coal and rock masses. Test conditions and
results are listed in Table 2. Clearly, permeability of coal sam-
ples after grouting declines significantly compared to the ini-
tial value. The permeability of coal samples 1# and 2# is
decreased by 93.0% and 95.5%, respectively.

4. Numerical Modeling of Grouting in Fractured
Coal Masses

4.1. Construction of a Numerical Model. In the above experi-
ments, coal samples before grouting were scanned using
an industrial CT, through which the internal fracture dis-
tribution of coal mass was gained. It can be seen from

Curing agent Expansive agent Coal powder

Figure 5: Raw materials of grouting.

Table 1: Proportioning scheme of water-solid ratio.

Water-solid
ratio

Mass of coal
powder (g)

Curing
agent (g)

Expansive
agent (g)

Water
(g)

0.5 500 2 400 451

0.8 500 2 400 721.6

0.9 500 2 400 811.8

1 500 2 400 902

1.5 500 2 400 1353

2 500 2 400 1804
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Figure 7: Experimental systems.

(a) (b)

Figure 8: CT scanning results of coal sample 1#: (a) before grouting, (b) after grouting.
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Figure 10(a) that the diameter and height of coal samples
were set 50mm and 100mm, respectively. A numerical cal-
culation model which was consistent with the dimension of
coal samples was built (Figure 10(b)), in which the mesh gen-
eration is tetrahedral mesh, and the number is about 80000.
Boundary conditions for numerical simulation were set
according to the experimental conditions. Specially, the
grouting pressures on the upper surface and lower surface
of coal samples were set as 0.2MPa and 0, respectively. There
were no permeable boundaries surrounding the coal samples.
Initial condition is as follows: the initial grout concentration
of the model was 0, and CT scanning slices of coal samples
were processed by the independently compiled MATLAB
program. The generated documents were input into a finite
element numerical simulation software COMSOL, getting
the initial fracture distribution diagram of coal samples. In
Figure 10(c), the initial permeability distribution of coal sam-
ples was gained by combining the permeability test results of

coal samples based on the above results. Main parameters of
numerical simulation are listed in Table 3.

4.2. Numerical Simulation Results and Analysis

4.2.1. Grouting Pressure. The cloud maps of the variation of
grouting pressure in coal samples 1# and 2# with time are
shown in Figures 11 and 12, respectively. As the grouting
process continues, the grouting pressure of coal samples dif-
fuses gradually from top to bottom. Pressure distribution
runs through the coal samples at 200 s, indicating that the
grout flows from the lower end to the upper end of the coal
samples. Pressure in fractures tends to be stable after 2000 s.
It also can be seen that the grouting pressure in coal sample
1# diffuses relatively slowly, and the pressure in the end frac-
ture has not reached the maximum at 200 s. By combining
with CT scanning maps, this is the consequence of wide frac-
tures and good permeability on the upper surface of coal
samples, but narrow fractures and poor permeability on the
lower surface of coal samples. Grouting pressure diffuses
quickly in coal sample 2# due to the short fracture, and the
pressure was stable at 100 s.

4.2.2. Permeability of Coal Samples. The cloud maps of per-
meability variations of coal samples 1# and 2# with time
are shown in Figures 13 and 14. Clearly, the permeability at
the fracture of coal samples is far higher than that in the non-
fractured zones in the beginning of grouting. As grouting
continues, the fractures are filled by the grout, and the per-
meability declines continuously. Permeability at the fracture
of coal masses is similar to that in the nonfractured zones
after 2000 s. Besides, the fracture on the upper end of coal
samples is blocked firstly in the grouting process, and the
permeability declines quickly. As the grout diffuses down-
ward continuously, the permeability at the lower position of
coal samples decreases gradually. Finally, the fractures that
run through the coal samples are filled by grout. Specifically,
the permeability in the upper section of the fracture of coal
sample 1# decreases quickly, while the permeability at the
lower branch of the fracture decreases slowly. This is attrib-
uted to the small width of the branch and the slow flowing
of the grout. Similar phenomenon of permeability variation
is observed for the coal sample 2#. The slow reduction of per-
meability in the lower section of the fracture is attributed to

(a) (b)

Figure 9: CT scanning results of coal sample 2#: (a) before grouting, (b) after grouting.

Table 2: Variations of permeability of coal samples before and after
grouting.

No.
Initial permeability

(k0/mD)

Permeability
after grouting

(k1/mD)

Reduction
k0 − k1ð Þ/k0

1 37.0mD 2.6mD 93.0%

2 6.7mD 0.3mD 95.5%

(a) (b) (c)

Figure 10: Numerical calculation model of grouting in fractured
coal samples. (a) CT scanning fracture. (b) Model meshing. (c)
Numeralization fracture distribution.
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the small width in the middle position, which influences the
flow velocity of the grout in the lower section of the fracture.

The variation curves of permeability of grouting coal
samples with time, which are gained from the numerical sim-
ulation, are shown in Figure 15. The numerical simulation
results of permeability of coal samples before and after grout-
ing are listed in Table 4. Clearly, the overall permeability of
coal samples decreases gradually, and the mean reduction
amplitude is 93.5%. Specifically, the initial permeability of
coal sample 1# is 36.9mD, and it decreases gradually with
the increase of grouting time. The overall permeability
decreases by 92.2% to 2.86mD at 2000 s. The initial perme-
ability of coal sample 2# is 6.6mD, and it decreases gradually
as the grouting continues. The overall permeability of coal
sample 2# is decreased by 94.8% to 0.34mD at 2000 s.
According to the comparison of experimental results, the

numerical simulation results conform to the experimental
results, which verify the accuracy of the theoretical model.

The variation curves of the overall fracture permeability
of coal samples with grouting time which are gained from
numerical simulation are shown in Figure 16. Clearly, the
variation trend of fracture permeability is consistent with
the overall permeability of coal samples. Differently, the ini-
tial fracture permeability is higher and the reduction ampli-
tude is larger. The fracture permeability of coal samples can
be decreased by at least 99.9%.

4.3. Effects of Grouting Pressure on Permeability Reduction of
Coal Samples. Grouting pressure can influence the grouting
effect significantly in the grouting process. In this section,
the variation law of permeability of coal samples with time
under different grouting pressures was discussed by taking

Table 3: Main parameters for simulation.

Grout density
kgm-3

Grouting pressure
MPa

Water-solid ratio
Viscosity

Pa s
Sedimentation coefficient

h-1
a
m

Yield stress
MPa

1340 0.2 1.5 η = 154:55e0:0254t 80 0.1 55.6

0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8

×105

2

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

Figure 11: Cloud map of the variation of grouting pressure distribution with time (coal sample 1#). (a) t = 1 s. (b) 10 s. (c) 50 s. (d) 100 s. (e)
200 s. (f) 2000 s.

(a) (b) (c) (d) (e) (f)
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8

×105

2

Figure 12: Cloud map of the variation of grouting pressure distribution with time (coal sample 2#). (a) t = 1 s. (b) 10 s. (c) 50 s. (d) 100 s. (e)
200 s. (f) 2000 s.
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coal sample 1#, for example. The results can provide theoret-
ical supports to select the reasonable grouting pressure in the
grouting engineering. The variation curve of permeability of
coal sample 1# with time under different grouting pressures
is shown in Figure 17. Clearly, permeability of coal sample

1# decreases by 89.6% from 37mD to 3.83mD when the
grouting pressure is 0.1MPa. When the grouting pressure is
0.2MPa, the permeability decreases by 92.2% from 37mD
to 2.86mD. When the grouting pressure is 0.3MPa, the per-
meability decreases by 92.5% from 37mD to 2.78mD.

(a) (b) (c) (d) (e) (f)
0

5
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35

×10–13

Figure 13: Cloud map of variation of permeability distribution with time (coal sample 1#). (a) t = 1 s. (b) 10 s. (c) 50 s. (d) 100 s. (e) 200 s. (f)
2000 s.
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Figure 14: Cloud map of variation of permeability distribution with time (coal sample 2#). (a) t = 1 s. (b) 10 s. (c) 50 s. (d) 100 s. (e) 200 s. (f)
2000 s.
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Figure 15: Variation curves of overall permeability of coal samples with time. (a) Coal sample 1#. (b) Coal sample 2#.
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Obviously, the variation velocity of permeability of coal sam-
ples increases significantly with the grouting pressure when it
is lower than 0.25MPa. However, the variation curves of per-
meability of coal samples are almost consistent when the
grouting pressure exceeds 0.25MPa. In a word, the optimal
grouting pressure of coal samples under this condition is
about 0.25MPa.

5. Discussions

Disclosing leakage stoppage and permeability reduction
mechanism of grouting in fractured coal masses has impor-
tant theoretical significance to strengthen the borehole seal-

ing effect during gas extraction. Since existing theoretical
studies hardly consider the variation of fracture and perme-
ability of coal and rock masses caused by the deposition of
grouting particles and it is difficult to describe the research
status of motion law of grout accurately due to the uncertain
initial fracture distribution in the numerical simulation
study, authors prepared a new coal-based grouting material
and tested the parameters of this grouting material (e.g., vis-
cosity). Moreover, a theoretical grouting model of coal frac-
ture filling with consideration of the flowing of grout and
deposition of grouting particles was built up. A “visual” anal-
ysis of fracture structures in coal masses was realized by
industrial CT scanning. The leakage stopping and permeabil-
ity reduction mechanism of coal mass is investigated by using
a numerical simulation software COMSOL. Research conclu-
sions provide references to the quantitative analysis of the
motion law of grouting particles and strengthening the bore-
hole sealing effect for gas extraction. However, grout deposi-
tion and fracture filling involve relatively complicated
physical and chemical processes. For instance, the chemical
properties of grouting materials may change with time and
the deposited particles can be changed into suspending parti-
cles again. In this study, the deposition process was simpli-
fied, and key attentions were paid to the physical outcomes
of fracture filling by deposited grouting particles. Secondly,
CT scanning and observation analysis of the whole grouting
process are impossible due to limitations of experimental
conditions. This study only carried out CT scanning and
permeability test of coal samples at the initial state and after
the grouting, but the “visual” experiment over the whole
grouting process still needs improvement and updating of
experimental means. In addition, this study is still under lab-
oratory conditions and scale. The diffusion law and blocking

Table 4: Numerical simulation on permeability variations of coal samples before and after grouting.

No.
Initial permeability

kn0/mD
Permeability after groutin

kn1/mD
Reduction amplitude

kn0 − kn1ð Þ/kn0
Error between numerical simulation and experiment

%

1 36.9 2.86 92.2% 0.86%

2 6.6 0.34 94.8% 0.73%
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Figure 16: Variation curves of fracture permeability of coal samples with time. (a) Coal sample 1#. (b) Coal sample 2#.
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mechanism of grout under engineering sale and complicated
conditions are still needed.

6. Conclusions

In this study, a new coal-based grouting material is prepared,
and its parameters such as viscosity are tested. A theoretical
grouting model of the coal fracture filling with consideration
of the flowing of the grout and the deposition of grouting
particles is constructed. The leakage stoppage and the perme-
ability reduction mechanism of the coal mass is investigated
by using a numerical simulation software COMSOL. Some
major conclusions can be drawn:

(1) Fractured coal masses are viewed as a fractured
medium. With consideration of the deposition of
grouting particles, the mass conservation equation
of grouting particles, grout flow equation, and frac-
ture evolutionary equation are deduced. Besides, a
grout mass variable seepage model of the leakage
stoppage and permeability reduction of fractured
coal masses is constructed. This lays a theoretical
base to disclose the leakage stoppage and permeabil-
ity reduction mechanism of the grouting in fractured
coal masses

(2) The permeability of fractured coal samples before
and after the grouting is tested by an experiment. It
was found that the proposed coal-based grouting
materials can fill in coal fractures completely, thus
significantly decreasing the permeability after the
grouting. This proves that the coal-based grouting
materials can block fractures significantly

(3) The model is reconstructed based on the real-time
industrial CT scan of fractures, and CT scanning
images after the reconstruction are input into the
numerical simulation software COSMOL by using
the independently compiled MATLAB. The whole
process of the grout flowing and the fracture filling
is simulated, getting the variation laws of the perme-
ability of coal samples. Moreover, the reasonable
grouting pressure of coal samples is analyzed.
Numerical simulation results conform well with the
CT scanning distribution of coal-based grouting
materials and the permeability variation in coal sam-
ples. This further verifies the reliability of the pro-
posed theoretical model.
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CO2 injection into coal seam triggers a series of processes that are coupled all together through a permeability model. Previous
studies have shown that current permeability models cannot explain experimental data as reported in the literature. This
knowledge gap defines the goal of this study. We hypothesize that this failure originates from the assumption that the pore
strain is the same as the bulk strain in order to satisfy the Betti-Maxwell reciprocal theorem. This assumption is valid only for
the initial state without gas sorption and deformation and for the ultimate state with uniform gas sorption and uniform
deformation within the REV (representative elementary volume). In this study, we introduce the pore-bulk strain ratio and
interference time to characterize the process of gas sorption and its associated nonuniform deformation from the initial state to
the ultimate state. This leads to a new nonequilibrium permeability model. We use the model to fully couple the coal
deformation and gas flow. This new coupled model captures the impact of coal local transient behaviors on gas flow. Results of
this study clearly show that coal permeability is constrained by the magnitudes of initial and ultimate pore-bulk strain ratios and
interference time, that current permeability data in the literature are within these bounds, and that the evolutions of coal
permeability all experience similar stages from the initial value to the ultimate one.

1. Introduction

CO2 is the main contributor to the greenhouse effect. CO2
sequestration in deep nonexploitable coal seams can simulta-
neously reduce CO2 emissions and enhance coalbed methane
recovery (CO2-ECBM), which has great potential for devel-
opment [1–4]. The study of coal permeability evolution is
the main problem to enhance gas recovery of reservoir [5–
7]. When the gas pressure drops to the desorption point,
the adsorbed gas enters into pores, the matrix shrinks, and
the pores’ volume increases [8–10]. In the process of gas
injection, solid-gas coupling leads to significant differences
in permeability, and its evolution process is highly complex.

In the past few decades, several coupling models have
been proposed to interpret the permeability change during
CO2 injection. Based on the Langmuir model, a finite ele-
ment model was proposed to investigate the coupling of
sorption-induced deformation and coal seam gas flow
process [11]. A multiphase flow model for the gas injection
process considering the coupling of matrix deformation
and heat conduction process was proposed [12]. Then, the
single-porosity elastic model to study the evolution process
of porosity and permeability of CO2 gas injection under in
situ stress, taking into account the deformation and flow
process of micropore and fracture, was revised [13, 14]. A
dual porosity model considering the statistical properties of
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geological parameters, which can introduce relatively large
errors, was proposed [15]. The effects of directional compac-
tion, single fracture, and anisotropic expansion on coalbed
methane reservoirs through a dual porosity model were
discussed [16]. Based on the multiple porosity model, the
relationship between matrix strain and macro permeability
of coal by introducing the strain splitting function was stud-
ied [17]. Two nonequilibriummodels with two different non-
linear adsorption isotherms, i.e. nonlinear Freundlich and
Langmuir adsorption isotherms, were developed [18]. The
change of fracture porosity and permeability caused by coal
matrix shrinkage into the dual pore model to study the qua-
sisteady flow in unconventional reservoirs was introduced
[19, 20]. Although these models have been used to interpret
and match some experimental data, the interaction between
coal matrix and fracture induced by the adsorption-induced
strain has not been understood well.

Previous model conclusions [15, 21] are inconsistent
with experimental data of huge changes in coal permeability
caused by coal swelling. The experimental data are sensitive
to the change of stress and pore pressure, especially for low
permeability coal seams. Using transient pulse attenuation
technology, it is found that the compressibility of face cleats
is considerably sensitive to the sorption-induced swelling/sh-
rinkage and offers significant effects on the coal permeability
[22]. The adsorption and desorption energy of CO2 gas
significantly affects the volume change of microscopic and
macroscopic pores in coal, resulting in the expansion/con-
traction and permeability fluctuation of coal [23].Previous
models usually only studied the ultimate equilibrium perme-
ability, but neglected its evolution process. Studies [14, 22,
23] show that for low permeability coal seams, it often takes
a long time for permeability to evolve to the final equilibrium
state during gas injection. To solve this problem, a series of
research was conducted [24–26] to study the change process
of the intermediate nonequilibrium state in the process of
coalbed methane exploitation. In recent years, a new func-
tional relationship between coal permeability and fracture
aperture was defined [27], and the evolution process of coal
permeability from the initial equilibrium state to final equi-
librium state was analyzed. However, the study on the divi-
sion of fracture and matrix-induced strain by adsorption
usually adopts the method of single or discrete fracture
explicitly embedded into the models.

In this study, the explicit approach as adopted in previous
studies is transformed into a continuous approach. The
explicit method uses geometric methods to characterize the
fracture pore structure, such as digital core method and
fracture discrete network method. However, due to its high
computational requirements, the analysis of large-scale mul-
tifield coupling problems is still limited [5, 6]. In the process
of gas adsorption, coal will undergo uneven deformation,
which will lead to the change of throat and channel length
in the internal pores; so, the pore-bulk strain ratio is intro-
duced to characterize this change process. Under the cou-
pling effect of stress, the change of pore pressure in coal
will lead to the change of permeability. The pore volume
strain ratio and interference time proposed in this work can
quantitatively characterize the gas adsorption process and

the accompanying nonuniform evolution process from the
initial state to the final state. Thus, a new multifield coupling
model of nonequilibrium permeability including fracture
pore dual scale is established. Compared with the previous
models, this new coupling model captures the influence of
local transient behavior of coal on gas flow from the perspec-
tive of interference time. The results of this study are reported
in the following sections.

2. Governing Equations

Coal seam is a typical dual porosity medium under the action
of in situ stress [28–31]. The deformation caused by the
adsorption process is one of the main inducements of coal
seam permeability. Firstly, considering the pore adsorption
strain ratio, a dual porosity model is established and coupled
to the solid deformation equation under the influence of
effective stress. The following assumptions are made for coal
deformation and gas seepage process:

(1) The deformation process of coal meets linear
elasticity

(2) The effect of anisotropy is not considered

(3) Gas viscosity coefficient is a constant

(4) Gas in the pores is saturated

2.1. Permeability Model. The ratio of pore strain and bulk
strain induced by adsorption can be expressed as [32]:

εsp = ψ εsbð Þ, ð1Þ

where εsp is the pore strain induced by sorption, εsb is the
bulk strain of coal induced by sorption, and ψ is the function
of εsb. According to Taylor expansion, Eq.(1) can be
expressed as

εsp = γεsb, ð2Þ

where γ = ∂ψ/∂εsbjεsb=0. Experimental results [15] show that
the sorption-induced strain of pore is larger than that of bulk,
and the two strains can be regarded as equal only when they
are in the equilibrium state.

At the beginning of gas injection, the pressure in fracture
is greater than that in matrix. So, gas permeates into the
matrix, and the amount of adsorbed gas in the matrix
increases. Then, the volume expands, and the fracture vol-
ume decreases as shown in Figure 1.We can draw the conclu-
sion that the sign of the fracture strain is opposite to that of
the matrix strain. In addition, coal porosity is usually very
small (0:001 < ϕ < 0:03); so, the sorption-induced strain of
matrix is approximately equal to that of bulk. Then, the sigh
of the sorption-induced fracture strain is opposite to that of
bulk, i.e., at the initial state γ0 < 0. The initial value of γ can
be expressed as [33]:

γ0 =
Cf E

3 ν − 1ð Þ , ð3Þ
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where Cf is the coal compressibility, E is the Young’s modu-
lus of coal, and ν is the Poisson ratio of coal.

The characteristic interference time τ1 is determined by
the onset of pressure interference between two hydro frac-
tures spaced 2d (as shown in Figure 2) apart and defined
by [34]:

τ1 =
d2

λi
: ð4Þ

λi is the hydraulic diffusivity of gas under the initial res-
ervoir pressure and temperature (pi, T), which can be mea-
sured by experiment. Pore structure, temperature, pressure,
and gas composition have an important influence on the
hydraulic diffusion coefficient, but here we ignore the
change of temperature and pressure, assuming that the
gas is an ideal gas, and considering the homogeneous reser-
voir; so, the hydraulic diffusion coefficient λi is considered
to be a constant.

When coal reaches the final equilibrium state, the strain
ratio γ = 1, which means pore strain induced by sorption, is
equal to the bulk strain. In combination with equation (3),
we assume that the adsorption strain ratio changes linearly
from the initial state to the final equilibrium state. As shown
in Figure 3, γ can be expressed as

γ =
1 − γ0
τ1

⋅ τ + γ0, 0 ≤ τ < τ1

1, τ1 ≤ τ

8<
: : ð5Þ

The change rate of pore volume can be expressed as
[11, 35]:

ΔV
V

= −
1
K

�σ − αpð Þ + εs, ð6Þ

ΔVp

Vp
= −

1
Kp

�σ − αpð Þ + γεs, ð7Þ

where V =Vp +Vs, V is total volume of porous coal, Vp is
the pore volume of porous coal, and Vs is solid volume of
porous coal. �σ is the mean compressive stress, α is the
Biot coefficient, p is the gas pressure. εs is the gas

sorption-induced strain, K is the bulk modulus of coal,
and Kp is the bulk modulus of pores.

Kp =
ϕ

α
K , ð8Þ

ΔV
V

= ΔVs

Vs
+ Δϕ

1 − ϕ
, ð9Þ

ΔVp

Vp
= ΔVs

Vs
+ Δϕ

ϕ 1 − ϕð Þ , ð10Þ

Pm

Pf

Gas

Matrix

Fracture

ΔV

Figure 1: Block volume evolution induced by gas transfer between fracture and matrix.

Geometric volume
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Figure 2: Schematic diagram of the artificial fracturing structure.
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Figure 3: Schematic diagram of the change of adsorption strain
ratio γ.
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where ϕ is the porosity of coal. Combined Eq.(6)–(10), we
obtain

Δϕ = ϕ �σ − αpð Þ −
1
Kp

+ 1
K

" #
+ ϕ γ − 1ð Þεs

= ϕ − α

K
�σ − αpð Þ + ϕ γ − 1ð Þεs:

ð11Þ

Substitute εv = −ð1/KÞð�σ − αpÞ + εs into Eq.(11), we
obtain

Δϕ = α − ϕð Þ εv − εs +
p
Ks

� �
+ ϕ γ − 1ð Þεs, ð12Þ

where Ks is the bulk modulus of coal grains. Then,

ϕ − ϕ0 = α − ϕð Þ S − S0ð Þ + ϕ γ − 1ð Þ εs − εs0ð Þ
= α − ϕð Þ S − S0ð Þ + ϕ γ − 1ð Þ εs − εL

p0
PL + p0

� �
,
ð13Þ

where S = εv + ðp/KsÞ − εs, S0 = ðp0/KsÞ − εLp0/ðp0 + pLÞ, p0
is the initial gas pressure, εs0 is initial gas sorption-
induced strain, pL is the Langmuir pressure coefficient,
and εL is the Langmuir volumetric strain constant; so,
we obtain

ϕ = ϕ0 + α S − S0ð Þ
1 + S − S0ð Þ − γ − 1ð Þ εs − εL p0/PL + p0ð Þð Þ : ð14Þ

Find the partial derivatives of the equations on both
sides of Eq. (11):

∂ϕ
∂t

= α − 2ϕ + ϕγ

1 + 2S − γS − S0

∂S
∂t

: ð15Þ

The governing equations of gas flow can be expressed
as

ϕ + ρcpaVLPL

p + PLð Þ2
" #

∂p
∂t

+ p
∂ϕ
∂t

−∇ ⋅
k
μ
p∇p

� �
=Qs, ð16Þ

where VL is the Langmuir volume coefficient, k is the per-
meability, μ is the gas viscosity, and Qs is source term of
gas flow, Qs = ωðpf − pmÞ. Experiments [11, 12] show that
the relationship between porosity and permeability of coal
can be expressed as

k
k0

= ϕ

ϕ0

� �3
: ð17Þ

Combined Eq. (16) with Eq.(17), we can obtain the
permeability of the pore system and fracture system:

km = km0
ϕm0 + α Sm − Sm0ð Þ

1 + Sm − Sm0ð Þ − γ − 1ð Þ εms − εL pm0/PL + pm0ð Þð Þ ⋅
1

ϕm0

� �3
,

kf = kf 0
ϕf 0 + α Sf − Sf 0

� �
1 + Sf − Sf 0

� �
− γ − 1ð Þ εf s − εL pf 0/PL + pf 0

� 	� 	 ⋅
1
ϕf 0

2
4

3
5
3

,

ð18Þ

where subscript m denotes matrix and f denotes fractures.

2.2. Governing Equation of Coal Deformation. The structure
of the dual porosity model is shown in Figure 4. The equilib-
rium equation of matrix and fracture can be expressed as

σij + f i = 0, ð19Þ

where σij is the component of stress tensor, and f i is the com-
ponent of body force. The relationship between coal defor-
mation and stress induced by adsorption can be expressed
as [36]

εij =
1
2Gσij −

1
6G −

1
9k

� �
σkkδij +

α

3K pδij +
εs
3 δij, ð20Þ

where G is the elastic shear modulus, σkk = σ11 + σ22 + σ33,
and δij is the Kronecker delta. According to the Langmuir
equation, the sorption-induced strain can be expressed as

εs = εL
p

PL + p
: ð21Þ

Combined Eq. (19) with Eq. (20), the governing equation
of coal deformation can be expressed as [37, 38]

Gui,kk +
G

1 − 2μ uk,ki − αpi − Kεs,i + f i = 0: ð22Þ

2.3. Governing Equation of Gas Flow. According to the state
of occurrence, gas in the coal reservoir can be divided into
two parts: the adsorption phase and the free phase. The total
mass can be described by the following equations:

mm = ρgmϕm + ρgaρc
VLpm
pm + PL

, ð23Þ

𝜎e

𝜎e

𝜎e

𝜎e Matrix

Fracture

Pf

Pm

Figure 4: Dual porosity coal structure.
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mf = ρg fϕf + ρgaρc
VLpf
pf + PL

, ð24Þ

where mm and mf , respectively, denote the mass of gas in
matrix and fracture. ρgm and ρgf , respectively, denote the
gas density in matrix and fracture. ρga denotes the gas density
in standard condition. ρc denotes coal density. Based on the
conservation law of mass, the governing equation of gas mass
can be expressed as

∂m
∂t

+∇ ⋅ ρgqg
� 	

=Qs, ð25Þ

where t is the time. ρg is the gas density, and qg is Darcy’s
flow velocity. Neglecting the effect of gravity, Darcy’s flow
can be expressed as

_qg = −
k
μ
∇p, ð26Þ

where _qg represents the derivation of qg. Substituting
Eqs.(23), (24), and (26) into Eq.(25), the mass conservation
equation of the gas can be expressed as [11, 39, 40]

ϕm + ρcpaVLPL

pm + PLð Þ2
" #

∂pm
∂t

+ pm
∂ϕm
∂t

−∇ ⋅
km
μ
pm∇pm

� �
=Qs,

ϕf +
ρcpaVLPL

pf + PL

� 	2

2
64

3
75 ∂pf

∂t
+ pf

∂ϕf

∂t
−∇ ⋅

kf
μ
pf∇pf

� �
= −Qs,

ð27Þ

where pa is the atmospheric pressure, pa = 101:325kPa.

2.4. Coupled Governing Equation. The dual porosity model
proposed in this paper considers the pore strain induced by
adsorption as a linear relationship with the bulk strain. The
coal deformation governing equation is rewritten as

Gui,kk +
G

1 − 2μ uk,ki − αpi −
KεLPL

p + PLð Þ2 pi + f i = 0: ð28Þ

There is no deformation in the coal at initial pressure,
and the porosity evolution equation in the gas injection pro-
cess is

∂ϕ
∂t

= α − ϕ

1 + S
∂εv
∂t

+ 1
Ks

∂p
∂t

−
εLPL

p + PLð Þ2
∂p
∂t

" #
, ð29Þ

where εv = ε11 + ε22 + ε33 is the volume strain of coal.
Substituting Eq. (8) for Eq. (5), we obtain the coal bed gas
flow equation of the pore system and fracture system:

ϕm + ρmcpaVLPL

pm + PLð Þ2 + α − ϕmð Þpm
1 + Smð ÞKs

−
α − ϕmð ÞεLPLpm

1 + Smð Þ pm + PLð Þ2
" #

∂pm
∂t

−∇ ⋅
km
μ
pm∇pm

� �
=Qs −

α − ϕmð ÞLpm
1 + Smð Þ

∂εv
∂t

,

ϕf +
ρf cpaVLPL

pf + PL

� 	2 +
α − ϕf

� 	
pf

1 + Sf
� �

Ks
−

α − ϕf

� 	
εLPLpf

1 + Sf
� �

pf + PL

� 	2

2
64

3
75 ∂pf

∂t

−∇ ⋅
kf
μ
pf∇pf

� �
= −Qs −

α − ϕf

� 	
L
pf

1 + Sf
� � ∂εv

∂t
:

ð30Þ

Table 1: Property parameters of simulation model against
experimental data.

Parameter Value

Young’s modulus of coal, E MPað Þ 3600

Possion’s ratio of coal, v 0.35

Density of coal, ρc kg/m3� �
1:25 × 103

Density of methane, ρg kg/m3� �
1.784

Methane dynamic viscosity, μ Pa ⋅ sð Þ 1:493 × 10−5

Langmuir pressure constant, PL MPað Þ 1.43

Langmuir volumetric strain constant, εL 0.004

Hydraulic diffusivity of gas, λi m2/s
� �

1:42 × 10−7

Distance between two hydro fractures spaced, 2d mð Þ 8

Cleat compressibility, Cf MPa−1
� �

3:2 × 10−7

Poutlet = pa (∂Ω1)

Pinput = pi (∂Ω4)

–n
 · 
𝜌
u

 =
 0

 (∂
Ω

2)

–n
 · 
𝜌
u

 =
 0

 (∂
Ω

3)

Figure 5: Simulation model for the case of CO2 injection.
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3. Model Verifications against
Experimental Data

The process of gas seepage in dual porosity media is highly
nonlinear both in time and space. The governing equations
of gas seepage in dual porosity media are partial differential
equations, which are difficult to obtain analytical solutions.
In this paper, the multiphysical coupling software COM-
SOL is used for numerical solution. In order to verify the
correctness of the model, we compare the simulation results
with the experimental data [41].The material property
parameters used in the calculation model are shown in
Table 1.

The simulation model is a square domain with the size
of 0:076m × 0:038m. CO2 is injected at the bottom of the
model, and the outlet is the upper boundary. The gas
injection pressure varies from 6MPa to 9MPa. The bot-
tom boundary is hinge constraint, and the upper, left,
and right boundaries are uniformly distributed, as shown
in Figure 5. The numerical results are compared with
two sets of laboratory data (confining pressure 24MPa
and 20MPa, respectively), as shown in Figures 6 and 7.
The two experimental cases are simulated as follows: the
permeability evolution process of each experiment from
the initial equilibrium state to the final equilibrium state is
calculated (Figures 8 and 9). The red lines in Figures 6 and
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Figure 10: Permeability evolution process of fracture system of model I.
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8 represent the upper limit of permeability simulation results
under different injection pressures, and the green lines repre-
sent the lower limit of permeability simulation results. It is
found that the experimental results may not reach the equi-
librium state of permeability evolution.

According to Figures 6 and 7, the coupling model pro-
posed in this paper is in good agreement with the experi-
mental data. According to Figures 8 and 9, the evolution
of permeability in CO2 gas injection can be divided into
four stages: (1) when CO2 is injected into coal, the pore
space becomes larger, and the permeability increases with
the increase of fracture pressure. (2) The gas pressure in
fracture is larger than that in matrix. The gas begins to
diffuse from fracture to matrix. The volume of the matrix
expands, the volume of the fracture shrinks, and the per-
meability of coal decreases. (3) With the gradual diffusion
of gas into the matrix, only local expansion deformation
has an impact on the permeability of coal, and the perme-
ability increases gradually, and (4) the pressure of the
matrix and pore is in equilibrium with each other, the coal
mass is uniformly expanded, and the coupling process is
stable.

From Figures 6 and 7, it can be seen that coal perme-
ability is affected by the injection pressure. Figures 8 and
9 correspond to the evolution of permeability with time
under different injection pressures of Figures 6 and 7,
respectively. Each point of the measured data in Figures 6
and 7 corresponds to the specific location of the corre-
sponding curve in Figures 8 and 9. Because the curve is
not monotonous, the measured data mostly correspond to
the two points of the curve, as shown in Figure 8. When
the gas injection reaches the final stable state, the perme-
ability value is the upper limit of the permeability curve.
Figures 6 and 7 show that the measured permeability values
lie between the upper and lower limits, indicating that the
measured permeability values may not reach the final equi-
librium state, which may due to the low porosity of coal
samples. The permeability evolution process of the fracture
and pore system of model I is not a monotone line, which
can be seen in Figures 10 and 11.

4. Numerical Experiments

4.1. Permeability Tests under the Condition of Constant
Confining Stress. The boundary conditions of the numerical
model are shown in Figure 5. The gas parameters of dual
porosity coal are shown in the following table, which comes
from previous experiments (Robertson E.P. and Christiansen
R.L., 2005). The size of the calculation model is 0:1m ×
0:05m. The lower boundary is fixed hinge constraint, and
the upper, left, and right boundaries are subjected to uniform
pressure 7MPa. There is no mass transfer on the left bound-
ary and the right boundary. CO2 is injected from the bottom
of the model and outflows from the upper boundary. The
inlet pressure is 4.8MPa, and outlet pressure is atmospheric
pressure. The parameters of coal and gas for simulation are
shown in Table 2.

The permeability evolution process of the coal fracture
system and pore system is shown in Figures 5 and 6. Accord-

ing to Figures 5 and 6, during the process of gas injection, the
permeability change rule of the pore system and fracture sys-
tem is similar, which includes four stages: increasing,
decreasing, then gradually restoring, and finally balancing.
The permeability of the pore system is changing more obvi-
ously. The reason is that the porosity of pore system is small,
and the small change of pore volume will have a more obvi-
ous impact on its permeability.

In this paper, a dual porosity model considering the
adsorption strain ratio is proposed. The effects of three main
factors on permeability evolution during gas injection are
analyzed, including

(1) Adsorption strain ratio

(2) Interference time

(3) Gas injection pressure

The simulation parameters of different cases are shown in
Table 3. The evolution of permeability with different adsorp-
tive strain ratios during gas injection is shown in Figures 12–
14. According to Figures 12–14 below, although the adsorp-
tion strain ratio does not affect the permeability after the final
equilibrium state of gas injection, the lower limit of perme-
ability decreases obviously when the absolute value of the
adsorption strain ratio increases.

The comparison of the evolution process of permeability
with the interference time is shown in Figure 13. According
to Figure 13, we obtain that the difference of permeability is
mainly the lower limit of the permeability evolution process

Table 2: Property parameters of coal and gas.

Parameter Value

Young’s modulus of coal, E MPað Þ 5100
Possion’s ratio of coal, ν 0:39
Density of coal, ρc kg/m3� �

1:25 × 103

Density of methane, ρg kg/m3� �
1:784

Methane dynamic viscosity, μ Pa ⋅ sð Þ 1:493 × 10‐5

Langmuir pressure constant, PL MPað Þ 2:75
Langmuir volumetric strain constant, εL 0:01
Hydraulic diffusivity of gas, λi m2/s

� �
1:1 × 10‐7

Distance between two hydro fractures spaced, 2d mð Þ 7
Cleat compressibility, Cf MPa−1

� �
1:04 × 10‐7

Table 3: Simulation strategies.

Case 1
Impact of adsorptive strain ratios on the resulting response

γ = −100, −150, − 200

Case 2
Impact of interference time on the resulting response

τ = 7 × 107, 9 × 107, 1:1 × 108s

Case 3
Impact of gas injection pressure on the resulting response

Pin = 4:1, 4:8, and 5:5MPa
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when the coal interference time is different. And the lower
limit of permeability is inversely proportional to the stable
time required for gas diffusion in the coal.

When the confining pressure is maintained at 7MPa,
the evolution of coal permeability with gas injection pres-
sure is shown in Figure 14. It can be seen from Figure 14
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Figure 12: Evolution of permeability with different γ of model I.
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that with the increase of the injection pressure, the lower
limit of permeability value gradually decreases, and the
upper limit gradually increases in the process of coal per-
meability evolution. The upper limit is at the final equilib-
rium state of the curve.

4.2. Permeability Tests under the Condition of Three Roller
Constrains. The boundary condition of model II is shown
in Figure 15. The property parameters are shown in
Table 4. Evolution of the coal fracture and pore permeability
under the condition of three roller constrains is shown in
Figures 16 and 17.

According to Figures 16 and 17, it can be seen that the
fracture system and pore system of coal of model II in the
process of gas injection also include four stages: first rising,
decreasing, restoring, and finally balancing. The change of
permeability of pore system is more obvious.
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Figure 14: Evolution of permeability with different injection pressures of model I.

Pinput = pi

Poutlet = pa

Pcon = 100psia

Figure 15: Simulation model II for the case of gas injection.

Table 4: Property parameters of coal and gas.

Parameter Value

Young’s modulus of coal, E MPað Þ 4900
Possion’s ratio of coal, ν 0:39
Density of coal, ρc kg/m3� �

1:25 × 103

Density of methane, ρg kg/m3� �
1:784

Methane dynamic viscosity, μ Pa ⋅ sð Þ 1:493 × 10‐5

Langmuir pressure constant, PL MPað Þ 2:69
Langmuir volumetric strain constant, εL 0:008
Hydraulic diffusivity of gas, λi m2/s

� �
9:35 × 10‐11

Cleat compressibility, Cf MPa−1
� �

7:5 × 10‐8
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The simulation parameters of different cases are shown in
Table 5.

The influence of coal adsorption strain ratio γ on the per-
meability evolution process in the CO2 injection process of
model II is shown in Figure 18. According to Figure 18, the
permeability after final equilibrium is the same under differ-
ent adsorption strain ratios. The lower limit of permeability is
proportional to γ.

The evolution process of the permeability of model II
varies with the interference time is shown in Figure 19. It
can be seen from Figure 19 that with the increase of coal
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Figure 16: Permeability evolution process of the fracture system of model II.
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Figure 17: Permeability evolution process of the pore system of model II.

Table 5: Simulation strategies.

Case 1
Impact of adsorptive strain ratios on the resulting response

γ = −100, −150,−200

Case 2
Impact of interference time on the resulting response

τ = 7:6 × 107, 9:6 × 107, 1:16 × 108s

Case 3
Impact of gas injection pressure on the resulting response

Pin = 4:1, 4:8, and 5:5MPa
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interference time, the lower limit of the permeability curve
gradually decreases; that is, the change of coal porosity is
more obvious. However, due to the constant gas injection
pressure, when the coupling process of coal deformation

and gas permeability is eventually balanced, the permeability
of coal with different interference times is unchanged.

The evolution process of permeability under different gas
injection pressures is shown in Figure 20. It can be seen from
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Figure 18: Evolution of permeability with different γ of model II.
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Figure 20 that the upper limit of permeability is at the final
equilibrium state, which is proportional to the injection pres-
sure, while the lower limit of permeability value is inversely
proportional to the injection pressure. The permeability
under different injection pressures after equilibrium has little
difference. The main reason is that the free expansion defor-
mation is limited by the roller constraints; so, the model can-
not expand freely.

5. Conclusions

A nonequilibrium coal permeability model is developed to
quantify the impact of local transient behaviors on gas flow
triggered by gas injection. Based on the results of this study,
the following conclusions can be drawn:

(1) The permeability of coal is restricted by the initial
and ultimate pore-body strain ratio and the distur-
bance time. The equilibrium permeability is deter-
mined by the initial and the limit pore volume
strain ratio, and the evolution time from the initial
to the limit equilibrium permeability is determined
by the interference time

(2) It is assumed in the literature that the current perme-
ability data are measured under equilibrium condi-
tions, but are distributed within the permeability
range described by the equilibrium value. This sug-
gests that the equilibrium hypothesis of those exper-
iments may not be valid

(3) The coal permeability from the initial value to the
final value all experienced a similar evolution stage.
The injection pressure leads to an initial increase,
and the fracture diffuses to the periphery, leading to
a gradual decrease. The diffusion region expands
from the fracture to the whole matrix region, leading
to recovery, and finally reaches the equilibrium
permeability
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In order to study the meso-mechanism of deformation, crack evolution, and energy conversion of gas-containing coal under loads,
considering the gas pressure and adsorption expansion, the gas-solid coupling calculation program of MatDEM software was
developed, and the triaxial compression process of gas-containing coal under different gas pressures was numerically simulated.
The results show that the strength and stiffness of gas-containing coal decrease with the increase of gas pressure. During the
loading process, the permeability of the coal sample decreases first and then increases, while the initial permeability, minimum
permeability, and maximum permeability all decrease with the increase of gas pressure. There are far more shear cracks in coal
samples than tension cracks, and the number of cracks increases simultaneously with the peak stress drop. With the increase of
gas pressure, the macroscopic cracks in coal samples gradually change from large-angle shear cracks to multiple intersecting
small-angle ones, and the coal sample gradually changes from brittle failure to ductile. There is an initial accumulation of elastic
energy inside the gas-bearing coal, and the dissipated damping heat presents a stage change. As the loading stress level increases,
the gas pressure gradually produces a degrading effect. The rockburst tendency of gas-bearing coal changes from weak to none
with the increase of gas pressure, which is related to the evolution of the accumulated elastic energy and dissipated damping
energy in the coal.

1. Introduction

China is the largest coal producer and consumer in the
world, and coal accounts for nearly 70% of the country’s
total energy consumption. More than 50% of the mined coal
seams in the country are high gas coal seams. Gas disasters
are the mine disasters with the largest coal mine casualties
and losses in China. Gas is the main cause of gas disasters
such as coal and gas outbursts and gas explosions [1–3].
Gas-containing coal is a typical heterogeneous multiphase
medium composed of coal solid particles, free gas, and
adsorbed gas. The mechanical and nonmechanical effects
of free gas and adsorbed gas make the mechanical properties

and permeability characteristics of gas-containing coals very
different from those of ordinary coals [4, 5]. Therefore,
studying the stress, deformation, crack evolution, and energy
conversion of gas-containing coal with gas-solid coupling
under gas pressures is very important for the understanding
and prevention of gas disasters.

The influence of gas-solid coupling on the deformation
and failure process of gas-containing coal can be divided into
two aspects.

(1) The effect of coal structure on gas flow in the
mechanical process is as follows: the pore structure
and volume of coal change under loads, which will
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cause internal gas pressure fluctuations and gas per-
meability changes. He [6] found that the gas escape
pressure decreases intermittently during the com-
pression process and reaches the maximum at the
peak stress. The permeability test found that the
gas permeability gradually decreases during the ini-
tial compaction and elastic stage and starts to
increase at the failure stage when a large number of
cracks are generated and connected [7, 8]. Wei
found [9] that the effective gas permeability of the
raw coal sample decreases nonlinearly under the
condition of constant effective stress with increasing
water content

(2) The influence of gas pressure on coal structure is as
follows: gas seepage causes pore pressure distur-
bance, and the pore pressure acts on the pore struc-
ture to cause crack propagation and structural
instability. Many different tests have shown that the
strength of gas-containing coal samples decreases
to varying degrees with the increase of gas pressure
[7–9]. Liang and Wang [10] conducted triaxial com-
pression tests on gas-containing coal and found that
the brittleness of coal increases significantly with
increasing gas pressure. The mechanical action of
pore gas and the nonmechanical action of adsorbed
gas simultaneously affect the deformation and
strength characteristics of coal. For methane-based
gas, the adsorption of methane on the pore structure
surface will cause the adsorption structure surface to
expand, resulting in adsorption expansion stress,
which has a greater impact on the overall structure
[11–16]

Numerical simulation is an effective method for study-
ing the mechanical behavior of gas-containing coal under
load. Most of the domestic and foreign solutions for gas-
solid coupling numerical simulation of gas-containing gas
are studied by the method of continuum mechanics [17–
20]. Zhao and Kaunda [17] performed numerical simula-
tions on gas-containing coal pillars under different gas pres-
sures based on FLAC3D software and analyzed the strength
of impact tendency under different sizes. Yang [18] pro-
posed an improved anisotropic permeability model based
on the theory of linear elastic pore mechanics, assuming
that coal is a transversely isotropic fractured medium. Sim-
ilarly, Tao et al. [19] analyzed the change of permeability
according to the Klinkenberg effect of gas adsorption, which
is in good agreement with the experiments. However, for
coal and rock, which are essentially discontinuous materials,
the discrete element method may be more suitable and
accurate, and it is more convenient to know the mechanical
response on the mesoscale. In this paper, considering the
gas pressure and adsorption expansion, we developed a sim-
ulation method for the gas-solid coupling of porous media
on the MatDEM software platform (http://matdem.com),
and based on this, we studied the mechanical characteristics
of gas-containing coal during triaxial compression including
grain stress, pore pressure, macroscopic deformation and
failure, crack evolution, and energy conversion.

2. Numerical Test Platform and Assumption

2.1. Numerical Test Platform. Gas-containing coal is a dis-
continuous structure composed of mineral particles and
gas, and the particle flow software can be used to simulate
this discontinuous feature. By setting the properties of the
basic particles, the meso-material structure of the coal can
be reflected essentially, and the overall mechanical properties
of the coal can be obtained.

The MatDEM software platform uses the particle discrete
element method and is developed by Liu Chun and his team
at Nanjing University in China. MatDEM software has the
function of self-training materials. It only needs to input 6
macromechanical parameters to automatically obtain the
material’s micromechanical parameters. Compared with
general commercial discrete element software, such as PFC,
which directly sets the bond strength between particles, it
greatly saves the time to adjust model parameters. Using
innovative GPU matrix calculation method and 3D contact
algorithm, MatDEM realizes 15 million 3D element motion
calculations per second (where in 2D is 40 million elements),
and the number and calculation speed of calculation element
are more than 30 times that of some commercial software (3
million 3D elements, and 10 million 2D elements). It has
been successfully applied in slope instability [21], hob break-
ing rock [22, 23], rock compaction failure [24], etc. The
advantage of MatDEM in modelling the gas-solid coupling
problems is that the number of simulation units is more,
the calculation is faster, and it can reach the level of one mil-
lion units in the 2D case, providing calculation support for
future engineering-scale simulations. Therefore, we choose
this software platform to study the gas-solid coupling of
gas-containing coal in this paper.

2.2. Assumption. The gas-solid coupling effect of coal is a very
complex issue. Considering the two most important mechan-
ical effects of gas on the pore structure during the gas-solid
coupling process, that is, the mechanical effect of pore pres-
sure on the structure and the adsorption and expansion of
the pore structure surface. The basic assumptions are as
follows:

(1) Ignore the gas exchange process in the adsorption
and desorption process, and only consider the gas
permeation behavior caused by the pore pressure
difference

(2) The temperature and viscosity of the gas migration
process remain unchanged, that is, isothermal adsorp-
tion and percolation

(3) The gas permeability of adjacent pores follows the
cubic law

(4) The simulation test conditions are quasistatic

In fact, gas exchange mainly affects the mechanical prop-
erties of coal through the process of adsorption and desorp-
tion, and the structural expansion and contraction caused by
this process have been realized by changing the particle diam-
eter in real-time in the simulation. However, considering gas
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exchange in the process of gas percolation requires a more
complicated dual-medium permeation model. The gas
adsorption will cause the supersaturated gas inside the pores
to be absorbed, and the gas desorption will fill the expansion
space caused by the destruction of the pore structure, both of
which will reduce the gas pressure difference between adja-
cent pores and inhibit gas penetration and diffusion.

3. Gas-Solid Coupling Process

3.1. Pore Structure and Initial Aperture of Pore Throat. The
numerical model of gas-containing coal consists of round
particles and interparticle pores. Through the Delaunay tri-
angulation method, the particles are divided into triangular
networks, and the gas storage area of the pores is composed
of blank areas formed naturally after the accumulation of
round particles. Therefore, the area of each pore area (two-
dimensional) can be calculated from the coordinates and
radius of the particles. The seepage channel is considered as
the gap between the particles, and the length of the channel
is simply the average of the diameters of the two particles.
The seepage direction is perpendicular to the connecting
direction of the two particles. The model and the triangular
network are shown in Figure 1. The average radius of coal
samples is 0.3mm, with a total of 14,726 particles. 27945
pores are formed by the triangular splitting. After the model
is stacked, the length and width are 97mm and 51mm,
respectively. According to the laboratory test [8], the macro-

scopic elastic modulus, compressive strength, Poisson’s ratio,
density, and internal friction coefficient are 9.53GPa,
63.9MPa, 0.15, 1650kg·m-3, and 0.35 in order. The micro-
scopic parameters of the model are calculated by the macro-
micro conversion formula [25], which is listed in equations
(1)–(6), as shown in Table 1.

Kn =
ffiffiffi

2
p

Ed
4 1 − 2vð Þ , ð1Þ

Ks =
ffiffiffi

2
p

1 − 5vð ÞEd
4 1 + vð Þ 1 − 2vð Þ , ð2Þ

Xb =
3Kn + Ks

6
ffiffiffi

2
p

Kn Kn + Ksð Þ
· Tu · d2, ð3Þ

FS0
=
1 −

ffiffiffi

2
p

μp
6 · Cu · d2, ð4Þ

μp =
2

ffiffiffi

2
p

+
ffiffiffi

2
p

I
2 + 2I , ð5Þ

I = 1 + μi
2� �1/2 + μi

h i2
, ð6Þ

where Kn is the interelement normal stiffness, Ks is the shear
stiffness, Xb is the breaking displacement, FS0

is the shear
resistance, μp is the coefficient of friction, E is the Young’s
modulus, v is the Poisson’s ratio, Tu is the tensile strength,
Cu is the compressive strength, and μi is the coefficient of
intrinsic friction.

At the contact point between particles, it is assumed that
there is an initial aperture a0. The initial aperture setting
allows fluid flow in the fluid channel formed by the two par-
ticles even when they are tightly compacted, thereby simulat-
ing the initial matrix permeability of the material. The
aperture of the channel depends on the contact force between
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Figure 1: Numerical model of gas-containing coal sample and triangulation network.

Table 1: Microscopic parameters for numerical simulation.

Average normal stiffness/MPa 20.0460

Average tangential stiffness/MPa 7.1590

Average breaking force/N 11.8780

Average shear resistance/N 37.6636
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the particles. When the normal contact force between the
particles is the compression force, the pore aperture is

a = a0F0
F + F0

, ð7Þ

where F is the compression force between two particles, and
F0 is the compression force when the pore aperture is
reduced to half of the initial size.

When two cemented particles are stretched, or the
cementation is broken to form a connected domain, the pore
aperture is:

a = a0 + α d − R1 − R2ð Þ, ð8Þ

where d is the distance between two particles, R1 and R2 are
the radii of the two particles, respectively, and α is a dimen-
sionless coefficient. The value of α is 1.

3.2. Gas Pressure Calculation. There is free gas in coal pores,
which is a state of free motion and has the characteristics of
conventional gas, so the gas state equation is generally used
to describe its physical characteristics. However, when the
ideal gas state equation is applied to CH4 and other gases,
there will be deviations. It is generally described by Van der
Waal’s equation [26]. In practical applications, the gas com-
pression factor Z is often introduced, namely,

p = nZRT
V

, ð9Þ

where p is the gas pressure, Pa; V is the gas volume, m3; n is
the total amount of gas, mol; T is the gas temperature, K; R is
the ideal gas constant, about 8.31441 J/(mol·k); Z is the com-
pressibility factor, its value changes with temperature and
pressure, as shown in Figure 2 [27].

3.3. The Mechanical Effect of Gas Pressure on Pore Structure.
As mentioned above, the mechanical effect of gas pressure on
coal is mainly manifested and that pore pressure promotes
pore deformation and destruction and volume expansion of
coal particles due to gas adsorption. The former is achieved

by applying body force in the direction of the particle line
to the particles forming the pores, and the latter is achieved
by changing the diameter. Aiming at the adsorption expan-
sion of coal, Wu [28] obtained the expansion linear strain
formula of the coal sample under constraints based on the
pore structure model, surface physical chemistry, and elastic
mechanics theory, which is

εs =
2amρRT 1 − 2νð Þ ln 1 + bmpð Þ

EVm
, ð10Þ

where am is the limit adsorption capacity under the reference
pressure, about 19.95m3/t; bm is the adsorption equilibrium
constant of coal, about 1.081MPa-1; ρ is the apparent den-
sity of coal, t/m3; Vm is the molar volume, Vm = 22:4 ×
10−3 m3/mol.

The arc of the particle as the adsorption surface is shown
in Figure 3, due to the adsorption expansion, the overall
diameter of the particle increases and the pore volume
decreases. Therefore, the change in particle diameter due to
pressure change is

dr = riθi
2π εs =

riθiamρRT 1 − 2νð Þ ln 1 + bmpð Þ
πEVm

, ð11Þ

where ri and θi are the particle radius and the central angles
of the arc of the pore, respectively.
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4. Numerical Simulation Results and Analysis

The numerical model of gas-containing coal is shown in
Figure 1, and the conventional triaxial compression numer-
ical simulation is performed. The confining pressure is
10MPa, and the gas pressure is 0MPa, 1MPa, 2MPa,
3MPa, 4MPa, and 5MPa, respectively. The stress and strain,
the number of tensile cracks and shear cracks, elastic energy,
and damping heat dissipation are simultaneously monitored,
and the deformation and failure mechanism of gas-
containing coal during the loading process is analyzed from
both macroscopic and microscopic aspects.

4.1. Stress-Strain Curves. The stress-strain curve reflects the
deformation and strength characteristics of the gas-
containing coal during the whole process of deformation
and failure. Figure 4 shows the effective stress-strain curves
of the gas-containing coal samples under different gas pres-
sures at a confining pressure of 10MPa. When the gas pres-
sure is 0MPa, the effective stress is the axial stress. When
the gas pressure is not 0, the effective stress is equal to the
measured stress minus the initial pore stress after adsorption
expansion equilibrium. The gas-containing coal sample went
through five deformation stages from the initial hydrostatic
pressure state to failure: compaction stage, elastic deforma-
tion stage, crack propagation stage, postpeak failure stage,
and residual stage. (1) Compaction stage: this stage cannot
be represented in a typical discrete element simulation, but
it exists in laboratory experiments. The pores in the coal sam-
ple are compacted, and some cracks are closed, resulting in a
nonlinear deformation of the coal sample at the initial stage
of loading. However, during the triaxial compression test,
the confining pressure caused some of the primary defects
in the coal sample to be compacted and closed before the

axial compression load, resulting in the compaction stage of
the stress-strain curve of the coal sample being less obvious.
The higher the gas pressure, the smaller the effective confin-
ing pressure of the coal sample, the more primary defects in
the coal sample at the initial stage of axial compression, and
the more obvious the compaction stage of the stress-strain
curve of the gas-containing coal sample. (2) Elastic deforma-
tion stage: the stress-strain relationship conforms to Hooke’s
law. In this stage, the original defects of the coal sample are
compacted, new cracks are not produced in large numbers,
and the deformation of the coal sample is mainly reversible
elastic deformation. (3) Crack propagation stage: the stress-
strain curve of gas-containing coal presents obvious nonline-
arity, the slope of the curve gradually decreases, and the stiff-
ness of the coal sample decreases significantly. At this stage, a
large number of microcracks in the coal sample are dense and
confluent, forming larger macrocracks. (4) Postpeak failure
stage: due to the stress drop of the coal sample, the deviator
stress-axial strain curve of the gas-containing coal is curved
downward and shows a nonlinear change. The slope of the
curve is negative. At this stage, the microcracks in the coal
sample merge and form the connected macroscopic crack
surface, the effective bearing area of the coal sample gradually
decreases with the crack propagation, and the bearing capac-
ity of the coal sample decreases accordingly. (5) Residual
stage: after the stress drops to a certain level, it remains basi-
cally unchanged, while the strain continues to increase. This
is because under the action of confining pressure, the friction
between the crack surfaces provides a stable residual bearing
capacity for the coal sample, but the shear slip of the crack
surface causes the coal sample to continue to deform.

The peak strength quantitatively characterizes the maxi-
mum bearing capacity of gas-containing coal. Figure 5 shows
the variation of the peak strength of the coal sample with the
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gas pressure. It can be seen that as the gas pressure increases,
the peak strength of the coal sample gradually decreases,
roughly index relationship. Both pore gas pressure and
adsorbed gas have a weakening effect on the carrying capacity
of coal samples. The pore gas pressure acting on the inside of
the coal sample particles weakens the confining pressure to
close the coal sample cracks, promotes the crack propagation,
and reduces the ability to resist damage. The adsorbed gas on
the surface of coal particles weakens the cohesive force of the
internal structure of the coal sample, making it easier to gen-
erate internal cracks in the coal sample. However, since the
change of the adsorbed gas under unit gas pressure decreases
with the increase of gas pressure, the change of peak strength
of coal sample under unit gas pressure also decreases with the
increase of gas pressure, so the attenuation range of peak
strength of coal sample gradually decreases with the increas-
ing gas pressure. Since the particles in the discrete element
method are randomly generated by a random function, the
models obtained under different random parameters are
completely different in detail. Figure 5 shows the average
results of multiple models, which are in good agreement with
the experimental results [8].

The elastic modulus quantitatively characterizes the
deformation properties of gas-containing coal. Figure 6
shows the normalized elastic modulus of a coal sample as a
function of gas pressure. It can be seen that as the gas pres-
sure increases, the elastic modulus decays exponentially.
When the gas pressure is small, the elastic modulus has a
larger change range, and when the gas pressure is higher than
2MPa, the change range is reduced. This is because the
adsorbed gas on the surface of coal particles weakens the
bonding force between coal particles and reduces their ability
to resist deformation. The experimental studies of many
scholars have shown that the higher the gas pressure, the

smaller the change in the amount of adsorbed gas caused
by the change in unit gas pressure. Therefore, as the gas
pressure increases, the change in elastic modulus caused by
the change in unit gas pressure becomes smaller. In the
numerical simulation, the spring stiffness between discrete
particles does not change, so the elastic modulus is basically
unchanged in the elastic phase. The decrease in elastic mod-
ulus is mainly caused by the stress drop associated with local
structural instability, so the numerical simulation value is
higher than the experimental value.

4.2. Permeability. Figure 7 shows the change of permeability
during loading under different gas pressures. It can be seen

0 1 2 3 4 5
20

30

40

50

60

70

80

90

100

Pe
ak

 st
re

ng
th

 (M
Pa

)

Gas pressure (MPa)
Experimental curve (8)
Numerical curve
Numerical scatter 

Figure 5: Variation of peak strength of coal sample with gas pressure.

0 1 2 3 4 5

0.4

0.5

0.6

0.7

0.8

0.9

1.0

N
or

m
al

iz
ed

 el
as

tic
 m

od
ul

us

Gas pressure (MPa)
Numerical curve
Experimental curve

Figure 6: Variation of normalized elastic modulus of coal sample
with gas pressure.

6 Geofluids



0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

0

10

20

30

40

50

60

70

Effective stress
Permeability

Strain

Eff
ec

tiv
e s

tr
es

s (
M

Pa
)

0

20

40

60

80

100

120

140

160

180

200

220

Pe
rm

ea
bi

lit
y 

(n
m

2 )

(a) 1MPa

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

0

10

20

30

40

50

60

Effective stress
Permeability

Strain

Eff
ec

tiv
e s

tr
es

s (
M

Pa
)

0

20

40

60

80

100

120

140

Pe
rm

ea
bi

lit
y 

(n
m

2 )

(b) 2MPa

Figure 7: Continued.

7Geofluids



0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007

0

10

20

30

40

50

60

Effective stress
Permeability

Strain

Eff
ec

tiv
e s

tr
es

s (
M

Pa
)

10

20

30

40

50

60

70

80

Pe
rm

ea
bi

lit
y 

(n
m

2 )

(c) 3MPa

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007

0

10

20

30

40

50

60

Effective stress
Permeability

Strain

Eff
ec

tiv
e s

tr
es

s (
M

Pa
)

0

10

20

30

40

50

60

Pe
rm

ea
bi

lit
y 

(n
m

2 )

(d) 4MPa

Figure 7: Continued.

8 Geofluids



that the permeability of gas-containing coal decreases first
and then increases during the deformation and failure pro-
cess. During the compaction and elastic deformation stages
of coal sample deformation, the primary cracks and pores
of the coal sample are gradually closed, and the newly gener-
ated cracks do not form effective macroscopic cracks that
penetrate the entire model, and matrix infiltration domi-
nates. As the axial load increases, the effective stress and axial
strain of the coal sample gradually increase. The initiation
and propagation of cracks in the coal sample provide a new
channel for gas flow. The change trend of coal sample perme-
ability gradually changes from decreasing to increasing. The
effective deviator stress corresponding to the starting point
of coal sample permeability increase is generally about 90%
of the peak deviator stress, and the axial strain is about 85%
of the peak axial strain. During the crack propagation stage
of the coal sample, with the increase of the deviator stress
and axial strain of the coal sample, the propagation and con-
vergence of the cracks gradually increase the permeability of
the coal sample. Because no macroscopic cracks are formed
in the coal sample at this stage, the permeability increases
slowly, and the permeability of the coal sample at the peak
point of deviator stress is lower than the initial permeability,
that is, the permeability at the zero point. In the postpeak fail-
ure stage, the formation of macroscopic cracks in the coal
sample prompts the coal sample’s permeability to increase
rapidly and quickly exceeds the initial permeability. In the
residual stage, the shear slip and propagation of the cracks
in the coal sample continue to increase the permeability with
the increase of axial strain. However, since no new macro-
scopic cracks are formed, the rate of increase in permeability
is lower than the postpeak failure stage. It can be seen that the
evolution of permeability in the process of deformation and

failure of gas-containing coal has obvious stage characteris-
tics and correspond to the five stages of deformation and fail-
ure. The evolution characteristics of permeability in each
stage are closely related to the law of crack change. The crack
propagation in a coal sample not only determines the macro-
scopic stress-strain characteristics but also determines its
permeability evolution characteristics.

In addition, the initial permeability, minimum perme-
ability, and maximum permeability of coal samples all
decrease with the increase of gas pressure, and the greater
the gas pressure, the smaller the permeability attenuation
caused by the increase of unit gas pressure. This is because
the volume expansion of solid particles caused by gas adsorp-
tion occupies the space of cracks and pores under stress con-
straints, the gas flow channel is blocked, and the permeability
is also reduced. The volume expansion of coal solid particles
is directly proportional to the adsorbed gas content, and the
higher the gas pressure, the smaller the change in the
adsorbed gas volume caused by the change in unit gas pres-
sure. Therefore, the higher the gas pressure, the smaller the
increase in volume expansion of solid particles caused by
the change of unit gas pressure, and the corresponding per-
meability attenuation amplitude also decreases.

4.3. Particle Stress and Pore Pressure. The temporal and spa-
tial distribution and evolution of the particle stress and pore
stress in the coal sample can be calculated, which is not avail-
able in laboratory tests. To save space, a sample with a gas
pressure of 5MPa is shown here. Figure 8 shows the axial
particle stress distribution of gas-containing coal samples
under different stress levels. Before the peak stress, as the load
increases, the high-stress area of the internal particles is
transferred downward from the top of the model and is
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Figure 7: Changes of stress and permeability with strain under different gas pressure.
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accompanied by local failure of the upper right part. After the
peak stress, macroscopic connected cracks are generated, and
high-stress particles are concentrated in the unstabilized
overall structure. The particles near the crack also concen-
trated a large supporting stress, maintaining the stability of
the current load state.

Figure 9 shows the pore pressure distribution of gas-
containing coal under different stress levels. Since the gas
pressure at the upper end is kept constant during the loading
process, the internal gas mass is conserved, and the pores
between the particles become larger during the deformation
and failure process, and the gas pressure calculated by equa-
tion (9) will decrease. The particle adsorption pressure is the
average value of the surrounding pore pressure, which will
also reduce the particle diameter and the expansion stress,
resulting in a greater degradation effect.

4.4. Cracks. Figure 10 shows the distribution and evolution of
cracks in coal samples under different gas pressures. From a

macropoint of view, the failure of coal samples under differ-
ent gas pressures is mainly caused by two macroscopic cracks
intersecting on the left side of the model. With the increase of
gas pressure, the crack intersection point moves to the mid-
dle part of the sample, and the macrocracks in the upper half
of the crack bifurcate, and the structural damage becomes
more serious. The reason may be that the loading mode is
the displacement control of the upper pressure plate, the
stress is transmitted from top to bottom, and the upper end
is damaged first. Although the number of balances is suffi-
cient to simulate the quasistatic process, in order to dissipate
the internal energy of the model as soon as possible, the
empirical damping [25] used makes the compaction and
mechanical effects of the upper part more significant. There-
fore, the higher the gas pressure, the earlier the main cracks
that cause instability in the upper part initiate and expand.
It can also be seen that with the increase of gas pressure,
the macroscopic cracks in the coal sample change from
large-angle shear cracks to multiple intersecting small-angle

StressZZ StressZZ StressZZ StressZZ StressZZ

0.1 0.1

0.09 0.09

0.05 0.05 0.05 0.05 0.050.04 0.04 0.04 0.04 0.040.03 0.03 0.03 0.03 0.030.02 0.02 0.02 0.02 0.020.01 0.01 0.01 0.01 0.01

0.02 0.02

0.01 0.01

0.03 0.03

0.04 0.04

0.05 0.05

0.06 0.06

0.07 0.07

0.08 0.08

0 0

0 0 0 0 0

Z 
(m

)

Z 
(m

)

0.1

0.09

0.02

0.01

0.03

0.04

0.05

0.06

0.07

0.08

0

Z 
(m

)

0.1

0.09

0.02

0.01

0.03

0.04

0.05

0.06

0.07

0.08

0

Z 
(m

)

0.1

0.09

0.02

0.01

0.03

0.04

0.05

0.06

0.07

0.08

0

Z 
(m

)

x (m)x (m)x (m)x (m)x (m)

–15 –10 –5 0

Figure 8: Axial stress distribution of particles under different stress levels in gas-containing coal.

3.5 3.6 3.7 3.8 3.9 4.1 4.2 4.3 4.4 4.54

0 0.02 0.04 0 0.02 0.04 0 0.02 0.04 0 0.02 0.04 0 0.02 0.04

(a) 𝜎 = 0.01𝜎c (b) 𝜎 = 0.44𝜎c (c) 𝜎 = 0.61𝜎c (d) 𝜎 = 0.79𝜎c (e) 𝜎 = 0.99𝜎c

×106

0.09

0.08

0.07

0.05

0.04

0.03

0.02

0.01

0.06

0

0.09

0.08

0.07

0.05

0.04

0.03

0.02

0.01

0.06

0

0.09

0.08

0.07

0.05

0.04

0.03

0.02

0.01

0.06

0

0.09

0.08

0.07

0.05

0.04

0.03

0.02

0.01

0.06

0

0.09

0.08

0.07

0.05

0.04

0.03

0.02

0.01

0.06

0

Figure 9: Pore pressure distribution under different stress levels in gas-containing coal.

10 Geofluids



shear cracks, and the failure mode gradually changes from
brittle shear to ductile shear. This may be because the
adsorbed gas in the coal sample reduces the cohesive force
between coal particles, softens the coal sample to a certain
extent, and weakens the brittleness of the coal sample.

It can also be seen from Figure 10 that under the same
stress level, the higher the gas pressure, the more the number

of cracks. We counted the number of cracks in the coal sam-
ple during the entire loading process. Taking into account the
different mechanisms of crack generation, the numbers of
tensile cracks, shear cracks, and total cracks were counted,
as shown in Figure 11. It can be seen that the change of the
number of cracks in the deformation and failure process of
coal samples under different gas pressures has a similar law,
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Figure 10: Distribution and evolution of cracks in gas-containing coal under different gas pressures.
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Figure 11: Continued.
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Figure 11: Changes of the number of cracks in gas-containing coal during deformation and failure.
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which can be roughly divided into the following four stages:
slow growth stage, rapid growth stage, violent growth stage,
and steady stage. (1) Slow growth stage: this stage corre-
sponds to the compaction stage and the elastic deformation
stage of the coal sample. As the load increases, microcracks
in the coal sample initiate and slowly expand, the total num-
ber of cracks rises slowly, and appears to be disorderly and
random in space (see Figure 10), and most of them are shear
cracks, while tension cracks are almost absent. (2) Rapid
growth stage: this stage corresponds to the crack growth
stage. The microcracks in the coal sample are gradually dense
and merge to form larger cracks. As the axial strain increases,
the total number of cracks rises rapidly. Shear cracks account
for the majority, but tensile cracks increase significantly. The
predominant gathering area of cracks gradually formed in
space (see Figure 10). (3) Violent growth stage: corresponds
to the postpeak failure stage from the peak point. The cracks
propagate rapidly and converge to form a connected main
crack, and a large amount of energy is released instantly,
causing violent cracking activities. Near the peak point, the
crack number curve rises approximately vertically. (4) Steady
stage: corresponding to the residual stage of the coal sample
deformation. At this stage, the cracks in the coal sample slip
and propagate, and almost no new cracks are formed.

Gas affects the crack evolution properties of coal samples.
With the increase of gas pressure, the slow growth stage of
cracks is shorter, and the increase in the number of cracks
in the violent growth stage is smaller. It can also be seen from
Figure 10 that the coal sample under the gas pressure of
0MPa has very few cracks before 60% of the peak stress,
while the coal sample under the gas pressure of 5MPa has a
considerable number of microcracks in the initial stage of
loading. This is because the gas has a weakening effect on
the coal sample, so that the coal sample starts to initiate
and propagate cracks at a lower stress level. When the gas
pressure is 0MPa, the increase in the number of cracks in
the violent growth stage accounts for more than 70% of the
final total number of cracks, while it is only about 50% when
the gas pressure is 5MPa. This indicates that with the
increase of gas pressure, the severity of the damage of gas-
containing coal samples gradually weakened, and the brittle
failure gradually changed to ductile failure.

4.5. Energy. The energy in the discrete element model mainly
includes mechanical energy and thermal energy. Mechanical
energy includes kinetic energy, gravitational potential energy,
and elastic potential energy, which transform into each other
in various forms and are transformed into heat energy under
the action of friction, fracture, and damping. The total heat in
the model is the sum of damping heat, fracture heat, and fric-
tion heat.

The cementation between particles can be regarded as a
set of orthogonal springs, which are normal spring and
tangential spring, corresponding to normal stiffness and
tangential stiffness. Through the tangential stiffness, normal
stiffness, fracture displacement, and other parameters
between particles, energy changes such as elastic energy, dis-
sipation damping heat, and fracture heat can be calculated.
The elastic energy of the system is the elastic energy stored

by all springs. The kinetic energy of the system is the sum
of the kinetic energy of all particles. For a tangential spring,
the maximum static friction force limits its deformation,
and the friction heat is calculated by the static friction force
and the relative shear displacement of the particles. The frac-
ture heat is the heat directly converted by the elastic potential
energy of the spring between particles, assuming that the
spring stops vibrating immediately after breaking. The
damping heat is equal to the product of the damping force
on the particle and the moving distance, which is the heat
generated by damping which weakens the elastic wave and
dissipates the kinetic energy in the particle system [29].

Figure 12 shows the changes in the elastic energy of
gas-containing coal during deformation and failure under
different gas pressures. The pore structure expands in vol-
ume after adsorbing gas, resulting in expansion stress.
The internal particles are squeezed and stretched due to
the cementation, resulting in initial elastic deformation
and accumulating initial elastic energy. The maximum
accumulated elastic energy at the peak stress decreases with
the increase of gas pressure. When the sample is unstable,
the elastic energy is released largely, and the residual elastic
energy is basically unchanged under the action of confining
pressure after the peak point.

Figure 13 shows the change of the dissipated damping
heat during deformation and failure under different gas pres-
sures. Dissipated damping heat, as the cumulative sum of dis-
sipated energy, has four distinct stages in the process of
deformation and failure. First, when the strain is less than
0.003, the dissipated damping heat is basically the same
under different gas pressures, and it grows approximately lin-
early, that is, the overall energy dissipation of the system is
mainly stress wave dissipation. In stage II, the greater the
gas pressure, the more damping heat is dissipated, indicating
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Figure 12: Changes of the elastic energy during deformation and
failure under different gas pressures.
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that a certain amount of instantaneous kinetic energy gener-
ated inside the bond is dissipated after the bond fractures,
and the gas pressure gradually produces a degrading effect,
as shown in Figure 14. Stage III is the stage of macroscopic
instability and destruction, a large number of bonds are bro-
ken, and the dissipation energy rises sharply; stage IV is the
residual stage after the peak, and the energy dissipation grad-
ually tends to be stable.

4.6. Rockburst Tendency. According to the National Standard
of the People’s Republic of China “Method for Measuring the

Classification Index of Rockburst Tendency of Coal GB/T
25217.2-2010,” the impact energy index of coal can be used
as the evaluation standard. The impact energy index KE is
obtained from the whole stress-strain curve of the rock and
is defined as the ratio of the area under the stress-strain curve
before and after the peak point, that is, the ratio of the energy
stored by the rock before the peak strength to the energy
required for failure after the peak.

KE =
Ae

Ax
, ð12Þ
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Figure 14: Change of fracture heat and instantaneous kinetic energy of gas-containing coal.
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where Ae is the energy stored by the rock before the peak
strength, and Ax is the energy required for failure after the
peak point. When KE is between 1.5 and 2, the coal sample
has a weak rockburst tendency, and when it is less than 1.5,
there is no rockburst tendency.

Figure 15 shows the rockburst tendency and energy accu-
mulation and release of coal samples under different gas
pressures. It can be found that the cumulative elastic energy
before the peak point decreases approximately linearly with
the increase of gas pressure, while the dissipated damping
energy increases in the failure stage after the peak point rela-
tively large, which causes the overall rockburst tendency of
coal to change from weak to none. Liu et al. [4] conducted
uniaxial compression tests on gas-containing coal under dif-
ferent gas pressures and evaluated their rockburst tendency
according to 4 different indexes, including dynamic failure
time, elastic energy index, impact energy index, and uniaxial
compressive strength. All test results have reached the same
conclusion. Xue et al. [30, 31] studied the influence of gas
pressure on coal and rock bursting tendency based on the
energy method and found that the impact energy index,
effective impact energy index, and residual energy index all
decrease with the increase of gas pressure. The change of
rockburst tendency can also be confirmed by the abovemen-
tioned crack evolution law. In the coal seamwhich has typical
dynamic hazards, there is a critical value of gas pressure.
When the gas pressure is higher than the critical value, gas
outburst is the main disaster. When the gas pressure is lower
than the critical value, the rockburst is the main disaster [30].

5. Conclusions

Through the fluid-solid coupling simulation of gas-containing
coal, considering gas pressure and adsorption expansion, from
the perspectives of macromechanical behavior, permeability,
microcrack evolution, energy accumulation and release, the

deformation, and failure mechanism of gas-containing coal
under different gas pressures is analyzed. The main conclu-
sions are as follows.

(1) In the discrete element method, the adsorption and
expansion of gas-containing coal can be effectively
simulated by increasing the particle diameter. Based
on the MatDEM software, a gas-solid coupling simu-
lation method for porous media has been developed

(2) The compressive strength and elastic modulus of gas-
containing coal decrease with the increase of gas pres-
sure. The pore gas pressure acting on the inside of the
coal sample particles weakens the confining pressure
to close the coal sample cracks, promotes the crack
propagation, and reduces the ability to resist damage.
The adsorbed gas on the surface of coal particles
weakens the bonding force between coal particles
and reduces their ability to resist deformation

(3) During the process of deformation and failure of gas-
containing coal, the permeability of coal samples first
decreases and then increases. The initial permeabil-
ity, minimum permeability, and maximum perme-
ability of coal samples all decrease with the increase
of gas pressure, and the greater the gas pressure, the
smaller the decrease in permeability caused by the
increase in unit gas pressure

(4) With the increase of gas pressure, the macroscopic
cracks in the coal sample gradually changed from
large-angle shear cracks to multiple intersecting
small-angle shear cracks. The number of cracks at
the same stress level increases, and the increase in
the number of cracks during the violent growth stage
becomes small. The coal sample gradually changed
from brittle failure to ductile failure
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(5) The cumulative elastic energy before the peak
strength decreases approximately linearly with the
increase of gas pressure, while the increase of dissi-
pated damping energy is relatively large, and the
overall rockburst tendency of coal samples changes
from weak to no
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The effect of chemical corrosion and natural joints on the damage characteristics and strength of rock masses is highly important
for the construction of rock engineering and energy extraction. Therefore, the intact granite is processed into prefabricated fissured
granite specimens with a fissure angle of 0°, 30°, and 45°. Chemical corrosion tests are then performed on the prefabricated fissured
granites. The pH of the solution gradually becomes neutral; the mass loss of the granite specimens and the mineral compositions of
the fissure surface are measured and analyzed. The scanning electron microscopy (SEM) and uniaxial compression tests are
performed on the granite specimens after chemical corrosion. After chemical corrosion, the surface of the fissure becomes loose.
The various mineral components of the specimens have been changed to different degrees or converted into other mineral
components. The peak strength and elastic modulus of the prefabricated fissured granites with the three fissure angles present a
clear decrease, as the time of chemical corrosion increases. The stress intensity factors at the fissured tip are also analyzed. The
stress intensity factors of the specimens with a fissure angle of 0°, 30°, and 45° decrease from 0.017, 0.35, and 0.84 to 0.013, 0.30,
and 0.74MPa·m1/2, respectively, as the time of the chemical corrosion increases. And the chemical corrosion has the largest
effect on the intensity factors of the specimens with a fissure angle of 45° among the three angles. These experimental results
could improve the understanding of the long-term stability of underground engineering in the multifield coupling environment.

1. Introduction

Due to the function of crustal movement and weathering, a
large number of fissures with different sizes are induced
inside rocks. In the underground of rock engineering such
as underground energy storage, oil extraction, gas extraction,
and geothermal extraction, the initiation, propagation, and
penetration of these fissures are closely related to the instabil-
ity and destruction of rock engineering.

The natural fissures of rocks are the decisive factor for the
stability of underground rock engineering. A large number of
experimental studies have focused on the physicomechanical
properties of fissured granite, such as ultrasound characteris-
tic strength, elastic modulus, and fracture behaviors [1–4]. In
addition to the traditional analysis of mechanical parameters
of fissured granites, some scholars confirm that the fracture
criterion is related to the properties of the rock, prefabricated

cracks, and types of loading [5]. Simultaneously, secondary
cracks and wing cracks are observed [6, 7] during the uniaxial
and biaxial compression tests by using rock-like models with
prefabricated fissures. In the tip of crack, the tensile crack and
petal crack [8] are observed by an experimental study on
marbles with a 3-D surface flaw. In order to supplement
previous research results, crack propagation [9, 10] and coa-
lescence [11, 12] with prefabricated fissures have been exten-
sively studied by experimental and simulation research. For
example, Wu et al. [13] distinguished coalescence modes of
three rock bridges: stretch-stretch, shear-shear, and stretch-
shear mode by the DIC and CT methods. The simulation of
granites with prefabricated joints by PFC shows that granites
usually generate tensile fracture with low confining pressure,
tensile-shear mixed fracture with medium confining pres-
sure, and shear fracture with high confining pressure [14].
The simulated crack growth, coalescence, and type are highly
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consistent with the experimental results by using the method
of finite element with unstructured mesh of tetrahedral ele-
ment [15]. Simultaneously, there is also research on the
mechanical properties and expansion modes of granite with
two kinds of joints. Rezania et al. [16] conducted the numer-
ical simulation and experimental research on granite with
two side cracks and an opening with a tunnel; the results
showed that the fissured angle has a great influence on the
mechanical properties, stress distribution, and crack propa-
gation of granite. Yang et al. [17] summarized the propaga-
tion and aggregation mode of cracks in the stage of loading
through the experimental and simulation study on granite
with two holes and a fissure.

In addition, in the underground engineering construc-
tions such as coal mining, the geological repository of radio-
active wastes and tunnels, surrounding rocks, will be
inevitably immersed in the environment of saturated water
because of the groundwater. The aggressive ions in the water
will affect the mechanical properties of surrounding rocks
and the stability of the tunnel, which weakens the mechanical
property of the rocks [18]. Therefore, it is of great importance
to study the mechanical properties of rocks under the action
of chemical corrosion.

In recent years, many scholars have carried out a series of
studies on the physical and mechanical properties of various
rock materials after corrosion by water and chemical solu-
tions. Corrosive solutions, such as NaCl and NaOH, obvi-
ously have a great influence on the rate of crack growth of
quartz [19]. Dunning et al. [20] analyzed the role of the
chemical environment in frictional deformation, including
stress corrosion cracking and grinding. The failure mecha-
nism of rock mass after chemical corrosion has become a
hot topic. For example, Karfakis and Akram [21] carried
out the strain energy index and fracture toughness tests on
three kinds of rocks under five environments and researched
the mechanism of modification of rock characteristics under
the chemical corrosion. Sausse et al. [22] conducted the
research on the fissured permeability of granites under the
action of water and rock and discussed the evolution law of
permeability of granites. Min et al. [23] proposed a model
about the mechanical and transport characteristics of fis-
sured rock. Croizé et al. [24] conducted the uniaxial com-
pression test on crushed calcite to investigate the physical
properties of rocks and their evolution during fault zone
processes. Yu et al. [25] proposed the damage variables to
be used to describe the corrosion damage. The development
of computer technology has also accelerated the progress of
scientific research on rock mechanics [26, 27]. For example,
the parallel bond stress corrosion model [28] is obtained by
adding the damage rate law, which can well simulate the
chemical corrosion reaction of rock under the action of aque-
ous solution. And this model can also be used to predict the
macrogradation of mechanical properties caused by chemical
corrosion and simulate the evolution process of microdam-
age [29]. Mohtarami et al. [30] developed an extended finite
element code that could reproduce the singularity in aniso-
tropic and uneven environments after chemical corrosion.

However, the previous research results mostly focus on
the mechanical and physical properties of intact rock masses

after chemical corrosion. Considering the complexity of the
underground environment and natural joints, the rock mass
is inevitably affected by the chemical-stress coupling. There-
fore, it is essential to carry out research on the mechanical
characteristics of fissured granites with various angles after
chemical corrosion. This paper carries out research on the
physical and mechanical properties of fissured granite after
chemical corrosion (0, 30, 60, and 90 days) and analyzes
the variations of mineral composition and microstructure
of fissured granites after chemical corrosion. Simultaneously,
the stress intensity factors of the fissured tip after chemical
corrosion are calculated and analyze the change mechanism
of the stress intensity factors at the fissured tip. The results
can provide a theoretical basis for the stability analysis of
underground engineering.

2. Test Preparation

2.1. Specimen Preparation. The rock specimens in the exper-
iment are sampled from Yueyang, Hunan province, China,
with a dense structure and good macroscopic homogeneity.
And the natural density is 2.6 g/cm3. The average mass frac-
tions of the main mineral components are quartz (30%),
sodium feldspar (19.67%), and potassium feldspar
(24.49%), and the specimen also contains a small amount
of biotite (11.71%), chlorite (7.18%), and illite (6.95%). The
granite specimens are processed into cylindrical standard
specimens of φ50 × 100mm. The processed accuracy of the
specimens (including the parallelism, straightness, and per-
pendicularity of the granites) is controlled by the suggested
methods of the International Society of Rock Mechanics
and Rock Engineering (IRSM). Therefore, the surface of the
specimens is smooth and without obvious defects. The Mohs
hardness of granites is about 7 [31], which is a species of hard
granite. Since the cutting thickness of fissured specimens is
large, prefabricated fissures adopt the water-jet cutting tech-
nique to process the specimens [32]. The length of the
prefabricated fissure is 20mm, the width is 1mm, and the
maximum depth of cutting is 50mm. The prefabricated fis-
sures, respectively, have inclinations with α = 0°, 30°, and
45° (Figure 1).

2.2. Specimen Processing. Groundwater contains amounts of
various ions such as Na +, Ca2+, SO2−

4 , Mg2+, Cl-, and HCO−
3 .

When granites are immersed in the environment of ionic solu-
tion, multiple mineral ingredients will react with chemical
solution such as decomposition reaction, oxidation-
reduction reaction, and single displacement reaction. And
the chemical reactions deteriorate the mechanical property
of granites. However, the contents of Na+ and Cl- in the ionic
solution are more [33]. Therefore, the granite specimens are
immersed in a glass vessel, which contains an oversaturated
NaCl solution with the concentration of 5.4mol/L and pH =
2. The vessel is sealed with Vaseline to prevent evaporation
of water. The test, respectively, selects 30, 60, and 90 days as
immersed time. To ensure the accuracy of the experimental
results, the temperature of a test is a constant temperature
(22°C). During the immersion of the specimens, this paper
measured the change of the pH value of the solution and the
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quality of the specimens. To ensure the accuracy of the speci-
mens on quality measurement and reduce random errors,
after the specimens are taken out, they are dried at 105°C in
an electric drying oven with constant temperature and the
specimens are completely dried for 24 hours. Then, the quality
of specimens is measured.

2.3. Test Equipment and Test Process. The uniaxial compres-
sion test is completed using a Thermo-Hydro-Mechanical-
Chemical (THMC) coupling test system in this paper [34],
which includes a triaxial pressure chamber, an antiforce

framework with high strength, an electrohydraulic servo
pump with high pressure, a microcomputer system, a strain
monitoring with acquisition system, and accessory in
Figure 2.

The test process of this article is as follows. The fissured
specimens with α = 0°, 30°, and 45° after chemical corrosion
for 0, 30, 60, and 90 days are pasted axial strain gauges and
radial strain gauges on both sides of the plane corresponding
of cylindrical shaft of specimens. Then, specimens after treat-
ment are put into the triaxial stress chamber, which connects
with strain monitoring with the acquisition system. The test
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Figure 1: Prefabricated fissured specimen with different inclinations: (a) specimen with α = 0°, (b) specimen with α = 30°, and (c) specimen
with α = 45°, 2a = 20mm.

3Geofluids



is a uniaxial compression test, the axial force loading is
applied under the control mode of axial displacement, and
the loading rate is 0.01mm/min.

3. Experimental Results

3.1. Chemical Corrosion for Prefabricated Fissured Granite.
After the chemical corrosion, the pH value of the solution
gradually increases with the increase of the immersed time,
and the increasing rate in the stage of initial immersion is
large and then gradually flattens out (Figure 3). Figure 4
shows the mass loss of the specimens, which undergoes a
rapid decrease to a gradual balance. Because the active min-
eral content of the initial granite surface is relatively high,

H+ ions are quickly consumed in the chemical solution; as
the reaction progresses, the granite surface active minerals
decrease, resulting in a decrease in the chemical dissolution
rate. Simultaneously, the decrease of H+ also leads to an
increase in the pH value of the solution, and the pH value
tends to stabilize with the progress of the reaction [35].

In order to analyze the degree of mass loss of prefabri-
cated fissured granites with different inclinations, a mass loss
rate Kt was defined in Equation (1), Mt is the mass of speci-
mens after chemical corrosion, and M0 is the initial mass of
specimens without chemical corrosion [36].

Kt =
Mt −M0ð Þ

M0
× 100%: ð1Þ

Anti-force framework

Drain tap

LVDT

Fissure

Triaxial pressure chamber

Atuating gylinder

Specimen

Strain gauges

Water/gas injection

Water/gas outlet

Electro-hydraulic servo pump

Accessory
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NI9237
Connection port

Microcomputer system

Figure 2: THMC coupling test system (after [34]).
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Figure 3: Variation curve of the pH value with the change of immersed time.
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To more intuitively analyze the influence of chemical
corrosion on the composition of fissured granite, the X-ray
diffraction test is proceeded on the surface of granites after
chemical corrosion for 0, 30, 60, and 90 days, and the results
of the content of main minerals are shown in Table 1 and
Figure 5. The contents of mica and potassium feldspar show
a downward trend during the immersion process, and the
decreasing rates of mass percentage are, respectively,
43.55% and 62.96% after chemical corrosion for 90 days. This
phenomenon is attributed to the reaction of mica and potas-
sium feldspar in an acidic environment (Equations (2) and
(3)) [36, 37]. However, the content of quartz and sodium
feldspar slightly ascends with the increase of the immersed
time, and the content of chlorite appears to fluctuate. Firstly,
the hydrolysis rate of quartz is slower than other types of
minerals, and quartz has a lower sensitivity to acidic solu-
tions. Moreover, mica and potassium feldspar will also gener-
ate a certain amount of colloidal quartz during the chemical
reaction. Secondly, potassium feldspar will produce K+ in
the process of hydrolysis, and the increase of the concentra-
tion of K+ is likely to lead to the formation of sodium feldspar
[38]. The mass percentage of illite does not significantly
change after chemical corrosion for 60 days but significantly

increases after chemical corrosion for 90 days, because illite is
a kind of potassium-rich mineral, and potassium feldspar can
form illite in an acidic environment. Furthermore, after
potassium feldspar is corroded in an acidic solution for 90
days, a large amount of K+ appear in the corrosive solution,
which reacts with sodium feldspar to form illite (Equations
(4) and (5)) [39]. In short, after the chemical composition
of granites reacts with the acid solution, the chemical compo-
sition of granites has changed, leading to the change of the
mechanical and physical properties of granites.

The reaction of mica with the acidic solution is written as
follows:

KAl3Si3O10 OHð Þ2 + 10H+ = 3Al3+ + 3SiO2 + 6H2O + K+

ð2Þ

The reaction of potassium feldspar with the chemical
solution is written as follows:

KAlSi3O8 + 4H+ = AI3+ + 3SiO2 + 2H2O + K+ ð3Þ

The reaction of formation of illite is written as follows:

3NaAlSi3O8 + K+ + 2H+ + H2O = KAl3Si3O10 OHð Þ2 + 3Na+

+ 6SiO2 + H2O
ð4Þ

3KAlSi3O8 + 2H+ +H2O = KAl3Si3O10 OHð Þ2 + 2K+ + 6SiO2 + H2O
ð5Þ

The Scanning Electron Microscope (SEM) tests are per-
formed to observe the microstructure variations of the fissure
surface of the granite specimens after chemical corrosion for
0, 30, 60, and 90 days, and the results are shown in Figure 6.
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Figure 4: Variation curves of mass of specimens under the action of chemical solution.

Table 1: Contents of the main minerals of granites during the
immersed process.

Immersed
time (d)

The contents of main mineral components (%)

Quartz
Sodium
feldspar

Mica Chlorite
Potassium
feldspar

Illite

0 30.00 19.67 11.71 7.18 24.49 6.95

30 26.19 29.53 15.23 10.04 12.91 6.11

60 34.52 27.75 11.70 6.08 14.46 5.50

90 37.20 24.51 6.61 10.13 9.07 12.49
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The fissure surfaces of the granite specimens are damaged to
varying degrees after chemical corrosion.

At the initial stage, the surface texture is dense and the
cemented surface is complete without chemical corrosion
and only a small quantity of fine mineral particles could be
observed. The size of crystal particles is clearly distinct
(Figure 6(a)). After chemical corrosion for 30 days, local
degradation of cemented surface of the specimens can be
observed. The microstructure appears loose; fine particles
and crystals increase. A lot of small cracks begin to appear,
and the edges and corners begin to become smooth
(Figure 6(b)). After chemical immersion for 60 and 90 days,
the cemented surface is completely destroyed. The surface
texture of the fissure becomes loose, and small cracks begin
to connect so that the internal edges and corners gradually
disappear. A large number of small particles and crystals
appear. The structure of honeycomb appears, and secondary
pores significantly increase (Figures 6(c) and 7(d)) [36].

3.2. Mechanical Properties of Fissured Granite after
Chemical Corrosion

3.2.1. Stress-Strain Curves. To study the effect of chemical
corrosion on the mechanical property of fissured granites
with different inclinations, three kinds of fissured granite
specimens with α = 0°, 30°, and 45° are, respectively,
immersed in the oversaturated NaCl solution of pH = 2 for
0, 30, 60, and 90 days. The uniaxial compression tests are per-
formed on the granite specimens with α = 0°, 30°, and 45°

after chemical corrosion for 0, 30, 60, and 90 days, and the
environment temperature of the test is 22°C.

Figure 7 shows stress-strain curves for granites with
α = 0°, 30°, and 45° without chemical corrosion under the
uniaxial compression test. The compaction stage of fissured
specimens with α = 45° has a shorter time by comparing with

the specimens with α = 0° and the specimens with α = 30°,
once the microcracks are compacted, which soon enter the
elastic deformation stage. Moreover, the specimen with
α = 0° shows ductile failure when it fails. However, when
the loading pressure is close to the peak strength of the spec-
imens with α = 30° and α = 45°, the principal stress drops
instantly, which shows a kind of brittle failure.

Due to space constraints, the paper only gives the stress-
strain curves of the specimens with α = 0° after chemical
corrosion in Figure 8. According to the stress-strain curves
of fissured granite after chemical corrosion, the duration of
the initial compaction stage is relatively long for specimens
without chemical corrosion. The stress-strain curves of spec-
imens without chemical corrosion in the compaction stage
have an obvious concave downward trend. However, the
compaction stage of specimens after chemical corrosion is
relatively short. Particularly, the specimens are immersed
for 90 days. The result shows that the chemical corrosion will
shorten the compaction stage of fissured granite and acceler-
ates the destruction speed of the specimens, resulting in a
decrease in the peak value of the specimens. The specimens
without chemical corrosion basically maintain a linear
change before reaching the peak value, and the elastic stage
is longer than the specimens after chemical corrosion, and
there is no obvious yield point. However, the elastic stage of
the specimens becomes shorter after chemical corrosion.
The specimens after chemical corrosion for 90 days have
the shortest elastic stage. It is indicated that chemical corro-
sion has damaged the internal structure of the granite, caus-
ing the granite to quickly enter the destruction stage. When
the stress-strain curve reaches the peak strength, it can be
seen that the specimens after chemical corrosion are instan-
taneously broken, the peak value has a significant drop, and
strain even rebounds (specimens after chemical corrosion
for 90 days), which presents a brittle failure. However, the
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Figure 5: Variation curves of the main mineral content during the immersion process.

6 Geofluids



specimens without chemical corrosion show a ductile failure,
and there is no instant drop of principal stress.

It can be seen in Figure 9 that the expansion path of the
granite specimens is relatively bent. And a few of paths even
deviate from the failure path. It is due to the heterogeneity of
composition of granite. The strength of each composition is
naturally different, and then, the resistance of fissured prop-
agation of granites is also different.

3.2.2. Peak Strength and Elastic Modulus. To further study
the effect of chemical corrosion on the mechanical properties
of fissured granites, this paper selects the maximum value of
the stress as the peak strength and approximately 40% to 60%
of the linear part in the elastic stage of the stress-strain curve
to calculate slope as the elastic modulus [34] by using the
following formula:

E = σa60 − σa40
εa60 − εa40

, ð6Þ

where σa40 and σa60 are 40% and 60% of the peak strength,
respectively. εa40 and εa60 are 40% and 60% of the axial strain
in each stress-strain curve, respectively.

Figure 10 shows the variation curve of the elastic modu-
lus of fissured granite with α = 0°, 30°, and 45°. Figure 11
shows the effect of prefabricated fissures on the peak
strength of granite. The mechanical parameters are calcu-
lated, and the results are shown in Table 2. It is not difficult
to find that the prefabricated fissures have a significant influ-
ence on the mechanical parameters of granite from the
experimental results. As the fissured angles increase, the
elastic modulus and peak strength both show a tendency to
attenuate.

Based on the test results of stress-strain curves after
chemical corrosion in Figure 8, it is indicated that the longer
time granites are immersed in the chemical solution, the big-
ger chemical damage is acted on the granites. Therefore,
chemical damage has a significant influence on the mechan-
ical parameters of granite. The following part of this article
explores the influence of chemical corrosion on the

(a) (b)

(c) (d)

Figure 6: SEM images of fissure surface of granite: (a) without immersion, (b) 30 days, (c) 60 days, and (d) 90 days.
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mechanical properties of fissured granites through the rele-
vant mechanical parameters of granites.

Figure 12 shows the variation curves of elastic modulus of
fissured granites with α = 0°, 30°, and 45° after chemical cor-
rosion for 30, 60, and 90 days. Figure 13 shows the variation
curves of peak strength of fissured granites with α = 0°, 30°,
and 45° after chemical corrosion for 30, 60, and 90 days. It
can be seen from Figures 12 and 13 that the mechanical

parameters of prefabricated fissured granites with α = 0°,
30°, and 45° have changed to a certain extent after chemical
corrosion for 30, 60, and 90 days. According to the above
method of calculating the peak strength and elastic modulus,
the mechanical parameters of the fissured granites after
chemical corrosion for 30, 60, and 90 days are calculated.
The results of peak strength and elastic modulus of fissured
granite with α = 0°, 30°, and 45° after chemical corrosion for
30, 60, and 90 days are recorded in Table 3.

As shown in Figure 13, after chemical corrosion for 30,
60, and 90 days, the peak strength of prefabricated fissured
granite with different inclination shows a decreasing trend
on the whole. Through the experimental values of the peak
strength in Table 3, it can be seen that the peak strength of
specimens with α = 0° decreases from 140.88 to 112.50MPa,
and the degradation amplitude of the peak strength of the
specimens with α = 0° is 10.60%, 17.17%, and 20.14%, respec-
tively. The peak strength of specimens with α = 30° decreases
from 100.73 to 85.34MPa, and the degradation amplitude of
the specimens with α = 30° is 9.22%, 10.20%, and 15.28%,
respectively. The peak strength of specimens with α = 45°
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Figure 7: Stress-strain curves of fissured granites with α = 0°, 30°,
and 45° under the uniaxial compression test without chemical
corrosion.
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Figure 8: Stress-strain curves of fissured granites of uniaxial
compression test under the action of chemical corrosion (α = 0°
specimen after chemical corrosion for 30, 60, and 90 days).
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Figure 9: Crack initiation of prefabricated fissured granite with
different inclination under the uniaxial compression test: (a)
specimen with α = 0°, (b) specimen with α = 30°, and (c) specimen
with α = 45°.

8 Geofluids



decreases from 75.75 to 67.19MPa, and the degradation
amplitude of the specimens with α = 45° is -0.12%, 7.92%,
and 12.46%, respectively.

It can be seen from Figure 12 that the elastic modulus of
granites with different inclinations show a gradually
decreasing tendency with the increase of immersed time
of chemical solution. Combined with the value of elastic
modulus in Table 3, the average values of elastic modulus
of specimens with α = 0° descend from 39.26 to 33.17GPa

after the chemical corrosion for 90 days. And after chemical
corrosion for 30, 60, and 90 days, the degradation ampli-
tude of the elastic modulus of the specimens with α = 0° is
2.06%, 5.99%, and 15.51%, respectively. Granites with other
fissured angles have similar results. For example, descend-
ing from 31.73 to 26.96GPa, the degradation amplitude is
-1.70%, 10.53%, and 15.03%, respectively (specimens with
α = 30°). Descending from 29.33 to 21.91GPa, the degrada-
tion amplitude is, respectively, -3.10%, 10.47%, and 25.30%
(specimens with α = 45°). Through the above analysis, it can
be seen that the mechanical parameters of specimens with
α = 30° and α = 45° slightly increase after chemical corro-
sion for 30 days. Because granite has the heterogeneity of
material itself and the fissure has an error in size, the
change of microstructure and the degree of corrosion soft-
ening are slightly different under the action of the chemical
solution, leading to different mechanical characteristics of
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Figure 11: Variation of peak strength of fissured granites with α = 0°, 30°, and 45°.

Table 2: Results of fissured granites with different inclination under
uniaxial compressive test.

Fissured angle (°) Peak strength (MPa) Elastic modulus (GPa)

0 140.88 39.26

30 100.73 31.73

45 76.75 29.33
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Figure 12: Variation of elastic modulus of fissured granite with α = 0°, 30°, and 45° after chemical corrosion for 30, 60, and 90 days.
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Figure 13: Variation of peak strength of fissured granite with α = 0°, 30°, and 45° after chemical corrosion for 30, 60, and 90 days.

Table 3: The results of the uniaxial compression test of fissured granites under the action of chemical solution.

Immersed time
(d)

0° 30° 45°

Peak strength
(MPa)

Elastic modulus
(GPa)

Peak strength
(MPa)

Elastic modulus
(GPa)

Peak strength
(MPa)

Elastic modulus
(GPa)

0 140.88 39.26 100.73 31.73 76.75 29.33

30 125.94 38.45 91.44 32.27 76.84 30.24

60 116.69 36.91 90.46 28.39 70.61 26.26

90 112.50 33.17 85.34 26.96 67.19 21.91
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some specimens and occurrence of discreteness phenome-
non [40, 41].

4. Discussion

4.1. Evolutions of Stress Intensity Factors under the Action of
Chemical Solution. In order to better understand the evolu-
tion of the stress field at the tip of the fissure after chemical
corrosion, stress intensity factors are analyzed to investigate
the effect of chemical solution on the fracture characteristics
of fissured granite.

From previous research results, we can know that the
process of failure of rock masses containing joints, I-type ten-
sile failure, and II-type shear failure both exist, but II-type
shear failure is difficult to observe [42]. More importantly,
there is no clear boundary between the two destruction

modes. Brace and Bombolakis [43] carried out tests on a glass
model with prefabricated fissure and propose the slip-tension
fracture model to study mechanical characteristics of brittle
materials under the action of compression, which believes
that I-type tensile failure is dominated in the mechanism of
slip fracture. Therefore, the model of sliding fracture can bet-
ter simulate the two types of shear-tension mixed failures in
the process of compressive failure of granites. In the present
work, an improved slipping crack model [44] is adopted,
and the formula for stress intensity factors is written as

K1
σ1

ffiffiffiffiffiffi

πa
p = −μ 1 + λð Þ − 1 − λð Þ cos γ½ � sin γ

π
ffiffiffiffiffiffiffiffiffiffiffiffiffi

L∗ + L
p

+ 1 − λð Þ sin 2γ sin γ

π
ffiffiffiffiffiffiffiffiffiffiffiffiffi

L + L∗
p − λ

ffiffiffi

L
p

,
ð7Þ
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Figure 14: Variation of K1 under the action of chemical solution.
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where K1 is the I-type strength stress factors, μ is the friction
coefficient of the fissured surface, γ is the angle of crack initi-
ation, L∗ = 8/ð3π2Þ, L = l/a, l is the length of fissure after
chemical corrosion, and λ is the ratio of the confining pres-
sure to the axial pressure. Considering the uniaxial compres-
sion testis applied in this work, a simplified formula of stress
intensity factors is rewritten as

K1
σ1

ffiffiffiffiffiffi

πa
p = −μ 1 − cos γ½ � sin γ

π
ffiffiffiffiffiffiffiffiffiffiffiffiffi

L + L∗
p + sin 2γ sin γ

π
ffiffiffiffiffiffiffiffiffiffiffiffiffi

L + L∗
p : ð8Þ

After the chemical corrosion, the extent of fissure growth
is not obvious in the macroscopic view; therefore, the length
of fissure is considered to be a constant during the chemical
corrosion. According to Equation (8), the I-type stress inten-
sity factors of specimens with α = 0°, 30°, and 45° after chem-
ical corrosion for 30, 60, and 90 days are calculated and the
results are shown in Figure 14.

It can be seen from Figure 14 that the stress intensity fac-
tors of the specimens with α = 0°, 30°, and 45° generally show
the downward trend, as the immersed time of the chemical
solution increases. And under the same chemical corrosion
time, the changes in intensity factors of the specimens with
α = 45° are the largest among the three angles.

4.2. Analysis of Mechanism of Stress Intensity Factors. The
plastic zone of the fissured tip has a decisive effect in the frac-
ture toughness of granite during the process of destruction of
granite. When the chemical solution erodes the granite spec-
imens, the chemical solution molecule is driven to the fissure
of granites under the action of concentration gradient of
chemical solution. The active ions of solution react with the
mineral molecules such as adsorption reaction and hydration
reaction. The chemical bond connecting with grains in the
fissured tip appears fracture under the action of H+ [45].
The process of water-rock reaction deteriorates the seepage
channels of the fissured surface and the mechanical property
of the fissured surface. The active ions in the chemical solu-
tion cause the mineral particles to migrate and dissolve, and
form caves and microfissures inside the fissures, leading to
an increase of porosity of the fissured surface, weaken the
seepage performance and pore pressure of the fissured sur-
face, and increase secondary pore [36]. Under the long-
term chemical corrosion of the fissure tip of granite, micro-
cracks both appear at the top and bottom of the fissures
(see Figure 6), leading to a decrease of mechanical properties
of the plastic zone at the fissured tip and increase of fissured
length and a large quantity of stress concentration in the
plastic zone [46]. Therefore, as the chemical corrosion time
increases, the stress intensity factors at the fissure gradually
decrease.

From a previous study, it can be known that as the fis-
sured angle increases, the crack initiation stress becomes
smaller, leading to initiate easily in the fissured tip. Simulta-
neously, a large number of cracks initiate, leading to stress
concentration at the crack tip [47]. It is seen that there is
no obvious stress concentration of specimens with α = 0°
during the loading process (Figure 9(a)). The failure mode
of the specimens with α = 0° is a simple compression failure

and does not depend on the influence of the fissure. Conse-
quently, the tension crack propagates along the direction of
paralleling to prefabricated fissured surface. Nevertheless,
the fissured granite of other angles reaches the crack initia-
tion stress, and wing cracks and antiwing cracks gather and
appear at the fissured tip, leading to stress concentration that
occurs at the fissured tip (Figures 9(b) and 9(c)). As the load-
ing progresses, the cracks penetrate and lead to the destruc-
tion of the specimens [48]. The stress intensity factors are a
parameter that reflects the concentration of the stress field
at the fissured tip. Therefore, from the above analysis, the
specimen with α = 0° is a simple compression failure. There
is almost no stress concentration at the prefabricated fissured
tip. Therefore, the stress intensity factors of the specimens
with α = 0° are the smallest or even close to 0, while the spec-
imens with α = 30° and α = 45° have a large quantity of stress
concentration at the fissured tip, and the chemical corrosion
has the largest effect on the intensity factors of the specimens
with α = 45° among the three angles.

5. Conclusions

In this paper, granites are processed into three kinds of stan-
dard cylindrical fissured specimens with different inclina-
tions. First, a chemical corrosion test is performed, and
then, the specimens before and after immersion are pro-
ceeded to the uniaxial compression test. Based on the physi-
cal and mechanical experiment data of granite, this paper
analyzes the damage effect of fissures on the mechanical
properties of granite and chemical solutions on the physical
and mechanical property of fissured granite. It is found that,
during the immersed process, the pH value of the solution
gradually becomes neutral and maintains at 4.1, and the mass
loss gradually increases, and the pH value and rate of mass
loss greatly change in the early immersed stage; the main
mineral content of the fissured surface significantly changes.
After the chemical corrosion, the surface of the fissure
becomes loose and secondary micropore increases. As the
time of chemical corrosion increases, the peak strength of
fissured granite with α = 0°, 30°, and 45° has decreased in
varying degrees (from 140.88, 100.73, and 76.75 to 112.50,
85.34, and 67.19MPa, respectively). Simultaneously, the
modulus of fissured granites with α = 0°, 30°, and 45° also
shows similar variation trends (from 39.26, 31.73, and 29.33
to 33.17, 26.96, and 21.91GPa, respectively). Furthermore,
the chemical corrosion shortens the compaction stage of
the fissured granite, reduces the elastic stage of the fissured
granite, and accelerates the failure of fissured granite. The
stress intensity factors of the specimens with α = 0°, 30°,
and 45° decrease from 0.017, 0.35, and 0.84 to 0.013, 0.30,
and 0.74MPa·m1/2, respectively, as the time of the chemical
corrosion increases, and the chemical corrosion has the larg-
est effect on the intensity factors of the specimens with
α = 45° among the three kinds of specimens.
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The Taiyuan Formation limestone aquifer and Ordovician limestone aquifer are widely distributed in the coal seam floor of coal
measures in North China; the water hazard safety problem of the stope floor under the influence of mining is very prominent.
The risk of the water inrush from the coal seam floor is closely related to the degree of full exploitation, so it is necessary to
study the stability of the stope floor under aquifer conditions, especially the influence of the working face length effect on floor
stability. Through numerical simulation of water-rock coupling action, the mine pressure behaviors of the water-resisting floor
under different face lengths were analyzed based on the measured formation permeability coefficient. The Fish program was
used to adjust rocks entering the plastic failure state into a strain softening model to investigate the influence of the face length
effect, the damage degree of the water-resisting floor, and the morphology and deformation bearing capacity of the failure zone.
The results show the following: (1) the face length effect is one of the main influence factors of the failure mode and failure
degree of surrounding rocks in the stope; (2) as the face length increases, the obvious pressure relief zone of surrounding rocks
presents a staged change, and the obvious pressure relief zone at the seam roof and floor is in an obvious “reverse saddle shape”;
(3) the closer to the seam floor, the more remarkable the rock softening characteristic because of the compaction action of
gangues caving from the roof; and (4) the rock mass close to the seam floor undergoes local tensile failure, and the water-
resisting floor near the coal wall at two sides mainly bears compaction-shear action, leading to compression-shear failure of the
rock mass at the floor and formation of water-conducting fractures. The study results can provide a reference for taking
precautionary measures of safety mining above a confined aquifer.

1. Introduction

The Taiyuan Formation limestone aquifer and Ordovician
limestone aquifer are widely distributed in the coal seam
floor of coal measures in North China. However, due to the
relatively poor mechanical strength of the aquifer medium,
and the large scale of the underground mining stope space,
the water hazard safety problem of the stope floor under
the influence of mining is very prominent. The risk of the

water inrush from the coal seam floor is closely related to
the degree of full exploitation. Mining activities destroy the
balance of the original ground stress. Then, the surrounding
rock stress in the stope will then undergo redistribution, lead-
ing to interactions between permeability characteristics of the
rock mass medium and stress state, thereby forming water-
rock coupling action [1]. The surrounding rocks in the stope
will experience deformation and failure under the action of a
new stress field. The rock masses will suffer from fracturing
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expansion, shear deformation, and displacement because of
fracturing, extruding, and softening and corroding actions
of confined water. Consequently, the porosity and connectiv-
ity of structural planes in the rock mass will be enhanced to
strengthen the permeability of rock masses and groundwater
inrush pathways can be easily formed [2].

Various factors influence the floor stability in a stope.
Many Chinese and foreign scholars have conducted investi-
gation work on influence factors such as floor lithology,
water-resisting floor thickness, water pressure, face length,
structure, and coal seam occurrence state, analyzing the
load-carrying characteristics and deformation failure laws
of the stope floor with one factor of combining multiple fac-
tors and obtaining important research results [3–8]. Wang
et al. [9] used the discrete element fluid-structure interaction
(FSI) simulation method to perform simulation analysis of
the evolution laws of floor stress and seepage during the coal
mining process above a confined aquifer. Zheng et al. [10]
established a jointed rock mass seepage-damage coupling
model and applied it to the prediction of water inrush disas-
ters in mines. The studies carried out by other scholars [11–
16] have deepened the understanding of the breeding and
evolution process of the water inrush from the seam floor
and provided a certain scientific basis for the prevention
and treatment engineering practice of the water inrush from
the seam floor. Most existing research is conducted on the
theoretical basis of the traditional elastic-plastic mechanics
or phenomenological damage mechanics, resulting in imper-
fect simulation of rock mesostructural damage and perme-
ability evolution arising out of this. Thus, in-depth studies
need to be implemented on damage, rupture, permeability
change, and formation of the water inrush pathway of rock
masses at the seam floor under different mining conditions.

The increasing working face length will undoubtedly
enlarge the scope of mining influence and intensity of mine
pressure behaviors, deepen the damage scope of the floor,
and effectively reduce the thickness of water-resisting strata.
Therefore, the working face length is one of the key factors
influencing the failure depth of the stope floor. However,
when geological conditions are unchanged, the mine pres-
sure behaviors under different face lengths and the influence
mechanism on the floor stability remain to be further dis-
cussed. Thus, a strain softening model was introduced into
the floor failure zone based on hydrogeological conditions
in Group A coal mining of the Panxie Coal Mine of the Huai-
nan Mining Group to investigate the influence mechanism of
face length effect on floor stability.

2. Stress-Bearing Zoning and Failure
Mechanism of the Floor

The coal seam and surrounding rock are in a stress balance
state under the primary rock stress state, while the excavation
of the coal seam or rock strata will damage the stress balance
state and cause the redistribution of surrounding rock stress,
finally leading to deformation and failure [17]. Affected by
the forward supporting pressure, the coal seam and floor
within a certain distance from the front of the working face
are located in a pressurization zone, so the seam floor at this

location is compressed. This zone is called the compression
zone (Zone B in Figure 1). As the working face continues to
advance, the area from the working face to the rear goaf is
in a pressure relief zone. The floor rocks of this part are con-
verted from a compression state into an expansion state. The
floor heave will be generated on the working face, and cracks
of rock bedding stratification will appear. This zone is called
the expansion and pressure relief zone (Zone D in Figure 1).
Between Zones B and D, the rock strata within this scope are
gradually transited from a compression state into a pressure
relief state. The deformation state is also transited from com-
pression into expansion. This area is called a transition zone
(Zone C in Figure 1). After the working face is advanced
again, the rock masses caving in the goaf are compacted by
the overlying strata, and this part of the floor is located within
the new pressurization zone again due to the overburden
pressure. Then, it is converted from an expansion state into
a compaction state again (Zone E in Figure 1).

Each point at the floor rock strata will undergo the pro-
cess of “compaction-stress relief-recompression” with the
advancement of the working face [18]. The crack ratio in
the floor rock strata is changed due to the action of these
stresses. Three crack types, namely, vertical tension, bedding,
and shear, arise. Accordingly, this part of floor strata loses its
water-resisting ability, and the floor failure depth refers to the
depth of rock strata, causing the failure of the seam floor with
a certain depth and water-conducting ability due to the com-
bined action of factors such as mine pressure during the min-
ing process of the working face.

3. Permeability Test of Floor Strata

3.1. Site Conditions. The A1 and A3 seams are mainly mined
in Group A of the Panxie Mining Area of the Huainan Min-
ing Group, and the average dip angle is 10°; the coal thickness
at the A1 seam is within 1.56~7.77m (average value: 2.8m);
the coal thickness at the A3 seam is 2.09–9.17m (average
value: 5.8m). The spacing between the two coal seams is
1~5m, and they are combined into one seam at the local part.
Strong Taiyuan Formation limestone and Ordovician lime-
stone aquifers occur at the seam floor, where the Taiyuan
Formation limestone aquifer C3

3 at 28.1m away from the
A3 seam floor is a strong aquifer, resulting in potential
water-induced damage to coal mining of Group A. The thick-
ness and water pressure of the C3

3 aquifer are 7.8m and
4.5MPa, respectively. The positional relationship of the
working face and lithological histogram is shown in Figure 2.

3.2. Permeability Test. The test rock specimens, namely,
sandstone, mudstone, sandy mudstone, and limestone at
the floor of Coal Group A1, were collected from the field.
Each rock was processed into five blocks, and standard spec-
imen dimensions were obtained: heightH = 100mm and sec-
tional diameter d = 50mm. The instantaneous permeability
test of the rock specimens was conducted on an MTS816
electrohydraulic servo rock mechanics experimental system.
The test principles are shown in Figures 3 and 4.

The volumes of both pressure stabilizers in the pore pres-
sure system are B; their pressures are p1 and p2, respectively;
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and the height and cross-sectional area of each rock speci-
men are H and A, respectively. As the pressures at two ends
of each rock specimen are different at the initial time ðp10 >
p20Þ, the pressure gradient ξ0 = ðp20 − p10Þ/H exists, and the
liquid in water tank 1 enters water tank 2 through the rock
specimen. Then, the pressure in water tank 1 is continuously
lowered while that in water tank 2 is continuously elevated
until the pressures in the two water tanks become equal
and reach an equilibrium state. The mass flow of liquid enter-
ing the rock specimen from water tank 1 is set as q. If the pore
water of the rock specimen is saturated, then the mass flow of
liquid flowing into water tank 2 from the rock specimen is
also q, and the seepage velocity in the rock specimen is V =
q/ρA. According to the fluid compressibility, the following
can be obtained:

1
cf

= ρ
dp1
dρ

: ð1Þ

The relational expressions dρ = −qdt/B and q = ρAV
indicate that

dp1
dt

= −
AV
cfB

: ð2Þ

Similarly,

dp2
dt

= −
AV
cfB

: ð3Þ

The following can be obtained through (2) and (3):

d p2 − p1ð Þ
dt

= 2AV
cfB

, ð4Þ

V = cfBH
2A

dξ
dt

, ð5Þ

Working face

B (compressed
zone)

C
(transition

zone)

D (inflation
pressure

relief zone)
E (compaction zone)

A (initial
stress
zone)

Figure 1: Simulated diagram of the coal seam floor failure.
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Advancing direction

Thickness

Mudstone

A3 coal

A1 coal

5.8 m

Sandy
sandstone

Mudstone

Lithology

6.6 m

2.5 m

4.3 m

5.8 m
Fine

sandstone 3.2 m

The aquifer
of C3

3 (7.8m) 7.8 m

Figure 2: Working face arrangement and lithologic column.
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where ξ is the pressure gradient of the rock specimen,
namely, ξ = ðp2 − p1Þ/H.

For Darcy’s flow, the relationship between the seepage
velocity and the pressure gradient follows Darcy’s law, that is,

ξ = −
μ

kD
V , ð6Þ

where μ is the dynamic viscosity of seeping liquid and kD is
the permeability of Darcy’s flow in the rock specimen.

Equation (5) is substituted into Equation (6) to obtain

dξ
dt

= −2 AkD
cfBHμ

ξ: ð7Þ

The sampling time interval and the total number of sam-
pling times were set as τ and n, respectively, in the test. The
pore pressure gradient is ξf at the sampling ending time tf
= nτ. We use the integral of Equation (7) to obtain

ln ξ0
ξf

= 2 AkDtf
cfBHμ

: ð8Þ

In Equation (8), pressure gradients ξ and ξ0 are negative,
ξ0/ξ is positive, so ln ðξ0/ξÞ is significant. The permeability

and permeability coefficient of the rock specimen can be
obtained through Equation (8):

kD = cfBHμ

2tfA
ln ξ0

ξf
= cfBHμ

2tfA
ln p10 − p20

p1f − p2f
, ð9Þ

K = kDγ
μ

, ð10Þ

where γ is the specific gravity of the liquid.
Equations (9) and (10) are formulas used to calculate the

permeability KD and permeability coefficient K in the stress-
strain whole-process instantaneous permeability test of the
rock specimens, which was performed on an MTS816 rock
mechanics experimental system.

To guarantee the sealing property of the rock specimen,
the stains on cylindrical surfaces of the rock specimen, pres-
sure head, and porous disc were wiped away first. Then, these
cylindrical surfaces were intertwined with a layer of plastic
insulating tapes in a spiral form from bottom to top. A seg-
ment of the thermal-shrinking plastic jacket was cut off to
cover rock specimens, porous discs, and upper and lower
pressure heads. The plastic jacket was uniformly baked using
an electric blower so that the plastic jacket fitted in well with
the insulating tape. Information like experimental parame-
ters, components, and number of rock specimens was
recorded on the insulating tape. Finally, insulating tapes were
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Figure 3: MTS816 rock mechanics permeability experimental system.
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used to twine the upper and lower parts of the plastic jacket.
Rock specimens, pressure heads, and porous discs were
encapsulated together using the plastic insulating tape and
thermal-shrinking plastic jacket. Sealing of the rock sample
is shown in Figure 5.

3.3. Analysis of Test Results. In the test, the confining pressure
pc was set as 4MPa. The seeping liquid was water, where its
mass density ρ, dynamic viscosity μ, and compression coeffi-
cient cf were 1,000 kg/m3, 1:01 × 10−3 Pa · s, and 0:472 ×
10−9 Pa−1, respectively. The volume of pressure stabilizer B
was 0:32 × 10−3 m3. According to the time series of the pore
pressure difference acquired in the test, the permeability
coefficient K of Darcy’s flow is calculated according to Equa-
tion (10).

3.3.1. Whole Stress-Strain Permeability Characteristics of
Sandstone. Figure 6 provides the strain ε-dependent change
laws of the sandstone permeability coefficient K . The data
analysis indicates the following. (1) In the elastic deformation
phase, a small number of microcracks in the sandstone spec-
imen start presenting tensile deformation as the strain
increases. Moreover, the porosity is elevated, the permeabil-
ity coefficient K is gradually enlarged, but the increased rate
of K is low in this phase. (2) After the strain satisfies ε >
0:0106, the permeability coefficient K abruptly increases
and reaches the maximum value: Kmax = 278:02 × 10−11m ⋅
s−1. The increased amplitude reaches 4~20 times that in the
elastic deformation phase. In reality, the cracks in the speci-
men are expanded, fused together, and run through each
other. An evident damaged macrostructural plane is already
formed. When the strain satisfies ε > 0:0118, the permeability
coefficient K declines rapidly, and the decreased amplitude is
approximately 50%. (3) Under ε > 0:0133, the permeability
coefficient K is decreased slowly and stabilized at Kmax =
124:83 × 10−11m ⋅ s−1, approximately. In this phase, some
large cracks and the space of the damaged structural plane
are filled by small crushed particles as the failure degree is
aggravated. Consequently, the porosity and the permeability

coefficient K decline. The confining pressure pc also exerts a
limiting effect on crack expansion.

3.3.2. Mudstone Whole Stress-Strain Permeability
Characteristics. Figure 7 shows the change laws of the mud-
stone permeability coefficient K with strain ε. The data anal-
ysis indicates the following. (1) Relative to sandstone and
limestone, the permeability coefficient K of mudstone is
small, meaning that mudstone has better water-resisting per-
formance than sandstone and limestone. (2) Similar to sand-
stone and limestone, the permeability coefficient K of the
mudstone specimen increases slowly in the elastic deforma-
tion phase with the increase of strain. It increases rapidly
when approaching the peak deformation point and tends to
be a steady value in the residual deformation phase. (3) Dur-
ing the entire stress-strain permeability test process, the
change amplitude of the permeability coefficient K of the
mudstone specimen is not large, only being K = 0:24 ×
10−13m ⋅ s−1 ~ 68:79 × 10−13m ⋅ s−1. The permeability coeffi-
cient K in the residual deformation phase is stabilized at
approximately 31:28 × 10−13m ⋅ s−1. (4) The strain of the
mudstone specimen is larger than those of sandstone and
limestone when the maximum permeability coefficient Kmax
is reached. Kmax is reduced by three orders of magnitude than
those of sandstone and limestone.

3.3.3. Whole Stress-Strain Permeability Characteristics of
Sandy Mudstone. The change laws of the permeability coeffi-
cient K of sandy mudstone with strain ε are presented in
Figure 8. The curve analysis shows the following. (1) For
the sandy mudstone specimen, the change law of its perme-
ability coefficient K is similar to that of mudstone on the
whole as the strain ε increases. (2) The permeability coeffi-
cient K of the sandy mudstone specimen is slightly larger.
During the entire stress-strain permeability test, the change
amplitude of its permeability coefficient K is not large, only
being K = 2:84 × 10−12m ⋅ s−1 ~ 61:37 × 10−12m ⋅ s−1. (3) The
strain ε of the sandy mudstone specimen is approximate to
that of mudstone when the maximum permeability coeffi-
cient Kmax is reached, indicating approximate plasticity of
sandy mudstone and mudstone.

3.3.4. Limestone Whole Stress-Strain Permeability
Characteristics. Figure 9 shows the change laws of the
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Figure 5: Sealing of rock sample.
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permeability coefficient K of limestone with strain ε. The
curve analysis indicates the following. (1) The permeability
coefficient K of the limestone specimen is reduced by 50%
in comparison with that of sandstone, manifesting better
compactness of limestone than sandstone. (2) The perme-
ability coefficient K of the limestone specimen is slightly
increased in the elastic deformation phase as the strain ε
increases, indicating few effective pores in the rock specimen.
Only a small number of microfractures are under tensile
deformation. (3)When the strain satisfies ε > 0:0063, the per-
meability coefficient K is increased rapidly and reaches the
maximum value Kmax = 134:82 × 10−11m ⋅ s−1. At this time,
macrocracks exist in the rock specimen. (4) Similar to sand-
stone, the permeability coefficient K of the limestone speci-
men is in a rapid decline process under the condition of

ε > 0:0084, but it is finally stabilized at approximately Kmax
= 66:89 × 10−11m ⋅ s−1.

4. Numerical Analysis of Face Length
Effect under Water-Rock Coupling Action

4.1. Mechanical Model of the Floor Failure Zone. During the
FLAC3D numerical calculation process, the stress-strain
curve is linear before the element reaches a yield point, and
only elastic strain εe is generated in this phase, namely,

ε = εe, ð11Þ

where ε is the total element strain.
After the element yields, the total strain consists of elastic

strain εe and plastic strain εp, namely,

ε = εe + εp: ð12Þ

The subsequent yield surface of the rock is related not
only to the instantaneous stress state but also to the plastic
deformation history. If the rock is regarded as the isotropic
material and equivalent plastic shear strain εps as the param-
eter recording the plastic loading history of rock material,
then the postpeak subsequent yield surface [19] can be
expressed as

ϕ σ1, σ2, σ3, εpsð Þ = 0, ð13Þ
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where σ1, σ2, and σ3 are the principal stresses in three
directions.

When the rock is under a peak state, it satisfies theMohr–
Coulomb criterion. When it is under the postpeak state, the
characteristic parameters (namely, cohesion and internal
friction angle) used to describe this state will be changed.
Therefore, two parameters, which can reflect the postpeak
strain softening characteristics, that is, generalized cohesion
�c and generalized internal friction angle �φ, are introduced
to describe the stress level on the Mohr–Coulomb yield sur-
face. The subsequent yield criterion can be expressed by
Equation (14), as follows:

f = σ1 − σ3
1 + sin �φ Δεpsð Þ
1 − sin �φ Δεpsð Þ + 2�c Δεpsð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 + sin �φ Δεpsð Þ
1 − sin �φ Δεpsð Þ

s

,

ð14Þ

Δεps = 1
2 Δεps1 − Δεpsm
� �2 + 1

2 Δεpsmð Þ2 + 1
2 Δεps3 − Δεpsm
� �2

� �1/2
,

ð15Þ
where Δεpsm is the main increment of plastic shear strain, Δ
εpsm = ð1/3ÞðΔεps1 + Δεps3 Þ, m = 1, 2, 3.

4.2. Water-Rock Coupling Model. When the FSI mechanism
of the rock mass is simulated using FLAC3D, the rock mass
is regarded as a porous medium, and the fluid flow in the
porous medium conforms to Darcy’s law and satisfies the
Biot FSI equation as follows:

G⋰2uj − λ +Gð Þ ∂εv
∂xj

−
∂p
∂xj

+ f xj = 0,

K⋰2p = 1
S
∂p
∂t

−
∂εv
∂t

,

8

>

>

>

<

>

>

>

:

ð16Þ

where λ and G are the lame constants; p is the pore water pres-
sure; εv is the volume strain; xj, uj, and f xj, −j are the direc-
tional coordinates, displacement, and body force, respectively;
⋰ is the Laplace operator; and S is the elastic storativity.

Equation (16) is an expression based on the Biot classical
percolation theory, where ∂p/∂xj reflects the influence of the
seepage field on a solid skeleton, and its essence is that the
pore pressure generated in the fluid flow influences the effec-
tive stress of a solid skeleton, influencing its deformation. ∂

εv/∂t expresses the influence of volume deformation of a
solid skeleton on the seepage field. The classical Biot equation
can characterize the interaction between pore pressure dissi-
pation and deformation of the medium skeleton very well.

4.3. Establishment and Analysis of a Numerical Model. The
A1 and A3 seams are mainly mined in Group A of the Panxie
Mining Area of the Huainan Mining Group, and the average
dip angle is 10°; the coal thickness at the A1 seam is 2.8m;
the coal thickness at the A3 seam is 5.8m. The spacing between
the two coal seams is 1~5m; Strong Taiyuan Formation lime-
stone and Ordovician limestone aquifers occur at the seam
floor, where the Taiyuan Formation limestone aquifer C3

3 at
28.1m away from the A3 seam floor is a strong aquifer, result-
ing in potential water-induced damage to coal mining of Group
A. The thickness and water pressure of the C3

3 aquifer are
7.8m and 4.5MPa, respectively. The dimensions of the estab-
lished model were 300m ðlengthÞ × 300m ðwidthÞ × 212m ð
heightÞ. The model was divided into 210,112 elements. The
Mohr–Coulomb yield criterion was used, and the attribute of
strain softening was judged and assigned via Fish language after
the floor rock reached yield failure. The model boundary con-
ditions were as follows. Front, rear, left, and right boundaries
were fixed in directions x and y, and the bottom was a full-
constrained boundary, and the top boundary was set as stress
constraint (the top boundary stress is 12MPa, the buried depth
is 520m, and the average rock weight is 2500kg/m3). The
boundary condition of seepage was as follows. A boundary with
fixed water pressure was used at the bottom to simulate con-
fined water of the limestone aquifer, and the others were
water-resisting boundaries. The goaf was a water drainage
boundary after mining of the working face. No water was pres-
ent in the goaf. The fixed water pressure was 0 at the boundary,
and physical and mechanical parameters of rock strata are seen
in Table 1. The stress, displacement, and plastic zone distribu-
tion laws of the water-resisting floor during the A3 coal mining
under face lengths of 120, 160, and 200m were analyzed. The
interface is set in the roof and floor of the coal seam to avoid
model zone embedding; the mining simulation of the working
face adopts the method of gradual excavation to simulate the
mining process of the working face, and the excavation step
is taken as the periodic mining press step.

4.4. Simulation Result

4.4.1. Maximum Principal Stress. After the coal mining, the
rocks within a certain scope of the roof and floor will undergo

Table 1: Physicomechanical parameters of rock layers.

Lithology Density (kg/m3) Elastic modulus (GPa) Poisson’s ratio Cohesion (MPa) Friction angle (°) Tensile strength (MPa)

Sandy mudstone 2,467 1.6 0.36 1.8 30 0.8

Siltstone 2,531 3.2 0.32 2.3 31 1.0

Grit 2,602 8.3 0.21 5.3 35 2.1

Coal 1,320 1.0 0.39 1.2 26 0.4

Mudstone 2,368 1.3 0.35 1.6 31 0.7

Fine sandstone 2,545 7.2 0.24 4.2 32 2.2

Limestone 2,680 6.4 0.26 4.4 33 2.1
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pressure relief to different degrees. As the mining size is
enlarged, the scope of influence of coal mining on surround-
ing rocks in the stope will also be enlarged, and the pressure
relief degree and morphology of the pressure relief zone will
present staged features.

As shown in Figure 10(a), the stope roof presents a “semi-
circular arch” pressure relief zone under a face length of
120m, and the maximum principal stress in the zone is –
2.0~0.12MPa, where the roof strata near two ends of the
stope are tensioned while other scopes are compressed. The
pressure relief zone at the stope floor is divided into upper

and lower parts by using the aquifer as the boundary, where
the upper pressure relief zone is in a “basin shape.” In partic-
ular, an obvious pressure relief zone appears within the 6–
7m scope near the stope floor. The maximum principal stress
value is −2.0~0MPa. This obvious pressure relief zone is
under an obvious “reverse saddle shape.”

Figure 10(b) shows that the pressure relief zone at the
stope roof is “saddle-shaped” under a face length of 160m
and an advancement distance of 160m. Under compaction
of gangues caving from the coal seam roof, the pressure in
a large scope at the middle of the stope is increased to
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−3.0~1.0MPa, and obvious pressure relief takes place at the
position 11.0–14.0m away from the roof at two ends of the
stope. The pressure value is within −1.0~0.04MPa.

Corresponding to the stope roof, the pressure relief zone
at the seam floor is in a “reverse saddle shape,” where the
stress close to the middle position of the stope is higher than
those at two sides.

The situation under a face length of 200m is shown in
Figure 10(c). Under the actions of water pressure and mining
stress, the relative movement deformation of rock strata at
the roof and floor is enlarged, and a compaction zone is
formed within a certain scope in the middle of the working
face. Two stress arches are formed in the large pressure relief
zone of the roof and floor of the stope, and the arch angles are
located in the compaction zone between the floor and the
goaf, presenting an even more obvious “saddle shape.” The
stress inside the obvious pressure relief zone at the floor
ranges from −1.0MPa to 0.07MPa, being within the
14.0~18.0m scope of the floor.

4.4.2. Floor Deformation. The influence scope of coal mining
on the floor is enlarged with the increase of the face length, so

the movement deformations at different rock strata in the
floor are enlarged. Due to the water-rock coupling action,
the displacement laws of upper and lower rock strata in the
aquifer of the seam floor will be analyzed in the simulation,
as shown in Figure 11.

After coal mining, the entity coal side is compressed, the
deformation is turned into a negative value, the floor rock
strata in the stope undergo pressure relief, and the floor
heaves are formed, so the deformation value becomes posi-
tive. As the face length increases, the heave deformation is
gradually enlarged. For example, at 5.0m from the floor,
the maximum heave deformations under face lengths of
120, 160, and 200m are 83, 148, and 786mm, respectively.

Based on the rock strain softening characteristics in the
floor failure zone, the closer to the seam floor, the more obvi-
ous the rock softening characteristics due to the compaction of
gangues caving from the roof. Under a face length of 120m, as
shown in Figure 11(a), the deformation curve at 5.0m from
the floor is slowed down somehow within a certain scope in
the middle of the stope. The heave deformation is higher than
the 15.0m displacement curve of the floor by 13mm, indicat-
ing that the failure depth is over 5.0m. The failure depth at the
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floor is approximately 15.0m under a face length of 160m, as
shown in Figure 11(b). At the time, the deformation curves at
5.0 and 15.0m from the floor are slowed downwithin a certain
scope at the middle of the stope, which are lower than the cor-
responding positions of the 25.0m displacement curve by 21
and 12mm, respectively. Therefore, the obvious failure depth
of the floor is 15.0~25.0m under a face length of 200m, as
shown in Figure 11(c).

Under the water-rock coupling action, the influence degree
borne by the rock strata below the aquifer is relatively low, and
the displacement quantity is within 20~–20mm. Under a face
length of 120m, the deformation in the corresponding floor
zone in the stope is turned positive. However, when the face
length is 160–200m, the deformation in themiddle of this zone

becomes negative while those at the two sides are positive. The
deformation curve is under the wavy line shape.

The displacement and deformation curves of different
strata of the roof under different face lengths indicate that
the 30.0~45.0m scope at two sides of the stope is a roof and
floor unobvious contact zone. Other scopes constitute the
zone of significant roof/floor interaction.

4.4.3. Distribution of the Plastic Zone. Following the coal
mining, the load-bearing state of the water-resisting floor is
turned from compression into tension. As the advancement
distance of the working face is continuously increased, the
tensile action borne by the rock mass close to the seam floor
within a certain scope at the rear of the stope becomes
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Figure 12: Plastic zone distribution.
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increasingly obvious. Local tensile failure will occur when
the tensile stress exceeds the tensile strength of the rock
mass. The water-resisting layer of the seam floor near
the coal wall at two sides of the stope mainly bears
compression-shear action. The compressive stress is also
elevated as the advancement distance increases. As a
result, the compression-shear action strength is continu-
ously reinforced, and the rock mass at the floor will
undergo compression-shear failure when the strength of
the rock mass is exceeded.

FLAC3D judges whether the element enters plastic defor-
mation via the Mohr–Coulomb criterion, but the plastic fail-
ure of rock strata does not indicate the formation of water-
conducting fractures. The strain softening characteristic was
assigned to the plastic deformation element. Whether the ele-
ment had water-conducting ability after secondary failure
was judged through Equation (4). The simulation analysis
manifests that under a face length of 120m, water-
conducting zones are formed at the 5.6m tensile failure depth
at the middle of the floor and 8.8m compression-shear fail-
ure depth at two ends, as shown in Figure 12(a). When the
face length is 160m, the tensile failure depth at the middle
of the stope does not obviously change. The compression-
shear failure depth at two ends is elevated to 16.2m, and
the communication trend with the floor aquifer becomes evi-
dent, as shown in Figure 12(b). With the increase in the face
length, the influence scope borne by the floor from coal min-
ing is enlarged. Under the face length of 200m, the tensile
failure zone at the middle of the stope is extended downward,

reaching 13.2m, and the compression-shear depth at two
ends becomes 22.3m, as shown in Figure 12(c).

5. Engineering Verification

The 11123 working face of Panji Coal Mine 2 is the working
face of the Group A coal mine in the Panxie Mining Area.
Here, the ground elevation is +19.5~+22.5m and the elevation
of the working face is −429.9~−497.5m. The average thickness
of the A3 coal seam is 5.5m with a dip angle of 10°. It is clas-
sified as a stable coal seam. Influenced by the sliding and fault
between coal seams within the scope of the working face, the
face length 500m forward from the cutting hole is 120m,
and the rear face length is increased to 200m. To analyze the
scope of the floor failure depth under different face lengths,
the optical fiber and electrical integrated test system was laid
by drilling holes on the floor to conduct continuous monitor-
ing. The physical properties and strain change characteristics
of the floor during the rock stratum mining process were
acquired, followed by the analysis of failure depth. As shown
in Figure 13, the floor failure depth is approximately 8.2m
under the face length of 120m and approximately 21.6m
under the face length of 200m. The measurement result
accords with the numerical analysis result.

6. Conclusion

(1) By analyzing the permeability characteristics of lime-
stone, mudstone, sandy mudstone, and sandstone in
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a coal mine, the numerical calculation model of floor
stability under a confined aquifer is established. The
strain softening characteristics are judged by using
the Fish function, and then the mechanical behavior,
bearing capacity, and deformation of floor rock are
described, and the floor failure degree under different
working face lengths is obtained; compared with the
measured data, the feasibility of this method is
verified

(2) The face length effect is one of the main influence fac-
tors of the failure mode and failure degree of sur-
rounding rocks in the stope. As the face length
increases, the obvious pressure relief zone of sur-
rounding rocks presents a staged change. When the
size of the working face is short, the stope roof pre-
sents a “semicircular arch” pressure relief zone, and
the obvious pressure relief zone within a certain
scope at the stope floor is in an unobvious “reverse
saddle shape.” When the size of the working face is
long, the obvious pressure relief zone at the seam roof
and floor is in an obvious “reverse saddle shape” due
to the compaction action of gangues caving from the
seam roof

(3) Based on the strain softening characteristic of rocks
in the roof failure zone, the closer to the seam floor,
the more remarkable the rock softening characteristic
because of the compaction action of gangues caving
from the roof. The floor deformation characteristic
corresponds to the stress distribution in the floor
pressure relief zone. The 30–45m scope at two sides
of the stope is a roof/floor unobvious contact zone,
and other scopes constitute a zone with significant
roof/floor interaction

(4) After the coal is mined, the rock mass close to the
seam floor undergoes local tensile failure, and the
water-resisting floor near the coal wall at two sides
mainly bears compaction-shear action. The influence
scope of mining is enlarged with the increase of the
face length, leading to compression-shear failure of
the rock mass at the floor and formation of water-
conducting fractures
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The size and distribution of pores in rocks are closely related to their physical and mechanical properties. It is important to study
the structure and distribution of pore size inside the rock to assess the risk of damage to a given rock volume. These characteristics
were studied under different pressures, pore diameters, and pore throat size distribution laws using a UTM5540 electronic universal
testing machine, magnetic resonance imaging scanning, and low field nuclear magnetic resonance spectroscopy with cyclic loading
on yellow sandstone. We found the following. (1) Under 0–10MPa load, the peaks of the sandstone T2 spectrum move left as load
increases, and the porosity of the sandstone decreases. The peak area of the middle relaxation spectrum increases as pressure
increases from 10 to 20MPa, and a peak for the long relaxation time spectrum appears. (2) Under 0–10MPa load, the spectral
peak associated with a large pore moves left and decreases in area as pressure increases. Under 10–20MPa load, the large-pore
spectral peak moves right and increases in area as pressure increases. (3) Under the applied 0–10MPa load, the porosity of
water-saturated sandstone gradually decreases, and the sandstone NMR images darken with increasing load. The porosity of
saturated sandstone gradually increases under 10–20MPa pressure, and its NMR image brightens. (4) The number of small pore
throats increases with increasing load, but the number of large- and medium-sized pore throats decreases. From 0 to 15MPa,
crack (>1 micron) abundance decreases, and fractures are generated by compaction under a 20MPa load. The pore
interconnectivity is enhanced, as are the number and size of pores in the sandstone. With continuing increasing pressure, the
numbers of pores and penetration of cracks increase, which damages the sandstone.

1. Introduction

The characteristics of pores in sandstone are closely related to
the rock’s physical and mechanical properties [1–6]. The
pores’ size, structure, and distribution not only determine
the mechanical properties of the rock but are also the key fac-
tors affecting the permeability of the rock [7–12]. Therefore,
to ensure the stability of rock formations in coal mining, it is
important to study how the internal pore size and pore state
in sandstone change under stress and to study the resulting
damage to the body of rock.

Previous studies have used various methods to explore
the relationship between the internal microstructural
changes of sandstone and externally imposed stress. Com-

mon methods include numerical simulation, computerized
tomography (CT) scans, acoustic emission tests, electron
microscopy, and mercury intrusion. For example, Wu
[13–15] studied the pore throat size and proportion of
sandstone through mercury intrusion experiments. Ren
and Yang [16–18] combined triaxial loading and CT scan-
ning experiments through CT image analysis of the sand-
stone failure process under triaxial or uniaxial loading to
reveal microscopic damage and the crack propagation law
of the sandstone failure process. However, these experimen-
tal methods have the disadvantages of large errors, damage
to the sample, and invisible static processes.

Low-field nuclear magnetic resonance (NMR) technol-
ogy has the advantages of being nondestructive, using smaller
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sample volume, having a rapid detection speed, and having
dynamic visibility, and it has therefore been widely used to
measure porosity, permeability, pore size distribution, and
displacement among other physical properties of the
medium being studied [19–24]. Zhang [25, 26] combined
nuclear magnetic resonance and triaxial compression meth-
odologies to study the crack propagation law of granite under
different confining pressures and measured the stress-change
curve and T2 spectrum of granite under different confining
pressure conditions. With increasing axial load, the T2 spec-
trum peak, spectrum area, and porosity of granite gradually
increased, and the degree of damage inside the rock contin-
ued to increase. Porosity increased exponentially with
increasing axial load, which resulted in damage to the rock
as cracks penetrated and increased in number. Zhou [27]
studied the mechanism of damage to rock under triaxial
compression using NMR technology to determine the func-
tional relationship between porosity and damage and con-
ducted “stress-strain,” porosity, and relaxation time (T2)
measurements. Quantitative analysis of the damage spectrum
and triaxial compression established a tensor relationship as
the rock is damaged. Hu [28, 29] studied the meso-scale
damage evolution characteristics of the internal pore struc-
ture of unloaded rock masses using NMR and triaxial
unloading experiments on marble. They found that with
increasing unloading confining pressure ratio, the elastic
deformation of the rock gradually transformed into plastic
deformation, the size of the small pores in the rock sample
increased, and the size and number of the large pores
increased. The porosity of the rock sample increased with
increasing unloading confining pressure ratio, and the
growth rate progressively increased.

In summary, there are insufficient studies on the struc-
ture and distribution of pores in sandstone under the influ-
ence of cyclic mining stress. Using low-field nuclear
magnetic resonance spectroscopy, this study evaluates the
evolution in pore size in fine yellow sandstone under cyclic
loading and obtains the T2 spectrum and characteristics of
changes in pore throats in fine yellow sandstone under cyclic
loading. It provides a reference for future research on the
damage and destruction of sandstone and on the stability of
the surrounding rocks of mining roadways.

2. Materials and Methods

2.1. Experimental Sample. The selected samples are cylindri-
cal fine yellow sandstone with a size of 25mm × 60mm. The
measured uniaxial compressive strength of the sandstone is
26MPa, and the maximum deformation is 0.9mm. The
stress and deformation curve of sandstone are shown in
Figure 1.

2.2. Experimental Equipment. The equipment used in this
experiment includes a low-temperature and high-pressure
nuclear magnetic resonance spectrometer (Suzhou Newmai
Analytical Instruments Co., Ltd.) and a UTM5540 electronic
universal testing machine (Figure 2). Nuclear magnetic reso-
nance is used to measure the T2 spectrum, porosity, pore size,
and pore throat distribution of the sample and to conduct

NMR imaging of water-saturated sandstone under cyclic
loading. Magnetic field strength was 0:3 ± 0:05 T, magnet
frequency was 10.64–14.90MHz, pulse control accuracy
was 0.1Hz, and pulse accuracy was 100 ns.

ZYB-2 vacuum pressure saturation device is used as sup-
porting equipment, sample chamber size: Φ 150 × 300mm,
withstand voltage: 50MPa, power supply voltage: AC220
V/50Hz, vacuum pumping rate: 4 L/s, and manual pump:
210ml/50MPa. The core is vacuumized with vacuum device
and then soaked with liquid of certain specification under
vacuum condition to make the core absorb the liquid fully.
In order to speed up the absorption rate, a certain external
pressure is applied to the core and liquid during the soaking
process, and the external pressure can be determined accord-
ing to the porosity and tightness of the core.

The electronic universal testing machine is used to apply
different uniaxial compression forces to sandstone; the max-
imum test force is 50 kN, the test force measurement range is
2%–100% FS, the test force measurement range is within
±1%, the displacement resolution is 0.001mm, and the
displacement display value has relative error of ±0.5% and
relative speed error ± <1% of the set value.

2.3. Experimental Procedures. The UTM5540 electronic uni-
versal testing machine was used to apply cyclic loads to sand-
stone samples, and then, water-saturated sandstone was
scanned using NMR to obtain T2 spectra and porosity, pore
size, and pore throat distribution measurements. NMR
images were obtained under different loads. The complete
methodology is as follows.

(1) The sandstone sample is placed in the core chamber
of the vacuum pressure saturation device, and after
vacuum treatment, the valve of the core chamber is
opened to allow water to enter the core chamber such
that the experimental sample reaches a state of
complete water saturation

(2) When the temperature of the permanent magnet is
32 ± 0:01°C, a coil suitable for the size of the experi-
mental sample is installed, and a standard oil sample
is used to calibrate the central frequency of the NMR
instrument. By adjusting the appropriate parameters,
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Figure 1: Sandstone stress-strain curve.
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the signal volume curve after the hard pulse CPMG
(Carr-Purcell-Meiboom-Gill) sequence scans the
standard oil sample decreases smoothly

(3) The standard oil sample is removed and added to the
test sample, then scanned with the adjusted CPMG
sequence to obtain the T2 spectrum of the experi-
mental sample, followed by determination of the T2
spectrum of each sample in turn. The T2 spectrum
is then inverted with an analytical tester to obtain
the porosity and pore size distribution map of each
sample

(4) The UTM5540 electronic universal testing machine
was used to sequentially apply pressures of 5, 10, 15,
and 20MPa to the sandstone. After the load reached
the selected pressure value, it was maintained for 30
minutes

(5) The loaded sandstone sample is scanned again with
the adjusted CPMG sequence to obtain its T2
spectrum, porosity, and pore size distribution

3. Results and Discussion

3.1. Characteristics of the Sandstone T2 Spectrum under Cyclic
Loading. Through the above experimental process, the T2
spectrum of sandstone under different loads is shown in
Figure 3.

The relaxation time of hydrogen atoms in the pore water
is an indicator of the sample’s environment. The longer the
relaxation time, the weaker the binding of the water mole-
cules and the larger the pore size. We divide relaxation time
into short (0.01–10ms), medium (10–100ms), and long
(100–1000ms) durations.

The peak distribution of sandstone T2 spectrum under
different loads is shown in Table 1. The relaxation time of
sandstone in the untreated state is indicated by four spectral
peaks. The short relaxation time is mainly concentrated in
0.5-4ms. After pressure of 5MPa is applied, short relaxation
peak of 0.07~0.16ms disappears, and the termination time of
the medium and long relaxations decreases. Both sets of
peaks move to the left, and the maximum relaxation time
shortens. Applying a pressure of 10MPa, the spectral peaks
for a relaxation time of 0.1ms disappear, which leaves three

spectral peaks indicating relaxation time. The maximum
relaxation time also decreases to 100ms, the peak associated
with long relaxation time eventually disappears, the sand-
stone continues to be compacted, and the size of the pores
further decreases. When a pressure of 15MPa is applied, a
short relaxation time peak of 0.01–0.1ms appears, and five
relaxation time peaks are observed. The newly added short
relaxation time peaks indicate the presence of tiny pores
caused by small displacements and dislocations of the
cemented particles inside the sandstone under the new pres-
sure. The maximum relaxation time of the newly appearing
long relaxation time peak is 174ms, and a larger pore diam-
eter is produced. After applying a pressure of 20MPa, the
spectral peaks for short relaxation times of 0.01ms to
0.1ms disappeared, and the relaxation time peaks all moved
to the right relative to their position under 15MPa, which
indicates that the new micropores continued to expand after
further compression. Under 20MPa pressure, the penetra-
tion degree of the pore diameter increases, and more large
pores are produced. As pressure increased, the formation of
macroscopic cracks continued until the sandstone was
destroyed.

3.2. Evolution of Pore Characteristics of Saturated Sandstone
under Cyclic Loading. According to the NMR measurement
results, the pore size distribution of the sandstone as obtained
by inversion is shown in Figure 4.

According to their results, Yao [30] classified pore sizes in
rock by radius (r) into small pores (r < 0:1 μm), mesopores
(0:1 μm< r < 1 μm), and large pores (r > 1 μm). According
to the analysis shown in Figure 4, in the original state of the
sandstone, the micropores yielded two spectral peaks, and
there were no pores in the size range of 0 to 0.01μm. The
large pores and mesopores all had one spectral peak distribu-
tion, but the large pores yielded smaller peak areas and were
few in number. When a pressure of 5MPa was applied, tiny
pores measuring 0.001–0.01μm appeared, and the height
and area of the peak associated with these pores in the origi-
nal state decreased. The two spectral peaks resulting from the
large and medium pores became connected under a pressure
of 5MPa. The peak associated with large pores moved to the
left while the area of the peak decreased, which indicates that
the sample was compacted under the new applied pressure.

(a) (b)

Figure 2: Main experimental equipment: (a) low-temperature and high-pressure nuclear magnetic resonance spectrometer; (b) UTM5540
electronic universal testing machine.
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When a pressure of 10MPa was applied, the newly gener-
ated micropore spectrum peak generated under 5MPa disap-
peared, and the micropore spectrum peak continued to move
to the left, which indicates that the sandstone was further
compacted, while the large-pore and mesopore spectrum
peak area was generally unchanged and moved slightly to
the left. When 15MPa pressure was applied, a peak appeared
at 0.001μm, the micropore spectrum peak moved to the right
and increased in area, and the 1–10μmmacropore spectrum
peak appeared. This indicates that small pores begin to be
generated inside the sandstone under 15MPa pressure and
that the sizes of large pores and mesopores increase under

pressure. When a pressure of 20MPa was applied, the peak
at 0.001μm disappeared, and the diameter of the small pores
of about 0.001μm size expanded. Although the peak associ-
ated with large pore size moved to the left, the peak area
was greatly increased. This indicates that pore size inside
the sandstone continued to expand. As the pressure was
increased to the uniaxial compressive strength, the internal
pore of the sandstone expanded and penetrated to form
macroscopic cracks until the sandstone was destroyed.

3.3. Sandstone Porosity and NMR Imaging under Cyclic
Loading. The unpressurized saturated rock sample was
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Figure 3: Peak distribution of sandstone T2 spectrum under different loads.

Table 1: Peak distribution of sandstone T2 spectrum under different loads.

Load Spectral peak starting and ending time/ms (area)

0MPa 0.07~0.16 (107.7) 0.68~1.93 (280.7) 1.99~14.89 (269.3) 24.18~87.07 (232.4)
5MPa 0.21~0.44 (143.4) 1.50~2.14 (300.5) 8.27~17.11 (259.2) 39.26~86.5 (88.7)
10MPa 0.05~0.13 (109.1) 0.47~0.97 (220.4) 1.74~2.73 (229.9) 9.83~21.05 (245.6) 58.80~96.6 (87.7)
15MPa 0.11~0.22 (34.1) 0.44~1.12 (275.5) 2.21~6.72 (225.1) 7.99~42.08 (238.6) 48.33~127.43 (60.0)
20MPa 0.48~1.07 (266.3) 1.80~3.99 (173.5) 6.27~16.52 (224.4) 25.03~87.07 (172.1)
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scanned by NMR, and then, different uniaxial compressive
stresses were applied to the sandstone and maintained for
30 minutes. After unloading, the sample was scanned with
NMR. The porosity of the sandstone under different loading
conditions is shown in Figure 5.

According to the analysis in Figure 5, the porosity of all
sandstones decreased under 5MPa pressure, which indicates
that the voids inside the sandstone were compacted and
closed under that pressure. The porosity of sandstone
decreased significantly because there were more large pores
inside the sandstone, and the decreasing pore size under
compression led to a larger decrease in porosity. When the
pressure reached 10MPa, the porosity decreased slowly, the
internal fractures of the sandstone continued to be com-
pacted and closed, and the porosity decreased. When pres-
sure increased to 15MPa, the porosity of the sandstone
slowly increased, which indicates that the pores and pore
throats inside the sandstone began to expand and that the
speed of expansion was greater than the speed of compaction
and closure. Cracks began to develop, and porosity increased.
Under 20MPa pressure, the porosity of the sandstone con-
tinued to increase, and the rate of increase was faster than
that at 15MPa, which indicates that the small pores in the
sandstone continued to develop, and the existing pores began
to penetrate the cracks and expand, and porosity increased.

Low-temperature and high-pressure nuclear magnetic
resonance spectroscopy was used to perform NMR imaging
of sandstone under cyclic loading at various pressure states
Niu-Spin Echo (soft pulse imaging) was selected for the
imaging sequence, and the sandstone magnetic resonance
imaging results are shown in Figure 6.
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Figure 4: Pore size distribution of sandstone under different loads.
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According to the NMR image analysis of sandstone:

(1) When no load was applied (0MPa), the pores inside
the sandstone were mainly distributed in the middle
and lower parts. The upper part was darker, the par-
ticles were cemented well, and the diameter of the
pores was small. At the edge of the lower part, the
color was bright and evenly distributed, the diameter
of the pores was larger, and the pores were unevenly
distributed in the sandstone

(2) After a load of 5MPa, the left half and bottom of the
sandstone image became brighter, and pores were
mainly distributed in this region. The right half was
darker than when no load was applied. Compared
with the image when no load was applied, the num-
ber of blocks with uniform brightness had decreased,
which indicates that some of the cracks inside the
sandstone were compressed and closed under a load
of 5MPa and that the sandstone was initiating
compaction
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Figure 6: NMR images of sandstone under different loads.

Table 2: Sandstone pore throat distribution under different load.

Pore throat size/μm
Proportion/% 0~ 0.1 0.1~0.16 0.16~0.25 0.25~ 0.4 0.4~ 0.63 0.63~ 1 1~ 1.6 1.6~ 2.5 2.5~ 4
Load

0MPa 4.742 0.870 1.305 0.343 0.804 2.289 1.008 0.019 0

5MPa 4.710 0 0.777 1.980 0.061 0.966 0.987 0 0

10MPa 5.459 0 0.503 1.876 0.018 0.623 0.678 0.177 0

15MPa 5.405 0.211 0.382 1.241 0.793 0.092 0.241 0.392 0

20MPa 4.843 0.415 1.673 0.384 0.143 0.986 0.893 0.008 0
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(3) After a load of 10MPa, the bright area at the bottom
of the sandstone was less bright than that after 5MPa,
the area of uniform brightness was smaller, and the
color of the upper left section was darker. The right
half was darker than it was at 5MPa, and the darker
region was larger. The pores were mainly distributed
in the lower left and bottom of the sample. Under
10MPa, the voids inside the sandstone were com-
pressed, closed, and further compacted. Under a load
of 15MPa, the upper right part of the sandstone
image became brighter than it was at 10MPa; the
center-right, lower left, and bottom sections became
brighter, and the total area of the brighter area
increased. This indicates that under a load of
15MPa, new pores began to form inside the
sandstone

(4) After a load of 20MPa, the image tone of the left half
of the sandstone was almost the same as that after
15MPa, and the area of uniform brightness did not
significantly change in size. The upper right section
of the sandstone was brighter than it was under
15MPa. Sections with brighter colors began to merge,
which indicates that larger cracks began to penetrate
the sandstone under this pressure. Furthermore, the
rate of new pore generation increased, and the
porosity of the sandstone increased

3.4. Characteristics of Sandstone Pore Throats under Cyclic
Loading. According to the NMR measurement results, the
pore throat distribution of sandstone is determined and pre-
sented in Table 2. According to the size of pore throats, pore
throats can be divided into small pore throats (0–0.25μm),
medium to large pore throats (0.25–1μm), and cracks
(>1μm). According to this classification, the proportions of
different types of pore throat in sandstone under cyclic load-
ing can be established, as presented in Table 3.

As indicated in Table 3, the number of micropore throats
increased with increasing pressure. Under the pressure of 0-
10MPa, the size of large and medium-sized pore throat
decreases, and new micropore throat is formed, which leads
to the increase of the number of micropore throat. The
increase in the number of micropore throats under pressure
of 10–20MPa indicated newly generated micropore throats
in the sandstone. Under this pressure, the internal pore of
the sandstone begins to penetrate to form the micropore

throats. At 0–5MPa, the number of large and medium pore
throats decreases as a result of compaction. Under pressure
of 5–20MPa, there was minimal change, and the number of
pore throats only decreases at a pressure of 15MPa. It may
be that the sample was further compacted under this pres-
sure, which led to a decrease in the number of pore throats.
When pressure was increased to 20MPa, the number of
large, medium, and small pore throats all increases, which
indicates that the degree of pore penetration inside the sand-
stone had increased.

Cracks (>1μm) were gradually compacted and closed
under a pressure of 0–15MPa. Under 20MPa pressure, the
number of cracks increased sharply, the degree of penetra-
tion of the sandstone pores increased, and the number and
size of pore throats increased. As pressure was further
increased, the number of pore throats increased, and the
cracks expanded until the sandstone was destroyed.

4. Conclusions

(1) Under increasing load from 0 to 10MPa, the relax-
ation peak of the sandstone T2 spectrum moves to
the left, and the porosity of sandstone decreases.
Under a load of 10–20MPa, the area of the
medium relaxation time spectrum peak increases with
pressure, and a long relaxation time spectrum peak
appears. At 0–10MPa, the large-pore spectrum peak
moves to the left with increasing load, and the area
under the spectrum peaks decreases, as does the
porosity of the sandstone. The spectrum peaks of large
and medium pores under pressures of 10–20MPa
move to the right with increasing area as load
increases

(2) Under increasing load from 0 to 10MPa, water
absorption and porosity of the saturated sandstone
gradually decrease, and the sandstone NMR image
becomes darker. Under a load of 10–20MPa, water
absorption and porosity of saturated sandstone grad-
ually increase with increasing pressure, and its NMR
image tone becomes brighter

(3) With increasing load, the number of tiny pore throats
increases, and the number of large and medium pore
throats decreases. Under pressures of 0–15MPa, the
number of cracks (>1μm) decreases, and these are
gradually closed by compaction. Under a load of

Table 3: Ratio of pore throat of different types of sandstone under different loads.

Pore throat size/μm
Proportion/% Tiny pore throat (0~0.25μm) Large and medium-sized pore throat (0.25~ 1μm) Crack (>1μm)
Load

0MPa 6.917 3.436 1.027

5MPa 5.487 3.007 0.987

10MPa 5.962 2.571 0.855

15MPa 6.001 2.126 0.633

20MPa 6.931 1.513 0.902
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20MPa, the number of cracks increases, and the
degree of penetration of sandstone pores increases.
The number and size of pore throats increase with
pressure, until cracks expand to the point where the
sandstone is destroyed
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The Datong mining area is a typical double system coal seam mining area in China, where the Jurassic and Carboniferous coal
seams are mined simultaneously. The upper Jurassic coal seam has been largely mined, leaving a large amount of gob area.
Besides, a large amount of harmful water is accumulated. With the exploitation of the 3-5# extra-thick coal seam in the
Carboniferous system, the scope of overburden damage is greatly increasing, and the mining fracture field is further developed.
Once the mining-induced fractures connect with the overlying gob, it is easy to induce the water discharge disaster. With the
mining geological conditions of the 8202 working face in the Tongxin coal mine as references, the disastrous mechanism of
water discharge in the abandoned gob above the stope in the mining extra-thick coal seam is researched by numerical
simulation with the UDEC numerical software, and the research results are obtained. The water in the overlying gob percolates
through the mining-induced fractures in the higher key layer forming a “shower” seepage pattern. The water in the above gob
converges in the key fracture channel, flowing into the working face. The seepage in the fractures in the high key stratum
experiences the process of increase, decrease, and stabilization, related with the stretching and extrusion deformation between
the high key stratum blocks. Compared with other fractures, the flow rates in the No.2 and No.4 fractures in the far field key lay
are larger, because the fractures are in the tension state, forming the “saddle-shaped” flow pattern. The influencing distance of
mining-induced seepage is about 80m in front of the working face. The research results provide a guided reference for the
prediction and prevention of water discharge disaster in an abandoned gob above the stope in a mining extra-thick coal seam.

1. Introduction

The Datong coal mining area is a typical dual system of coal
seam in China, where the Jurassic and Carboniferous coal
seams are mined simultaneously [1, 2]. At present, the Juras-
sic coal mining is almost finished, and the Carboniferous 3-
5# extra-thick coal seam is the key mining zone in the Tong-
xin mine [3, 4]. The harmful water in the gob comes from
rainfall, rivers, and the overlying aquifer. The mining thick-
ness of the 3-5# extra-thick coal seam is 14-20m, which
increases the overburden breakage height and fracture devel-
opment height [5, 6]. When the fracture filed in the overbur-
den communicates with the mining gob in the upper Jurassic
coal seam, the accumulated water in the gob is released to the
working face in the Carboniferous 3-5# extra-thick coal
seam, through a mining-induced fracture channel, leading

to the water drainage disaster [7–9]. Therefore, it is of great
significance to accurately grasp the disastrous mechanism
of water discharge in the abandoned gob above the stope in
mining the extra-thick coal seam, which provides references
for the prevention and control of water drainage disaster.

The significant researches on the disastrous mechanism
of water discharge in abandoned gob have been carried out
by scholars at home and aboard. Meng [10] determined the
cracking connection in the overburden strata above the dou-
ble system seammining, with the double system seammining
in the Datong mining area as an engineering background. Du
et al. [11] developed the porous medium two-phase water-
sand flow testing system and researched the influence of
sand, the particle sizes of broken rock mass, and the porosity
of porous medium on water-sand inrush disaster. Yang et al.
[12] built a three field coupled nonlinear flowmodel based on
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the essentially flow translation, from laminar flow in the
aquifer to turbulence flow in the tunnel, in the process of col-
lapsing pillar water inrush. Ju et al. [13] summarized the
research progress on the evolution law of mining-induced
water conducted zone in overburden, and the water-
preserved mining countermeasures or solutions, according
to the theories and practices in water-preserved coal mining
under water in China. Hou et al. [14] analyzed the water
inrush law with the influencing factors by building an exper-
imental platform and performing a water inrush experiment
and established the prediction method for water inrush from
ground cracks. Zhang [15] expounded the idea, technical
principle, and key technology of water-controlled coal min-
ing technology in detail and solved the problems of large coal
resource losses caused by different types of waterproof coal
pillar technology in coal mining under a traditional water
body. Yang et al. [16] built the overlying rock combination
bearing structure model and studied the occurrence mecha-
nism of bedrock fissure conduction working face and
water-containing loose layer caused by the cutting-top com-
pression frame of the working face. Zhang et al. [17] analyzed
the limit equilibrium conditions of water and sand burst in
fractures through the mechanics model of sand body inrush
in fractures and carried out the simulation experiments of
water and sand burst in fractures under different initial water
pressures.

It is obvious that research results of water inrush disaster
in the coal mine have been achieved systematically [18–20].
However, the researches on the disastrous mechanism of
water discharge in an abandoned gob above the stope in a
mining extra-thick coal seam (coal seam thickness is larger
than 8m) have been rarely performed. Besides, the mining
fracture in the 8202 working face in the Datong mining area
is different from the conventional mining situation, since the
mining thickness of the 3-5# extra-thick coal seam is 14-20m
[21, 22]. Based on the mining geological conditions at the
8202 working face in the Tongxin mine of the Datong mining
area, the disastrous mechanism of water discharge in an
abandoned gob above the stope in a mining extra-thick coal
seam is studied in this article, by means of numerical simula-
tion with the UDEC numerical calculation software. This
study provides a theoretical basis for the prediction and pre-
vention of the water discharge disaster in an abandoned gob
above the stope in a mining extra-thick coal seam.

2. Numerical Calculation Model of Water
Discharge Disaster

UDEC (Universal Distinct Element Code) is the numerical
calculation program based on the theory of the discrete ele-
ment method [23, 24]. According to the mining geological
conditions in the 8202 working face of the Tongxin coal
mine, the mining height of the upper Jurassic 14# coal is
4m, while that of the lower Carboniferous 3-5# coal seam
is 15m; besides, the average distance between the two coal
seams is 160m, and the buried depth of 3-5# coal seam is
480m. The key point in the numerical calculation is to study
the relationship between the fracture of the key layer and the
evolution law of the seepage field with the mining of the 3-5#

coal seam. The numerical calculation model has the length of
500m, the height of 194m, and the mining depth of 488m.
The numerical model is shown in Figure 1.

The boundary condition of both sides is the velocity
boundary condition, the horizontal direction is fixed, and
the bottom boundary of the model is fixed in the vertical
direction. Besides, the vertical stress on the upper boundary
is 8.6MPa, which is the converted by the overburden on
the upper part of the model. Both the sides and bottom of
the model are set as the impermeable boundary, that is, there
is no water supply, but seepage pressure exchange can be car-
ried out at this boundary. The top of the model has a free
boundary that can be supplied from the top according to
changes in water pressure. When the 14# coal seam is being
mined, the hydraulic boundary is applied in the way of fixed
water pressure. After the mining of the 3-5# coal seam, the
water pressure in the gob is set as zero. When the harmful
water enters the space, the pressure is set as zero. Besides,
the physical parameters of the rock mass are shown in
Table 1, and the percolation mechanical parameters of joints
are shown in Table 2. The data for the numerical calculation
in Tables 1 and 2 are obtained by the rock mechanics
experiments.

Therefore, the numerical calculation scheme is deter-
mined. In the numerical calculation, the 14# coal seam is
firstly mined, and the mining width is 300m, with 100m pil-
lars on both sides left to eliminate the boundary effect. The
mining width of the 3-5# coal seam is 300m, with 15m each
step, when the mining of the 14# coal seam is finished, and
the development law of the overburden fracture and seepage
field is analyzed.

3. Spatial and Temporal Evolution Law ofWater
Discharge Disaster

After the 14# coal seam is mined, the water pressure distribu-
tion of the overburden in initial equilibrium is shown in
Figure 2, when the water pressure in the gob is 0.1MPa
before the mining of the 14# coal seam. It is indicated that
the pore pressure of the surrounding rock in the middle of
the mining gob is bigger, and that in both ends is smaller.
The key layer refers to the strata which control the whole
or partial overburden movement from the overburden to
the surface [25].

When the 8202 working face in the 3-5# coal seam
advances to 30m, the initial caving of the direct roof occurs,
and the transverse cracks on the top rapidly develop to the
bottom of key layer 1. The pore pressure in the top of key
layer 3 (far field key layer) is the maximum value
0.3183MPa. The maximum pore pressure of the roof in the
unexploited area in the 3-5# coal seam is 0.2929MPa, as
shown in Figure 3. From the perspective of flow velocity dis-
tribution, the water flow in the floor at both ends is the larg-
est, with a maximum of 0.78m3/s, since both ends of the gob
of the 14# coal mine have the maximum fracture depth and
fracture opening degree. It is located within 1m below the
floor at both ends, and the flow outside 1m below the floor
drops to 1:4 × 10−6 m3/s rapidly, with a great change in
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magnitude. At the same time, it is also noted that prefabri-
cated primary joints in the key layer 3 (far key layer) also
have the seepage phenomenon, but the flow rate is 2:472 ×
10−8 m3/s, with the extremely low seepage flow. In addition,
the maximum flow rate in the roof of the 3-5# coal seam is
5:553 × 10−8 m3/s, and it is located at 7m in the direct roof,
which is derived from the extremely low seepage generated
through the primary fracture, as shown in Figure 4. Accord-
ing to the flow velocity vector distribution in the initial caving
of the direct roof, the flow not only percolates downward

along the longitudinal fracture but also percolates along the
transverse fracture, and the flow confluence or separation
occurs at a node, as shown in Figure 5.

When the 8202 working face in the 3-5# coal seam
advances to 90m, the initial caving of key layer 1 occurs.
Because the key layer 1 is 22m away from the top plate of
the 3-5# coal seam, the rock layer cannot form a stable struc-
ture, so it collapses into the gob with revolving instability and
becomes part of the caving zone. The distance between the
key layer 1 and the key layer 2 is only 6m. The overburden
movement deformation caused by the fracture of the key
layer 1 has a significant impact on the key layer 2 and its
upper layers, resulting in obvious longitudinal and transverse
fractures in the key layer 2. At the same time, due to the
breakage of key layer 1, the maximum pore pressure in the
mining area increases to 0.3909MPa, as shown in Figure 6.
The flow distribution in the initial caving of key layer 1 is
obtained. The fractures in the overburden above the key layer
1 develop further, and water in the gob penetrates downward
through primary fractures in key layer 3 (far field key layer)
at a small flow rate and enters the key seepage channel of
the working face. The flow rate in the key layer 3 (far field
key layer) increases to 5:374 × 10−8 m3/s, and the maximum
flow rate in the working face reaches 5:374 × 10−8 m3/s,
which increases by nearly 10 times, as shown in Figure 7.
According to the flow velocity vector distribution in the ini-
tial caving of key layer 1, as shown in Figure 8, the water in
the far field key layer in the primary joint seepage phenome-
non begins to appear, along with the increase of the fracture
opening in key layer 3. Besides, the phenomenon of the water
seepage in the lower rock layer is more obvious in the pri-
mary joint with a large opening, and the water seepage is con-
centrated in the gob.

When the 8202 working face in the 3-5# coal seam
advances to 120m, the initial caving of key layer 2 occurs.
Because the key layer 2 is 37m away from the top plate of
the 3-5# coal seam, the rock layer cannot form a stable

Key layer 3 (far field key layer)

300 m 100 m100 m
194 m

Key layer 2 (upper strata in near field )

Gob in 14# coal seam

3–5# coal seam

Key layer 1 (lower strata in near field )

Impermeable boundary

Impermeable
boundary

Impermeable
boundary

Free permeable
boundary

Free permeable
boundary

Water pressure 0 MPa100 m

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

100 m

Figure 1: The numerical calculation model.

Table 1: The physical parameters of rock mass.

Rock strata
K

(GPa)
G

(GPa)
d (N·m-

3)
f
(°)

C
(MPa)

t
(MPa)

Coal seam 3.89 1.59 1426 42 2.01 1.6

Sandy
mudstone

30.35 14.74 2693 35 12.5 4.4

Siltstone 18.50 16.02 2604 34 4.8 4.89

Fine sandstone 19.79 19.86 2700 34 4.8 6.4

Medium
sandstone

23.24 15.93 2654 35 12.5 5.72

Coarse
sandstone

10.85 7.5 2540 35 12.5 2.56

Table 2: The percolation mechanical parameters of joints.

Rock strata f (°) jperm (Pa-1·s-1) azero (m) ares (m)

Coal seam 30 83 0.0001 0.00001

Sandy mudstone 32 100 0.0001 0.00001

Siltstone 30 128 0.0002 0.00003

Fine sandstone 30 143 0.0003 0.00004

Medium sandstone 33 178 0.0002 0.00003

Coarse sandstone 32 246 0.0004 0.00006
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structure, so it caves into the gob and becomes part of the
caving zone. After the breakage of key layer 2, tensile frac-
tures appear in the lower part of key layer 3 (far field key

layer) above the central position of the gob and in the upper
part of key layer 3 far from the mining center. Meanwhile, the
maximum pore pressure at the top of key layer 3 decreases to
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2.228E+05
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Cycle 19960
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Domain pore pressures
Maximum pressure = 3.183E+05

Figure 2: The water pressure distribution in initial equilibrium.
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Figure 3: The pore pressure distribution in initial caving of direct roof.
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Figure 4: The flow distribution in initial caving of direct roof.
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0.3174MPa, while the pore pressure in the unexploited area
of the coal seam increases to 0.4283MPa, as shown in
Figure 9. The flow distribution in the initial caving of key
layer 2 is obtained in Figure 10; the water seepage flow of
the No.1 fracture in the far field key layer reaches 7:736 ×
10−8 m3/s, the No.2 fracture seepage flow is 6:623 × 10−8 m3

/s, the No.3 fracture seepage flow is 7:071 × 10−8 m3/s, the
No.4 fracture seepage flow is 8:394 × 10−8 m3/s, and the
No.5 fracture seepage flow is 2:089 × 10−8 m3/s. The seepage
flows in the No.1 and No.4 fractures are greater than those in
the No.2 and No.3 fractures, affected by mining in advance.

At this time, the maximum flow rate in the 8202 working face
reaches 1:224 × 10−3 m3/s. The flow velocity vector distribu-
tion in the initial caving of key layer 2 is obtained in
Figure 11. The water flowing velocity increases in the far field
key layer, along with the increase of the fracture opening, and
the water seepage flows as a “shower” form. The “shower”
seepage pattern is the blue line under the far field key layer
in Figure 10. Besides, there are water flows along both the
longitudinal fractures and the horizontal fractures, and the
overall flow direction eventually permeates to the key frac-
ture channel of the gob in the 8202 working face.
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Figure 5: The flow velocity vector distribution in initial caving of direct roof.
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Figure 6: The pore pressure distribution in initial caving of key layer 1.
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When the 8202 working face in the 3-5# coal seam
advances to 180m, the initial caving of key layer 3 (far field
key layer) occurs, and the key layer 3 forms a stable structure
of the voussoir beam. After the breakage of the rock strata,

the middle part of the upper rock stratum is in the state of
compression, and the fractures appear in the state of inter-
layer dislocation. The two clamped ends of the voussoir beam
in key layer 3 are tensile fractures, which are the key channel
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Figure 8: The flow velocity vector distribution in initial caving of key layer 1.
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Figure 7: The flow distribution in initial caving of key layer 1.
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Figure 9: The pore pressure distribution in initial caving of key layer 2.
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for water flowing into the working face. Besides, the largest
pore pressure at the top of key layer 3 slightly reduced to
0.3159MPa, while the pore pressure in the unexploited area

of the coal seam increases to 0.4631MPa, as shown in
Figure 12. The flow distribution in the initial caving of key
layer 3 is shown in Figure 13. The water seepage flow of the
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Figure 11: The flow velocity vector distribution in initial caving of key layer 2.

5.094E+05
4.631E+05
4.168E+05
3.705E+05
3.242E+05
2.779E+05
2.316E+05
1.853E+05
1.389E+05
9.263E+04
4.631E+04

Cycle 868512
Time 1.982E+02 sec
Block plot
Joints with FN or SN = 0.0
Domain pore pressures
Maximum pressure = 4.631E+05

Figure 12: The pore pressure distribution in initial caving of key layer 3.
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Figure 10: The flow distribution in initial caving of key layer 2.
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No.1 fracture in the far field key layer reaches 1:064 × 10−7
m3/s, the No.2 fracture seepage flow reaches 9:598 × 10−8
m3/s, the No.3 fracture seepage flow reaches 6:967 × 10−8
m3/s, the No.4 fracture seepage flow reaches 1:608 × 10−7
m3/s, and the No.5 fracture seepage flow reaches 8:368 ×
10−8 m3/s. Meanwhile, the maximum flow in the 8202 work-
ing face reaches 2:342 × 10−3 m3/s.

It is obvious that the development of mining-induced
fractures experiences several states of “small-expansion-
peak-closure-stable,” with the advance of the 8202 working
face. The No.1 fracture is located outside of the stope, so
the fracture development is in the open state in the whole

process. The No.2 fracture is located at 20m inside the cut
hole, and its seepage velocity is the maximum, which forms
the permanent fracture passage. Besides, the influence dis-
tance of mining-induced seepage is about 80m in front of
the working face, and the range of the seepage stability zone
is about 165m-265m behind the gob.

The fracture flow distribution curve in key layer 3 is
obtained in Figure 14. The No.3 fracture is located in the cen-
ter position of key layer 3, and the upper part is in the state of
compression, which is difficult for the seepage of water in the
above gob; therefore, the flow rate in the No.3 fracture is
smaller. Compared with other fractures, the flow rates in
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the No.2 and No.4 fractures are larger, because the fractures
are in the tension state, forming the “saddle-shaped” flow
pattern.

4. Conclusions

(1) When the 8202 working face in the 3-5# coal seam
advances to 90m, the initial caving of key layer 1
occurs, and the rock layer cannot form a stable struc-
ture, collapsing into the gob. The water in the overly-
ing gob percolates through the fractures in the higher
key layer forming a “shower” seepage pattern. The
water in the above gob converges in the key fracture
channel and then flows into the working face

(2) When the 8202 working face in the 3-5# coal seam
advances to 120m, the initial caving of key layer 2
occurs, and the rock layer cannot form a stable struc-
ture. The fracture seepage in the high key stratum
experiences the process of increase, decrease, and sta-
bilization, which is related with the stretching and
extrusion deformation between the high key stratum
blocks in the process of working face propulsion

(3) When the 8202 working face in the 3-5# coal seam
advances to 180m, the initial caving of key layer 3
occurs, and the key layer 3 forms a stable structure
of the voussoir beam. The influence distance of the
mining-induced seepage is about 80m in front of
the working face, and the range of the seepage stabil-
ity zone is about 165m-265m behind the gob. Com-
pared with other fractures, the flow rates in the No.2
and No.4 fractures are larger, forming the “saddle-
shaped” flow pattern

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (52004082), the Natural Science Foun-
dation of Henan Province (202300410170), the Foundation
for Higher Education Key Research Project by Henan Prov-
ince (18A440012), the Ph.D. Programs Foundation of Henan
Polytechnic University (B2021-57), the Fundamental
Research Funds for the University of Henan Province
(NSFRF200302), the Postdoctoral Research Projects of
Henan Province, the Scientific and Technological Develop-
ment Project for Coal Mine Safety Production by Henan
Province (HN19-59), the Virtual Simulation Experiment
Teaching Project of Henan Province, and the Research and
Practice Project of Educational and Teaching Reformation
of Henan Polytechnic University (2019JG074).

References

[1] S. X. Yin, Y. Wang, H. C. Yin et al., “Mechanism and full-time-
space prevention and control technology of water inrush from
Ordovician and thin limestone in deep mines,” Journal of
China Coal Society, vol. 45, no. 5, pp. 1855–1864, 2020.

[2] D. Ma, H. Y. Duan, W. T. Liu, X. T. Ma, and M. Tao, “Water–
sediment two-phase flow inrush hazard in rock fractures of
overburden strata during coal mining,” Mine Water and the
Environment, vol. 39, no. 2, pp. 308–319, 2020.

[3] Y. Xue, P. G. Ranjith, F. N. Dang et al., “Analysis of deforma-
tion, permeability and energy evolution characteristics of coal
mass around borehole after excavation,” Natural Resources
Research, vol. 29, no. 5, pp. 3159–3177, 2020.

[4] J. Liu, X. Liang, Y. Xue, K. Yao, and Y. Fu, “Numerical evalua-
tion onmultiphase flow and heat transfer during thermal stim-
ulation enhanced shale gas recovery,” Applied Thermal
Engineering, vol. 178, p. 115554, 2020.

[5] B. H. Yao, J. P. Wei, D. K.Wang, Y. G.Wang, and H. T. Zhang,
“A numerically simulated model on the water-inrush risk
under the geo-condition of thin rock-mass with thick-loose
bed in Sima coal mine,” Journal of Safety and Environment,
vol. 14, no. 4, pp. 137–141, 2014.

[6] D. Ma, H. Y. Duan, X. B. Li, Z. H. Li, Z. L. Zhou, and T. B. Li,
“Effects of seepage-induced erosion on nonlinear hydraulic
properties of broken red sandstones,” Tunnelling and Under-
ground Space Technology, vol. 91, p. 102993, 2019.

[7] W. L. Shen, J. B. Bai, W. F. Li, and X. Y. Wang, “Prediction of
relative displacement for entry roof with weak plane under the
effect of mining abutment stress,” Tunnelling and Under-
ground Space Technology, vol. 71, pp. 309–317, 2018.

[8] Y. Xue, F. Gao, T. Teng, and Y. Xing, “Effect of gas pressure on
rock burst proneness indexes and energy dissipation of coal
samples,” Geotechnical and Geological Engineering, vol. 34,
no. 6, pp. 1737–1748, 2016.

[9] J. T. Chen, L. M. Yi, W. B. Sun, C. Lu, S. C. Zhang, and X. Z.
Sun, “Development and application of new deep solid-fluid
coupling similar materials,” Chinese Journal of RockMechanics
and Engineering, vol. 34, pp. 3956–3964, 2015.

[10] X. B. Meng, “Safety and high efficient mining technology of
ultra thick seam with double system interaction in Datong
mining area,” Coal Science and Technology, vol. 45, no. 8,
pp. 114–120, 2017.

[11] F. Du, Z. H. Li, G. H. Jiang, and Z. Q. Chen, “Types and mech-
anism of water-sand inrush disaster in west coal mine,” Jour-
nal of China Coal Society, vol. 42, no. 7, pp. 1846–1853, 2017.

[12] T. H. Yang, W. H. Shi, H. L. Liu, B. Yang, X. Yang, and Z. B.
Liu, “A non-linear flow model based on flow translation and
its application in the mechanism analysis of water inrush
through collapse pillar,” Journal of China Coal Society,
vol. 42, no. 2, pp. 315–321, 2017.

[13] J. F. Ju, J. L. Xu, Q. S. Li, W. B. Zhu, and X. Z. Wang, “Progress
of water-preserved coal mining under water in China,” Coal
Science and Technology, vol. 46, no. 1, pp. 12–19, 2018.

[14] E. K. Hou, X. Y. Che, T. W. Long, Z. N. Ye, and Q. Wen, “Pre-
diction method of water inrush from ground cracks in shallow
buried seams,” Journal of China Coal Society, vol. 45, no. 12,
pp. 4154–4162, 2020.

[15] Y. J. Zhang, “Principle and key technologies of controlled
water mining and practice of fully-mechanized mining under
soft sandstone aquifer,” Journal of China Coal Society,
vol. 45, no. 10, pp. 3380–3388, 2020.

9Geofluids



[16] J. Z. Yang, B. Zhang, X. Y. Fu, Z. Q. Wu, and W. B. Ji, “Forma-
tion mechanism of water and sand inrush channel in shallow
buried bedrock face,” Journal of China Coal Society, vol. 45,
no. 12, pp. 4144–4153, 2020.

[17] S. C. Zhang, Y. Y. Li, J. P. Li, W. H. Yang, G. L. Wang, and Z. J.
Wen, “Experimental studies on variation characteristics of
physical parameters during water and sand burst through
mining fractures,” Journal of China Coal Society, vol. 45,
no. 10, pp. 3548–3555, 2020.

[18] Y. Xue, T. Teng, F. N. Dang, Z. Ma, S. Wang, and H. Xue, “Pro-
ductivity analysis of fractured wells in reservoir of hydrogen
and carbon based on dual-porosity medium model,” Interna-
tional Journal of Hydrogen Energy, vol. 45, no. 39,
pp. 20240–20249, 2020.

[19] Z. Z. Cao, P. Xu, Z. H. Li, M. X. Zhang, Y. Zhao, and W. L.
Shen, “Joint bearing mechanism of coal pillar and backfilling
body in roadway backfilling mining technology,” CMC-Com-
puters Materials & Continua, vol. 54, no. 2, pp. 137–159, 2018.

[20] J. L. Xu, X. Z.Wang, W. T. Liu, and Z. G.Wang, “Effects of pri-
mary key stratum location on the height of water flowing frac-
ture zone,” Chinese Journal of Rock Mechanics and
Engineering, vol. 28, pp. 380–385, 2009.

[21] Y. Xue, F. Gao, Y. N. Gao, X. Liang, Z. Z. Zhang, and Y. Xing,
“Thermo-hydro-mechanical coupled mathematical model for
controlling the pre- mining coal seam gas extraction with slot-
ted boreholes,” International Journal of Mining Science and
Technology, vol. 27, no. 3, pp. 473–479, 2017.

[22] M. Faraji, A. Rezagholilou, M. Ghanavati, A. Kadkhodaie, and
D. A. Wood, “Breakouts derived from image logs aid the esti-
mation of maximum horizontal stress: a case study from Perth
Basin, Western Australia,” Advances in Geo-Energy Research,
vol. 5, no. 1, pp. 8–24, 2021.

[23] Z. Z. Cao, F. Du, Z. H. Li, Q. T. Wang, P. Xu, and H. X. Lin,
“Research on instability mechanism and type of ore pillar
based on the fold catastrophe theory,” CMES-Computer
Modeling in Engineering & Science, vol. 113, no. 3, pp. 287–
306, 2017.

[24] Z. H. Li, C. Z. ZhaiI, and L. F. Li, “Experimental study on water
inrush mechanism due to floor faults activation in mining
above confined aquifer,” Journal of Central South University
(Science and Technology), vol. 46, no. 5, pp. 1806–1811, 2015.

[25] M. R. Mohammadi, H. Bahmaninia, S. Ansari et al., “Evalua-
tion of asphaltene adsorption on minerals of dolomite and
sandstone formations in two and three-phase systems,”
Advances in Geo-Energy Research, vol. 5, no. 1, pp. 39–52,
2021.

10 Geofluids



Research Article
Measurement and Investigation on 1-D Consolidation
Permeability of Saturated Clay considering Consolidation Stress
Ratio and Stress History

Le Zhang ,1 Faning Dang ,1,2,3 Jun Gao,1 and Jiulong Ding1

1School of Civil Engineering and Architecture, Xi’an University of Technology, Xi’an 710048, China
2State Key Laboratory of Eco-Hydraulics in Northwest Arid Region, Xi’an University of Technology, Xi’an 710048, China
3Shaanxi Key Laboratory of Loess Mechanics and Engineering, Xi’an University of Technology, Xi’an 710048, China

Correspondence should be addressed to Faning Dang; dangfn@163.com

Received 17 December 2020; Revised 19 January 2021; Accepted 4 February 2021; Published 2 March 2021

Academic Editor: Chuangzhou Wu

Copyright © 2021 Le Zhang et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

To study the influence of consolidation stress ratio and stress history on 1-D consolidation permeability of saturated clay, one-
dimensional consolidation permeability tests were carried out with GDS triaxial device. The results indicated that the permeability
coefficient and void ratio of normally and overconsolidated saturated clay decreased with the increase of consolidation stress ratio
under different consolidation stress ratios but the same stress history. And the amount of final sample’s compression increased
with the increase of the consolidation stress ratio. Under the condition of the same consolidation stress ratio but different stress
history, the amount of final compression of the overconsolidated saturated clay was smaller than that of the normally consolidated
saturated clay. Besides, the stress difference σdv between consolidation pressure σ and gravity stress σcz was fitted to the amount of
the final sample’s compression, and a good linear relationship between the stress difference σdv and the amount of the final
sample’s compression under each consolidation pressure was obtained. The results showed that it is necessary to consider the
influence of consolidation stress ratio and stress history simultaneously on 1-D consolidation permeability of saturated clay.
Meanwhile, it can accurately predict the amount of the final sample’s compression after knowing the gravity stress. Moreover, a
model prediction analysis was conducted on the saturated clay and recommended to use the modified Kozeny-Carman’s equation
to predict the permeability coefficient of Luochuan saturated clay during one-dimensional consolidation.

1. Introduction

Saturated clay (especially soft soil) has a considerable areal
distribution range in China’s coastal and inland areas. Due
to the fact that soft clay foundation has the characteristics
of high compressibility and low permeability, the duration
of consolidation deformation tends to be longer. Therefore,
the prediction of foundation settlement and settlement rate
has become a major problem in engineering design [1]. In
recent years, some new foundation improvement methods
have been proposed, such as biogrouting and drainage pow-
der sprayed piles [2, 3]. And the relationship between the
foundation settlement and the time is always based on the
one-dimensional Terzaghi’s consolidation theory. The theory
assumed that the permeability coefficient k, initial void ratio e

, and compressibility coefficient a are all constant during the
consolidation process, and the permeability of water in the
soil obeys Darcy’s law. However, some simplified assump-
tions are often not met in actual projects and can be
extremely complicated. Davis and Raymond [4] obtained
the analytical solution of the one-dimensional nonlinear con-
solidation equation. And Xie et al. [5] proposed an analytical
solution for one-dimensional nonlinear consolidation of
double-layered soils based on Davis. Amethod for simulating
nonlinear characteristics of soil during compression by the
hyperbolic curve was developed according to the compres-
sion behavior of soil [6]. Dumais and Konrad [7] established
a one-dimensional model for the consolidation of thawed soil
by using the relationship among effective stress, void ratio, and
permeability coefficient. Yin and Feng [8, 9] stated that the
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variable compressibility must be considered in settlement cal-
culation of soft soil stratum and proposed a new simplified
method to calculate the settlement of a thick soil layer by con-
sidering the nonlinear compressibility. Besides, a one-
dimensional nonlinear consolidation theory considering the
thermal effect was established, which showed that the pore
water dissipation rate or consolidation rate considering the
secondary consolidation and temperature was higher than that
when only considering secondary consolidation [10]. Some
researchers have also conducted one-dimensional consolida-
tion nonlinear studies on layered foundations. Xia et al. [11]
assumed that the change in compressibility and permeability
of the soil during the consolidation process was proportional,
and the analytical solution of one-dimensional nonlinear con-
solidation for layered saturated soft soil was derived based on
e‐log σ′ and e‐log kv relations. An analytical solution for one-
dimension consolidation of a clay layer with variable com-
pressibility and permeability under a ramp loading was
derived based on the assumption that the initial effective stress
of the clay layer remains constant with depth [12]. To consider
the limitation of Terzaghi’s theory, Lekha et al. [13] presented
a generalized theory for the vertical consolidation of a com-
pressible medium with finite thickness, and an analytical
closed-form solution was obtained for vertical consolidation
considering the variation in the compressibility and perme-
ability. Moreover, Abbasi et al. [14] derived a one-
dimensional nonlinear partial differential equation for the pre-
diction of consolidation characteristics of soft clays consider-
ing variable values for Cv and took into consideration the
changes in Cv during consolidation.

However, the aforementioned one-dimensional nonlinear
consolidation models were based on the assumption of Darcy’s
flow. The characteristics of the non-Darcy’s flow of water in the
soil during one-dimensional consolidation have long been rec-
ognized. Mishra and Patra [15], Liu et al. [16], and Zhao and
Gong [17] have studied the consolidation characteristic of satu-
rated clay by considering the non-Darcy’s flow. Li et al. [18]
proposed a nonlinear model of consolidation by considering
the non-Darcy’s flow and stress history and found that the con-
solidation rate of overconsolidated soil with the non-Darcy’s
flow was slower than that with Darcy’s flow. Moreover, Terza-
ghi’s one-dimensional consolidation equation was modified
and generalized based on the non-Darcy’s flow in the soil
[19]. However, the consolidation theory which can consider
both geometrical nonlinearity and non-Darcy’s flow is rarely
reported. Li et al. [20] proposed a model for soft clay, which
can allow for these two factors simultaneously, and the results
showed that the difference between the consolidation rates
caused by the non-Darcy’s and Darcy’s flows is significant.
Besides, some researchers have also considered the effect of
stress history on the one-dimensional consolidation [21–24]
and have proposed one-dimensional nonlinear consolidation
equations considering stress history.

Besides, the Terzaghi’s one-dimensional consolidation
theory assumed that the external load is applied instanta-
neously and remains unchanged during the consolidation
process. However, the load acting on the foundation gener-
ally increases gradually with the construction process, and
it is impossible to have “instantaneous” loading as assumed

by Terzaghi. Schiffman [25] gave a theoretical solution to this
situation. Next, Olson [26] proposed the mathematical solu-
tion of the average degree of consolidation in the first-order
linear loading process. In recent years, some researchers have
also conducted one-dimensional consolidation analysis
under ramp loading mode according to different working
conditions. Liu and Ma [27] studied the one-dimensional
consolidation of soft ground with impeded boundaries under
a depth-dependent ramp load. Similarly, Sun et al. [28] also
introduced the exponentially time-growing drainage bound-
ary and investigated the one-dimensional consolidation
problem of soil under a ramp load. This one-dimensional
consolidation theory can be utilized to describe the asymmet-
ric drainage characteristics of the top and bottom drainage
surfaces of the actual soil layer. However, the present solution
is just for homogeneous soil. Tian et al. [29] obtained an ana-
lytical solution of excess pore-water pressure under a multi-
stage load and the continuous drainage boundary. A
different conclusion from Terzaghi’s one-dimensional con-
solidation theory was obtained; that is, the degree of consol-
idation is also related to the applied time-dependent load. In
the same year, a new simplified method was developed to cal-
culate the settlement of multilayer soft soils exhibiting creep
subjected to the multistage loading under a one-
dimensional straining condition [30]. The advantage of this
new simplified method is that the soft soils at both the nor-
mally consolidated state and overconsolidated state are con-
sidered in this approach by the “equivalent time” concept.

For further studying the nature of saturated clay perme-
ability and consolidation, many researchers conducted labo-
ratory tests on saturated clay. Experiments on the change
characteristics of soil permeability coefficient under different
head pressures were carried out and obtained that the perme-
ability coefficient of soft soil decreased with the decreased of
void ratio [31]. The consolidation and permeability com-
bined tests of Xiaoshan soft clay were carried out by Qi [32]
and showed that the compressibility and permeability of
overconsolidated soils vary nonlinearly with the consolidation
pressure during consolidation. Besides, Wen [33] had studied
the one-dimensional consolidation theory of double-layered
soil considering effects of stress history and revealed that the
settlement was smaller and the rate of consolidation was
greater than that of the one without considering the effects
of the stress history. Moreover, the initial static stress state of
the natural foundation soil; i.e., consolidation stress σ1 and
σ3 or consolidation stress ratio Kc, where Kc = σ1/σ3, is also
different. The effect of consolidation stress ratio on the pore
pressure characteristics of saturated undisturbed loess under
different stress paths was studied and showed that the effect
of stress path on pore pressure characteristics during equal
pressure consolidation was significantly different from that
during K0 consolidation [34].

Through reviewing the relevant studies, it was found that
the influence of the initial stress state (consolidation stress
ratio Kc) and stress history of natural foundation soil on the
one-dimensional consolidation and permeability characteris-
tics of saturated clay was rarely considered and only involved
the properties of normally consolidated soil or overconsoli-
dated soil on the one hand. In this study, the GDS-advanced
consolidation device was utilized to conduct a series of one-
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dimensional consolidation-permeability combined tests under
ramp loading on the loess silty clay in Luochuan, Shaanxi.
Then, the effects of consolidation stress ratio and stress history
on one-dimensional consolidation permeability of saturated
clay were explored based on test results. Finally, a model pre-
diction analysis was performed which is aimed at selecting a
model suitable for predicting the permeability coefficient of
Luochuan saturated clay.

2. Test and Method

2.1. Sample Preparation and Method. The clay soil samples
used in this study were loess-like silty clay taken from
Luochuan, Shaanxi. The sampling depth is 7-8m, and the
main physical properties of the silty clay are illustrated in
Table 1.

Due to the heterogeneity of undisturbed clay samples, the
samples used in this study were all saturated homogeneous
remolded soil samples, and the preparation processes were
as follows:

(1) Firstly, the soil was air-dried, ground, and sieved
through a 2mm sieve. Then, the air-dried moisture
content was measured after fully mixing. The soil
was prepared to a moisture content (11.6%) that
can be used for sample preparation. Finally, the pre-
pared soil was placed in a plastic bag and sealed for
24 hours to allow moisture equalization

(2) The moisture content of the prepared soil sample was
measured, and the mass of soil required for sample
preparation was calculated. In this study, the pressure
sampling method was used for sample preparation,
and the samples with 3.91 cm in diameter and 8 cm
in height were used. The sample was divided evenly
into five layers during sample preparation. For mak-
ing better contact between the sample layers, the con-
tact surface should be shaved before each
compaction. According to the e‐log p curve, the pre-
consolidation pressure of Luochuan silty clay was
115 kPa, and the soil was considered to be in a nor-
mally consolidated state. Therefore, the remolded soil
samples were consolidated under a pressure of
115 kPa. After the consolidation was completed, the
soil samples were considered to be in a normally con-
solidated state

(3) To reflect the influence of consolidation stress ratio
on one-dimensional consolidation permeability of
saturated clay, a consolidation test was conducted
under the condition of Kc = 1:5 firstly, and it was
obtained that the amount of soil compression
reached 10mm when the consolidation stress was
600 kPa. According to the Chinese standard for the
geotechnical testing method (GB/T 50123; National
Standards of People’s Republic of China 2019), the
sample was considered to be damaged when the
strain reaches 15%. Therefore, the consolidation
stress ratio was taken as 1, 1.3, and 1.5, respectively

2.2. Experimental Device. A GDS triaxial device imported
from the UK was used for the one-dimensional consolidation
and permeability tests, as shown in Figure 1. The test device
can not only perform traditional consolidation tests but also
perform permeability tests under the condition of the con-
stant consolidation pressure, which can directly measure
the permeability coefficient under various consolidation
stress levels. For conducting the consolidation permeability
test for saturated remolded soil samples, a set of saturated soil
base and dual-channel sample cap was redesigned and proc-
essed to achieve the connection of back pressure controller
with sample’s base and cap, which ensured that the water
drained from the upper and lower ends of the sample was
drained into the back pressure controller. Hence, the sam-
ple’s volume change can be accurately measured. The sche-
matic diagram of the GDS device was shown in Figure 2.

2.3. Test Procedure. For studying the one-dimensional con-
solidation permeability characteristics of saturated clays con-
sidering the initial consolidation state and consolidation
stress ratio, one-dimensional consolidation permeability tests
were performed. The specific test steps were as follows:

(1) Before loading the sample into the pressure chamber,
the base and sample cap were vented to reduce the
volume of gas entering the sample as much as possi-
ble when the sample was saturated with back pressure

(2) After completion of the sample preparation, the soil
sample was saturated by the vacuum saturation
method firstly and then by the back pressure. When
the pore pressure coefficient B was close or equal to
1, the sample was considered to be fully saturated

(3) Then, the sample was consolidated by applying con-
solidation stress with a constant duration of 24 h at
each stress level. When the pore pressure dissipated
completely, the axial deformation was basically
unchanged, and the volume change became stable;
the consolidation was considered complete. The spe-
cific test scheme is shown in Table 2, and the sche-
matic diagram of multistage ramp loading is shown
in Figure 3. In Figure 3, t j1‐t j4 represented the time
required to reach each level of load, and t j1‐t j4 = 30
mins. t1‐t4 represented the total duration of consoli-
dation at each stage, and t1 = t2 =⋯ = t4 = 24h

(4) Subsequently, the permeability test was performed by
the water head difference formed by the back pres-
sure and the bottom pressure. To ensure that the
effective stress acting on the soil sample remains
unchanged in the process of the permeability test,
the following equation must be satisfied between the
pressure

p1 − p2 ≥ p2 − p3, ð1Þ

where p1 is confining pressure, p2 is back pressure, and p3 is
bottom pressure. The bottom pressure is always 0 kPa in this
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study, and the duration of permeability induced from water
head difference is 70min. The test plan is listed in Table 3.

To study the influence of stress history on the one-
dimensional consolidation permeability of saturated clay,
the consolidation stress with the same increment was
applied. In this study, the double-drainage condition was
adopted, and the one-dimensional consolidation diagram of
the saturated clay layer is shown in Figure 4.

3. Result and Discussion

3.1. Effect of Consolidation Stress Ratio on One-Dimensional
Consolidation Permeability of Normally Consolidated
Saturated Clay

3.1.1. Permeability Test Results and Analysis. When the con-
solidation stress ratio Kc = 1, 1.3, and 1.5, the relationship
curves of permeability coefficient k and void ratio e with con-
solidation stress σ in one-dimensional consolidation perme-
ability of normally consolidated soil are shown in Figures 5
and 6, respectively.

It can be seen from Figure 5 that the initial permeability
coefficients at three consolidation stress ratios were the same
before applying consolidation stress. The permeability coeffi-
cient k decreased with the increase of consolidation stress,
which was independent from the consolidation stress ratio.
And the permeability coefficient decreased as the consolida-
tion stress ratio increased under the same consolidation
stress. On the whole, the permeability coefficient showed a

nonlinear decreasing trend with the increase of consolidation
stress. As the consolidation stress continued to increase, the
rate at which the permeability coefficient k decreased as the
consolidation stress increased gradually slows down.

The consolidation stress ratio Kc had a certain effect on
the permeability coefficient k. As the consolidation stress
increased, the smaller the consolidation stress, the greater
the effect of the consolidation stress ratio on the permeability
coefficient. Besides, the permeability coefficient is an impor-
tant parameter for the consolidation analysis of saturated
clay. Therefore, it is necessary to study the consolidation
stress ratio on one-dimensional consolidation permeability
of saturated clay.

In the one-dimensional consolidation process of satu-
rated clay, the determination of the void ratio e, compression
coefficient av, and compression modulus Es is the same as the
traditional consolidation test method.

The void ratio ei of the sample after consolidation stabil-
ity under various consolidation pressures can be obtained
from

ei = e0 − 1 + e0ð Þ ⋅ ∑Δhi
h0

, ð2Þ

where e0 and h0 are the void ratio and initial height of the
sample after back pressure saturation, ei is the void ratio of
the sample after consolidation stability, and ∑Δhi is the
cumulative compression of the sample at the level of

Table 1: Physical properties of intact Q3 loess.

Specific gravity Gs
Water content

w (%)
Dry density
ρd (g/cm

3)
Liquid limit
wL (%)

Plastic limit
wP (%)

Particle size fraction (%)
Soil classification>0.075mm 0.075~0.005mm <0.005mm

2.7 13.3 1.34 28.4 19.2 4 73 23 Silty clay

Axial pressure 
controller

Back pressure 
controller

Pressure 
chamber

Data acquisition 
system

Figure 1: GDS triaxial device.
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consolidation stress σi. Then, the height of the sample after
compression is expressed by

h = h0−〠Δhi: ð3Þ

The compression coefficient av in a certain stress range
can be yield by

av =
ei − ei+1
σi+1 − σi

, ð4Þ

where ei and ei+1 are the void ratios corresponding to σi and
σi+1, respectively, σi and σi+1 are the consolidation stress
values of a certain level and the next level, respectively.

The compression modulus Es in a certain stress range can
be obtained by

Es =
1 + e0
av

: ð5Þ

According to Equations (2), (3), (4), and (5), the defor-
mation parameters of the sample during the consolidation
process are illustrated in Table 4. The definition of each
parameter in Table 4 was the same as above. For example,
the amount of compression, void ratio, compressibility, and
compression modulus of the corresponding sample under
the consolidation stress of 165 kPa were the calculated results
of various parameters within the range of consolidation stress
of 140-165 kPa.

In this study, the void ratio after back pressure saturation
was taken as the initial void ratio e0 of the sample. It can be
seen from Figure 6 that the corresponding initial void ratio
e0 when Kc = 1, 1.3, and 1.5 was 1.015. It also can be seen
from Equation (2) that the void ratio e during the consolida-
tion stage is related to the initial void ratio e0, initial height h0
, and the cumulative compression of the sample ∑Δhi under
certain consolidation stress.

From Figure 6, the void ratio decreased with the increase
of consolidation stress. When σ = 215 kPa, the corresponding
void ratios of Kc = 1:0, 1.3, and 1.5 were 0.904, 0.876, and
0.834, respectively. After obtaining the amount of sample’s
compression, the variation curve of void ratio and time can
be drawn, which is shown in Figure 7.

Both Figures 5 and 6 show the nonlinear characteristics
of the soil sample during the consolidation process. As
increased with the consolidation stress, the pore volume of
the soil decreased continuously due to the drainage of pore
water, which resulted in the permeability coefficient of the
soil was continuously decreasing. The reduction of the void
ratio was also related to the consolidation stress ratio Kc to
a certain extent. When Kc = 1, 1.3, and 1.5, the corresponding
reductions for the void ratio were 10.97%, 13.70%, and
17.79%, which illustrated the importance of considering the
consolidation stress ratio on one-dimensional consolidation
permeability of saturated clay in this study.

It can be seen from Figure 7 that the void ratio e showed a
stepwise downward trend with time. The void ratio of the
sample hardly changes during the permeability stage, and
the change of the sample’s void ratio mainly occurred during
the consolidation stage.

3.1.2. Consolidation Test Results and Analysis. The consolida-
tion coefficient is an important parameter in both geotechni-
cal and geoenvironmental engineering [35]. According to the
Terzaghi's one-dimensional consolidation theory, the consol-
idation coefficient of the sample can be obtained according to

Cv =
k 1 + e1ð Þ
av ⋅ γw

, ð6Þ

where Cv represents the consolidation coefficient of the soil
(cm2/s); k is the permeability coefficient (cm/s); e1 is the ini-
tial void ratio; av is the compression coefficient in a certain
consolidation stress range (MPa-1); and γw is the unit weight
of water (chosen as 10 kN/m3). In this study, the initial void
ratio and the initial height were determined by assuming that
the completed state of the previous level of stress consolida-
tion is the initial state of this level.

Specim
en

Confining 
pressure

Upper back 
pressure

Base 
pressure

Flow
 direction

Outer pressure 
chamber

Porous 
stone

Flow out

Bolt joint

Bolt joint
Base

Flow
 

into

Cover 
plate

Force sensor

Inner pressure 
chamber

Specimen 
cap

P
Pore pressure 

sensor

Figure 2: Schematic diagram of pressure application for
consolidation and permeability tests.

Table 2: Scheme and procedure of staged consolidation test.

Consolidation state Loading step

Normally consolidated 115→140→165→190→215 kPa

Overconsolidated 115→25→50→75→100 kPa
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According to Equation (6), the consolidation coefficients
of the sample with Kc = 1, 1.3, and 1.5 are shown in Table 5.
Following Table 5, the Cv‐σ relationship curve was plotted
with the consolidation stress σ as the abscissa and the consol-
idation coefficient Cv as the ordinate, which is shown in
Figure 8.

It can be seen from Figure 8 that when Kc = 1, 1.3, and
1.5, the consolidation coefficient Cv showed a trend of
increasing first and then decreasing with the increase of con-
solidation stress. Some researchers have also studied the
changing law of consolidation coefficient with consolidation
stress and time during the process of consolidation [14, 36].
It was found that with the increase of consolidation stress,
the change of consolidation coefficient was not only monot-
onously increasing or decreasing. Li et al. [36] established
the consolidation coefficient expression related to pore devel-
opment and revealed that the development of the sample
pore greatly affected the changing law of the consolidation
coefficient. In the consolidation process, the consolidation

coefficient of the soil was a variable, which was related to
the effective stress acting on the soil sample. The consolida-
tion coefficient was an increasing function relative to the void
ratio under a relatively lower effective stress level. With the
soil sample being further compressed, the void ratio contin-
ued to decrease, which resulted in a decrease in the consoli-
dation coefficient. As shown in Figure 8, the consolidation
stress ratio had an obvious influence on the consolidation
coefficient, but it did not affect the distribution shape of the
consolidation coefficient. The larger the consolidation stress
ratio, the smaller the consolidation coefficient.

The relationship curve between the amounts of sample’s
compression and time is shown in Figure 9.

Consolidation 
stress (kPa)

115

140

165

190

215

t
j1 t

j2 t
j3 t

j4

t4t3t2t1

t

Loading stage

Constant loading stage

Figure 3: Schematic diagram of multistage ramp loading.

Table 3: Permeability test scheme.

Consolidation
state

Consolidation stress
(kPa)

Water head difference
(kPa)

Overconsolidated

25 5, 10

50 10, 20

75 10, 20

100 20, 40

Normally
consolidated

140 20, 40, 60

165 20, 40, 60, 80

190 20, 40, 60, 80

215 20, 40, 60, 80, 100

H

σ (t)Pervious

Pervious

Saturated clay

0

z

Figure 4: One-dimensional consolidation sketch.
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Figure 5: The curve of permeability coefficient of normally consolidation clay with consolidation pressure at different consolidation stress
ratios.
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Figure 6: The curve of void ratio of normally consolidation clay with consolidation pressure at different consolidation stress ratios.
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It can be seen from Figure 9 that the amount of sample’s
compression increased stepwise with time under three con-
solidation stress ratios. The amount of sample’s compression
at the permeability stage was almost 0mm, and the sample’s
compression mainly occurred at the consolidation stage. It
can also be seen from the figure that the amount of sample’s
final compression corresponding to Kc = 1, 1.3, and 1.5 were
4.43, 5.52, and 7.17mm, respectively. Therefore, considering
the initial stress state of the soil in the one-dimensional con-
solidation of saturated clay plays a good role in accurately
predicting the final settlement of the soil in the future.

Figure 10 displays the variation curve of the permeability
coefficient of normally saturated clay with the void ratio in
the logarithm coordinate. Taking the slope of the linear fitting
line as permeability index Ck and Ck corresponding to Kc = 1,
1.3, and 1.5 was expressed by Ck1,Ck1:3, and Ck1:5, respectively.
Then, Ck1 = 0:047, Ck1:3 = 0:067, and Ck1:5 = 0:093.

It can be seen from Figure 10 that the permeability coef-
ficient k of the sample decreased as the void ratio decreased.
When the consolidation stress σ = 215 kPa, the correspond-
ing permeability coefficients of Kc = 1, 1.3, and 1.5 were as
follows: 0:493 × 10-5 cm/s, 0:335 × 10-5 cm/s, and 0:213 × 10

Table 4: Calculation results of mechanical parameters of normally consolidation clay during consolidation.

Consolidation
stress ratio Kc

Consolidation
stress (kPa)

Sample’s
compression (mm)

Sample’s height
after compression (mm)

Void
ratio e

Compression
coefficient (MPa-1)

Compression
modulus Es

1

140 3.96 76.03 0.915 0.71 2.83

165 4.08 75.91 0.912 0.12 16.46

190 4.27 75.72 0.907 0.19 10.72

215 4.43 75.56 0.904 0.17 12.16

1.3

140 4.73 75.26 0.896 0.85 2.37

165 4.98 75.01 0.890 0.25 8.13

190 5.24 74.75 0.883 0.27 7.57

215 5.52 74.47 0.876 0.28 7.20

1.5

140 6.24 73.75 0.858 1.12 1.79

165 6.60 73.39 0.849 0.36 5.63

190 6.86 73.13 0.842 0.27 7.57

215 7.17 72.82 0.834 0.31 6.59
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Figure 7: The curve of void ratio of normally consolidation clay with time.
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-5 cm/s, which was about the initial permeability coefficient
0.173, 0.118, and 0.075 times. The greater the Kc, the greater
the amplitude of variation.

Figure 11 represents the relation curve of the void ratio of
normally consolidated saturated clay with the consolidation
stress. The compression index corresponding to Kc = 1, 1.3,
and 1.5 was represented by Cc1, Cc1:3, and Cc1:5. Therefore,
Cc1, Cc1:3, and Cc1:5 were equal to 0.063, 0.106, and 0.123,
respectively, where the compression index was a maximum
when Kc = 1:5.

It can be seen from the e‐log σ curve in Figure 11 that
the void ratio decreased as the consolidation pressure
increased, and the greater the consolidation stress ratio
Kc, the smaller the void ratio e. The test results showed
the nonlinearity of the one-dimensional consolidation of
the soil sample.

3.1.3. Analysis of Compression Curve. For a homogeneous soil
layer with a natural gravity of γ, at any depth z under the nat-
ural ground, the vertical self-weight stress σcz of the soil is
equal to the gravity of the soil column per unit area. That is,

σcz = 〠
n

i=1
γihi, ð7Þ

where σcz is the vertical effective self-weight stress of the soil
at any depth z under the natural ground (kPa); n is the total
number of soil layers within the depth z; hi is the thickness of
the ith soil layer (m); γi is the natural unit weight of the ith
soil layer; and the effective unit weight is taken for the soil
layer below the groundwater level (kN/m3).

The sampling depth is 7-8m, and its self-weight stress σcz
is in the range of 106.4~ 121.6kN. The preconsolidation
pressure is 115 kPa, and the soil is considered to be in the
normally consolidated state. Therefore, it was determined
that the self-weight stress of the sample used in the study
was 115 kPa. Then, the difference σdv between the consolida-

tion pressure σ applied in the test and the self-weight stress
σcz of the soil layer was expressed by

σdv = σ − σcz: ð8Þ

The calculated values of the difference between the con-
solidation pressure and the self-weight stress of the soil layer
when the consolidation stress ratio Kc = 1 are listed in
Table 6. The fitted relation curve between the amount of
sample’s final compression sf and σdv is shown in Figure 12.

It can be seen from Figure 12 that the stress difference σdv
had a good linear relationship with the amount of sample’s
final compression at each consolidation pressure. After
knowing the self-weight stress of the soil, the amount of final
compression of the sample can be predicted more accurately,
which had an important application value to the engineering.

3.2. Effect of Consolidation Stress Ratio on One-Dimensional
Consolidation Permeability of Overconsolidated Saturated
Clay. As mentioned above, the preconsolidation pressure of
Luochuan loess-like silty clay σc was 115 kPa. Therefore, the
consolidation stress applied to the soil sample was 25, 50,
75, and 100 kPa, and the corresponding overconsolidation
ratios (OCR) are 4.6, 2.3 1.5, and 1.2, respectively.

3.2.1. Permeability Test Results and Analysis. Table 7 shows
the measured values of the permeability coefficient at various
consolidation pressures for overconsolidated soil.

According to Table 7 and Equation (2), the relationship
curves of permeability coefficient, void ratio, and consolida-
tion stress at different consolidation stress ratios Kc were
drawn, which are shown in Figures 13 and 14.

As can be seen from Figures 13 and 14, for overconsoli-
dated soils, both the permeability coefficient and the void
ratio decreased with increasing consolidation pressure at dif-
ferent consolidation stress ratios, and the larger Kc, the
smaller e and k. Taking the consolidation stress ratio Kc =
1:0 as an example, the permeability coefficients when the
consolidation stress was 50, 75, and 100 kPa were reduced
by 24.20%, 26.66%, and 43.48%, respectively, compared with
that at 25 kPa. Besides, the permeability coefficient and void
ratio of overconsolidated soil decreased with the increase of
the consolidation stress ratio at the same consolidation pres-
sure. This phenomenon was the same as that of normally
consolidated soil; that is, the permeability coefficient was
related to the sample's void ratio, and the larger the consoli-
dation stress ratio, the smaller the sample’s void ratio.

3.2.2. Consolidation Test Results and Analysis. According to
Equations (2), (3), (4), and (5), the deformation parameters
of consolidation and the amount of compression of overcon-
solidated soils were calculated, as shown in Table 8.

According to Table 8, the relationships between the sample’s
void ratio and compression over time during the consolidation
and compression process are shown in Figures 15 and 16.

It can be seen from Figure 15 that the amount of sample’s
compression increased with time during the one-dimensional
consolidation of the overconsolidated soil. And the sample’s
compression mainly occurred during the consolidation stage.

Table 5: Calculated value of consolidation coefficient.

Consolidation
stress ratio Kc

Consolidation
stress (kPa)

Consolidation coefficient
(10-5 cm2/s)

1

140 0.230

165 1.152

190 0.571

215 0.567

1.3

140 0.148

165 0.401

190 0.302

215 0.225

1.5

140 0.061

165 0.167

190 0.184

215 0.128
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Taking the consolidation stress ratio Kc = 1 as an example,
when the consolidation stress was 25, 50, 75, and 100kPa,
the corresponding amount of sample’s compression was
3.23, 3.31, 3.41, and 3.53mm, respectively. However, the
amount of sample’s compression during the permeability
stage under the corresponding consolidation stress hardly
changed. The amount of final sample’s compression varied
with different consolidation stress ratios. When Kc = 1, 1.3,
and 1.5, the amount of final sample’s compression was 3.53,
3.92, and 4.57mm, respectively, which revealed that the
greater the consolidation stress ratio, the greater the final sam-
ple’s compression.

Accordingly, from Figure 16, it can be seen that the void
ratio of the sample gradually decreased with time, and the
variation of the void ratio mainly occurred in the consolida-
tion stage, while hardly changing in the permeability stage.
Different consolidation stress ratios resulted in a different
final void ratio of the sample. That is, when Kc = 1, 1.3, and
1.5, the corresponding void ratio was 0.926, 0.916, and
0.900, respectively. In other words, the greater the consolida-
tion stress ratio, the smaller the final void ratio of the sample.
The final void ratio was reduced by 8.76%, 9.73%, and 11.35%
compared with the initial void ratio.

3.2.3. Compression Curve Analysis. According to Equations
(7) and (8), the difference between the consolidation pressure
of saturated clay and the self-weight stress of the soil layer
can be obtained. Only the calculated values when Kc = 1 are
listed in Table 9.

The relationship curve between the stress difference σdv
and the amount of final sample’s compression sf was linearly
fitted, as shown in Figure 17.

It can be seen from Figure 17 that there was a good
linear relationship between the stress difference of over-
consolidated soil and the amount of final sample’s com-
pression under each consolidation pressure, and the
amount of final compression of overconsolidated soil can
be accurately predicted after knowing the self-weight stress
of soil.

3.3. Effect of Stress History on One-Dimensional Consolidation
and Permeability of Saturated Clay. The compressibility and
permeability of soil play an important role in consolidation,
which are closely related to stress history [33]. The research
results showed that the settlement of the foundation was
smaller and the consolidation development was faster when
the stress history effect was considered. Besides, the settlement
development rate increased with the increase of preconsolida-
tion pressure.

According to the obtained test results, a series of consol-
idation and settlement curves of normally and overconsoli-
dated soil under the condition of a certain consolidation
stress ratio Kc (and Kc = 1) was acquired.

Figure 18 is the variation curve of the amount of sam-
ple’s compression with the time of normally and overcon-
solidated saturated clay during the consolidation process
when the consolidation stress ratio Kc = 1. It can be seen
from the figure that the amount of compression of
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overconsolidated soil was less than that of normally consol-
idated soil during the same consolidation time. Hu [37]
used the semianalytical method to study the one-
dimensional linear and nonlinear consolidation behavior
of single-layer overconsolidated saturated soil foundation.
The results revealed that the settlement of the foundation
was smaller and the consolidation developed faster when
the influence of stress history was considered, which was
consistent with the conclusion of this study. That is, the
amount of final compression of the overconsolidated soil
under the 5th continuous load was 3.53mm, while the nor-
mally consolidated soil was 4.43mm.

Figures 19 and 20 are the variation curve of the void ratio
e and the permeability coefficient k with the consolidation
pressure during the process of one-dimensional consolida-
tion permeability of normally and overconsolidated satu-
rated clay.

It can be seen from Figure 19 that the void ratio of nor-
mally and overconsolidated clays decreased monotonously
with the increase of consolidation stress during the process
of one-dimensional consolidation permeability. Accord-
ingly, the permeability coefficient decreased nonlinearly
with the increase of consolidation stress. The compressibil-

ity and permeability of soil in the overconsolidation stage
were much less than that in the normally consolidation
stage.

As can be seen from Figures 18, 19, and 20, considering
the stress history was of great significance for one-
dimensional consolidation of saturated clay when the consol-
idation stress ratio Kc was constant. However, stress history
did not affect the relationship between the permeability coef-
ficient and void ratio.

4. Model Prediction of Saturated Clay
Permeability Coefficient

All fields of geotechnical engineering are closely related to the
permeability of rock and soil [38, 39]. In engineering prac-
tice, it is particularly important to accurately and quickly pre-
dict the permeability coefficient of saturated clay. The
previous section proposed that stress history did not affect
the relationship between permeability coefficient and void
ratio; thus, only the permeability coefficient of normally con-
solidated saturated clay was predicted in this section. The
study selected the prediction equations of permeability coef-
ficient considering the initial consolidation state proposed by
Gao et al. [40], Stokes flow permeability coefficient equation,
and consolidation degree permeability equation to predict
the permeability coefficient of saturated clay in Luochuan,
Shaanxi.

(1) When expressed by the permeability coefficient pre-
diction equations proposed by Gao et al. [40], there
were
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Figure 11: e‐log σ curve.

Table 6: Stress calculations of normally consolidation clay.

Stress state σ (kPa) σcz (kPa) σdv (kPa)

Normally consolidated

140

115

25

165 50

190 75

215 100
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k = k0
1 + e0
e20

e0 − Cc lg σ0 + Δσð Þ/σ0ð Þð Þ2
1 + e0 − Cc lg σ0 + Δσð Þ/σ0ð Þ , ð9Þ

k = k0
1 + e0
e30

e0 − Cc lg σ0 + Δσð Þ/σ0ð Þð Þ3
1 + e0 − Cc lg σ0 + Δσð Þ/σ0ð Þ : ð10Þ

Equations (9) and (10) were the permeability coefficient
prediction equations for normally consolidated soil based
on the Darcy’s permeability coefficient equation and the
Kozeny-Carman’s permeability coefficient equation, respec-
tively, where k0 and e0 are the initial permeability coefficient
and void ratio of the soil, respectively

(2) When expressed by the Stokes flow permeability
coefficient equation, there was

k = γwzR
2e

8η 1 + eð Þ , ð11Þ

where R is the radius of the capillary (cm); η is the dynamic
viscosity coefficient of free water (g·s·cm-2); γwz is the weight
of free water (kN/m3); and e is the void ratio of soil. Accord-
ing to the method used by Gao et al. [40], during the soil
compression process, the basic physical parameters such as
the dynamic viscosity coefficient of water, and the weight of
free water are constant; only the permeability coefficient
and void ratio are changing. Therefore, these constant

physical parameters can be expressed by the initial perme-
ability coefficient k0 and the initial porosity ratio e0. Equation
(11) yields

γwzR
2

8η = k0
1 + e0
e0

: ð12Þ

Substituting Equation (12) into Equation (11), the perme-
ability coefficient of soil was obtained as Equation (13).
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Figure 12: The relation curve between soil ultimate compression and stress difference.

Table 7: Permeability coefficient at various consolidation pressures.

Consolidation
stress ratio Kc

Consolidation stress
(kPa)

Average permeability
coefficient k (10-5 cm/s)

1

25 1.504

50 1.140

75 1.103

100 0.850

1.3

25 0.802

50 0.650

75 0.615

100 0.513

1.5

25 0.776

50 0.604

75 0.563

100 0.476
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Figure 13: The curve of permeability coefficient of overconsolidation clay with consolidation pressure at different consolidation stress ratios.
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Table 8: Calculation results of deformation parameters of overconsolidation clay during consolidation.

Consolidation
stress ratio Kc

Consolidation
stress (kPa)

Sample’s
compression

(mm)

Sample’s height after
compression (mm)

Void
ratio e

Compression
coefficient (MPa-1)

Compression
modulus (MPa)

1

25 3.23 76.76 0.934 3.25 0.62

50 3.31 76.68 0.932 0.08 25.00

75 3.41 76.58 0.929 0.10 20.00

100 3.53 76.46 0.926 0.12 16.66

1.3

25 3.51 76.48 0.927 3.53 0.57

50 3.61 76.38 0.924 0.10 19.38

75 3.74 76.25 0.921 0.13 15.04

100 3.92 76.07 0.916 0.18 11.20

1.5

25 3.72 76.27 0.921 3.75 0.54

50 3.87 76.12 0.918 0.15 13.62

75 4.10 75.89 0.912 0.23 8.61

100 4.57 75.42 0.900 0.48 4.22
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Figure 15: The curve of overconsolidation clay compression with time at different consolidation stress ratios.
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k = k0
1 + e0
e0

e
1 + e

: ð13Þ

For normally consolidated soil, it is assumed that the self-
weight stress acting on the midpoint of the soil layer is σ0, the
corresponding initial void ratio is e0, and the additional stress
is Δσ; then actual stress is (e0 + Δσ), and the corresponding
void ratio is

e = e0 − Cc lg
σ0 + Δσ

σ0
: ð14Þ

Submitting Equation (14) into Equation (13), the perme-
ability coefficient equation for one-dimensional consolidation
of normally consolidated soil was obtained as

k = k0
1 + e0
e0

e0 − Cc lg σ0 + Δσð Þ/σ0ð Þ
1 + e0 − Cc lg σ0 + Δσð Þ/σ0ð Þ ð15Þ

(3) When expressed by the consolidation degree perme-
ability equation, there was

k = Cvγwz
av
1 + e

, ð16Þ

where Cv is the consolidation coefficient (cm2/s); γwz is the
weight of free water (kN/m3); and av is the compression coef-
ficient (MPa-1)

In the same way as the Stokes equation, the equation of
the permeability coefficient of normally consolidated soil
under one-dimensional consolidation can be obtained as

k = k0
1 + e0

1 + e0 − Cc lg σ0 + Δσð Þ/σ0ð Þ : ð17Þ

According to the measured results of one-dimensional
consolidation permeability tests and Equations (9), (10),
(15), and (17), the comparison between the predicted value
and the measured value of the permeability coefficient of nor-
mally consolidated saturated clay can be obtained as shown
in Figure 21.

0 20 40 60 80 100 120
0.895

0.900

0.905

0.910

0.915

0.920

0.925

0.930

0.935

0.940

Permeability
stage

Permeability
stage

Permeability
stage

Consolidation
stage

Consolidation
stage

Consolidation
stage

Permeability
stageV

oi
d 

ra
tio

 e Consolidation
stage

t (h)

Kc = 1
Kc = 1.3
Kc = 1.5

Figure 16: The curve of overconsolidation void ratio with time at different consolidation stress ratios.

Table 9: Stress calculations of overconsolidation clay.

Stress state σ (kPa) σcz (kPa) σdv (kPa)

Overconsolidation

25

115

-90

50 -65

75 -40

100 -15
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It was found in Figure 21 that the predicted values of
the permeability coefficient and the measured value were
consistent with the change of the consolidation stress.
The measured value of permeability coefficient was in
the order of 10-5~10-6, while the permeability coefficient
calculated by Stokes equation and consolidation degree
equation was in the order of 10-5, which was quite differ-
ent from the measured value. The calculated values of the
modified Darcy’s permeability coefficient equation and

modified Kozeny-Carman’s permeability coefficient equa-
tion proposed by Gao et al. [40] were close to the mea-
sured values. Besides, it can be seen from the figure that
the permeability coefficient calculated by the modified
Kozeny-Carman’s permeability coefficient equation is
almost coincided with the measured value. Therefore, it
was more appropriate to use the modified Kozeny-
Carman’s permeability coefficient equation to predict the
saturated clay permeability coefficient in Luochuan.
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Figure 19: Variation curve of the void ratio with consolidation pressure during one-dimensional consolidation of normally and
overconsolidation saturated clays.
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5. Conclusion

In this study, a series of one-dimensional consolidation per-
meability tests under different consolidation stress ratio Kc
and different stress history were carried out. Moreover, a
model for predicting the permeability coefficient of the satu-
rated clay in Luochuan, Shaanxi, was recommended by com-
paring several models. The following conclusions can be
drawn:

(1) The permeability coefficient and void ratio of nor-
mally and overconsolidation saturated clay
decreased with the increase of Kc, and the amount
of sample’s compression increased with the
increase of Kc. When Kc = 1, 1.3, and 1.5, the cor-
responding amounts of sample’s final compression
of normally consolidated soil were 4.43, 5.52, and
7.17mm, and those of overconsolidated soil were
3.53, 3.92, and 4.57mm

(2) Fitting the difference σdv between the consolidation
pressure σ and the soil self-weight stress σcz with
the amount of final sample’s compression sf , it was
concluded that the stress difference σdv between the
consolidation pressure and the self-weight stress of
the soil layer and the amount of final compression
under each consolidation pressure had a good linear
relationship. After knowing the self-weight stress of
the soil, the amount of final sample’s compression
can be predicted more accurately, which had an
important application value for the engineering

(3) The compressibility and permeability of the soil in
the overconsolidation stage are much smaller than
that in the normally consolidation state under the
same consolidation stress ratio but different consoli-
dation states. Meanwhile, the amount of compression
of overconsolidated saturated clay was less than that
of normally consolidated saturated clay during the
same consolidation time; that is, the amount of final
sample’s compression of overconsolidated soil was
3.53mm, while that of normally consolidated soil
was 4.43mm under the condition of Kc = 1

(4) The permeability coefficient of Luochuan saturated clay
in Shaanxi was predicted using the modified Darcy’s
permeability coefficient equation, the modified
Kozeny-Carman’s permeability coefficient equation,
the Stokes flow permeability coefficient equation, and
the consolidation degree permeability equation. The
results showed that the calculated permeability coeffi-
cient of the modified Kozeny-Carman’s permeability
coefficient equation was in good agreement with the
measured value. Therefore, it was recommended to
use the modified Kozeny-Carman’s equation to predict
the permeability coefficient of Luochuan saturated clay
during one-dimensional consolidation

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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Solid backfill coal mining (SBCM) is a green mining technology which can effectively alleviate the environmental problems induced
by traditional coal mining techniques, such as surface subsidence, water resources loss, coal gangue occupation, and pollution. In
this study, a multilayer Winkler foundation beam model for the overburden key strata is proposed, and the model with two key
strata is solved. The subsidence, rotating angle, inner force, and stress of the overburden key strata are systematically analyzed
under various backfill elastic modulus, mining height, and soft layer thickness. The results show that the subsidence of the key
strata exhibit “basin”-shape curves, and the backfill elastic modulus, mining height, and the thickness of the soft strata have
significant influences on the subsidence of the key strata. The shear stress, horizontal stress, and vertical stress of key stratum
can be effectively reduced by increasing the backfill elastic modulus. The increase of mining height has little influence on the
stress of key stratum that close to the coal seam (key stratum #1), but has a significant effect on the stress of key stratum
that above the soft layers (key stratum #2). On the contrary, the effect of increasing soft layer thickness on the stress of key
stratum is opposite to that of increasing mining height. In addition, the shear failure of key stratum #1 at mining boundary
and the tensile failures on both sides of mining boundary should be preferentially considered in SBCM engineering design.
Due to the low shear stress level of key stratum #2, the tensile failure on both sides of the mining boundary should be
mainly considered.

1. Introduction

Solid backfill coal mining (SBCM) is a coal mining technol-
ogy in which underground coal resources are replaced by
backfill [1, 2]. The backfill normally consists of industrial
wastes, such as coal gangue and fly ash [3–5]. In this respect,
SBCM can effectively alleviate the environmental problems
caused by gangue discharge in coal mining, including occu-
pying the ground and spontaneous combustion [6–9].
Besides, SBCM can improve the mining rate efficiently, espe-
cially for mining the coal resources under the surface water
bodies, buildings, and railways (roads) [1]. In addition, com-
pared with the traditional underground coal mining technol-

ogy, the backfill can support the overburden strata in SBCM,
which can effectively reduce a series of problems caused by
overburden strata deformation and failure, such as surface
subsidence [10, 11] and water resources loss [12–16]. There-
fore, it is of great significance to study the deformation and
stress distribution of overburden strata for SBCM engineering.

The research on SBCM mainly focuses on the backfill
material and the overburden control. At present, the
mechanical properties, components, and particle sizes of
backfill materials have relatively systematic research results
[17–21]. However, to the best of our knowledge, there are
few theoretical and numerical modeling studies on the
overburden strata control.
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For the numerical simulation studies, Zha et al. studied
the characteristics of overburden deformation and move-
ment by the numerical simulation [22]; Huang et al. analyzed
the effect of compaction rates of backfill on controlling
movement of overburden and surface subsidence by UDEC
[23]; Li et al. proposed a backfill material model that con-
siders the coefficient of horizontal pressure and numerically
simulated the overburden movement deformation character-
istics by Flac3D [24]. However, the above works only focus on
the characteristics of overburden movement and deforma-
tion without considering the stress distribution and failure
of the overburden key strata. Zhang et al. proposed a negative
exponential function model of backfill materials and simu-
lated the deformation and stress distribution of overburden
of SBCM by the software of Abaqus [25]. However, this work
did not pay attention to the stress distribution of overburden
key strata.

For the theory studies, Miao et al. proposed an equivalent
mining height theory, which assumes that the actual mining
height of SBCM can be equivalent to the deformation of back-
fill [2]. Based on this theory, the Winkler foundation beam
model of the upper roof was established, and the analytical
solution of the subsidence and internal force of the old roof
were obtained. Similar to the work of Miao et al., Chen et al.
proposed a beammodel for elastic foundation of roof and sys-
tematically analyzed the influences of mining depth and back-
fill foundation coefficient on roof subsidence [26]. In addition,
Li et al. simplified the basic roof into a thin plate, proposed a
thin plate model for the overburden key strata of SBCM, and
systematically analyzed the influence of compaction rate of
backfill on deformation of overburden key strata [27]. The
above theoretical models only consider the key stratum close
to the coal seam, and the load on the key stratum is simplified
to uniformly distribute; however, in practical SBCM engineer-
ing, there are usually several key strata, and their deformations
are not necessarily uniform subsidence, resulting in compli-
cated load distribution on the key stratum. Consequently,
the previous theory models cannot capture the stress and
deformation of the key strata appropriately. In addition, the
previous studies mainly focus on the deformation of overbur-
den, but it is necessary to grasp the fracture cases of the key
stratum such as the key stratum for water retention in over-
burden. Therefore, the stress distribution of key stratum, in
overburden, should also be systematically studied.

In this study, a multilayer beammodel of SBCM based on
Winkler foundation theory is established, and the case with 2
key strata is solved. The subsidence, internal forces, stresses
distribution, and failure characteristics of key strata are sys-
tematically analyzed under various elastic modulus of back-
fill, mining heights, and thicknesses of soft layers.

2. Mechanical Mole of Overburden
Strata in SBCM

In longwall mining, the overburden strata movement and
deformation along tilt direction of the working face are the
same, except both ends of working face. Therefore, the over-
burden strata mechanical model in the central stope can be
simplified to a plane strain problem, shown as Figure 1.

Using the filled mining technology to replace the coal
resources with filled materials which has adequate filling rate
and compaction, the movement of overburden only induces
slight bending deformation. Consequently, the overburden
under solid filling mining only has continuous deformation,
rather than discontinuous deformations such as the fracture
of rock stratum and the development of fracture zone above
the stope. That is, the theory of continuum mechanics can be
employed to study the overburden deformation and land
subsidence induced by solid filling mining.

To study the deformation characteristics of the overbur-
den in longwall mining, the overburden structure can be sim-
plified to a laminated beam on elastic foundation, shown in
Figure 2(a). Moreover, based on the symmetry, only half of
the model is considered, shown in Figure 2(b). The boundary
condition of the model is that the horizontal displacement of
left side is fixed, and both the horizontal and vertical dis-
placement of the infinity at right side are fixed. For the case
that the depth of coal seam is relatively shallow, it is more
probably to have only one key stratum in the overburden.
Because of this, the simplified single-layer beam on elastic
foundation model, which is easily to be solved through the
basic beam theory, could be used to study the overburden
deformation. However, the above single beam model is inap-
plicable for the cases that the overburden has more than one
key stratum. Therefore, a new elastic foundation beammodel
including more than one beams should be developed. Based
on the key stratum theory, the overburden can be classified
as key stratum and soft layer. In the model shown in
Figure 2, the soft layer can be simplified to elastic foundation
because of the small deformation in SBCM. Consequently,
the model in Figure 2 can be further simplified to a multilayer
Winkler foundation beam model, shown in Figure 3. In this
model, all of the overburden key strata are simplified to
beams, and the backfill, coal, and soft layer are simplified to
elastic foundation. K1‐Kn denote the elastic foundation coef-
ficients of soft layer 1 to n, K11 and K12 represent the elastic
foundation coefficients of backfill and coal, respectively.

3. Model Solution

3.1. Double-Layer Winkler Foundation Beam Model. Based
on the model in Figure 3, a double-layer Winkler foundation
beam model is established, shown in Figure 4. In this model,
the two key strata are simplified to beams, while the backfill,
coal, and soft layer are simplified to elastic foundation. K11,
K12, and K2 are the elastic foundation coefficients of backfill,
coal, and soft layer, respectively. q is the weight of the rock
and topsoil layers. In the actual geological conditions, the soft
layer normally consists of several soft strata, resulting in that
K2 is an equivalent parameter, which could be calculated as
follows:

k2 =
∑i

1kihi
∑i

1hi
, ð1Þ

where ki and hi are the foundation coefficient and thick-
ness of layer i in the soft layers, respectively.
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According to the multilayer beam model on Winkler
foundation, the foundation coefficient K has a significant
influence on overburden deformation, so it is necessary to
solve the Winkler elastic foundation coefficient. According
to the Winkler hypothesis, the elastic foundation coefficient
of rock stratum can be calculated as follows:

k = E
h
, ð2Þ

where E is the elastic modulus of the rock strata.

In Winkler foundation beam theory, the deflection at
any point on the foundation surface is proportional to the
pressure on the unit area of the point.

P xð Þ = k ⋅ ω xð Þ, ð3Þ

where PðxÞ is the support force of the foundation to the
beam and wðxÞ is the deflection equation of the beam. The
relation between wðxÞ, load, and PðxÞ is

q

......

......

S1

Sk

Sn
Coal CoalBackfill

(a)

......

......
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q

CoalBackfill

(b)

Figure 2: Continuous beam model of solid close pack mining.

Figure 3: Multilayer Winkler foundation beam model of overburden in filled mining.

Surface soil layer

Key stratum

Soft stratum

Hard stratum

Soft stratum

Hard stratum
Immediate roof

Coal CoalBackfill
Coal floor

Figure 1: Schematic diagram of overburden rock deformation behavior of solid filling mining.
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EI
d4ω

dx4
= q xð Þ − p xð Þ: ð4Þ

Here, qðxÞ and EI are the load concentration and flexural
rigidity of the beam, respectively. According to Eq. (4), the
governing equation of the double-layer Winkler foundation
beam model can be obtained as follows:

E1I1
d4ω11
dx4

+ k11 ⋅ ω11 = k2 ω21 − ω11ð Þ + q1 + qsoft 0 ≤ x < L1

(
, ð5Þ

E2I2
d4ω21
dx4

+ k2 ⋅ ω21 − ω11ð Þ = q + q2 0 ≤ x < L1

(
, ð6Þ

E1I1
d4ω12
dx4

+ k12 ⋅w12 = k2 ω22 − ω12ð Þ + q1 + qsoft L1 ≤ x ≤
L
2

(
, ð7Þ

E2I2
d4ω22
dx4

+ k2 ⋅ ω22 − ω12ð Þ = q + q2 L1 ≤ x ≤
L
2

(
, ð8Þ

where ωijðxÞ is the deflection equation of key stratum i, sub-
script j = 1 represents the part of the key stratum above the
stope, and j = 2 represents the part of the key stratum above
the unmined coal seam. q1, q2, and qsoft are the weight of key
stratum #1, key stratum #2, and soft layer, respectively,
which determined by equationsq1 = ρ1gh1, q2 = ρ2gh2, and
qsoft = ρsoftghsoft, in which ρ and h are the densities and
thicknesses of the rock strata. By adding Eqs. (5) and (6), it
can be obtained that

E1I1
d4ω11
dx4

+ E2I2
d4ω21
dx4

+ k11 ⋅ ω11 = qpl, ð9Þ

where qpl = q + q1 + q2 + qsoft. The fourth derivative of
both sides of Eq. (5) with respect to x can be obtained as
follows:

E2I2
d4ω21
dx4

= E1I1E2I2
k2

d8ω11
dx8

+ k11 + k2
k2

⋅ E2I2 ⋅
d4ω11
dx4

:

ð10Þ

Substitute Eq. (10) into Eq. (9).

A
d8ω11
dx8

+ B
d4ω11
dx4

+ k11 ⋅w11 = qpl,

A = E1I1E2I2
k2

,

B = k11 + k2
k2

⋅ E2I2 + E1I1

� �
:

8>>>>>>>><
>>>>>>>>:

ð11Þ

The above equation is an 8-order linear inhomogeneous
differential equation with constant coefficients, of which the
solution is the general solution of secondary differential
equation plus a particular solution of the inhomogeneous
equation. For the secondary differential equation of Eq.
(11), its characteristic equation is as follows:

A ⋅ r8 + B ⋅ r4 + k11 = 0: ð12Þ

The above equation can be converted to

r4 + B
2A

� �2
=M,

M = B2

4A2 −
k11
A

:

8>>><
>>>:

ð13Þ

Substituting A and B in Eq. (11) into Eq. (13), it is easy to
get M > 0; then,

r4 = ±
ffiffiffiffiffi
M

p
−

B
2A , ð14Þ

It is obvious that
ffiffiffiffiffi
M

p
− B/2A < 0, the solution of the

characteristic (Eq. (13)) can be obtained as follows:

r1 =
ffiffiffi
2

p

2
B
2A −

ffiffiffiffiffi
M

p� �1/4
+

ffiffiffi
2

p

2
B
2A −

ffiffiffiffiffi
M

p� �1/4
⋅ i,

r2 = −
ffiffiffi
2

p

2
B
2A −

ffiffiffiffiffi
M

p� �1/4
−

ffiffiffi
2

p

2
B
2A −

ffiffiffiffiffi
M

p� �1/4
⋅ i,

r3 = −
ffiffiffi
2

p

2
B
2A −

ffiffiffiffiffi
M

p� �1/4
+

ffiffiffi
2

p

2
B
2A −

ffiffiffiffiffi
M

p� �1/4
⋅ i,

r4 =
ffiffiffi
2

p

2
B
2A −

ffiffiffiffiffi
M

p� �1/4
−

ffiffiffi
2

p

2
B
2A −

ffiffiffiffiffi
M

p� �1/4
⋅ i,

r5 =
ffiffiffi
2

p

2
B
2A +

ffiffiffiffiffi
M

p� �1/4
+

ffiffiffi
2

p

2
B
2A +

ffiffiffiffiffi
M

p� �1/4
⋅ i,

r6 = −
ffiffiffi
2

p

2
B
2A +

ffiffiffiffiffi
M

p� �1/4
−

ffiffiffi
2

p

2
B
2A +

ffiffiffiffiffi
M

p� �1/4
⋅ i,

r7 = −
ffiffiffi
2

p

2
B
2A +

ffiffiffiffiffi
M

p� �1/4
+

ffiffiffi
2

p

2
B
2A +

ffiffiffiffiffi
M

p� �1/4
⋅ i,

r8 =
ffiffiffi
2

p

2
B
2A +

ffiffiffiffiffi
M

p� �1/4
−

ffiffiffi
2

p

2
B
2A +

ffiffiffiffiffi
M

p� �1/4
⋅ i:

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð15Þ
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Figure 4: Double-layer Winkler foundation beam model.
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The real and imaginary part of Eq. (15) are denoted as
reali and imagi, respectively, and combining with the Euler
formula, the solution of Eq. (11) is as follows:

ω11 xð Þ = 〠
3

i=0
C2i+1e

real2i+1x cos imag2i+1 ⋅ xð Þ
�

+ C2i+2e
real2i+2x sin −imag2i+2 ⋅ xð Þ

�
+

qpl
k11

,
ð16Þ

where qpl/k11 is a particular solution of Eq. (11). Based
on the relation between ω11 and ω21 in Eq. (5), ω21 can be
expressed as follows:

ω21 =
E1I1
k2

d4ω11
dx4

+ k11 + k2
k2

ω11 −
q1 + qsoft

k2
: ð17Þ

Equation (16) and Eq. (17) are the deflection equations
of the part of key strata #1 and #2 above the goaf. In the
same way, ω12 and ω22 can also be obtained.

ω12 xð Þ = 〠
7

i=4
C2i+1e

real2i+1x cos imag2i+1 ⋅ xð Þ
�

+ C2i+2e
real2i+2x sin −imag2i+2 ⋅ xð Þ

�
+

qpl
k12

,
ð18Þ

ω22 =
E1I1
k2

d4ω12
dx4

+ k12 + k2
k2

ω12 −
q1 + qsoft

k2
: ð19Þ

Equations (16)–(19) are the analytical solutions of the
double-layer Winkler foundation beam model for solid
backfill coal mining, but there are still 16 integral constants
to be determined. Firstly, according to the boundary condi-
tion, the key strata at the infinitely far from stope are not
affected by mining, and its bending moment and rotating
angle are zero.

M12 xð Þ→ 0,
θ12 xð Þ→ 0,
M22 xð Þ→ 0,
θ22 xð Þ→ 0,
x→∞:

8>>>>>>>><
>>>>>>>>:

ð20Þ

Combined with Eqs. (15), (18), and (19), it can be easily
obtained that C9 = C12 = C13 = C16 = 0. In addition, the
rotating angle and shearing force are 0 when x = 0, and the
deflection, rotating angle, bending moment, and shearing
force are continuous when x = L1; then,

Q11 0ð Þ = 0,
θ11 0ð Þ = 0,
Q21 0ð Þ = 0,
θ21 0ð Þ = 0,
x = 0,

8>>>>>>>><
>>>>>>>>:

ω11 L1ð Þ = ω12 L1ð Þ,
θ11 L1ð Þ = θ12 L1ð Þ,
M11 L1ð Þ =M12 L1ð Þ,
Q11 L1ð Þ =Q12 L1ð Þ,
x = L1,

8>>>>>>>><
>>>>>>>>:

ω21 L1ð Þ = ω22 L1ð Þ,
θ21 L1ð Þ = θ22 L1ð Þ,
M21 L1ð Þ =M22 L1ð Þ,
Q21 L1ð Þ =Q22 L1ð Þ,
x = L1,

8>>>>>>>><
>>>>>>>>:

ð21Þ

where θ, M, and Q are the rotating angle, bending
moment, and shearing force of the key strata, respectively,
and the relations of them with deflection are as follows:

θ xð Þ = dω xð Þ
dx

,

M xð Þ = −EI
d2ω xð Þ
dx2

,

Q xð Þ = −EI
d3ω xð Þ
dx3

:

8>>>>>>>><
>>>>>>>>:

ð22Þ

Based on the above equations, Eq. (21) can be used to
obtain the linear system of equations with respect to the
remaining 12 integral constants. Furthermore, the expres-
sions for ω1ðxÞ and ω2ðxÞ can be obtained. The details of
expressions are not listed here since they are too long.

3.2. n-Layer Winkler Foundation BeamModel. For the multi-
layer Winkler foundation beam model that with n key strata
in SBCM, the governing equation can be easily obtained
according to Eqs. (5)–(8).

E1I1
d4ω11
dx4

+ k11 ⋅ ω11 = k2 ω21 − ω11ð Þ + q1 + qsoft1 0 ≤ x < L1,

E2I2
d4ω21
dx4

+ k2 ⋅ ω21 − ω11ð Þ = k3 ⋅ ω31 − ω21ð Þ + q2 + qsoft2 0 ≤ x < L1,
⋯⋯

EiIi
d4ωi1
dx4

+ ki ⋅ ωi1 − ω i−1ð Þ1
� �

= k i+1ð Þ ⋅ ω i+1ð Þ1 − ωi1
� �

+ qi + qsofti 0 ≤ x < L1,
⋯⋯

EnIn
d4ωn1
dx4

+ kn ⋅ ωn1 − ω n−1ð Þ1
� �

= q + qn 0 ≤ x < L1,

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:
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E1I1
d4ω12
dx4

+ k12 ⋅ ω12 = k2 ω22 − ω12ð Þ + q1 + qsoft1 L1 ≤ x < L
2 ,

E2I2
d4ω22
dx4

+ k2 ⋅ ω22 − ω12ð Þ = k3 ⋅ ω32 − ω22ð Þ + q2 + qsoft2 L1 ≤ x < L
2 ,

⋯⋯

EiIi
d4ωi2
dx4

+ ki ⋅ ωi2 − ω i−1ð Þ2
� �

= k i+1ð Þ ⋅ ω i+1ð Þ2 − ωi2
� �

+ qi + qsofti L1 ≤ x < L
2 ,

⋯⋯

EnIn
d4ωn2
dx4

+ kn ⋅ ωn2 − ω n−1ð Þ2
� �

= q + qn L1 ≤ x < L
2 :

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

ð23Þ

By solving the double-layer Winkler foundation beam
model, it is concluded that the key process is to get the solu-
tion of 8-order differential equation. For a three-layer beam,
the order of the differential equation will increase to 12. The
increase in number of layers will increase the order of the
equations, resulting that is difficult to get the analytical
expression of the key strata deformation of overburden. In
order to solve the above equations, the corresponding pro-
gram should be compiled with the help of mathematical cal-
culation software and the numerical method should be
applied.

4. Result and Discussion

According to the solution of the double-layer Winkler foun-
dation beam model, the deformation, stress and inner force
of the key strata are systematically analyzed under various
elastic modulus Efill, mining height h, soft layer thickness hs
, the calculation parameters, and schemes are shown in
Tables 1 and 2. Based on the mechanical properties of backfill
[3, 6, 20], the Efill is determined as 80-160MPa.

4.1. Deformation of the Key Strata. Figures 5 and 6 show the
curves of key strata subsidence w and rotating angle θ with
the distance to the middle of the stope (x) under various elas-
tic modulus of backfill, mining heights, and thicknesses of
soft layers. It can be seen that the subsidence curves of over-
burden key strata under all cases exhibit the “basin” shaped,
which remains almost unchanged in a large range in the mid-
dle of stope, but decreases sharply near the BL (boundary line
of the stope, Figure 4). This characteristic reflects that its

rotating angle firstly rises and then falls with the increase of
distance x from the middle of stope.

With the increase of the elastic modulus of backfill, the
peak value of subsidence of key stratum #1 decreases signifi-
cantly. The range of subsidence curve “basin” gradually
increases, while the horizontal scope of rotating angle that
dramatically rises decreases, indicating that the role of filling
material on supporting key stratum #1 is gradual significant.
However, with the increase of the elastic modulus of the
backfill, the increase of the “basin” range of the key stratum
#2 is not significant, and its rotation-angle starts to increase
at x = 110munder all of the Efill. It is indicated that the elastic
modulus of the backfill only has a great influence on the
bending deformation of the key stratum #2, while slight
influence on the location of bending.

With an increase in mining height, the subsidence of the
key strata increase gradually. While the “basin” area
decreases gradually, and the range of rotating angle increases
gradually, which indicates that the greater the mining height
is, the more significant the bending deformation of the over-
burden key stratum is. With the increase of the thickness of
the soft layers, both the subsidence and “basin” range of
key stratum #1 gradually rise, and the range of the rotating
angle also increases. However, the above characteristic of
key stratum #2 is opposite to that of key stratum #1. In addi-
tion, by comparing the subsidence curves of key strata #1 and
#2, it can be seen that the subsidence of the two strata is
almost the same in a larger range in the middle of the stope,
indicating that the subsidence in this range is caused by the
compressive deformation of backfill and the vertical down-
ward movement only occurs in the 2 key strata and the soft
layers.

4.2. Internal Force of Overburden Key Strata. Figure 7 shows
the bending moment curves of key strata with the distance to
the middle of the stope under various elastic modulus of
backfill, mining height, and thickness of soft layers, where
points A and B represent the location of which bending
moment is 0 in key strata #1 and #2, respectively. As can be
seen that the bending moment curve shapes of the two key
strata are analogical, the bending moment is almost 0 in the
location of the key strata that far from the BL while the

Table 1: The calculation parameters.

q/MPa h1/m h2/m ρ1/Kg/m
3 ρ2/Kg/m

3 ρsoft/Kg/m
3 E1/GPa E2/GPa Ecoal/GPa Esoft/GPa L/m L1/m

1.0 10 20 2500 2500 2000 6.0 6.0 1.0 2.0 800 200

Table 2: The calculation schemes.

Scheme #1 Scheme #2 Scheme #3
Efill/MPa h/m hs/m Efill/MPa h/m hs/m Efill/MPa h/m hs/m

80

3.0 50 100

3.0

50 100 3.0

20

100 3.5 40

120 4.0 60

140 4.5 80

160 5.0 100
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bending moment increases or decreases sharply at both sides
of BL. Bending moments of the key strata at left of point A
(or B) is negative, indicating that the horizontal deformation
is extension in the upper part and compression in lower part,
while the right of point A (or B) is opposite. Moreover, the
maximum of negative bending moment is located at the left
of BL, while the peak of positive bending moment is located
on the right. Furthermore, with the increase of Efill and the
decrease of h and hs, the peak of bending moment decreases.

The Efill and hs have a significant effect on the bending
moment, which is relatively slightly influenced by h.

Figure 8 shows the shear force curves of key strata with
the distance to the middle of the stope under various elastic
modulus of backfill, mining height, and thickness of soft
layers. It can be seen that the shear force distributions of
the two key strata are obvious different. For the key stratum
#1, the shear force peak locates at BL, where the shear force
has a sudden change, caused by the concentration force at
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Figure 6: The curves of key strata rotating angle with the distance to the middle of the stope under various (a) elastic modulus of backfill, (b)
mining height, and (c) thickness of soft layers.
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Figure 5: The curves of key strata subsidence with the distance to the middle of the stope under various (a, d) elastic modulus of backfill, (b, e)
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the location of x = 200 due to greater stiffness difference
between backfill and coal. For the key stratum #2, the shear
force peak is located to the left of BL, which is significantly
lower than that of key stratum #1. Moreover, with the increase
of the elastic modulus of the backfill, the shear force peak of
the two key strata decreases. When Efill increases from
60MPa to 140MPa, the shear force peak of the key stratum
#1 decreases by 38.5% and #2 decreases by 52.4%. Therefore,
it is effective to prevent the shear fracture of the key strata by
increasing the elastic modulus of the backfill. In addition,
with the increase of the thickness of the soft layer, the shear
force of key stratum #2 decreases gradually, but the shear
peak of key stratum #1 increases significantly. Consequently,
it should be fully considered in engineering design that the
thickness of the soft layer is significant on the shear failure
of key stratum #1. Besides, mining height has little influence
on the shear force of key stratum #1, and the shear peak of
key stratum #2 changes moderately.

4.3. Stress of Overburden Key Strata. For rectangular beam,
bending moment and maximum normal stress, shear force,
and maximum shear stress have the following relations:

σmax =
M
W

,

τmax =
3Fs

2A ,

8>><
>>: ð24Þ

where W and A are the section modulus in bending and
section area, respectively. According to the above equations,

it is easy to obtain the absolute value of maximum horizontal
stress and shear stress distribution of the two key strata,
shown in Figures 9 and 10. It can be seen that distributions
of the horizontal stress in the two key strata are similar,
and the maximum values are located on the right of BL.
Therefore, in the engineering design of solid backfill mining,
the key strata tensile fracture at right of BL should be prefer-
entially considered, because of the lower tensile strength of
the rock material. For the maximum shear stress, the position
of key stratum #1 is located on BL, while the position of key
stratum #2 is located on the left of BL. Consequently, the
shear strength of these two positions should attract more
attentions in the design of solid backfill mining. In addition,
with the increase of the elastic modulus of the backfill, the
maximum horizontal stress and shear stress of the two key
strata decrease significantly, indicating that improving the
compaction of the backfill can effectively prevent the fracture
of the key strata. However, with the increase of mining
height, the maximum horizontal stress and shear stress of
key stratum #1 change slightly, but the ones of key strata
#2 increase significantly, and this characteristic denotes that
special attention should be paid to the fracture of key stra-
tum #2 in large mining height backfill engineering. Besides,
with the increase of the thickness of the soft layer, the peak
value of the horizontal stress and the shear stress of the
key stratum #1 increase significantly, while the peak value
of key stratum #2 slightly decreases. Therefore, it should
attract more attentions to the fracture of the key stratum
#1 with larger thickness of the soft layer in the engineering
geological condition.
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Figure 9: The shear stress distribution of key strata with the distance to the middle of the stope under various (a, d) elastic modulus of backfill,
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The vertical stress distribution is also an important aspect
to analyze the damage of underground coal mining. For the
Winkler foundation beam, the upper surface is subjected to
vertical downward distributed load, while the lower surface
is subjected to vertical upward distributed load due to the
support of the foundation. Therefore, the foundation beam
is generally under compressive stress in the vertical direction.
In order to analyze the vertical stress distribution character-
istics of the beam, a microelement dx in the beam is taken
into account. The microelement is cut by a cross section that
is perpendicular to y direction, and the part of the microele-
ment above the cross section is taken as a research object, of

which the force analysis diagram is shown in Figure 11.
According to the equilibrium conditions, the following
equation can be obtained.

b ⋅ q xð Þdx + bσydx +
ðy
−h/2

b ⋅ τ yð Þ + dτ yð Þ½ �dy =
ðy
−h/2

b ⋅ τ yð Þdy:

ð25Þ

Based on the distribution characteristics of shear stress in
the beam section in bending, it can be obtained that

y

dx

𝜎y (x)

q(x)

𝜏 (y) 𝜏 (y)+d𝜏 (y)

q(x)

p(x)

dxx

xo

h/2

h/2
y

Top

Bottom

Middle

Figure 11: Force analysis diagram of beam microelement.
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ðy
−h/2

dτ yð Þdy =
ðy
−h/2

dFs

2Iz
h2

4 − y2
 !

dy =D ⋅ dFs,

D = 1
2Iz

−
1
3 y

3 + 1
4 h

2y + 1
12 h

3
� �

:

8>>>><
>>>>:

ð26Þ

Combining Eqs. (25) and (26), the vertical stress can be
expressed as follows:

σy = −D
dFs
dx

− q xð Þ: ð27Þ

According to Eqs. (5), (7), and (22), the vertical stress can
be expressed withpðxÞ, qðxÞ, and y.

σy = −D p xð Þ − q xð Þ½ � − q xð Þ: ð28Þ

Equation (28) is the vertical stress expression of beam on
Winkler foundation. Based on the Eq. (30), the vertical
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stresses of key strata #1 and #2 under various Efill, h, and hs
can be easily obtained, of which the distribution is shown
in Figures 12 and 13.

For key stratum #1, it can be seen that the maximum and
minimum values of vertical stresses are located on both sides
of BL, and the vertical stress of key stratum #1 changes sharply
at this location because of the sudden change in shear force.
For key stratum #2, differing from key stratum #1, there is no
mutation value. The maximum vertical stress is located on
the right of BL. In addition, the vertical stress peak of key stra-

tum #1 is significantly greater than that of key stratum #2.
With the increase of the elastic modulus of the backfill, the ver-
tical stress peaks, located on the bottom, of the two key strata
decrease significantly. With the increase in mining height, the
peak of vertical stress in key stratum #1 almost unchanged,
while the one of key stratum #2 gradually increases. With the
increase of thickness of soft layer, the vertical stress of both
key strata increases. Within the scope of the model, the
increase in the load on the top of key strata #1 results in
increasing the support force from soft layer to key stratum #2.
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5. Strength Analysis of Overburden Key Strata

Generally, rock material is typical brittle material, of which
failure forms include tensile failure and shear failure. Tensile
failure is generally determined by the maximum tensile stress
criterion, while shear failure is determined by the More-
Coulomb model. According to the horizontal stress and
shear stress distribution of the key strata, their maximum
values are distributed in different locations. Besides, stresses
of different locations on the same cross section are also differ-
ent on the basis of the stress distribution of rectangular sec-
tion beam under transverse bending. Consequently, it is
necessary to study the stress state in different locations of
the cross section which has the maximum tensile stress and
shear stress for further analyzing the strength of the key
strata. Figure 14 shows the section positions of the maximum

tensile stress and shear stress of the two key strata. Where
points a, b, and c represent the top, middle, and bottom of
the beam at the same section, respectively. According to
the stress distribution characteristics of the key strata, the
horizontal stress, shear stress characteristics, and stress states
of each section are shown in Figure 15. It can be seen that
the most dangerous point in the S1-S1 section of the key
stratum #1 is point b, because the horizontal tensile stress
is low at point c of S1-S1 section. The horizontal stress of
point b in section S1-S1 is 0, which is mainly affected by
shear stress and vertical stress. According to the More-
Coulomb criterion, the τmax should meet the following
requirements:

τmax ≤
c
n
= c½ �, ð29Þ
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where c is the cohesive force of the key stratum material,
n is the safety factor, and ½c� is the allowable cohesive force.
In addition, the dangerous location of section T1-T1 is at the
point c, and its strength should meet the maximum tensile
stress criterion.

σmax ≤
σt
n

= σt½ �, ð30Þ

where σt is the tensile strength of the key stratum mate-
rial and ½σt� is the allowable tensile stress. For key stratum
#2, its strength condition is the same with that of key stra-
tum #1 according to its stress distribution and state.

To summarize, the strength condition of key strata in
solid backfill mining is as follows:

τmax ≤
c
n
= c½ �,

σmax ≤
σt

n
= σt½ �:

8><
>: ð31Þ

6. Conclusion

(1) A multilayer Winkler foundation beam model of the
overburden strata in SBCM is established, and its
analytical solution is obtained. According to the the-
oretical analysis results, the subsidence of key strata
in overburden shows a “basin”-shape curve, and all
of the backfill elastic modulus, mining height, and
soft layer thickness have significant influences on
the subsidence of key strata

(2) The maximum shear stress of the key stratum close to
the coal seam is located on BL, while the one of the
key stratum above the soft strata is located on the
cross section that horizontal position of which is on
the right of BL. The maximum horizontal stresses of
both key strata are located to the cross section that
horizontal position of which is on the right of BL

(3) The shear stress, horizontal stress, and vertical stress
of both the two key strata can be effectively reduced
by increasing the elastic modulus of backfill. The
increase of mining height has negligible influence
on the shear and vertical stresses of key stratum #1,
but has a significant influence on the all of the stresses
of key stratum #2. The increase of the soft layer thick-
ness has remarkable influence on the horizontal and
shear stress of key stratum #1, but has slight influence
on the stress of key stratum #2

(4) In the engineering design of SBCM, the shear failure
of key stratum #1 at BL and the tensile failures on
both sides of BL should be preferentially considered.
Due to the low shear stress level of key stratum #2,
the tensile failure on both sides of BL should be
mainly considered
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There are many karst collapse columns in coal seam roof in the southern coal field in China, which are different from those in coal
seam floor in the northern coal field, due to the stratum characteristics. The karst collapse column in coal seam roof tends to
reactivate and conduct water and induce the serious water inrush disaster, when the karst collapse column communicates with
the overlying aquifer. In order to reveal the evolution mechanism of water-conducting channel of collapse column in karst
mining area of southwest China, the aquifers and water inflow rule in 1908 working face in Qianjin coal mine are analyzed.
Besides, the particle size distribution and mineral component of collapse column are researched by the X-ray diffraction test and
the screening method, which are the basis for researching the water inrush mechanism in karst collapse column. On this basis,
the water inrush of roof collapse column under the influence of mining is researched by establishing the numerical calculation
model with the UDEC numerical software. The results show that the water flowing into the 1908 working face comes from the
Changxing formation aquifer and Yulongshan formation aquifer above the coal seam, and the proportion of coarse particles and
fine particles in collapse column is 89.86% and 10.14%, respectively. With the advance of working face, the water-conducting
channel connected the working face with the aquifer, or the surface is formed by collapse pits, karst caves, and collapse column.
The research results can be treated as an important basis for the water-preserved mining in southern coal field in China.

1. Introduction

Water inrush disaster is one of the major safety accidents in
coal mine. According to statistics, the direct economic loss
caused by water inrush disaster ranks first among all kinds
of coal mine accidents [1]. More precisely, the water inrush
of collapse column has the characteristics of concealment,
abruptness, large water inrush value, and high harm, which
is the hotspot and difficulty in the disaster-causing mechanism
of water inrush in coal mine [2]. The geological structure of
collapse column exists between the coal resource of Longtan
formation and the aquifer of overlying Changxing formation,
due to the overlap between late Permian coalfield and karst
area in south China, especially with Guizhou province as the
center, which is different from those in coal seam floor in
the northern coal field [3]. The karst collapse column in coal
seam roof tends to reactivate and conduct water in the mining

process of working face and induce the serious water inrush
disaster, when the karst collapse column communicates with
the overlying aquifer, which poses a serious threat to safety
production in coal mines [4]. For example, the water inrush
disasters of roof collapse column occurred in working face in
Qianjin coal mine and Xintian coal mine in Guizhou province,
which greatly affected the safety mining [5, 6]. Therefore, it is
of great significance to research the water-conducting channel
of collapse column in karst mining areas, in order to ensure
the safe mining of working face in southwest China.

The scholars at home and aboard have carried out lots of
research on the water-conducting channel of collapse column.
Wang et al. [7] conducted variable mass seepage experiments
for broken mudstone considering particle migration, by using
a modified variable mass seepage experiment system on bro-
ken rock and study the water inrush mechanism of karst col-
lapse column in different depths with coupled underground
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water pressure and compaction degree. Du et al. [8] studied
the influence mechanisms of porosity of porous medium, the
particle sizes of broken rock mass, and sand on water-sand
inrush disaster, by using the self-developed porous medium
two-phase water-sand flow testing system. Wu et al. [9]
designed an experimental system for testing the seepage prop-
erty of broken rock under the condition of mass loss and stud-
ied the effect of dissolution on the seepage property of broken
rock. Based on the imagination between column pipeline of
water inrush and thick wall canister, Yin et al. [10] generalized
the former as column pipelines of uniform patterns and simu-
lated with mechanical models of thick wall canisters. Song
et al. [11] derived the criteria equation of elliptical cross sec-
tion of thick cylinder collapse columns mechanical model in
water inrush mode and predicted water inrush by karst col-
lapse columns, by using complex function, elastic-plastic
mechanics, and related theories. Li et al. [12] carried out the
physical simulation experiment about mining effect on the
activated collapse column, by the self-designed similar simula-
tion experiment system, and observed the change laws of seep-
age field around collapse column and apparent resistivity.
Yang et al. [13] researched the water inrush due to karst col-
lapse columns, which is considered to be a coupled processes
that can be characterized with Darcy equation in confined
aquifer, Brinkman equation in fractured zone, and Navier-
Stokes’s equation in tunnel. Zhu et al. [14] established the for-
mulation of a damage-based hydromechanical model based
on elastic damage theory, by understanding the mechanism
of water inrushes controlled by geologic structures is of vital
importance for adopting effective measures to prevent their
occurrence. Yao et al. [15] presented a mechanical model for
water outburst of karst collapse pillar involving the processes
of solid deformation, water flow, particles erosion, and migra-
tion and obtained the variation of porosity, seepage velocity,
water pressure, and particle concentration as well as water
inflow volume as the time.

The above research results are focus on the water inrush
mechanism of collapse column in north China, where the
water resource is the Ordovician limestone aquifer in floor of
coal seam [16, 17]. However, the water resource of collapse
column in southwest China is the Yulongshan and Changxing
limestone aquifer in roof of coal seam, which is different from
the water inrush of collapse column in north China [18].
Besides, the particle size distribution and mineral component
of collapse column are not researched intensively, which are
the basis for the water inrush mechanism of karst collapse col-
umn [19]. The water-preserved mining in karst area in south-
west China has not researched. Therefore, the evolution
mechanism of water-conducting channel of collapse column
in karst mining area of southwest China is researched system-
atically, on the basis of the 1908 working face in Qianjin coal
mine in Guizhou province. The research results can be treated
as an important basis for the prevention and treatment of
water inrush disaster in southern coal field in China.

2. Overview of Trial Working Face

2.1. Mining Geological Condition. Karst landforms are well
developed in Qianjin coal mine, which is located at Meidong-

chang village, Jinpo township, Qianxi county, Bijie city, Gui-
zhou province, such as peak cluster, depression, dissolving
bucket, and karst cave [20, 21]. The 9# coal seam is the min-
ing coal seam, and the thickness is basically stable, with an
average thickness of 1.8m and an average buried depth of
245m. The trial engineering background is based on the
1908 working face in Qianjin coal mine. The strike length
of 1908 working face is 403m, and the cutting hole length
is 104m, and the dip angle of coal seam is 8~ 14°, and the
average dip angle is 10°. Because the dip angle of coal seam
is gentle, the longwall mining method is employed to mining
the coal seam, and the caving method is employed to manage
the roof. Atmospheric precipitation is mostly concentrated in
underground caves and underground rivers, while surface
water resources are scarce [22, 23]. A collapse column exists
at a distance of 235m from the working face to the cutting
hole. The length of long axis of the collapse column is 32m,
and the length of the short axis is 18m.

2.2. Hydrological Geological Condition. There are two lime-
stone aquifers exist above the 1908 working face, which are
Changxing formation aquifer near the coal seam and
Yulongshan formation aquifer far from the coal seam. The
Yulongshan formation aquifer is exposed in the central and
southern areas in the mine field, and the average limestone
thickness is 130m. Geomorphology is diversity, such as peak
cluster, depression, dissolve gully, stone bud, and dry karst
cave. Besides, the depression is accompanied by falling-
water holes, dissolving bucket, and vertical wells. Due to the
strong development of surface karst fissure and underground
karst pipeline, it is easy to collect a large amount of surface
precipitation, which turns into karst fissure water and inter-
layer karst pipeline water. The Changxing formation aquifer
is exposed in the north of the mine field, and the average
thickness of limestone is 7m. The limestone in outcrop area
is strongly weathered, and the karst fissure is developed,
which contains abundant karst fissure water. The gushing
water at the 1908 working face comes from the Changxing
formation aquifer and Yulongshan formation aquifer, con-
ducted by the activated karst collapse column. According to
the monitoring situation in 1908 working face in Qianjin
coal, a large amount of water flow occurs in the working face,
when the working face is 2m away from the collapse column.
Besides, the gushing water is affected by atmospheric precip-
itation. The water inflow in working face lags behind the
atmospheric precipitation, and the water inflow begins to
increase sharply in the rain after about two days.

3. Particle Distribution and Mineral
Component of Collapse Column

The collapse column is the geological structure composed of
fillings such as fine argillaceous and crushed rocks. The par-
ticle distribution and mineral component of collapse column
are the basis for researching the water inrush mechanism of
karst collapse column. The X-ray diffraction testing (XRD)
and the screening method are carried out in this article, and
the effect of particle distribution and mineral component
on the seepage characteristic of collapse column is obtained.
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3.1. Particle Distribution of Collapse Column. The dried par-
ticles of collapse column are screened by standard screens of
different pore sizes and divided into different groups accord-
ing to the particle size of standard screen diameters; then, the
percentages of particle groups in the total amount are
weighed and calculated. Specifically, a representative sample
of dried collapse column weighed 500 g is poured into the
standard screens. Then, vibrating the representative sample
by the standard screens of different pore sizes, which is
shown in Figure 1. Finally, the weight of particle remaining
on each screen is weighed, and the particle size distribution
of collapse column is obtained.

The particle size distribution of the collapse column is
obtained through the standard screening test. These particles
that cannot pass the minimum coarse screen (2mm) are
regarded as coarse particles (greater than 2mm), while those
that pass the minimum coarse screen are regarded as fine
particles (less than 2mm). The test result indicates that the
proportion of coarse particles and fine particles is 89.86%
and 10.14%, respectively. Besides, the particle size of 20-
40mm occupies the largest proportion (31.91%), followed
by the particle size of 10-20mm (21.08%). The mass loss of
fine particles in collapse column in seepage accelerates the
evolution and formation of water-conducting channel in
karst mining area.

3.2. Mineral Component of Collapse Column. XRD (X-ray
diffraction) is a diffraction pattern which is obtained by dif-
fraction of X-rays in crystals [24, 25]. The mineral compo-
nent of collapse column is measured by the X-ray
diffraction test (XRD), which is shown in Figure 2. The
XRD test result indicates that the content of illite is 68%,
and the content of quartz is 17%, and the content of pyrite
is 11%, and the total content of sphalerite, calcite, zincite,
and anatase is 4%. The collapse column contains a large pro-
portion of viscous minerals, such as illite, which are easy to
transport along with water migration, causing the porosity
expansion of collapse column, thereby triggering water
inrush disaster of karst collapse column.

4. Numerical Simulation of Water Inrush of
Roof Collapse Column

4.1. Numerical Calculation Model.UDEC (Universal Distinct
Element Code) is the numerical calculation program based
on the theory of discrete element method. The numerical cal-
culation model is established, with reference to mining geo-
logical conditions of 1908 working face, which is shown in
Figure 3. The length and the height of numerical model are
600m and 245m, respectively. Besides, the height of the col-
lapse column is 186m, and the upper boundary and lower
boundary of the collapse column is 10m and 30m, respec-
tively. There are two sinkholes in the surface and eight karst
caves in limestone strata. The mining height and the mining
depth of the coal seam are 2m and 240m, respectively.

The left and right boundary of the numerical calculation
model is the velocity boundary condition, which are fixed
horizontally, and the bottom boundary of the numerical cal-
culation model is fixed vertically. Besides, the left boundary,

right boundary, and bottom boundary of the numerical cal-
culation model are set as impermeable boundary, while the
top of the numerical calculation model is set as free perme-
able boundary. The water pressure of the aquifer in overlying
limestone strata is 0.25MPa. The mining step by step is
adopted, and the mining length is 400m. The material con-
stitutive model is More-Coulomb model, and the joint con-
stitutive model is coulomb slip model of surface contact.
Besides, the physical parameters of rock mass are shown in
Table 1, and the percolation mechanical parameters of joints
are shown in Table 2.

4.2. Result Analysis.When the 1908 working face is mining to
140m, the first weighting on the working face occurs. The
distribution characteristics of mining-induced fracture field
in overburden are shown in Figure 4, and the maximum
opening of the fracture in overburden is 23.41mm. The frac-
tures in the roof of the working face are concentrated at the
front and rear ends of the stope, and the fracture opening is
greater than 5mm. The fracture opening in floor is distrib-
uted at 0.1mm-1mm, and the fracture opening of the com-
pacted rock mass in gob is distributed at 1mm-5mm. The
first weighting on the working face has little effect on the col-
lapse column. The first weighting in working face is the initial
breakage of the basic roof, and the periodic weighting in
working face is the periodic breakage of the basic roof.

When the 1908 working face is mining to 280m, the dis-
tribution characteristics of mining-induced fracture field in
overburden is shown in Figure 5, and the maximum opening
of the fracture in overburden is 31.46mm. The fractures in
the roof of the working face are caused by periodic weighting
in overburden, which are concentrated at the front and rear
ends of the stope, and the fracture opening is greater than
5mm. The fracture opening in floor is distributed at
0.1mm-1mm, and the fracture opening of the compacted
rock mass in gob is distributed at 1mm-5mm.

The analysis of permeability characteristics of water-
conducting channel in overburden is based on the fractures
with the opening greater than 5mm, since fractures with an
opening greater than 5mm belong to good water-
conducting channels. From the transverse perspective, the
fracture opening of collapse pits and karst caves above gob
increases from 0.1mm-1mm to 1mm-5mm and greater

Figure 1: Vibration classification screen.
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than 5mm, and the collapse column is connected with the
collapse pit and karst cave through the mining-inducing frac-
tures in the surrounding rock. From the vertical perspective,
the collapse column is effected by the mining of working face,
and the fracture opening of collapse column close to the
working face increases from less than 0.1mm and 0.1mm-
1mm to 1mm-5mm and greater than 5mm. Therefore, the
water-conducting channel connected the surface with the
working surface is formed by collapse pits, karst caves, and
collapse column. The velocity diagram of water flow in the
water-conducting channel can be obtained, as shown in
Figure 6.

When the 1908 working face is mining to 300m, the
working face is in the center of collapse column. The distri-
bution characteristics of mining-induced fracture field in
overburden are shown in Figure 7, and the maximum open-
ing of the fracture in overburden is 23.64mm. The fractures
in the roof of the working face are concentrated at the front
and rear ends of the stope, and the fracture opening increases
from less than 0.1mm and 0.1mm-1mm to greater than
5mm. The fracture opening in floor of working face is dis-
tributed at 1mm-5mm, and the fracture opening in floor of
gob is distributed at 0.1mm-1mm. The fracture opening of
the compacted rock mass in gob is distributed at 1mm-

(a) The collected sample (b) The dried sample (c) The test sample

Figure 2: Mineral component of collapse column.

245m
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600m

Figure 3: Numerical calculation model.
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Table 1: The physical parameters of rock mass.

Rock strata h/m K/GPa G/GPa d/N·m-3 f/° C/MPa t/MPa

Limestone 138 26.6 21.9 2800 42 6.53 5.7

Kern stone 4 21.3 16.7 2650 38 4.23 3.23

Limestone 20 26.6 21.9 2800 42 6.53 5.7

Siltstone 6 18.5 16.2 2800 37 3.64 2.25

Silty mudstone 13 19.4 9.5 2840 33 2.65 2.1

Fine sandstone 7 20.7 17.8 2800 37 3.64 2.25

Silty mudstone 9 19.4 9.5 2840 33 2.65 2.1

Fine sandstone 30 7 20.7 17.8 2800 37 3.64

Silty mudstone 5 19.4 9.5 2840 33 2.65 2.1

Fine sandstone 6 20.7 17.8 2800 37 3.64 2.25

Coal seam 2 3.89 1.59 1600 40 1.50 1.2

Argillaceous siltstone 5 21.0 12.6 2770 35 3.15 2.31

Collapse column 186 1.30 0.50 1300 35 0.5 0.5

Table 2: The percolation mechanical parameters of joints.

Rock strata h/m jkn/GPa jks/GPa jfric/° jperm/Pa-1.s-1 ares/m azero/m

Limestone 138 8.06 6.39 10 246 0.003 0.02

Kern stone 4 7.46 6.18 11 198 0.003 0.02

Limestone 20 8.06 6.39 10 246 0.003 0.02

Siltstone 6 4.58 2.73 8 128 0.003 0.02

Silty mudstone 13 8.06 6.39 11 100 0.003 0.02

Fine sandstone 7 4.58 2.73 10 143 0.003 0.02

Silty mudstone 9 8.06 6.39 11 100 0.003 0.02

Fine sandstone 30 4.58 2.73 10 143 0.003 0.02

Silty mudstone 5 8.06 6.39 11 100 0.003 0.02

Fine sandstone 6 4.58 2.73 10 143 0.003 0.02

Coal seam 2 4.09 2.50 10 85 0.0003 0.003

Argillaceous siltstone 5 4.58 2.73 15 95 0.003 0.02

Collapse column 186 3.46 2.20 14 330 0.010 0.08

UDEC (Version 6.00)

cycle 31635
–3.000E+01 <x< 6.300E+02
–2.076E+02 <y< 4.524E+02
joint opening
max jnt opening = 2.341E–02

5.000E-03

1.000E-03

1.000E-04

Figure 4: The mining-induced fracture field (the mining distance is 140m).
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5mm and greater than 5mm. With the advance of the work-
ing face, the fracture opening of the basic roof formed by the
periodic weighting decreases from greater than 5mm to
1mm-5mm, due to the compaction effect.

When the 1908 working face is mining to 320m, the col-
lapse column lies behind the working face. The distribution
characteristics of mining-induced fracture field in overburden
are shown in Figure 8, and the maximum opening of the frac-

ture in overburden is 29.46mm. The fractures in the roof of
the working face are concentrated at the front and rear ends
of the stope, developed mostly in the area of collapse column.

The fracture opening at the lower end of collapse column
is greater than 5mm, and the fractures of karst cave on the
upper right of collapse column develop to the surface, con-
nected with the upper end of collapse column. The fracture
opening in floor of working face is distributed at 1mm-

UDEC (Version 6.00)

Cycle 163577
–3.000E+01 <x< 6.300E+02
–2.076E+02 <y< 4.524E+02
Joint opening
max jnt opening = 3.146E–02

5.000E-03

1.000E-03

1.000E-04

Figure 5: The mining-induced fracture field (the mining distance is 280m).

Cycle 163577
Time 5.954E+01 sec
block plot
flow directions

1.909E+03
3.818E+03
5.728E+03
7.637E+03
9.546E+03
1.146E+04
1.336E+04
1.527E+04
1.718E+04
1.909E+04
2.100E+04

Figure 6: The velocity diagram of water flow (the mining distance is 280m).
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5mm, and the fracture opening in floor of gob is distributed
at 0.1mm-1mm. The fracture opening of the compacted
rock mass in gob is distributed at 1mm-5mm and greater
than 5mm. With the advance of the working face, the frac-
ture opening of the basic roof formed by the periodic weight-
ing decreases from greater than 5mm to 1mm-5mm.

5. Conclusions

(1) The water flowing into the 1908 working face comes
from the Changxing formation aquifer and Yulong-
shan formation aquifer above the coal seam, con-
ducted by the activated karst collapse column.
Besides, the water inrush quantity is affected by
atmospheric precipitation, and the water inflow in
working face lags behind the atmospheric precipita-
tion; more precisely, the water inflow begins to
increase sharply in the rain after about two days

(2) The proportion of coarse particles and fine particles
in collapse column is 89.86% and 10.14%, respec-
tively. Besides, the particle size of 20-40mm occupies
the largest proportion (31.91%), followed by the par-
ticle size of 10-20mm (21.08%). Besides, the collapse
column contains a large proportion of viscous min-
erals, such as illite, which are easy to transport along
with water migration, triggering water inrush disaster
of karst collapse column

(3) When the working face is in the center of collapse
column, the maximum opening of the fracture is
23.64mm. Besides, the collapse column is effected
by the mining of working face, and the collapse col-
umn is connected with the collapse pit and karst cave
through the mining-inducing fractures. Therefore,
the water-conducting channel in overburden is
formed, containing collapse pits in surface, karst
caves, collapse column, and working face

UDEC (Version 6.00)

cycle 234966
–3.000E+01 <x< 6.300E+02
–2.076E+02 <y< 4.524E+02
joint opening
max jnt opening = 2.364E–02

5.000E-03

1.000E-03

1.000E-04

Figure 7: The mining-induced fracture field (the mining distance is 300m).

UDEC (Version 6.00)

cycle 300381
–3.000E+01 <x< 6.300E+02
–2.076E+02 <y< 4.524E+02
joint opening
max jnt opening = 2.946E–02

5.000E-03

1.000E-03

1.000E-04

Figure 8: The mining-induced fracture field (the mining distance is 320m).
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Gas outburst is an important issue in deep coal mining. At present, the gas-rock coupling change mechanism and intensity
prediction of gas outburst are not clear. The research of gas outburst simulation experiment is particularly important. The State
Key Laboratory of Gas Disaster Monitoring and Emergency Technology of China independently developed a large-scale coal
and gas outburst physical simulation test system. However, the influence of the design parameters of the testing machine on the
stability and accuracy of the simulation experiment is unclear. The article analyzes the energy conversion in the process of gas
outburst through experimental simulation phenomena and results. The experimental simulation results show that the energy
released by the CO2 gas in similar materials is the most important energy source. The cracks of similar materials increase the
nominal volume of similar materials, and the deformation energy stored in similar materials slightly increases. The experimental
simulation results are consistent with the actual situation on site. Combined with CAE simulation analysis, the displacement
and pressure of the indenter of the experimental machine remained basically unchanged during the experiment, and the system
did not produce resonance. Comprehensive analysis shows that the design of the test machine meets the simulation requirements.

1. Introduction

China’s coal production and consumption have long ranked
first in the world [1]. Coal and gas outburst accidents are one
of the most serious disasters that plague the safe production
of underground coal mines [2, 3]. Outburst accidents of large
scales accounted for 32% of gas outburst accidents, and fatal-
ities caused by such accidents accounted for 33.3% of all types
of mine fatalities [4]. At the same time, China’s shallow coal
resources are gradually depleted, and the mining of deep coal
resources is increasingly becoming a demand for the coal
industry [5]. However, the coupling of coal and rock gas
dynamic disasters in deep environments such as high ground
stress, high gas pressure, and high ground temperature is
more complicated [5–7]. Large-scale physical simulation
analysis of this scientific problem is currently the most appli-
cable research method [1, 8].

Coal and gas outburst is a mine dynamic disaster caused
by a combination of factors such as crustal stress, gas pres-

sure, and coal physical properties [9, 10]. Once coal and gas
outburst occurs, a large amount of coal is thrown into the
roadway space [11]. Once a large amount of gushing gas
encounters a fire source, a gas explosion will occur, which
destroys the mine production system and endangers the lives
of workers. The mechanism and prediction of coal and gas
outburst have always been a worldwide problem that the field
of coal mine safety tries to solve [6, 7].

The understanding of the mechanism of gas outburst is
still at the stage of hypothesis and is not unified, but the
research on the physical model of gas outburst is similar
[12–19]. The preparation stage for gas outburst is the energy
accumulation stage. The magnitude of this energy varies with
the elasticity of coal [9], and the release method of elastic
potential varies with the mechanical properties of coal [2,
12]. The occurrence and development stages of the outburst
are mainly completed by the action of gas in the coal [2].
When the coal is suddenly broken, the gas quickly changes
from the adsorbed state to the free [2, 12]. At the same time,
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the gas expansion further breaks the coal and throws it into
the roadway [20], and the expansion work is proportional
to the rate of gas release [2]. Due to the complexity of the coal
and gas outburst mechanism, the use of large-scale coal and
gas outburst testing equipment to explore the excitation con-
ditions of coal and gas outburst in complex environments is
the current development trend [5, 8, 11].

Focusing on the characteristics of deep coal mining,
China Coal Science and Industry Group Chongqing
Research Institute Co., Ltd. has researched and developed a
deep mine coal and rock gas dynamic disaster simulation
experiment system. The maximum vertical loading capacity
of the experimental system is 25MPa, the maximum hori-
zontal loading capacity is 16MPa, the system stiffness is 3
× 1010N/m, the maximum gas pressure is 6MPa, and the
minimum ground temperature reaches 60°C [21].

The coal and gas outburst simulation experiment system
is composed of six parts: mechanical loading system, sealing
and outburst generation system, inflation system, simulated
roadway system, monitoring system, and dust removal sys-
tem, as shown in Figure 1. The experimental system can sim-
ulate all the processes (incubation, occurrence, evolution,
and termination) of coal and gas outburst. In addition to
studying the cause mechanism and dynamic evolution char-

acteristics of coal and gas outburst disasters, it can also study
the migration of coal and gas outburst two-phase flow in
roadways and the separation and accumulation of coal dust.
This experimental system provides support for research on
mine coal and gas outburst disaster-prevention-control.

During the test, a large amount of elastic energy is stored
in the testing machine. When the rock sample is damaged,
the elastic energy stored in the testing machine is suddenly
released, which causes the sample to be further severely dam-
aged. In order to avoid such damage, the stiffness of the test-
ing machine must be improved to meet the needs of the
experiment. In addition, the gas outburst simulation experi-
ment system is a limited space, while the deep gas outburst
is in a nearly infinite space. The above problems will affect
the stability and error of the gas outburst simulation experi-
ment system.

The article uses this experimental system to simulate a
coal and rock gas outburst accident on the 11-2 seam 1331
(1) conveyor tunnel driving face of Huainan Dingji Coal
Mine on April 19, 2009. Analyze the energy change in the
process of gas outburst through the phenomenon of experi-
mental results, and then determine whether the design of
the testing machine meets the requirements of the simulation
test.

Specifications Parameter

Model size 1.5 × 0.8 × 0.8m3

Maximum gas pressure 6MPa

Bursting disc size Φ0.3m

Maximum vertical force 3000t

Maximum horizontal
force 2000t

Loading time >30d

Tunnel geometry Section 0.3 × 0.3m2,
Total length 50m

Figure 1: Coal and gas outburst simulation experiment system.
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2. Simulation Experiment

The simulation experiment used CO2 as the experimental
gas, and the rock block in the experiment (the size is 1:5m
× 0:8m × 0:8m) is a self-made similar material. Pulverized
coal is the main component of similar materials (mass ratio
is 78.16%). In addition, the mass ratios of cement, sand,
water, and activated carbon are 7%, 5.5%, 8.5%, and 0.84%,
respectively. Similar materials are made by layering (4
layers). The precompression pressure is 25MPa. The holding
time for forming similar materials is 30 minutes, and the cur-
ing time for similar materials is 30 days. The mechanical
properties of similar materials belong to soft rock. The uniax-
ial compressive strength of similar materials is 1.88MPa, the
elastic modulus is 178.62MPa, the porosity is 2.99%, and the
density is 1590 kg/m3. The adsorption constants [2, 20] a and
b of similar materials are 33.98 and 1.63, respectively. The
similarity ratio of the material is 1 : 1.

While making the similar model, the sensors are
arranged inside the similar model. A total of 31 sensors are
arranged in the similar model, including 12 gas pressure sen-
sors, 13 in situ stress sensors, and 6 temperature sensors, as
shown in Figure 2.

After preparing similar rocks, it is charged with 0.2MPa
of CO2 to displace the air in the similar model. After CO2 dis-
places the air for a period of time, an initial lateral stress of
3.0MPa and an axial stress of 16.0MPa are applied to similar
models. Continuing, we also injected CO2 gas into the bal-
ance chamber of the explosive device and similar materials.

We keep the pressure difference between the two sides of
the bursting disc less than its bursting pressure 0.4MPa and
make similar materials basically reach the adsorption equilib-
rium. Fill the balance gas chamber of the device with over-
pressure gas greater than 0.4MPa to induce protrusions.
The computer records the data during the experiment in real
time. The high-speed acquisition is started when the CO2 gas
outburst occurred. After the outburst of CO2 gas, the distri-
bution of pulverized coal in the roadway and the shape char-
acteristics of the outburst holes are collected. The schematic
diagram of the experimental process is shown in Figure 3.

3. Experimental Results

Before analyzing the experimental results, we obtained the
stiffness of the testing machine through CAE simulation
[22, 23]. It is found that the displacement in a certain direc-
tion has a linear relationship with the applied stress, as shown
in Figure 4. The calculated longitudinal stiffness and trans-
verse stiffness of the experimental machine are 1:5 × 1010
N/m and 4 × 1010N/m, respectively. There is a mutual influ-
ence between the horizontal indenter displacement and the
longitudinal indenter displacement of the experimental
machine. When the longitudinal indenter is loaded, the dis-
placement ratio of the horizontal indenter is -0.218; when
the horizontal indenter is loaded, the displacement ratio of
the longitudinal indenter is -0.243.

According to the similar proportion, the simulated out-
burst coal quantity is 39.74 t, and the actual outburst coal
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3Geofluids



quantity in the field is 35 t. Considering the laboratory error
and the statistical error of the field data, the experimental
data are consistent with the actual situation in the field.

The energy storage in the experimental system before the
gas outburst is calculated. The calculation results show that
the deformation energy [24] of the experimental machine is
1:1 × 104 J, and the deformation energy stored in similar
materials is 5:7 × 105 J. The volume of free CO2 gas in similar
materials is 0.028704m3, and the free gas storage energy is
1:17 × 104 J. The mass of CO2 gas adsorbed in similar mate-
rials is 43.8 kg, which is greater than the mass of free CO2
gas. The energy storage of adsorbed CO2 gas will be much
greater than that of free gas [9].

The gas outburst experiment is actually the conversion of
energy [11]. There are mainly four energy conversion chan-
nels: changes in temperature of similar materials, energy is
converted into kinetic energy of coal and air, energy is used
for the rupture of similar materials, and energy is used for
system dissipation. Damped vibration is the main channel
for energy dissipation [11–13].

During the process of coal and gas outburst, the temper-
ature of similar materials will change due to energy conver-
sion and gas desorption. As shown in Figure 5, the
temperature changes during the experiment. To prevent the

temperature sensor from being damaged during the experi-
ment, the thermocouple was placed in a cavity of similar
material. The actual temperature measured by the thermo-
couple sensor is the temperature of CO2 gas in similar mate-
rials. Therefore, the temperature of CO2 gas is obviously
affected by pressure, which is reflected in the process of
CO2 gas pressurization and saturation. The temperature
dropped by 3 degrees after the gas outburst occurred, which
was caused by the expansion of CO2 gas. In this process,
the energy released by the temperature decrease is about
403 J.

The shape of the hole after the CO2 gas outburst is irreg-
ular semiellipsoid. The depth of the hole is about 15 cm, and
the maximum width of the hole is 30 cm. The upper part of
the coal wall in the hole showed obvious layered fracture.
At the same time, most of the ejected coal is in the form of
flakes, and the stacking height of the coal flakes accounts
for more than 2/3 of the hole diameter.

During the outburst process, the broken similar materials
are thrown into the tunnel and deposited under the action of
gas, which reflects the strength of the outburst. In this similar
simulation experiment, a total of 18.09 kg of similar materials
were thrown out, and the farthest distance from the hole was
3.3m. After the experiment, the cuttings in the roadway were
divided into 5 areas for sampling, weighing, and screening.
The results are shown in Figures 6 and 7. As shown in
Figure 6, the quality of thrown cuttings is decreasing along

1 Make similar models in layers 2 Loading stress

3 Double bursting discs control
gas protruding4 Information monitoring

Figure 3: The schematic diagram of the experimental process.
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the roadway. Within 0.6m from the hole, the mass of thrown
cuttings accounts for 59.4%. Figure 7 shows the particle size
distribution of cuttings thrown in different areas. Figure 7
shows that more than 80% of the cuttings in the hole
(0~0.15m) are larger than 9mm. The particle size distribu-
tion of cuttings in other regions is the same, and the propor-
tion of cuttings’ particle size in each region shows a trend of
first decreasing and then increasing as the particle size
decreases. In each region, the cuttings with a particle size
greater than 9mm or less than 1mm accounted for the
majority, while the medium-sized cuttings accounted for a
relatively small proportion. The energy used to throw out
cuttings by calculation is about 550 J.

In the simulated gas outburst experiment, the gas pres-
sure in similar rock blocks is shown in Figure 8. The similar
material near the hole loses support due to sudden expo-
sure, and the accumulated elastic energy and gas compres-
sion energy are quickly released. This causes similar
materials to be broken and thrown out to form the initial
protruding holes. After the outburst, similar rock blocks
ruptured, forming integrated staggered fissures. The closer
to the hole, the greater the crack density is. The gas
pressure near the hole quickly decays to 0.0MPa, as shown
in Figure 8(a). The gas pressure in similar materials farther
from the hole gradually decreases, as shown in Figure 8(b).

There is still some gas in similar materials after the gas out-
burst. The energy stored in similar materials is not
completely released [10]. After the initial pores are formed
by the gas outburst, the test conditions have higher stress
and lower porosity, and the crack density far away from
the hole is small and gas permeability is weak. The newly
desorbed CO2 gas failed to accumulate enough energy to
further break and throw similar materials, so the protrusion
was terminated. Therefore, the duration of the outburst
under the stress is shorter.

After the outburst occurs, the adsorbed CO2 in similar
materials is quickly desorbed and gushes out into the road-
way space, causing the CO2 concentration near the holes in
the roadway to increase rapidly, reaching 15.4% in a very
short time.With the end of the outburst, the CO2 gas concen-
tration gradually decreases. There is still a relatively stable
source of CO2 gas behind the protruding hole in a short time,
so the concentration in the tunnel gradually reaches a stable
value of 3.15%. By observing the gas pressure in similar rock
blocks, it is concluded that after 2000 seconds, the mass of
compressed free gas in similar materials accounts for 60%
of the mass before the experiment. At the end of the experi-
ment, the gas pressure in similar materials was generally
around 0.2MPa, and the CO2 gas in similar materials was
being stably released. Therefore, it is calculated that the
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energy released by CO2 gas in similar materials is greater
than 3500 J.

The uniaxial compression curve of a similar material
sample is shown in Figure 9. A rough calculation shows that
the energy density absorbed per unit volume of the standard
sample is 22200 J/m3 when it is broken. The damaged sample
had multiple main fracture and was divided into several large
pieces, but did not collapse. The elastic energy absorbed by
the specimen under uniaxial compression is used for speci-
men failure and cracking. We believe that the energy density
required for similar materials to form the cracks shown in
Figure 9 is 22200 J/m3. In the entire similar material, the bro-
ken bodies are concentrated in the hole, and the crack density
in the similar material gradually decreases with the increase
of the distance of the hole. According to the density of cracks
in similar materials after the experiment, it can be estimated
that the energy used for the destruction and cracking of sim-
ilar materials during the experiment is about 2220 J.

The released energy comes from the decrease of temper-
ature and the release of CO2 gas compression energy in sim-
ilar materials. The compression energy released by the CO2
gas in similar materials is the most important energy source.

4. Analysis of Testing Machine Parameters

Compared with the infinite space of on-site working condi-
tions, the biggest difference is that the experimental system
is a limited space. The parameters of the testing machine will
determine the stability and accuracy of the simulation exper-
iment system. This will be analyzed below.

First, analyze the influence of the stored deformation
energy of the testing machine on the accuracy of the simula-
tion experiment. The similar material after the CO2 outburst
still has the pressure-bearing capacity, and the stress of the
internal observation point before and after the gas outburst
is shown in Figure 10. It can be concluded from the figure
that the stress near the hole of the similar material has
decreased, while the stress far away from the hole has
increased.

During the experiment, the displacement of the indenter
of the testing machine was almost 0.0, and the stress increase
of the indenter of the testing machine was about 0.1MPa.
This phenomenon is consistent with the observation of on-
site working conditions. During the gas outburst experiment,

the hydraulic cylinder of the testing machine was in a locked
state. Therefore, the testing machine can be regarded as a
compression spring with one end fixed and one end acting
on similar materials. The increase in stress indicates that
the spring is further compressed, and the mechanical energy
stored by the testing machine increases. Experimental phe-
nomena show that similar materials have new cracks, and
these cracks increase the nominal volume of similar mate-
rials. The process of gas outburst is the process of expansion
of similar materials. In addition, these cracks reduce the elas-
tic modulus of similar materials. Through the above calcula-
tion and analysis, it can be judged that the deformation
energy stored in similar materials has slightly increased.
The energy increase of the testing machine and similar mate-
rials does not exceed 1000 J.

In the field conditions, the change of stress and strain at
infinity is almost zero. During this experiment, the displace-
ment of the indenter of the testing machine is very small, and
the change in stress is very small. The stiffness of the testing
machine meets the needs of gas outburst simulation experi-
ments. The size of similar materials can be further increased
to increase the accuracy of the simulation experiment.

Second, we analyze the impact of the vibration character-
istics of the testing machine on the accuracy and stability of
the simulation experiment [25]. According to the above anal-
ysis, the energy released during the experiment is greater
than the energy absorbed by the system, and the excess
energy is dissipated by the experimental system. Damping
vibration of the experimental system is the main way of
energy dissipation [26, 27]. According to the geometric struc-
ture of the experimental system, it is divided into experimen-
tal machines and similar materials. Gas outburst will cause
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coupling vibration between the testing machine and similar
materials. The vibration excitation of the testing machine
comes from similar materials; the vibration excitation of sim-
ilar materials comes from the vibration of the testing
machine and the instantaneous release of energy when the
gas burst occurred.

Data show that the natural vibration frequency of rela-
tively complete rock is above 1000Hz [28]. The test results
show that the natural frequency of similar materials is
2170Hz. Similar materials are similar to rocks, and the prop-
agation speed of stress waves is between 3.2 and 7.0 km/s
[29]. Therefore, in the experimental simulation process, the
deformation of similar materials can be considered to be
instantaneous. The damping ratio of similar materials is
between 0.06 and 0.11 [30], while the damping ratio of bro-
ken rock is higher [31]. The process of stress wave propaga-
tion in similar materials is a process of energy dissipation.
The higher the rock vibration frequency is, the faster the
energy decay is. The frequency range of seismic waves excited
by artificial earthquakes is generally between 2 and 50Hz
[32]. We can judge that the vibration excitation frequency
of similar materials to the testing machine is in the range of
2-50Hz.

We use the ANSYS WORKBENCH finite element soft-
ware to analyze the natural frequency of the testing machine.
The natural frequency and the vibration mode of testing
machine are obtained by calculation. The natural frequencies
of the first six orders of vibration are 22.47Hz, 29.89Hz,
43.01Hz, 93.09Hz, 99.971Hz, and 128.35Hz. The vibration
excitation frequency of similar materials is low, so the high-
order frequency vibration of the experimental machine does
not need to be considered. The frequency of the fourth-order
mode is 93.09Hz, and this mode is the main vibration mode
excited by similar materials. The excitation frequency
received by the testing machine is lower than 93.09Hz. The
difference between the natural frequency of the testing
machine and the excitation frequency is more conducive to
energy dissipation. The analysis can show that the experi-
mental system does not produce obvious resonance phenom-
enon during the experiment, which has little influence on the
experimental results.

In site conditions, most of the energy is transmitted to the
distant place in the form of seismic waves, and the energy is
gradually dissipated in the process of transmission. In the
experimental simulation, part of the vibration wave is
reflected from the interface, and part of the vibration wave
is absorbed by the testing machine. The greater the energy
absorbed by the testing machine, the greater the simulation
accuracy of the testing machine. Adding a damping structure
to the testing machine enables the testing machine to absorb
and dissipate more energy. The experimental simulation sys-
tem in this article adds multiple high damping devices to
absorb energy. In summary, the parameters of the testing
machine have minimal impact on the accuracy of the simula-
tion experiment.

5. Conclusions

In this paper, the simulation experiment of coal and gas out-
burst is carried out by using the simulation experiment sys-
tem of deep-well coal and rock gas dynamic disaster. The
energy conversion in the process of gas outburst is analyzed
through experimental phenomena and results. Then, accord-
ing to the experimental phenomenon and CAE simulation,
the influence of the parameters of the testing machine on
the stability and accuracy of the gas outburst simulation
experiment is judged. The main conclusions obtained are as
follows:

(1) Gas outburst is actually the transformation of energy.
The released energy comes from the decrease of tem-
perature and the release of CO2 gas compression
energy in similar materials. The compression energy
released by the CO2 gas in similar materials is the
most important energy source

(2) Simulation experiments show that cracks increase the
nominal volume of similar materials. These breaks
reduce the elastic modulus of similar materials and
slightly increase the deformation energy stored in
similar materials
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(3) The parameters of the testing machine satisfy the
needs of the experiment. The displacement and pres-
sure of the indenter remained basically unchanged
during the experiment. The vibration excitation fre-
quency transmitted to the testing machine is 2-
50Hz, and the natural frequency of the testing
machine is 93.09Hz. The system will not produce
resonance to meet the needs of experimental stability.
It is recommended to add a damping structure to the
testing machine so that the testing machine can dissi-
pate more energy
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With the steady increase in the size, intensification, and modernization of coal production enterprises, the deep coal resources in
large coal bases are gradually entering the mining stage. When the coal mining reaches the deep zone, the interactions between
various underground dynamic hazards begin to occur. These interactions are affected by the engineering geological environment
and can lead to the occurrence of severe compound hazards. When coal and gas outbursts occur and destabilize the mining
area, the high geostress causes the multiphysical coupling effect of the laminated overburden system to become more
pronounced. Therefore, we analyzed the development path of a coal-rock system under instability conditions from the
perspective of coal–rock coupling, constructed a model of the coal-rock combination system’s structure, and proposed three
directions (i.e., strain softening, limit equilibrium, and dynamic instability) for the development of coal-rock system instability.
Then, we established a model for the critical conditions of the system’s failure process and elucidated that the release of the
rock’s elastic energy promoted the instability of the coal. Furthermore, we verified the established critical conditions through
laboratory tests on a coal-rock combination structure and obtained the patterns of the rock energy transferring into the coal
seam during the instability failure process of the coal–rock combination structure. When the coal–rock combination structure
failed, the rock strain reached its maximum value and the strain rebound phenomenon occurred. The stored elastic strain
energy released by the rock into the combination system accounted for 26% to 53% of the accumulated energy in the rock itself,
and the released elastic energy and the new surface area of the crushed coal sample followed a logarithmic relationship. The
findings of this study provide theoretical support for the identification and quantitative analysis of instability due to the
dynamic hazards of coal-rock gas in deep mines.

1. Introduction

As the depth of coal mining increases, deep mining presents a
complex mechanical environment that has been described as
“three highs and one disturbance,” i.e., high geostress, high
geotemperature, high osmotic pressure, and strong mining
disturbance, making the rock’s mechanical behavior and the
hazard characteristics in the deep zone significantly different
from those in the shallow zone [1–5]. When coal mining
reaches the deep zone, interactions begin to occur between
the various underground dynamic hazards in the coal mine,
resulting in compound hazards such as the rockburst-

outburst compound dynamic hazard of coal–rock [6, 7],
which is caused by the combined actions of multiple factors
such as high stress, high gas pressure, and a hard roof under
deep conditions and poses a serious problem in deep coal
mining projects. Coal–rock dynamic hazards in deep mines
are affected by the special engineering geological environ-
ment, which involves complex mechanisms of hazard forma-
tion, occurrence, and development. Numerous basic studies
have been carried out on this topic. Several studies used the
dynamic failure characteristics of rock specimens determined
using a flexible testing machine to describe rockburst and to
formulate the stiffness theory of rockburst [8, 9]. Based on
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the energy criterion of rockburst and coal and gas outbursts,
other studies established a unified instability theory of
rockburst and coal and gas outbursts and discussed the
mechanism of the induction and transformation of dynamic
hazards [10–16]. Compound dynamic hazards have been
reclassified [17, 18]. Numerous studies have been conducted
on the rockburst tendency, damage precursor information,
acoustic emission characteristics, and electromagnetic radia-
tion signals of coal–rock combinations, and the deformation
characteristics and strength criteria of different coal–rock
combinations have been discussed [19–28].

The deep high-stress environment significantly increases
the risk of rockbursts in coal seams, roofs, and their combina-
tion structures. The elastic energy stored in coal–rock struc-
tures with a rockburst tendency is an important energy
source for the occurrence of compound dynamic hazards.
This elastic energy is used in the process of coal and rock
dynamic hazards. The patterns of the accumulation, trans-
formation, and dissipation of the elastic energy in the process
of coal–rock dynamic hazard formation directly determine
the probability and intensity of the hazards [29]. The exper-
imental study of coal–rock combinations from an energy
perspective helps to fundamentally investigate the failure
mechanism of coal–rock combinations. When the coal–rock
combination specimen yields, the proportion of the dissi-
pated energy increases while that of the elastic energy
decreases [30, 31]. Chen et al. [32] conducted uniaxial load-
ing tests on coal–rock combinations with different propor-
tions and found that the energy of the coal–rock sample is
mainly distributed in the weak coal–rock seam, and regard-
less of the specific type of the coal–rock combination, the
portion of energy in the coal is greater than 50%. Song et al.
[33] carried out the conventional uniaxial and uniaxial cyclic
loading tests on three types of samples (i.e., coal, rock, and
coal-rock combinations) to reveal the failure modes and
energy evolution law of underground coal during the mining
process and found that the elastic energy stored in coal-rock
combinations played a dominant role in the distribution of
all input energy, accounting for more than 80% of it. And
with the increase in cycle index, both the elastic energy stored
in the sample and the dissipated energy increased in a qua-
dratic function, and the failure process became more intense.

During the occurrence of coal–rock dynamic hazards in
deep mines, the instability failure of coal–rock combinations
is clearly influenced by the lithological characteristics of the
coal seam and the roof, and the corresponding failure process
is caused by the comprehensive effect of the roof–coal seam–-
floor system. Therefore, we simplified the coal–rock system
to a rock+coal combination sample structure. Different types
of coal–rock combination sample structures were con-
structed, and laboratory tests were carried out to investigate
the patterns of accumulation, transformation, and dissipa-
tion and the quantitative characteristics of the energy in the
rock sample and coal sample during the deformation and
failure process of the coal–rock combination samples with
different characteristics (i.e., combination types and litholo-
gies). The mechanical criterion and energy failure character-
istics of the compound failure of the bursting coal–rock
combination sample structure were obtained to guide the

prediction and the prevention and control of rockburst–out-
burst compound dynamic hazards in deep mines.

2. Analysis of Coal-Rock Combination System in
Deep Mines

The roof–coal seam system in deep mines reaches the ulti-
mate mechanical equilibrium state and fails under external
loads and changes in the internal physical and mechanical
properties. When the elastic strain energy accumulated by
the system exceeds the energy consumed by the system at
failure, intense rockburst occurs as the crushed coal–rock
bodies are subjected to excess energy, resulting in coal–rock
dynamic hazards. Because the elastic modulus of rock is
much larger than that of coal, the strain of the rock part of
the sample is much smaller than that of the coal part during
the compression process. This leads to the failure of the
system, which is manifested by the failure and fragmentation
of the coal [34, 35]. During this process, from the system
being compressed to the coal reaching its mechanical equilib-
rium state, which leads to the ultimate failure of the sample,
both the coal and rock deform, and energy is accumulated
continuously in the system. When the energy accumulated
in the system reaches the limit the system can bear, the
coal–rock combination structure undergoes instability fail-
ure, which causes the energy to be released rapidly, resulting
in the deformation failure of the coal at the bottom. In the
above process, the upper rock deforms under compression,
and energy is continuously accumulated in the rock. Part of
the accumulated energy acts on the rock itself, compacting
the primary pores and fractures, while the other part of the
energy is stored in the form of elastic energy. When the com-
bination structure undergoes instability failure, the coal fails,
the strength of the system decreases sharply, and the rock is
unloaded. This passive unloading causes the strain rebound
phenomenon in the rock; that is, the strain of the rock
decreases. The elastic strain energy stored in the rock itself
is released instantaneously, and part of the released elastic
energy acts on the coal, exacerbating the failure of the coal
and increasing the crushing degree of the coal. When the coal
undergoes instability failure, it bears not only the effect of the
accumulated energy of the system under the external load but
also the effect of the elastic strain energy released by the rock.
In different combination structures, the rock has different
effects on the elastic strain energy of the coal and on the
degree of aggravation of the coal failure.

Taking the coal–rock combination sample with an upper
rock and lower coal structure as the research object, the roof–
coal seam structure in a deep mine was simulated, and the
model of the interaction between the coal seam and the rock
layer in a deep mine was simplified using the similar model
method, as shown in Figure 1. It is of great significance to
analyze the failure characteristics and mechanical properties
of different combination samples under uniaxial conditions,
to investigate the quantitative patterns of energy conversion
during the instability failure of combination samples, and
to elucidate the mechanisms of compound dynamic hazards
under deep mine conditions from an energy perspective.
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3. Critical Conditions for Instability Failure of
Coal-Rock Combination System

In a coal–rock combination structure, the coal and rock have
different physical and mechanical properties. The coal, the
large number of microfractures and pores inside the coal,
and the coal–rock interface jointly constitute the soft part
of the combination structure, and the rock constitutes the
hard part [36]. The coal–rock combination sample structure
exhibits nonlinear mechanical properties, and the critical
conditions for its instability failure and the criterion of the
failure state are related to the physical and mechanical prop-
erties of the coal and the rock.

3.1. Criterion of the Failure State. To objectively describe the
stress–strain relationship of the coal–rock combination
structure under vertical mining stress during the advance-
ment of the driving face, a simplified uniaxial loading model
of the coal–rock combination structure was established, as
shown in Figure 2.

Assuming that a and b are the rock block and coal block,
respectively, each of which has an elasticity–strain softening
constitutive relationship, the constitutive equation for the
coal–rock combination material is shown in Figure 3 and
the following equation:

σ =
Eε, −∞<ε ≤ εc,
σc − Et ε − εcð Þ, εc < ε ≤ εr,
σr, εr < ε≤+∞,

8>><
>>:

ð1Þ

where E is the elastic modulus of the material and Et is the
slope of the descending section of the curve, which is taken
as a positive value. σc is the uniaxial compressive strength of
the material; and εc is the compressive strain of the material
when it reaches the uniaxial compressive strength, εc = σc/E.
σr and εr are the strength and strain, respectively, of the mate-
rial when it essentially loses its load-bearing capacity, that is,
the starting point of the zero residual strength stage.

Suppose that the displacement at the top of a (i.e., the
overall displacement of the combination sample) is u. The
peak strains of a and b are εca and εcb, respectively. Before b
reaches the peak strength, both a and b are in the linear elas-
tic stage, that is, in the first part of the constitutive equation.

The following relationship can be obtained by assuming that
the stresses on a and b are equal during the compression:

EaεaSa = EbεbSb,
εala + εblb = u,

(
ð2Þ

where Ea and Eb are the elastic moduli of the rock and coal,
respectively; εa and εb are the strains of the rock and coal,
respectively; Sa and Sb are the cross-sectional areas of the
two blocks, respectively; and la and lb are the heights of the
corresponding rock block a and coal block b, respectively.

According to Equation (2), the stress–displacement
relationship of the coal–rock combination structure in the
linear elastic stage is

σ = Eaεa =
EaEbSb

EaSalb + EbSbla
u, ð3Þ

where σ is the stress of the combination structure in the elas-
tic stage. In this stage, the overall strain of the combination
structure increases as the external load increases, and the
system is in a stable state.

When the axial load gradually increases to a certain value,
in the loading model, b reaches its peak strength first, and the
failure of the combination sample occurs in the coal block. At
this time, the constitutive relationship of b in the combina-
tion structure is expressed by the second part of the equation,
that is, the slope section in Figure 3. a still satisfies the

Roof

(a) (b)
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Roadway

Geological engineering model Simplified model

Figure 1: The structural mechanics model of coal-rock
combination: (a) geological engineeringmodel; (b) simplifiedmodel.
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Figure 2: Coal-rock combination uniaxial loading model.
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Figure 3: The elasticity-strain softening constitutive relationship.
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characteristics of the elastic stage, and the corresponding
relationship is as follows:

EaεaSa = σcb − Etb εb − εcbð Þ½ �Sb
εala + εblb = u

(
: ð4Þ

Substitution of εcb = σcb/Eb into Equation (4) gives

εa =
EbSbσcblb + EtbSbσcblb − EbSbEtbu

EaSalb − EtbSblað ÞEb
: ð5Þ

Finally, the stress of the coal–rock combination structure is

σ = Eaεa =
Ea

Eb

EbSbσcb/lað Þ + EtbSbσcb/lað Þ
EaSa/lað Þ − EtbSb/lbð Þ −

EbEtbSb/lalb
EaSa/lað Þ − EtbSb/lbð Þ u

� �
:

ð6Þ

When the external load causes b in the combination struc-
ture to fail completely, the combination structure completely
loses its bearing capacity. b is in the third part of the constitutive
equation, while a is still in the elastic stage, and the following
relationship applies:

σ = σrb, ð7Þ

where σrb is the strength of coal block b when it loses its
bearing capacity.

The failure state of the combination structure under uni-
axial conditions can be divided into three stages, namely, the
elastic (nonfailure) stage, the failure stage, and the postfailure
stage, based on the constitutive equation of the coal–rock
combination structure constructed under uniaxial conditions.
Taking bwith its relatively low strength in the structure as the
research object and using the relative relationship between the
ratio of the strain ε of b in the uniaxial compression process to
the strain εc when it achieves its uniaxial compressive strength
and the strain εr when it just completely loses its load-bearing
capacity, the characteristics of each stage are as follows:

(1) When ε ≤ εc, the combination structure is in the
elastic stage, and neither the coal nor the rock fails.
As the external load increases, the strain of the coal
and rock increases

(2) When εc < ε ≤ εr, the combination structure is in the
failure stage. εc is the starting point of the instability
failure of the combination structure, and it corre-
sponds to the maximum stress point of the combina-
tion structure. After this point, the coal block fails
and the stress decreases as the strain increases,
exhibiting a sharp drop in the bearing capacity of
the combination structure

(3) When εr < ε, the combination structure has
completely lost its bearing capacity

3.2. Analysis of the Critical Conditions of Failure. According
to Equations (3), (6), and (7), the expression or the stress
on the coal–rock combination structure is

Based on Equation (8), when the strain of b is within a
certain range, the conditions of the instability failure of the
overall combination sample structure can be obtained, as
shown in Figure 4.

(1) For the first equation (section OA in Figure 4), every
part of the combination structure is in the elastic
stage. As the load on the combination structure
increases, the displacements of the coal and rock
increase, but the system remains in a stable state.
The peak stress of this section is the peak stress σcb
of b, which has a relatively low strength

(2) For the second equation, if ðEaSa/laÞ − ðEtbSb/lbÞ > 0,
the coefficient u is negative, and the combination
structure is characterized by strain softening (section
AB in Figure 4). In this stage, external work must be

done to the system to increase the degree of damage
to the system. However, if the external energy is input
at a very low rate, even if the system can withstand
less and less stress, the combination structure will
not suddenly lose its bearing capacity, and thus, the
system remains in a stable state

If ðEaSa/laÞ − ðEtbSb/lbÞ < 0, the coefficient u is positive,
and the equilibrium path of the system corresponds to
section AD in Figure 4. The external load on the system
decreases continuously, and the displacement at the top of
the system increases (with downward displacement, i.e., the
top surface of the system moving upward, which is negative);
that is, the rebound phenomenon occurs. This means that
while the system gradually loses its bearing capacity, it
performs external work, and the elastic strain energy
accumulated in the combination structure is released. The

σ =

EaEbSb
EaSalb + EbSbla

u, −∞<εb ≤ εcb,

Ea

Eb

EbSbσcb/lað Þ + EtbSbσcb/lað Þ
EaSa/lað Þ − EtbSb/lbð Þ −

EbEtbSb/lalb
EaSa/lað Þ − EtbSb/lbð Þ u

� �
, εcb < εb ≤ εrb,

σrb, εrb < εb≤+∞:

8>>>>><
>>>>>:

ð8Þ
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equilibrium path of section AD is from A to D; that is, the
system performs external work and loses its bearing capacity.
When the external constraints on the system are sufficiently
small and thus, the system is unable to effectively perform
external work, in addition to acting on the coal, the internal
elastic strain energy may also be directly transformed into
the kinetic energy of the rock block. Thus, the system will
rapidly lose its stability and exhibit a dynamic effect.

If ðEaSa/laÞ − ðEtbSb/lbÞ = 0, the coefficient u is negative
infinity, and the equilibrium path of the system corresponds
to section AC in Figure 4. In this case, the system is in a
critical state. This means that as long as work is done exter-
nally by or to the system, it immediately loses all bearing
capacity; that is, the combination structure is in a state of
limit equilibrium.

(3) For the third equation, the equilibrium path of the
system corresponds to the back section of point B in
Figure 4. b in the combination structure has already
undergone instability failure, and the strength of the
sample is reduced. The external load is the residual
strength of b.

According to the above analysis, EaSa/la is the stiffness
of a in the combination structure and characterizes the
ability of a to resist elastic deformation when it is stressed
during the elastic stage; and EtbSb/lb is the stiffness of b
after failure and characterizes the ability of b to maintain
its bearing capacity when displacement occurs during the
strain-softening stage. The correspondence between ðEaSa
/laÞ − ðEtbSb/lbÞ and 0 can be used as the critical condition
for the combination structure in different failure states, and
the critical point of instability failure of the combination
structure can be determined accordingly. When its value is
zero, the system is in a state of limit equilibrium. When its
value is greater than zero, the damage degree of the combina-
tion structure increases if it is subjected to a large external
load. When its value is less than zero, the damage to the com-
bination structure is attributed to the combined actions of the
external load and the rock block rebound energy, which may
cause rapid instability failure.

3.3. Coal–Rock Elastic Modulus Correction Parameters. Due
to the large number of pores and fractures in the coal, rock,

and combination samples, they are strongly heterogeneous
and anisotropic. Therefore, the elastic moduli of the rock
samples and coal samples obtained in the experiment are
not unique values but are dynamic variables related to the
loading process. Considering the weakening effect of the
coal–rock interface and the microfractures and pores inside
the rock and coal on the elastic modulus and taking into
account the influence of data discreteness due to the low
number of experiments, the elastic modulus parameters of
the coal and rock should be corrected in the data analysis.

In the coal–rock combination sample structure system,
the rock is regarded as the hard part and is equivalent to a
hard spring, while the coal is treated as the soft part and is
equivalent to a soft spring, both of which satisfy Hooke’s
law, i.e., the two-part Hooke’s model (TPHM) [37–41]. The
structure of the coal–rock combination sample is a TPHM,
in which the nonlinear behavior of the combination sample
during the loading process is discussed. Using the basic
assumptions, the coal and rock in the coal–rock combination
sample are regarded as a soft body and a hard body, respec-
tively. The force deformation process is shown in Figure 5.
In Figure 5, F is the external force;HR andHC are the heights
of the rock and coal, respectively, in the coal–rock combina-
tion before loading; DR and DC are the diameters of the rock
and coal, respectively, in the coal–rock combination before
loading; hR and hC are the heights of the rock and coal,
respectively, in the coal–rock combination after loading;
and dR and dC are the diameters of the rock and coal, respec-
tively, in the coal–rock combination after loading. When
only uniaxial compression and axial strain are considered,
the change in the diameter of the combination sample before
and after loading can be ignored, i.e.,DR= dR andDC= dC. Δ is
the displacement of the coal–rock combination specimen
before and after loading.

Under external force F, the coal–rock combination will
undergo elastic deformation. According to Hooke’s law,

dσR =mRERdεR, ð9Þ

dσC =mCECdεC, ð10Þ
where σR and σC are the stresses applied to the upper rock
sample and the coal sample, respectively; ER and EC are the
elastic moduli of the rock sample and coal sample, respec-
tively; εRand εC are the axial strains of the rock sample and
the coal sample, respectively; and mR and mC are the correc-
tion coefficients for the elastic moduli of the rock sample and
the coal sample, respectively.

In the TPHM, the rock represented by a hard spring
and the coal represented by a soft spring deform under
the same force F. There are a large number of fractures
in the coal, a considerable number of which are consis-
tent with the direction of the principal stress and will
develop and propagate as the principal stress increases,
thereby leading to the failure of the coal and resulting
in nonlinear elastic deformation or inelastic deformation.

o

A

D C B

𝝈rb

𝝈cb

𝝈

u

Figure 4: Balance path of coal-rock combination under uniaxial
compression.
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The respective strains of the rock and coal in the combi-
nation sample are

dεR = −
dhR
HR

, ð11Þ

dεC = −
dhC
HC

: ð12Þ

Equations (9)–(12) were solved simultaneously to
obtain the respective stresses of the rock and coal in
the coal–rock combination as follows:

σR = −
mRER
HR

hR + C1,

σC = −
mCEC
HC

hR + C2,

8>>><
>>>:

ð13Þ

where C1 and C2 are integration constants.
When the external force F is zero, under the initial con-

ditions, hR =HR and hc =Hc, based on which C1 =mRER
and C2 =mCEC. Substitution into Equation (13) leads to the
correction parameters of the displacements, strains, and elas-
tic moduli of the rock and coal in the combination sample
structure as follows:

ΔR = hR −HR = −HR
σR

mRER
,

ΔC = hC −HC = −HC
σC

mCEC
:

8>><
>>:

ð14Þ

εR =
ΔR
HR

= hR −HR
HR

= −
σR

mRER
,

εC =
ΔC
HC

= hC −HC
HC

= −
σC

mCEC
,

8>>><
>>>:

ð15Þ

mR = −
σR
εRER

,

mC = −
σC
εCEC

:

8>><
>>:

ð16Þ

4. Mechanical Experiment and Analysis of the
Instability of the Coal-Rock
Combination System

4.1. Experimental Design. The coal samples and rock samples
required for the experiment were both collected from the
Pingdingshan No. 5 Coal Mine. The coal-bearing strata in
this mine are 556 to 1090m thick, with an average of
796m. There are 21 to 56 coal-bearing seams, including 8
minable and partially minable seams. Among them, the roof
of the Geng 20 coal seam is dominated by sandstone and
sandy mudstone, and its floor lithology is mostly sandstone
and limestone. To meet the experimental needs, rock speci-
mens with three different lithologies (i.e., coarse sandstone,
fine sandstone, and siltstone) and raw coal specimens were
prepared. According to their lithologies and coal–rock height
ratios, two groups of different combination samples were
prepared. Group A contained combination samples with dif-
ferent lithologies and with coal and rock heights of 50mm
each, as shown in Figure 6(a). Group B contained samples
formed by bonding the siltstone specimens to the raw coal
specimens. The ratios of the heights of the rock and coal in
the specimens were 1 : 1, 1.5 : 1, and 2 : 1, and the total height
of each sample was 100mm, as shown in Figure 6(b).

The experiments were divided into 2 sets, as shown in
Table 1. In set A, uniaxial compression tests were carried
out on combination samples with three different lithologies,
and the experiments were repeated three times for each type
of combination sample. The experiments were numbered
A11 through A33, for a total of 9 experiments. In set B,
uniaxial compression tests were conducted on combination
samples with three different height ratios, and the experi-
ments were repeated three times for each height ratio. The
experiments were numbered B11 through B33, for to a total
of 9 experiments.

4.2. Experimental Results. A TAW-2000 microcomputer-
controlled rock triaxial testing machine was used to carry
out the uniaxial compression tests on the coal–rock combi-
nation samples, and a DH3818Y static strain tester was used
to monitor the strain of the samples. The test equipment is
shown in Figure 7. Figure 8 shows the stress-strain curve of
the coarse sandstone-coal combination sample (A11).
Figures 9(a)–9(c) show the failure modes of the coal–rock
combination sample structures with different lithologies.
Figures 10(a)–10(c) show the failure modes of the coal–rock
combination sample structures with different height ratios.

As can be seen from Figure 9, when the coarse sand-
stone–raw coal combination samples underwent instability
failure, a few cracks appeared in the rock part at the interface,
and the coal basically maintained its integrity. The failure was
concentrated in the pieces of lump coal, which still retained a
certain amount of integrity. The fine sandstone–raw coal
combination samples and the siltstone–raw coal combina-
tion samples were damaged severely. The coal was cut
through, the damaged coal was in the form of small blocks
and particles, and there were no notable cracks in the rock
parts. Figure 10 shows that the structure of the combination
samples with a rock–coal height ratio of 2 : 1 suffered the

Uniaxial
compression

F

HR

HC DC

hR

hC
dC

dR

DR

Figure 5: Schematic diagram of the deformation of the coal–rock
combination under an external force.
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most severe damage. The combination structure was
completely destroyed, and the coal in the structure was
shattered into powder. The damage to the structure of the
combination samples with a rock–coal height ratio of 1.5 : 1
manifested as a large number of longitudinal cracks on the
surface of the coal, resulting in the coal being cut through.
Due to its internal failure, it no longer had a bearing capacity,

and obvious dilatancy phenomenon occurred in the coal part
under compression. The damage to the combination sample
structures with a rock-coal height ratio of 1 : 1 was mainly
manifested as a few pieces of coal falling off of the structure.

Coarse
sandstone
50 mm

Fine
sandstone
50 mm

Siltstone
50 mm

coal
50 mm

Coal
50 mm

Coal
50 mm

Coarse
sandstone
50 mm

Fine
sandstone
50 mm

Siltstone
50 mm

coal
50 mm

Coal
50 mm

Coal
50 mm

(a)

Coal
50 mm

Siltstone
50 mm

Coal
40 mm

Siltstone
67 mm

Coal
33 mm

Siltstone
60 mm

Coal
50 mm

Siltstone
50 mm

Coal
40 mm

Siltstone
67 mm

Coal
33 mm

Siltstone
60 mm

(b)

Figure 6: Schematic diagram of the deformation of the coal–rock combination under an external force: (a) combination samples with
different lithologies; (b) combination samples with different height ratios.

Table 1: Experimental design.

Set A: samples with different lithologies Set B: samples with different height ratios

Coarse sandstone-coal A11 A12 A13 Siltstone-coal height ratio 1 : 1 B11 B12 B13

Fine sandstone-coal A21 A22 A23 Siltstone-coal height ratio 1.5 : 1 B21 B22 B23

Siltstone-coal A31 A32 A33 Siltstone-coal height ratio 2 : 1 B31 B32 B33

2

3

4

5
6

7

1

Figure 7: The test equipment. 1 the TAW-2000 testing machine,
2 upper indenter, 3 lower indenter, 4 coal-rock combination
sample, 5 extensometer, 6 strain gauges, and 7 the DH3818Y
static strain tester.
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Figure 8: The stress-strain curve of the coarse sandstone-coal
combination sample (A11).
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The coal could still maintain the combination structure to a
certain extent after the failure of the coal, and the coal still
had some bearing capacity.

The difference in the structural failure modes of the two
different types of combination samples is mainly reflected
in the failure of the coal. For the combination sample struc-
tures of different lithologies, a higher rock strength corre-
sponded to a larger elastic modulus, so more elastic strain
energy could be accumulated during its compression defor-
mation. The elastic strain energy accumulated in the rock
was released into the coal at the moment when the sample
underwent instability failure, resulting in the differences in
the failure modes of the coal. For the combination sample
structures with different height ratios, a higher rock content

corresponded to a higher sample strength, so more elastic
strain energy accumulated during the rock compression pro-
cess. When the combination sample failed, the deformation
of the coal part was more violently and significant.

4.3. Critical Condition Verification Analysis. By substituting
the experimental stress and strain data for the coal–rock
combination structures used in the uniaxial compression
tests into Equation (16), the correction parameters mC and
mR for the elastic moduli of the coal and rock, respectively,
were obtained. Then, these were substituted into Equation
(8) to obtain the overall displacement–load function relation-
ship of the corrected combination sample structures
composed of rock block a and coal block b and the critical

(a) (b) (c)

Figure 9: The failure modes of the coal–rock combination sample structures with different lithologies: (a) coarse sandstone-coal; (b) fine
sandstone-coal; (c) siltstone-coal.

(a) (b) (c)

Figure 10: The failure modes of the coal–rock combination sample structures with different height ratios: (a) siltstone-coal height ratio 1 : 1;
(b) siltstone-coal height ratio 1.5 : 1; (c) siltstone-coal height ratio 2 : 1.

Table 2: The critical equilibrium values for the failure of the two types of coal–rock combination sample structures with different lithologies
and different height ratios.

Set A mREaSa/la mcEbSb/lb Difference Set B mREaSa/la mcEbSb/lb Difference

A11 153.490 156.324 -2.834 B11 200.054 200.525 -0.471

A12 153.581 156.110 -2.529 B12 209.201 209. 669 -0.468

A13 157.802 159.573 -1.771 B13 206.072 206.508 -0.436

A21 180.778 181.845 -1.067 B21 244.145 244.436 -0.291

A22 175.587 176.664 -1.077 B22 241.743 241.945 -0.202

A23 178.998 180.079 -1.081 B23 245.242 245.455 -0.213

A31 197.935 198.566 -0.631 B31 301.323 301.446 -0.123

A32 195.588 196.289 -0.701 B32 305.901 306.083 -0.182

A33 196.145 196.799 -0.654 B33 304.851 304.983 -0.132
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conditions for the failure of the corrected combination
samples, as shown in Equation (17).

mREaSa/la −mbEbSb/lb = 0 indicates that the combina-
tion sample structure is in a critical state of limit equilibrium,
and the combination structure will fail immediately when the
external load increases. mREaSa/la −mbEbSb/lb < 0 indicates
that the combination sample structure is in the failure state,
and the coal part of the structure is subjected to the combined
actions of the external work and rebound energy of the rock
in the system. In the case of mREaSa/la −mbEbSb/lb > 0, if
external work is done to the system, the degree of damage
done to the combination sample structure will increase, and
the system will still have a certain bearing capacity.

Taking the peak failure point of the combination sample
as the research object, the coal in the sample at this moment
reaches its peak strength and εb ≥ εcb, but the rock part is still
in the elastic stage. The structural failure characteristics of the
combination sample expressed by Equation (17) are satisfied.
Therefore, the critical equilibrium values for the failure of the
two types of coal–rock combination sample structures with
different lithologies and different height ratios can be calcu-
lated, as shown in Table 2.

As can be seen from Table 2, the critical equilibrium
values of the different combination samples are all negative,
and they approach 0 as the rock strength and the proportion
of rock in the combination samples increase, indicating that
the combination samples failed under the combined actions
of the external work and the rebound energy of the rock.
When the load on the system reached the maximum that
the coal could withstand, the strain of the coal increased,
exceeded its uniaxial compressive strength, and reached the
peak strain, at which time the combination structure under-
went instability failure. At this moment, the rock was still
in its elastic stage; and the strain increased with increasing
stress, reaching its maximum value at the peak point of the
system’s strain. After that, the strain of the rock decreased,
exhibiting a trend opposite to that of the coal. The strain
characteristics that the coal and rock exhibited at the system’s
strain peak point and in the moments thereafter indicate that
the rock exerts rebound energy on the coal, which is consis-
tent with the mechanical phenomenon represented by the
calculated critical equilibrium value being less than 0.

5. Energy Transfer Characteristics during the
Instability of the Coal-Rock System

5.1. Elastic Energy Test and Energy Transfer Analysis of the
Coal–Rock Combination. The energy evolution of the loaded

coal–rock system can be divided into three main processes:
energy input, energy accumulation, and energy dissipation.
In the loading process, without considering the damping
dissipation and heat exchange, the energy input is mainly
derived from the work done by the experimental machine
on the combination sample. Part of the input energy is accu-
mulated in the combination sample in the form of reversible
elastic energy, and the other part is dissipated in the form of
plastic deformation energy and damage energy, which is
irreversible. When the accumulated elastic strain energy in
the combination sample reaches a certain extent, the coal,
which has a much smaller elastic modulus than the rock,
undergoes instability failure due as it reaches the limit of
its bearing capacity. Then, the rock part of the combination
sample exhibits the passive unloading phenomenon, the
stress and strain of the rock decrease, and the rock releases
the stored elastic strain energy into the system. This part of
the energy acts on the coal, aggravating the damage to the
coal and increasing the degree of crushing. The coal part
undergoes instability failure under the joint actions of the
energy accumulated in the coal itself and the elastic strain
energy transferred to the coal during the passive unloading
of the rock part.

Based on the stress–strain curves of the rock part and the
overall combination sample of the coal–rock combination
sample structure under uniaxial compression until its failure
(Figure 11), the following energy values are obtained: the
energy accumulated before the peak of the corresponding
combination sample (E1), the energy consumed by the failure
of the combination sample (E2), the elastic energy accumu-
lated by the rock part during uniaxial compression (U), and
the elastic strain energy transferred to the coal during the
passive unloading of the rock part (U1), as shown in the
following equation:

E1 =Vcombination

ð
OBI

σdε = SOBIVcombination,

E2 =Vcombination

ð
BIKE

σdε = SBIKEVcombination,

U =V rock

ð
OAH

σdε = SOAHV rock,

U1 = V rock

ð
NAD

σdε = SNADV rock,

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð18Þ

σ =

mREamcEbSb
mREaSalb +mcEbSbla

u, −∞<εb ≤ εcb,

mREa

mcEb

mcEbSbσcb/lað Þ + mcEbSbσcb/lað Þ
mREaSa/lað Þ − mcEbSb/lbð Þ −

mc
2Eb

2Sb/lalb
mREaSa/lað Þ − mcEbSb/lbð Þ u

� �
, εcb < εb ≤ εrb,

σrb, εrb < εb≤+∞:

8>>>>>><
>>>>>>:

ð17Þ

9Geofluids



where S is the corresponding area under the stress-strain
curve and V is the volume of the corresponding structure.

To describe the energy characteristics and transfer pat-
terns, including their relationships with the failure state and
failure severity, of the different combination samples during
failure, the following indicators are proposed:

(1) U1 intuitively reflects the influence of the elastic
strain energy of the rock on the instability failure of
the coal

(2) U1/U reflects the difference in the ability of the rock
parts of the different combination samples to release
elastic strain energy

(3) U1/ðE1 −U +U1Þ reflects the proportion of the energy
contributed by the elastic strain energy released by the
rock during the failure of the coal–rock combination

The indicators were calculated based on Figure 10 and
Equation (18), and the specific results are shown in Table 3.

The following can be seen from Table 3:

(1) During the failure process of the coal–rock combina-
tion, the greater the stored elastic strain energy
released into the system by the rock (U1), the higher
the crushing degree of the coal after the failure of the
combination structure. For the coal–rock combina-
tion samples of different lithologies, the greater the
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(b) The stress–strain curves of the rock part

Figure 11: The stress–strain curves of the rock part and the overall combination sample of the coal–rock combination sample structure under
uniaxial compression until its failure.

Table 3: The calculation results of each research index.

No. U1 (J) U (J) E1 (J) U1/U Average U1/U U1/ E1 −U +U1ð Þ Average U1/ E1 −U +U1ð Þ
A11 0.30537 1.16180 8.53295 26.28%

26%

3.98%

4.0%A12 0.28221 1.09508 7.72440 25.77% 4.08%

A13 0.27632 1.08330 7.70085 25.51% 4.01%

A21 0.32342 1.15003 8.64285 28.12%

28%

4.14%

4.1%A22 0.32146 1.21675 8.63108 26.42% 4.16%

A23 0.34893 1.17358 9.44748 29.73% 4.05%

A31 0.52988 1.31488 11.51988 40.30%

40%

4.94%

4.9%A32 0.54558 1.37375 12.17143 39.71% 4.81%

A33 0.50240 1.25993 11.00178 39.88% 4.90%

B11 0.54558 1.31488 12.06545 41.49%

41%

4.83%

4.8%B12 0.53380 1.33843 11.85350 39.88% 4.83%

B13 0.54165 1.29918 12.20675 41.69% 4.73%

B21 0.79599 1.77567 10.86754 44.83%

46%

8.05%

8.1%B22 0.81483 1.73799 10.99314 46.88% 8.09%

B23 0.79128 1.74742 10.74508 45.28% 8.08%

B31 1.10429 2.09867 9.65715 52.62%

53%

12.75%

12.4%B32 1.182794 2.15624 10.18043186 54.85% 12.85%

B33 1.03625 2.04634 9.89786 50.64% 11.66%
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strength of the roof rock, the greater the stored elastic
strain energy released into the system by the rock. For
the coal–rock combination samples with different
height ratios, the smaller the coal–rock height ratio,
the greater the stored elastic strain energy released
into the system by the rock

(2) For the different combination specimens, the stored
elastic strain energy released into the system by the
rock accounts for a large proportion of the energy
accumulated in the rock = ðU1/UÞ, reaching 26% to
53%, whereas this part of the energy contributes a rel-
atively small amount to the energy during the failure
of the coal–rock combination (U1/ðE1 −U +U1Þ),
only accounting for approximately 4% to 12.4%. Dur-
ing the failure process of the coal–rock combination,
as the strength of the roof rock increased, U1/U
increased, whereas the change in U1/ðE1 −U +U1Þ
was not significant. As the coal–rock height ratio
decreased, U1/U increased, and U1/ðE1 −U +U1Þ
increased significantly. This indicates that, relative
to the strength of the roof rock of the coal–rock com-
bination, the coal–rock height ratio of the coal–rock
combination plays a greater role in the failure of the
coal–rock combination.

5.2. Test of the Crushing Degree of the Coal Sample. The com-
pression failure of the combination samples under uniaxial
conditions was a process involving energy accumulation,
transfer, and release. To analyze the patterns of energy trans-
fer and release during this process, it is necessary to study the
crushing degree of the coal after failure. In essence, the crush-
ing of the combination sample is a process in which, under
the combined actions of the energy accumulated in the sam-
ple and the elastic strain energy released by the upper rock
part, the coal is crushed into smaller pieces, creating new
surfaces that separate the pieces from the original body.
Therefore, there is an inevitable relationship between the

sum of the elastic strain energy released by the rock and the
energy accumulated in the coal (i.e., the crushing energy)
and the new surface [42]. By analyzing the particle distribu-
tion of the crushed coal samples after the failure of the differ-
ent combination samples and the crushing degree of the
different combination samples, the newly added surface areas
of the different combination samples were calculated and the
relationship between the newly added surface area and the
crushing energy was obtained. The particle size statistics of
the crushed coal samples after the failure of the different
combination structures were determined, and the typical
results are shown in Figure 12. From the particle size and
microscopic morphology, it can be seen that most of the
broken coal-like particles are close to spherical or ellipsoidal,
with only a few irregular shapes.

According to the new surface theory [43, 44], the coal
crushing energy was all used to create new surfaces, the area
of which was generated by the crushed coal:

SNew = 6m
ρdZ

, ð19Þ

where SNew is the newly added surface area of the crushed
coal, m is the mass of the coal, ρ is the density of the coal,
and dZ is the converted diameter of the coal.

The newly added surface area of the different combi-
nation samples was calculated by Equation (19), as shown
in Table 4.

As can be seen from Table 4, for the different coal–rock
combination samples tested in the experiments, the mass of
the crushed coal sample was relatively small, accounting for
less than 5% of the total coal in the combination sample.
The newly added surface areas of the different combination
samples, which were provided by the crushed coal, reflect
the crushing conditions of the samples. The larger the newly

(a) Coarse sandstone-coal A11 (b) Fine sandstone-coal A21

(c) Siltstone-coal A31

Figure 12: The particle size statistics of the crushed coal samples after the failure of the different lithology combination structures.
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added surface area, the higher the crushing degree of the coal,
that is, the more severe the degree of instability failure.

To further illustrate the aggravating effect of the rock
elastic energy on the failure of the coal, the newly added
surface area was selected as the research object, and for the
coal–rock combinations with different roof lithologies, the
relationship between the newly added surface area and the
stored elastic strain energy released into the system by the
rock (U1) was analyzed. The energy characteristics of the
combination samples during instability failure under uniaxial
conditions were analyzed from the perspective of coal crush-
ing, as shown in Figure 13.

Figure 13 shows that as the rock strength of the coal–rock
combination increased, the U1 increased, which increased
the crushing degree of the sample, leading to an increase in
SNew of the crushed coal. Furthermore, there is a logarithmic

relationship between the two, and the fitting relationship is
SNew = 537808 ln ðU1Þ + 1087600.

6. Conclusions

(1) Based on the analysis of the mechanical behaviors
of the combination structures under uniaxial condi-
tions, the relationship between the value of the
critical equilibrium conditions of the sample
(mREaSa/la −mcEbSb/lb) and the theoretical peak
failure point value 0 is proposed and verified using
experimental data. If the value is less than 0, the
sample has undergone instability failure. If the value
is greater than 0, the sample has not reached the limit
state. If the value is 0, the sample is in a state of limit

Table 4: The newly added surface area of the different combination samples.

No.
Coal weight

(g)
Crushed coal weight

(g)
Crushed coal weight/coal weight

(%)
Converted diameter

(mm)
Newly added surface area

(mm2)

A11 127.0 6.3 4.96 1.6976 346813.148

A12 127.1 5.3 4.16 1.5867 371053.129

A13 127.8 6.1 4.77 1.5487 380157.551

A21 126.4 5.2 4.11 1.0826 543829.669

A22 126.4 4.8 3.79 1.1287 521617.790

A23 126.3 4.7 3.72 0.9828 599053.724

A31 126.2 4.6 3.64 0.8277 711308.445

A32 126.7 4.3 3.39 0.8177 720007.338

A33 126.3 4.1 3.24 0.7719 762728.333

B11 127.3 5.1 4.00 0.7828 752107.818

B12 127.4 4.9 3.84 0.7961 739542.771

B13 127.2 5.0 3.93 0.7840 750956.633

B21 101.6 4.8 4.72 0.6019 782522.014

B22 99.2 4.6 4.63 0.5979 787757.150

B23 100.3 4.7 4.68 0.5778 815160.955

B31 82.8 4.1 4.95 0.4423 878532.670

B32 80.1 3.8 4.74 0.4379 887360.128

B33 79.9 3.4 4.25 0.4308 901984.680
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Figure 13: The relationship between SNew and U1 of the different lithology combination structures.
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equilibrium, and an increase in the external load will
cause the sample to undergo instability failure

(2) The combination samples underwent instability fail-
ure under the combined actions of the external load
and the rock’s elastic energy. The stored elastic strain
energy that was released into the combination sample
system by the rock (U1) accounts for approximately
26% to 53% of the energy accumulated by the rock,
and the proportion of energy contributed to the failure
of the coal–rock combination (U1/ðE1 −U +U1Þ) is
approximately 4% to 12.4%. The values of these two
energies are greater for the combination samples with
different height ratios than for the combination
samples with different lithologies

(3) The crushing degree of the coal characterizes the
severity of the instability failure of the combination
sample. The failure severity of the combination sam-
ple and the crushing degree of the coal are related to
the ability of the rock in the sample to release the
stored elastic strain energy into the combination
sample system (U1). The larger the U1 value, the
larger the increased surface area generated by the coal
after the failure of the combination sample, and the
more severely the coal is crushed, which leads to a
higher degree of sample failure. Moreover, the stored
elastic strain energy that is released into the combina-
tion sample system by the rock is logarithmically
related to the increase in surface area
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Sand-based cemented backfill (SBCB) mining technology is instrumental in utilizing coal resources buried under the water bodies.
SBCB is exposed to the long-term action of mining-induced stresses in the goaf and groundwater permeating via microcracks along
the rock strata. Studying the permeability evolution of SBCB under varying stress states is crucial for protecting coal and water
resources below the aquifer. This study is focused on the influence law of different stress states on the SBCB permeability
exposed to groundwater, which was tested under different axial and confining pressures using a laboratory seepage meter,
particle size analyzer, scanning electron microscope (SEM), and X-ray diffractometer (XRD). Best-fitting quadratic polynomials
linking the SBCB permeability with confining and axial pressures, respectively, were obtained via statistical processing of test
results. The permeability gradually dropped within the elastic range as the confining and axial pressures increased. Moreover, an
increase in the confining pressure caused a more dramatic reduction in the SBCB permeability than the axial pressure. Finally,
the SBCB seepage mechanism under different stress states was revealed based on the particle size analysis, XRD patterns, and
SEM microstructure. These findings are considered instrumental in substantiating safe mining of coal resources below the water
bodies and above the confined groundwater.

1. Introduction

Most developed countries have limited oil and gas resources,
which are imported or gradually replaced by green energy
sources. China follows this trend and takes advantage of its
abundant coal resources, in which share in the national pri-
mary energy consumption in 2020 exceeded 60% and is
expected to remain high in the foreseeable future. In China,
the occurrence conditions of coal resources are complex
and highly variable. Most coal resources are located below
the water bodies and above the confined groundwater [1–
3]. Coal resources threatened by water account for over
27% of the total proven coal reserves. Waterproof coal pillars
of large scale need to be left to mine these coal resources
using the conventional methods [4, 5]. This implies consider-
able losses of the coal resources and, more importantly, the
hidden danger of water burst of coal and rock masses and

damage to the aquifer [6–8]. Figure 1(a) shows a transient
fracture belt formed due to the rock strata’s damage under
the conventional mining conditions, resulting in the aquifer’s
damage.

Given this, some scholars have proposed backfilling and
replacement to liberate the coal resources below the water
bodies and above the confined groundwater [9–11]. Backfill-
ing materials with high compaction and low permeability are
usually needed to ensure the reliability of backfill mining.
The sand-based cemented backfill (SBCB) method is a min-
ing technology with small ecological and environmental
damage [12–14]. SBCB has high compactness and good con-
trol against overlying strata deformation. This method has
been extensively applied to the “three-under” coal resources
in recent years [15–17]. Figure 1(b) shows the mine water’s
occurrence state via the SBCB method. The SBCB is made
of fly ash, aeolian sand, and cement. Fly ash, as the product
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of coal burning, may accumulate in large quantities on the
ground surface. Making backfill aggregates with fly ash helps
prevent its rainfall erosion, which otherwise carries many
noxious elements underground, polluting the soil and
groundwater resources [18–20]. Thus, the SBCB turns wastes
into resources. Solid wastes, namely, fly ash and aeolian sand,
are used for backfilling the goaf to liberate the coal resources,
thereby increasing the economic benefit of the coal mine and
protecting the environment [21, 22]. However, the aquifer’s
water may penetrate the roof strata and permeate, via the
cracks, into the SBCB in the goaf. As a result, the SBCB is
exposed to water [23]. As time progresses and the working
face advances, water in the backfilled space invades the back-
filling materials, deteriorating their strength. This phenome-
non will affect the SBCB stability and control the aquifer and
overlying strata deformation [24, 25]. In engineering prac-
tice, there is no assurance of whether the SBCB is eroded by
groundwater and how the backfill changes permeability
under different stress states.

Many studies have been conducted worldwide regarding
SBCB permeability. Thus, Liu et al. [26] performed indoor
triaxial seepage tests and analyzed the cracked backfill’s per-
meability and strength features. They obtained the failure
mode of the cracked sandstone backfill. Mamaghanian et al.
[27] carried out a permeability study of a composite material
similar to cemented backfill. They elaborated four different
permeability models describing the observed patterns, which
clarified the studied composite material’s permeation perfor-
mance under different pressures. Hou et al. [28] introduced a
damage model and determined the damage evolution fea-
tures of the prefabricated cracked backfill under the
seepage-stress coupling effect. The above studies represent
some of the preliminary explorations of the permeability of
cemented backfills. However, most of them were concerned
with the mechanical performance and model evaluations of
the cemented backfill or provided the comparative analysis
of permeability variation after modifying the cemented back-
fill. Very few of them examined evolutionary laws of the
SBCB permeability.

Others have investigated the stress state effect on the
permeability of concrete and rock strata. Santos and Bar-
ros [29] proposed a method for calculating the pressure
imposed by the cemented backfill on the retaining wall
under a high water level. They concluded that the ground
pressure on the retaining wall was caused by water seepage
in part of the soil bodies. Hou et al. [30] analyzed the
seepage-stress coupling effect on the mechanical behavior,
damage evolution law, and the microscopic structural
response of cracked cemented gangue-fly ash backfill
(CGFB). Barros and Santos [31] provided a numerical
simulation of water permeation of soil bodies based on
the boundary element method. They calculated the inter-
nal friction angle of soil and the inclined angle of the wall
surface and plotted the variation diagram of ground pres-
sure coefficient with seepage. Zhang et al. [32] analyzed
the influence of confining pressure on permeability charac-
teristics of granite and cracked slate. They clarified the
effect of crack morphology on the permeation mechanism
of different rock types. Zhou et al. [33] built a theoretical
model quantifying the effects of crack-pore permeability
coupling and hydromechanical coupling on soft rocks’
damage behavior. The above studies of the stress state
effect on permeability characteristics were mostly focused
on the fractured confining rocks. However, few of them
investigated SBCBs exposed to groundwater for a long
period under different stress states.

This study is aimed at clarifying the stress state effect
(which occurs at different burial depths) on the permeabil-
ity of SBCB, which is mainly composed of aeolian sand,
fly ash, cement, and water. Aeolian sand is used as aggre-
gate, and fly ash and cement are used as binding materials.
During hydration reaction, the smaller fly ash and cement
particles fill the pores between the aeolian particles,
enhancing the overall compaction and antiseepage perfor-
mance of the SBCB. However, there are scarce data on
the permeability variation pattern under different stress
states for the SBCB long-term exposure to a moist goaf,
which is depicted in Figure 1(b).

River

Phreatic layer

Confined water

Goaf

Floor aquifer

Fly ash mountain

Pollution
domain

House
Vegetation

(a) Conventional mining method

River

Phreatic layer

Confined water

Sand-based cemented backfill

Floor aquifer

Water tank

Fly ash silo

Mixer
Paste pool

House
Vegetation

(b) Mining method with sand-based cemented backfill

Figure 1: Occurrence state of mine water under different mining methods.
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The current study explored the influence of axial pressure
and confining pressure on the permeation performance of
the SBCB exposed to the long-term action of groundwater.
A seepage meter was used to measure the SBCB permeability
under the above conditions, while the backfill microstructure
was examined via an FEI Quanta 250 scanning electron
microscope (SEM) and X-ray diffractometer (XRD). The per-
formed single-factor analysis and the 2-factor 3-level orthog-
onal experiment revealed the influence of single factors and
the combined effect of multiple factors on the SBCB perme-
ation mechanism. The research findings are considered
instrumental in substantiating the protection measures for
mining under water bodies and ensuring green, safe mining
of coal resources under the same type’s geological conditions.

2. Materials and Methods

2.1. Test Materials. The raw materials used in the experi-
ments were aeolian sand, fly ash, cement, and water. Aeolian
sand and fly ash were collected from the superficial deposits
in Yulin City, solid wastes generated by the Yulin Power Sta-
tion (Shaanxi Province of China). The ordinary Portland
cement was acquired from the Jinniu Coal Mine in Yulin
City. Photos of raw materials for the experiment are pre-
sented in Figure 2, while their particle size distribution and
XDR patterns are depicted in Figures 3 and 4, respectively.

2.1.1. Aeolian Sand. Aeolian sand usually serves as an aggre-
gate of the cemented paste. Its particle size distribution and
mineral composition play a decisive role in the SBCB’s per-
meability. Figures 3(a) and 4(a) show the particle size distri-
bution and the major mineral components of aeolian sand,
respectively. As shown in Figure 3(a), the particle size of aeo-
lian sand ranged between 168 and 571μm, with an average
value of 346.49μm. The particle size of aeolian sand was
small and evenly distributed. When used as an aggregate,
the aeolian sand was conducive to enhancing the SBCB’s
compaction. According to the XRD patterns of the aeolian
sand in Figure 4(a), the aeolian sand contained a large
amount of quartz, feldspar, and calcite. Quartz existing in

large quantities enhanced the SBCB’s stability, improving
the backfill’s compressive resistance and optimizing its bear-
ing capacity.

2.1.2. Fly Ash. Fly ash is usually applied as the binding mate-
rial in the sand-based cemented paste. Figure 3(b) shows the
particle size distribution of fly ash, ranging between 19 and
126μm, with an average value of 64.683μm. Therefore, the
fly ash is conducive to the SBCB delivery. As indicated by
the XRD patterns in Figure 4(b), fly ash contained many
quartz and mullite but little muscovite. Chemically stable
quartz improved the stability of the SBCB exposed to
groundwater.

2.1.3. Cement. Ordinary Portland cement, which is generally
a binding material, undergoes hydration reaction in the
cemented paste. It is an important raw material for improv-
ing the strength and stability of the SBCB. Figure 3(c) shows
the particle size distribution of cement, ranging between 6.9
and 99.3μm, with an average value of 44.846μm. Smaller
particles usually have a more extensive contact area in the
SBCB, thereby ensuring a complete hydration reaction.
Figure 4(c) shows the XRD pattern of cement, which was rich
in calcium silicate (3CaO∙SiO2) and calcium carbonate and
where dicalcium silicate was most abundant. Hydration of
these minerals would significantly improve the SBCB
strength.

2.2. Test Method

2.2.1. Seepage System. A seepage system of the cemented
backfill was designed and constructed by the authors to ana-
lyze the stress state effect on the SBCB’s permeability. This
system consisted of the axial loading subsystem, seepage
meter, confining pressure loading subsystem, hydraulic load-
ing subsystem, and data monitoring subsystem. Figure 5 pre-
sents a schematic of the seepage system.

(1) Axial Loading System. A WAW-1000D series servohy-
draulic testing machine incorporated into the axial loading
system was used to generate different stresses in the SBCB

(a) Aeolian sand (b) Fly ash (c) Portland cement

Figure 2: Raw materials.
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specimens. The maximum stroke of the servohydraulic test-
ing machine was 250mm, the loading rate was 0.2mm/min,
the display precision grade was 0.5, and the measuring range
was 0~1000 kN.

(2) Hydraulic Loading System. The hydraulic loading system
applied a seepage pressure to the SBCB. An ultra-high-
pressure hydraulic pump was used to apply hydraulic load-
ing. The hydraulic loading system consisted of a water tank,
an energy accumulator, a wobble pump for pressure testing,
a stop valve, a pressure gauge, and a pressure transmitter.

(3) Confining Pressure Loading System. The confining pres-
sure loading system applied a constant confining pressure
on the SBCB. This system ensured the water seepage into
SBCB specimens and guaranteed the test reliability. A YE2-
100L2-4 three-phase asynchronous motor drove the confin-
ing pressure loading system. The hydraulic oil was pumped
into the seepage meter to apply a constant confining pressure
to the specimens. The power was 3 kW, the frequency was
50Hz, and the rotational speed was 1420 r/min, which satis-
fied the test requirements.

(4) Seepage Meter. The seepage meter was the core part of the
entire experiment. The seepage meter was composed of the
base, tank body, cap, upper press head, lower press head,
and porous plate. The entire seepage process of the backfill
specimens mainly proceeded in the seepage meter. Figure 6
shows photos of the seepage meter and its components.

(5) Data Collection and Monitoring System. During the seep-
age system’s experimental process, the data were collected
and recorded by combining the pressure transmitter with
the paperless recorder. The paperless recorder monitored
water pressure variations in the water tank over time. The
permeability kD of the backfill specimens was calculated as
follows:

kD = cfBHμ

2tfA
ln J0

J
= cfBHμ

2tfA
ln p10 − p20

p1f − p2f

� �
, ð1Þ

where P10 and P20 are the initial pressures; P1f and P2f are
pressures at time t; J is the pressure gradient at time t; cf is
the compressibility factor of the liquid; B is the water tank
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Figure 3: Particle size distributions.
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Figure 4: XRD patterns of raw materials.
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volume;H is the specimen’s height; μ is the dynamic viscosity
of the seeping liquid; t is the time needed for the experiment;
and A is the specimen cross-sectional area.

2.2.2. Microstructural Analysis. An FEI Quanta 250 SEM
introduced by the Advanced Analysis and Computation
Center of the China University of Mining and Technology
was used for the microstructural analysis, as shown in
Figure 7(a) An X-ray diffractometer was used to analyze the
mineral composition of the raw materials. As shown in
Figure 7(b), the X-ray diffractometer was composed of a
sealed-tube X-ray source and an X-ray high-voltage genera-
tor for precise measuring of specimens’mineral composition.

2.2.3. Test Procedures. The test procedures included the fol-
lowing: determination of physical and chemical properties
of raw materials, determination of the mix ratio of each com-
ponent of the SBCB, preparation and pretreatment of speci-
mens, and the seepage test of pretreated specimens using a
WAW-1000D series servohydraulic testing machine. The
effect of different stress states on the SBCB’s permeability
was analyzed based on the experimental results. The SBCB
microstructure was observed via the SEM. The experimental
workflow is depicted in Figure 8.

As seen in Figure 8, the particle size, chemical composi-
tion, and microstructure of the raw materials were first ana-
lyzed using the particle size analyzer, XRD, and SEM,
respectively. After testing, the cemented paste was prepared
by mixing fly ash, aeolian sand, cement, and water at a certain
mix ratio according to the GB/T50080-2016 standard for the
test method on the performance of ordinary fresh concrete.
The paste was poured into a mold with a diameter of
50mm and a height of 100mm. The mold was gently shaken
for 10-15 s to remove air bubbles from the paste. The paste
was left to stand for 8 h and then removed from the mold.
The specimen was then cured in a curing box for 28 d under
a humidity of 95% and a temperature of 20± 2°C.

According to the GB50218-94 standard for the test
method of engineering rock masses, the cured specimens
were prepared into standard specimens. A seepage experi-
ment of SBCB was performed under different stress states
according to the GB/T23561.12-2010 method for determin-
ing physicomechanical properties. After the seepage experi-
ment, the specimens were dried for 12h in a drying oven at

40°C to prepare them for microstructural analysis. The dried
specimens were cut into a length of 10mm, a width of 10mm,
and a height of 5mm. Specimens were gold-sprayed to
improve the electrical conductivity and hence facilitate the
SEM observation. Finally, the effect of different stress states
on the SBCB permeability under different stress states was
analyzed based on the experimental results.

2.3. Experimental Scheme

2.3.1. Specimen Pretreatment. The specimens were cured for
28 d and then taken out. Each specimen was truncated to a
height of 100mm with a cutting machine. Next, the speci-
men’s two end surfaces were ground flat with a polishing
machine to ensure a flatness below 0.5mm. The parallelism
between the two end surfaces was below 0.02mm. The spec-
imens’ machining precision was measured and satisfied the
GB 50218-1994 standard for engineering classification of
rock masses. The machined specimens were then soaked into
the water to saturate them before the seepage test.

2.3.2. Variation Laws of SBCB Permeability under Different
Confining Pressures. The aeolian sand mass was a fixed value,
and the doping amount of other ingredients was expressed as
their mass ratio to that of the aeolian sand. The rawmaterials’
mix ratios for the SBCB preparation were as follows: the fly
ash with a mass fraction of 78% accounted for 70%, and the
cement for 15%. Secondly, after the dry material was evenly
stirred, water was added slowly until its amount required
by the mixing ratio was reached. The standard specimens of
SBCB were prepared under this mixed ratio [32]. The axial
pressure was fixed at 2.5MPa, and different levels of confin-
ing pressure were set up at 1, 2, 3, and 4MPa [34]. The S1,
S5, S6, and S7 tests described in Table 1 were carried out.
The variation rules of SBCB permeability under different
confining pressures and constant axial pressures were
identified.

2.3.3. Variation Rules of Permeability of SBCB under Different
Axial Pressures. For standard specimens, the confining pres-
sure was fixed at 3MPa, while different axial pressures were
set up at 2.5, 3.5, 4.5, and 5.5MPa [34]. Tests S1, S2, S3,
and S4 described in Table 1 were carried out. The variation
rules of SBCB permeability under different axial pressures
and constant confining pressures.

The 2-factor 3-level orthogonal experiment was designed,
as shown in Table 1, to study the effect of different axial and
confining pressures on the SBCB’s permeability.

3. Experimental Results

3.1. Influence Rules of Confining Pressure on the SBCB
Permeability. The constant axial pressure of 2.5MPa was
applied, while varying the confining pressures (1, 2, 3, and
4MPa) to study the influence of a single factor on the SBCB
permeability. Each group contained three specimens, and the
average permeability value was taken of the three specimens.
Table 2 shows the results of the permeability tests.

Figure 9(a) shows the best-fitting curve of the SBCB per-
meability under four different confining pressures. The

Seepage meter Press head

Cap Base

Figure 6: Photos of the seepage meter and its components.
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permeability was related to the confining pressure via a
quadratic polynomial, in which equation and correlation
coefficient R2 = 0:996 are presented in Figure 9(a). As the
confining pressure increased, the permeability decreased
at a progressively slowing rate. As the confining pressure
grew from 1 to 4MPa, the permeability dropped from
1:53 × 10−17 to 7:26 × 10−18m2, i.e., by 52.5%. This was
due to initially small confining pressure in the backfill,
which still had pores to form seepage channels, leading
to a higher permeability. But as the confining pressure
increased, the pores inside the backfill were closed under
compaction. The seepage channels were closed as well.
Therefore, the permeability gradually decreased at a pro-
gressively slowing rate.

Scanning electron microscope

Data receiver

Multiplier

(a) Scanning electron microscope (SEM) (b) X ray diffractometer (XRD)

Figure 7: Equipment used for microstructural analysis.

Raw materials

Fly ash Cement Aeolian sand

Determination of the physical and chemical properties
of the raw materials

Prepare the specimens

Specimen curing

5000×

SEM

0 1 2 3 4 5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Axial pressure (MPa)

Analysis of experimental results

Seepage test

Determine the mix ratio

Humidity (95%)
Temperature (20±2°C)

Soaking pretreatment of
specimens

C
on

fin
in

g 
pr

es
su

re
 (M

Pa
)

Figure 8: Experimental workflow.

Table 1: Orthogonal experiment design for the SBCB permeability
under different stress states.

Experiment
No.

Axial pressure (MPa)
Confining pressure

(MPa)

S1 2.5 3.0

S2 3.5 3.0

S3 4.5 3.0

S4 5.5 3.0

S5 2.5 1.0

S6 2.5 2.0

S7 2.5 4.0
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3.2. Influence Rules of Axial Pressure on the SBCB
Permeability. The axial pressure effect on the permeability
of the backfill was experimentally determined. During the
experiment, a constant confining pressure of 3MPa was
applied, while the axial pressure was variable (2.5, 3.5, 4.5,
and 5.5MPa). Table 3 shows the SBCB permeability under
different axial pressures. Figure 9(b) presents the best-
fitting curve of SBCB permeability under different axial pres-
sures. The permeability was related to the axial pressure via a
quadratic polynomial, in which equation and correlation
coefficient R2 = 0:997 are given in Figure 9(b). As the axial
pressure increased, the reduction amplitude of the perme-
ability gradually grew. As the axial pressure increased from
2.5 to 5.5MPa, the permeability dropped from 8:11 × 10−18

to 3:35 × 10−18m2, i.e., by 58.7%. This was because as the
axial pressure increased, the pores inside the backfill were
closed under compaction, resulting in a gradual decrease in
permeability. Besides, the axial pressure direction was per-
pendicular to the seepage direction. As the axial pressure
increased, the backfill specimens were compressed along
the axial direction, thereby blocking the passage of water flow
and accelerating the permeability reduction.

Under the action of confining pressure, the backfill was
subjected to a transverse extruding force. The fractures’
resulting compaction was slightly smaller than that exerted
by the axial pressure on the backfill. Moreover, the confining
pressure direction was parallel with the seepage direction,
while the axial pressure direction was perpendicular to the

Table 2: Results of SBCB permeability tests under different confining pressures.

Axial pressure
(MPa)

Confining pressure
(MPa)

Permeability K1
(m2)

Permeability K2
(m2)

Permeability K3
(m2)

Average permeability
�K

2.5 1.0 1:47 × 10−17 1:65 × 10−17 1:22 × 10−17 1:53 × 10−17

2.5 2.0 8:90 × 10−18 1:29 × 10−17 9:90 × 10−18 1:02 × 10−17

2.5 3.0 8:57 × 10−18 5:27 × 10−18 1:05 × 10−17 8:11 × 10−18

2.5 4.0 7:12 × 10−18 6:92 × 10−18 7:75 × 10−18 7:26 × 10−18

1.0 1.5 2.0 2.5 3.0 3.5 4.0
6.00E-018

8.00E-018

1.00E-017

1.20E-017

1.40E-017

1.60E-017

Original data
Fitted wave

L
(m

2 )

K(MPa)

L = (1.06E-18)K2-(7.93E-18)K+(2.21E-17)
R2 = 0.996

(a) Confining pressure

Original data
Fitted wave

2.5 3.0 3.5 4.0 4.5 5.0 5.5

3.00E-018

4.00E-018

5.00E-018

6.00E-018

7.00E-018

8.00E-018

L
(m

2 )

KC(MPa)

L = -(2.18E-19)KC
2+(1.25E-19)KC+(9.20E-18)

R2 = 0.997

(b) Axial pressure

Figure 9: Permeability of SBCB under different stress states.

Table 3: Results of permeability testing of the SBCB under different axial pressures.

Axial pressure
(MPa)

Confining pressure
(MPa)

Permeability K1
(m2)

Permeability K2
(m2)

Permeability K3
(m2)

Average permeability
�K

2.5 3.0 8:57 × 10−18 5:27 × 10−18 1:05 × 10−17 8:11 × 10−18

3.5 3.0 7:69 × 10−18 6:67 × 10−18 6:94 × 10−18 7:10 × 10−18

4.5 3.0 3:94 × 10−18 7:52 × 10−18 4:23 × 10−18 5:23 × 10−18

5.5 3.0 2:88 × 10−18 2:84 × 10−18 4:32 × 10−18 3:35 × 10−18

8 Geofluids



seepage direction. Thus, under different confining pressures,
the fitted curve slope at the later stage was lower than the
fitted curve’s corresponding slope under different axial
pressures.

3.3. Analysis of the Combined Effect of Multiple Factors. As
shown by the above single-factor influence analysis, perme-
ability’s influencing factors mainly included confining pres-
sure and axial pressure. In the goaf, the SBCB underwent a
three-dimensional stress state. The permeability was influ-
enced by both the confining pressure and axial pressure. An
orthogonal experiment design was adopted to analyze multi-
ple factors’ combined effect on permeability to intuitively and
accurately predict permeability’s influence rules. The confin-
ing and axial pressures were taken as two influencing factors,
each being allocated four levels. The orthogonal experiment
design details and experimental results are listed in Table 4.

The range reflects the influence degree of different levels
of various factors on the indicator of concern. The results
of the orthogonal experiment in Table 4 were analyzed under
each level of different factors. The results of range analysis of
permeability under the combined action of different factors
are summarized in Table 5.

It can be seen from Table 5 that the range of confining
pressure was larger than that of the axial pressure. Different
factors had a varying influence on the permeability of SBCB
exposed to groundwater in the goaf. The confining pressure
influenced the permeability of the backfill more significantly.
The slope of the fitted curve of permeability in Figure 9(a)
was considerably smaller than that of Figure 9(b). That is to
say, the fitted curves of permeability under different stress
states corresponded to the range analysis.

3.4. Influence Rules of Confining Pressure/Axial Pressure. The
effect of different stress states (i.e., confining and axial pres-
sures) on the backfill’s permeability was analyzed in detail.
The nephograms of permeability under different confining
pressures/axial pressures were plotted based on the range
analysis following the orthogonal experiment, as shown in
Figure 10.

As indicated by the permeability isolines in Figure 10(a),
the permeability was related to the confining/axial pressure
in a roughly parabolic manner. The parabola’s peak occurred
under greater confining pressure, indicating that the confin-

ing pressure significantly influenced the backfill’s permeabil-
ity. According to Figure 10(b), with the confining pressure
fixed at 0.5MPa, the backfill’s permeability varied less signif-
icantly as the axial pressure increased. When the confining
pressure was increased to 2MPa and then to 3MPa, the per-
meability decreased considerably with the increasing axial
pressure. This was because the backfill was subjected to larger
axial and confining pressures simultaneously; both stresses
acted on the backfill’s contact surface within the range of
elastic deformation. As a result, the backfill was densely com-
pacted inside, leading to a more significant reduction in its
permeability.

4. Discussion

4.1. Analysis of the Seepage Mechanism of the SBCB under
Different Confining Pressures. The influence of stress states
on the SBCB permeability on the microscopic level was ana-
lyzed by preparing the SEM specimens after the seepage
experiment under different stress states. The specimens’
images under different stress states were magnified by the
same factor, and their microstructure was observed via SEM.

Figure 11 shows the SEM patterns of the SBCB under dif-
ferent confining pressures. The particle size of the aeolian
sand was the largest and varied between 168 and 571μm.
By contrast, fly ash and cement’s particle sizes were smaller,
with average values of 64.683 and 44.846μm, respectively.
Therefore, the fly ash and cement particles effectively filled
the pores between the aeolian sand particles as aggregates.
This structure offered greater compactness and smaller per-
meability of the backfill.

In Figure 11, the backfill specimens were all magnified by
a factor of 5000 consistently. Under the confining pressure of
1MPa (Figure 11(a)), many needle-/rod-like crystals
appeared in the backfill. According to the XRD patterns,
the needle-like crystals represented ettringite, which was rel-
atively stable and contributed to the backfill’s overall stability.
After the hydration reaction, the fly ash was dispersed to
form a gel, aggregated with the ettringite gel. The overall
structure was loose, with many pores. Therefore, when con-
fining pressure was 1MPa at the early stage, the backfill’s per-
meability was higher.

As the confining pressure increased to 3 and 4MPa, as
shown in Figures 11(c) and 11(d), a large amount of floccu-
lated hydration product C-S-H was formed within the back-
fill. As the confining pressure continued to increase, the
flocculated hydration product C-S-H overlapped in the mid-
dle of the backfill, increasing its compactness. Meanwhile, the

Table 5: Permeability range analysis.

Level Axial pressure (×10-18 Pa) Confining pressure (×10-
18 Pa)

Level 1 10.2 15.3

Level 2 7.10 10.2

Level 3 5.23 5.95

Level 4 3.35 7.26

Range 6.85 9.35

Table 4: Results of the orthogonal experiments on permeability.

Experiment
No.

Axial pressure
(MPa)

Confining
pressure (MPa)

Permeability
(m2)

S1 2.5 3.0 8:11 × 10−18

S2 3.5 3.0 7:10 × 10−18

S3 4.5 3.0 5:23 × 10−18

S4 5.5 3.0 3:35 × 10−18

S5 2.5 1.0 1:53 × 10−17

S6 2.5 2.0 1:02 × 10−17

S7 2.5 4.0 7:26 × 10−18
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Figure 11: SEM patterns of SBCB under different confining pressures.
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number of needle-like crystals was considerably reduced.
Therefore, the confining pressure had a more significant
influence on the backfill’s permeability.

4.2. Analysis of the Seepage Mechanism of the SBCB under
Different Axial Pressures. The influence rules of axial pressure
on the backfill’s permeability were studied by comparing data
for different confining pressures. Figure 12 shows the seepage
mechanism of the SBCB under different axial pressures. The
direction of axial pressure was parallel with the backfill’s
seepage direction, which was different from the case of the
confining pressure. The direction of the axial pressure was
perpendicular to the seepage direction of the backfill. This
major distinction had a direct bearing on the seepage rules.

According to Figure 12, at the axial pressure of 2.5MPa,
more cracks appeared in the backfill, which was the major
distinction from the confining pressure action. Moreover, a
small amount of rod-like crystals, which were hydration
products, appeared on the backfill particles’ surface. The
appearance of more cracks was mainly due to the loose struc-
ture within the backfill, which further led to a higher perme-

ability at the early stage. As the axial pressure, which was
perpendicular to the seepage direction, increased, the floccu-
lated gel, as the fly ash’s hydration product, was compressed
vertically. The gel filled the pores between the backfill parti-
cles, reducing the porosity. Moreover, according to the
XRD patterns shown in Figure 4, the aeolian sand contained
many stable mineral components, such as quartz. Within the
backfill, due to cement hydration and hardening at the early
stage, fly ash was not involved in the hydration reaction and
served as the filler between the cement particles, thus increas-
ing the backfill’s compactness.

Taken together, after the SBCB took shape, Ca(OH)2 pre-
cipitated from cement due to hydration and was absorbed by
the surfaces of fly ash particles. Meantime, the pozzolanic
reaction proceeded as follows:

xCa OHð Þ2 + SiO2 + nH2O→ xCaO ⋅ SiO2 ⋅ n + xð ÞH2O
yCa OHð Þ2 + Al2O3 + nH2O→ yxCaO ⋅Al2O3 ⋅ n + yð ÞH2O
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Figure 12: SEM patterns of the SBCB under different axial pressures.
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Fly ash and aeolian sand particles, acting as carriers,
formed a flocculated gel by hydration reaction on the aeolian
sand’s particle surface. The flocculated gel tightly enveloped
the aeolian sand particles to form a whole bulk, reducing
the SBCB permeability.

5. Conclusions

A seepage system simulating the seepage mechanism of the
SBCB was designed and tested. SBCB specimens were pre-
pared with a fixed mix ratio. The backfill specimens’ perme-
ability and microstructure were studied under different stress
states using a WAW-1000D series servohydraulic testing
machine and SEM, respectively. The results obtained made
it possible to draw the following conclusions:

(1) A particle size analyzer was employed to plot the nor-
mal distribution of the raw materials’ particle size.
The particle size of the aeolian sand ranged between
168 and 571μm, with an average of 346.49μm; that
of the fly ash ranged from 19 to 126μm, with an aver-
age of 64.683μm; and that of the cement was between
6.9 and 99.3μm, with an average of 44.846μm. The
XRD analysis revealed each raw material’s mineral
composition as the basis for subsequent macroscopic
and microscopic studies of the backfill

(2) Permeability of the backfill specimens was studied
under different confining pressures. The permeability
was related to the confining pressure by a quadratic
polynomial dependence. As the confining pressure
increased, the permeability of the backfill gradually
decreased. The confining pressure had a more signif-
icant influence on the permeability than the axial
pressure. As the confining pressure increased from
1 to 4MPa, the permeability dropped from 1:53 ×
10−17 to 7:26 × 10−18m2, i.e., by 52.5%

(3) Permeability of backfill specimens was studied under
different axial pressures. The permeability was
related to the axial pressure by a quadratic polyno-
mial dependence. As the axial pressure increased,
the permeability decreased, at a progressively
increasing rate. As the axial pressure increased from
2.5 to 5.5MPa, the permeability decreased from
8:11 × 10−18 to 7:26 × 10−18m2, i.e., by 58.7%. The
range of permeability under different confining and
axial pressures was also analyzed. It was found that
the confining pressure had a greater impact on the
permeability of the backfill than the axial pressure

(4) The SBCB seepage mechanism under different stress
states was investigated by SEM analysis. At small
stresses, the backfill had a relatively loose structure
and hence a higher permeability. As the stress
increased, the flocculated gel C-S-H generated by
the fly ash hydration at the later stage filled the pores
between the aeolian sand particles, thus enhancing
the backfill’s compactness. The results of particle size
analysis and XRD patterns confirmed that the confin-

ing pressure had a greater impact on the SBCB’s per-
meability than the axial one
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The thick and hard rock strata (THRS) exist widely in coal measure strata, which control the movements of overlying rock strata in
stopes. When THRS break, great energy is released, which could aggravate the risks of coal and gas outburst, rock burst, and other
dynamic disasters. Therefore, the foundation and key of preventing dynamic disasters are to distinguish the THRS that could
induce coal-rock dynamic disasters and to analyze the laws of rock stratum breaking and energy releasing. The paper proposed
the theoretical calculation methods of the energy accumulation and attenuation of rock breaking which is greatly affected by the
hanging length of rock strata and the spreading distance. One or more roof strata that play a leading role in inducing dynamic
disasters of the underlying coal mass are defined as the key disaster-inducing strata (KDIS). The disaster-inducing coefficient
(DIC) is defined and used as the criterion of KDIS. The greater the source energy, the shorter the spreading distance, and the
smaller the attenuation coefficient are, the easier the roof strata are to become KDIS. The disaster-inducing ability of the main
THRS was analyzed, and the igneous sill was judged as KDIS, taking the Yangliu Coal Mine as project background. The
breaking laws of the igneous sill were obtained by the methods of UDEC numerical simulation and microseismic monitoring,
which verified the criterion of KDIS.

1. Introduction

With the huge demand of economic development for energy
and the gradual exhaustion of shallow coal resources, the
depth of coal mining is increasing by 10-25m per year in
China [1, 2]. The deep mining conditions are more complex
with complicated geological structure, higher in situ stress,
higher gas pressure, and lower permeability and strength of
coal [3]. Therefore, the typical dynamic disasters such as rock
burst and coal and gas outburst in deep mines are more and
more frequent and serious, compared with those in shallow
mines [4–8]. Thick and hard rock strata (THRS) exist widely
in coal measure strata, which control the movements of over-
lying rock strata in stopes because of the great thickness,

hardness, and integrity. In case of THRS failure and instabil-
ity, huge elastic energy is released and transmitted to the
stopes, which aggravates the risk of coal and rock dynamic
disasters (Figure 1) [9, 10].

In recent years, a series of coal and rock dynamic disas-
ters occurred in the environment of THRS and caused huge
casualties and property losses. For example, a rock burst acci-
dent that killed six miners was triggered by the fracturing of a
550m-thick conglomerate rock stratum in the Qianqiu coal
mine on March 27, 2014 [11]. One person died in a coal
and gas outburst accident under a 120m-thick igneous rock
stratum in the Haizi coal mine on April 25, 2009 [12]. A
water-gas ejection accident occurred with about 7800m3 of
water and 166400m3 of gas which were ejected from the
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bed-splitting space under the 43.6m-thick igneous rock
stratum in the Yangliu coal mine on July 17, 2011 [13]. These
examples highlight the need to investigate the effects of the
THRS failure on the coal-rock dynamic disasters.

The strata are composed of coal and rock layers with
uneven thickness and different strength. An increasing num-
ber of studies have focused on the recognizing and failure
behaviors of THRS [14]. The key strata [15], which are usually
thick-hard strata, play an important role in overlying move-
ment and may influence the mining-induced strata behaviors
in the working face using top-coal caving method [16]. Based
on the key strata theory, an overburden caving model is pro-
posed to predict the multilayered hard strata behavior [17].
The concept of key strata in immediate roof (KSIR) was put
forward, and the dynamic effect and control mechanism of
KSIR were studied [18]. Three kinds of structural model,
which are affected by the relative position of key strata in the
overburden, are found and defined [19]. A roof structural
model for large mining-height stopes was established based
on their overlying rock structure [20]. In situ measurements
via vertical boreholes were performed to determine the key
strata, and an innovative solution to fracture high-level hard
strata by ground hydraulic fracturing was proposed [21, 22].
A physical modeling system was established to explore the
fracture mechanism of the hard roof, and the characteristics
of acoustic emission signals during the process of hard roof
failure were also studied [23]. The key strata breakage could
bring great effects on the stress redistribution and energy stor-
age of mining coal seams. The cause and mechanism of local-
ized stress concentration and rock failure behavior in rock
interlayer after protective seam exploitation were explored by
numerical simulation, mechanical model, and field investiga-
tion [24]. The microseismic effects of hard and thick igneous
strata separation and fracturing and the corresponding evalu-
ation index of fracturing intensity were analyzed [9]. For con-
trolling the behavior of the high-located main key stratum
(HMKS), a new technique is proposed to add grout between
the separated beds duringmining [25]. However, there are less
literatures on how to distinguish the key strata inducing coal-
rock dynamic disasters.

In this paper, the laws of energy accumulation, spreading,
and attenuation for the THRS instability was studied theoret-
ically, the sensitivity of those influencing factors was ana-
lyzed, and then the concept and criterion of key disaster-
inducing strata (KDIS) were put forward. Afterwards, the
KDIS in Yangliu Coal Mine, Huaibei Coalfield, China, was
distinguished, in which results were verified by the numerical
simulations and microseismic monitoring.

2. Energy Spreading Laws of THRS Instability

The elastic energy accumulated in THRS will be released rap-
idly and then spread and attenuated in the surrounding rock
mass when THRS breaks. The residual energy could have a
certain degree of impact action on the underlying coal under
the state of ultimate stress, easily causing the irreversible
damage and even the dynamic disasters.

2.1. Theoretical Analysis for Energy Spreading Laws. Accord-
ing to the stress state of roof strata, the total of the accumu-
lated energy E0 is composed of the bending elastic energy,
the volumetric strain energy, and the kinetic energy gener-
ated by rock strata movement [26], which is expressed by

E0 =
q2a50
576EI + 1 − 2μð Þ 1 + 2kð Þ2q2

6E + 1
2m

du
dt

� �2
, ð1Þ

where q is the overburden load, Pa; a0 is hanging length of
roof strata, m; E is the elasticity modulus, Pa; μ is Poisson’s
ratio; k is the ratio of horizontal stress to vertical stress; m
is the mass of broken roof strata, kg; u is the displacement
of roof strata movement, m; and I is the inertia moment of
roof strata, m4. For rectangular cross-section, I = bh3/12, in
which b and h are the width and height of the rectangle,
respectively.

It is known that the total of the accumulated energy
before the failure of THRS is positively correlated with the
hanging length, overburden load, and kinematic velocity of
THRS. The larger the hanging length, overburden load, and
kinematic velocity, the greater the accumulated energy.
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Figure 1: Schematic diagram of dynamic disasters induced by key strata.
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Figure 2: Sensitivity of influencing factors for energy spreading and attenuation. (a) Overburden load. (b) Hanging length of roof strata. (c)
Thickness of roof strata. (d) Elasticity modulus of roof strata. (e) Mass of roof strata. (f) Energy attenuation coefficient.
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The energy will be released rapidly and then spread and
attenuated in the surrounding rock mass when THRS breaks.
However, only about 1%~10% of the energy is spread in the
form of seismic waves while most of the energy is converted
to heat during collisions of THRS with other rocks [27]. The
energy of seismic waves decreases gradually in the form of
power with the increase of spreading distance due to the
heterogeneity and damping effect of rock strata. From the
perspective of safety protection, it could be assumed that
10% of the energy is converted into seismic waves, and then
the residual energy after attenuation E0′ is

E0′ = 0:1E0l
−λ, ð2Þ

where l is the spreading distance, m, and λ is the energy
attenuation coefficient that is related to the properties of
the medium.

The residual energy decreases with the increasing of the
energy spreading distance and attenuation coefficient. Assuming
that the seismic waves are spread in m strata with the thickness
of h1, h2, h3,…, hm, in turn, the residual energy Em′ would be

Em′ = 0:1E0
Ym
1
hi

−λi : ð3Þ

It indicates that the THRS with the hanging length a0 accu-
mulates the energy E0; when THRS breaks, the energy is spread
in m strata with the thickness of h1, h2, h3, …, hm in turn and
attenuated to Em′ .

2.2. Sensitivity of Influencing Factors for Energy Spreading.
The energy accumulation and spread laws are related to
many influencing factors, such as the overburden load, the
hanging length, thickness, elasticity modulus and mass of
roof strata, energy spreading distance, and attenuation coef-
ficient based on the above formula. The sensitivity of
influencing factors was obtained when they were assigned
the different values (1 time, 2 times, and 4 times), assuming
that the seismic waves were spread in the isotropous rock

strata (Figure 2). When the load is increased by 2 times and
4 times, the initial seismic wave energy increases by 1.22
times and 2.08 times, respectively; however, when the hang-
ing length is increased by 2 times and 4 times, the initial seis-
mic wave energy increases by 2.55 times and 23.04 times,
respectively. When the thickness and elasticity modulus of
rock strata increase, the initial seismic wave energy decreases
gradually, which is contrary to the common understanding.
It is because that only the single influence of rock thickness
or elasticity modulus on initial seismic wave energy is consid-
ered. In fact, the rock strata are more difficult to be broken
and form larger hanging length when the thickness and elas-
ticity modulus of rock strata increase and so the greater seis-
mic wave energy will be released when the rock strata are
broken [28]. The attenuation velocity of seismic wave energy
increases with the increase of energy attenuation coefficient.
If the energy attenuation coefficients are set as 1.1, 1.3, and
1.5, the seismic wave energy will be attenuated to 1/14,
1/22.6, and 1/36.5 of the initial values, respectively, when
the seismic waves are spread 10m. The seismic wave energy
is attenuated in the form of powers with the increasing of
spreading distance. The seismic wave energy will be attenu-
ated to 1/33.8, 1/86.8, and 1/209.4 of the initial values, respec-
tively, when the spreading distances increase by 2 times and 4
times from 15m. The comprehensive analysis shows that the
spread of seismic wave energy is greatly affected by the
hanging length of rock strata and the spreading distance.

3. Concept and Criterion of KDIS

3.1. Concept of KDIS. Although most of the released energy
has been dissipated, the residual energy may still induce
dynamic disasters when the seismic waves were spread to
the mining coal seam. Therefore, one or more roof strata that
play a leading role in inducing dynamic disasters of the
underlying coal mass are defined as the key disaster-
inducing strata (KDIS). The residual energy not only
depends on the size and mechanical properties of rock strata
but also relates to the energy spreading distance and attenu-
ation coefficient. The greater the source energy, the shorter
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Figure 3: Energy attenuation laws for roof rock breakage against distance.
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the spreading distance, and the smaller the attenuation coef-
ficient are, the stronger the disaster-inducing ability of the
roof strata is, and the easier the roof strata are to become
KDIS. However, the key stratum of ground control mainly
depends on the size and mechanical properties of the rock
stratum itself [15]. Thus, the key stratum of ground control
is not exactly equal to KDIS.

Figure 3 provides a better understanding of KDIS. When
the rock stratum #1 that is close to the mining coal seam is
broken, the residual energy may be larger than the minimum
energy inducing dynamic disasters although the released
energy is less. When the thicker rock stratum #2 is broken,
more seismic wave energy is released but cannot induce
dynamic disasters due to the relatively large distance from
the mining coal seam. But for the thick rock stratum #3
which is the key stratum of ground control, great seismic
wave energy is released when broken, and the residual energy
is so large that could induce dynamic disasters although it is
far from the mining coal seam. Therefore, the rock strata #1
and #3 are the KDIS, and the key stratum of ground control
may be the KDIS under certain conditions.

3.2. Criterion of KDIS. During the process of dynamic disas-
ter occurring, the crushing work is needed for crack propaga-
tion, debris stripping, and new surface forming of coal mass;
the kinetic energy is needed for throwing the broken coal into
the excavation space; the friction dissipation energy is also

needed for overcoming the inner friction during the broken
coal peeling and throwing. Thus, the total energy consump-
tion is composed of the crushing work, the kinetic energy,
and the friction dissipation energy. If the accumulated energy
of mining coal mass is larger than the total energy consump-
tion, the dynamic disasters will occur.

They are assumed that there are n overlying rock strata with
the distances l1, l2, l3,…, ln from the mining coal seam, respec-
tively, and that the seismic wave energy E1, E2, E3,…, En will be
released and attenuated with the average attenuation coefficient
λ0 when they are broken. The residual energy E1′, E2′, E3′,…, En′
when spreading to the mining coal seam is, respectively

E1′ = E1l1
−λ0

E2′ = E2l2
−λ0

E3′ = E3l3
−λ0

⋯

En′ = Enln
−λ0 :

8>>>>>>>><
>>>>>>>>:

ð4Þ

The ratio of the residual energy Ei′and theminimum energy
inducing dynamic disasters Emin is defined as the disaster-
inducing coefficient (DIC) ξ, that is ξ = Ei′/Emin. Based on
DIC, THRS are divided into three types: KDIS, the weak
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disaster-inducing stratum (WDIS), and the non-disaster-
inducing stratum (NDIS). If ξ ≥ 1, the broken rock strata could
induce dynamic disasters, which are distinguished to be KDIS; if
0:1 ≤ ξ < 1, the broken rock strata may induce dynamic

disasters considering in situ stress, mechanical properties of
coal, and other factors, which are distinguished to be WDIS; if
ξ < 0:1, the broken rock strata could not induce dynamic
disasters, which are distinguished to be NDIS.

Table 1: Criterion results of KDIS in Yangliu Coal Mine.

No. #1 #2 #3 #4

Lithology Sandstone Siltstone Sandstone Igneous rock

Thickness (m) 4.8 11.5 9.3 43.6

Distance from coal seam #10 (m) 12 21 72 102

Extreme hanging length (m) 16.7 20.0 18.7 184.6

Released energy (MJ) 0.31 0.63 0.48 41.10

Residual energy spreading to coal seam #10 (kJ) 1.55 1.62 0.28 15.98

DIC 0.155 0.162 0.028 1.598

Criterion result WDIS WDIS NDIS KDIS
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4. Engineering Application

4.1. Project Background. Yangliu Coal Mine, the coal and gas
outburst mine, is located in the north Anhui province, China.
The coal seam #10 with the average thickness of 3.19m is the
main mining seam adopting the comprehensive mechanized

mining method. The magmatic activities in Yangyan Coal
Mine were quite intense, and almost all coal seams were
affected by magmatic intrusion. The igneous sill, 43.6m thick
averagely and 102m above the coal seam #10, is the key stra-
tum of ground control (Figure 4). The panel #10414 and the
adjacent panel #10416 of the coal seam #10 were mined in
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turn. According to the statistics, multiple dynamic disasters
were induced by the movement and failure of the igneous sill
during the two panels mining. The large amount of water and
gas were ejected from the surface well when the panel #10414
was advanced 527m [13]; the abnormal pressure on working
face occurred when the panel #10416 was advanced 320m
[28].

4.2. Criterion Results of KDIS. It can be preliminarily ana-
lyzed from the column chart of coal-bearing strata that the
four thick rock strata, 12m, 21m, 72m, and 102m above
the coal seam #10, respectively, may have the ability to induce
dynamic disasters. The released energy of the four rock strata
breaking and the residual energy spreading to the coal seam
#10 were calculated based on the above formula (Table 1
and Figure 5). Researches show that the minimum energy
inducing dynamic disasters Emin is 104 orders of magnitude
[29]. Assuming that the minimum energy inducing dynamic
disasters in the coal seam #10 of Yangliu Coal Mine is 10 kJ
for security, the DIC of the four rock strata were 0.155,
0.162, 0.028, and 1.598, respectively. So the rock strata #1
and #2 were judged to be WDIS, the stratum #3 to be NDIS,
and the stratum #4 to be KDIS. The breaking of the stratum
#4 could induce the dynamic disasters in coal seam #10.

4.3. Result Validation. The methods of UDEC numerical sim-
ulation and microseismic monitoring were adopted for veri-
fying the THRS failure and energy releasing laws.

4.3.1. UDEC Numerical Simulation. The numerical model is
190m high from 50m below the coal seam #10 to the top
of the igneous sill. The model size is 500 ∗ 190m while the
panel size is 300 ∗ 3m and the coal pillars with 100m width
were set at each end (Figure 6). The Mohr-Coulomb criterion
was selected, and the mechanical parameters of the coal and
rock masses and joint surface were set as shown in the refer-
ence [26]. The bottom, left, and right boundaries of the
model were set to obey the zero-displacement constraint,
and the top boundary was loaded at 10MPa. The excavation
of the panel took place in six steps, each of which was 50m.

The movement velocity and acceleration of the igneous
sill and the kinetic energy in the system were recorded by
the orders yvel, yacc, and energy, respectively (Figure 7).
The movement velocity and acceleration of the igneous sill
at the central position (250, 155) increased gradually with
the workface advancing. When the workface was advanced
250m, the movement velocity increased to the maximum of
-2.6m/s, the acceleration increased to about 3000m/s2, and
the kinetic energy extended to the maximum of 59.3MJ,
which were consistent with the previous calculated results.
When the workface advanced 300m, the maximum of the
movement velocity was 1.2m/s and the acceleration
increased to -9600m/s2 while the kinetic energy decreased
to the 56.2MJ due to the collision and rebound between the
igneous sill and the underlying rock strata. It was indicated
that the igneous sill had been broken when the workface
was advanced 250~300m, and the released kinetic energy
was much larger than that of the common rock strata. The
igneous sill would force greater impact on the underlying

coal seam and conformed to the characteristics of KDIS,
which verified the above research results.

4.3.2. Microseismic Monitoring. The microseismic monitor-
ing technology is a method to monitor the stability of engi-
neering rock mass using the vibration waves emitted by the
rock mass deformation and failure [30–32]. The SOS micro-
seismic monitoring system was used to monitor the micro-
seismic signals in real time in Yangliu Coal Mine. The daily
frequency and maximum energy of seismic waves during
the workface #10416 advancing are shown in Figure 8. When
the workface #10416 was advanced 300~380m, the igneous
sill was broken with square form [28], and thus, the daily fre-
quency and maximum energy of seismic waves increased
obviously, the maximum of which were 121.1 kJ and 23
times, relatively, according with the characteristics of KDIS.
The daily frequency and maximum energy returned to nor-
mal levels gradually with the workface #10416 advancing fur-
ther. A large number of microseismic events with greater
magnitude mainly occurred on the side of the intake roadway
(Figure 9), which verified the laws of the igneous sill breaking
and energy releasing.

5. Conclusions

In this paper, the laws of energy accumulation, spreading,
and attenuation for the THRS instability were studied theo-
retically, the sensitivity of those influencing factors was ana-
lyzed, and then the concept and criterion of KDIS were put
forward. Afterwards, the KDIS in Yangliu Coal Mine, Huai-
bei Coalfield, China, was distinguished, in which results were
verified by the numerical simulations and microseismic
monitoring. The main conclusions are as follows:

(1) The total of the accumulated energy is composed of
the bending elastic energy, the volumetric strain
energy, and the kinetic energy generated by rock
strata movement, which is positively correlated with
the hanging length, overburden load, and kinematic
velocity. The energy of seismic waves decreases grad-
ually in the form of power with the increase of
spreading distance, the residual of which is negatively
correlated with the energy spreading distance and
attenuation coefficient. The spread of seismic wave
energy is greatly affected by the hanging length of
rock strata and the spreading distance, relatively

Panel #10416

80 m 300 m

<102J
102~103J

103~104J
>104J

Return roadway

In-take roadway

Figure 9: Microseismic event distribution.
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(2) One or more roof strata that play a leading role in
inducing dynamic disasters of the underlying coal
mass are defined as the KDIS. The greater the source
energy, the shorter the spreading distance, and the
smaller the attenuation coefficient are, the easier the
roof strata are to become KDIS. The key stratum of
ground control is not exactly equal to KDIS but
may be the KDIS under certain conditions. The
DIC is defined and used as the criterion of KDIS,
based on which the THRS are divided into three types
of KDIS, WDIS, and NDIS

(3) The disaster-inducing ability of the main THRS was
analyzed and the igneous sill was judged as KDIS
when the overlying coal seam #10 was mined, taking
the Yangliu Coal Mine as project background. By the
methods of UDEC numerical simulation and micro-
seismic monitoring, it was revealed that the igneous
sill was broken and greater energy than that of com-
mon rock strata was released resulting to the occur-
rence of abnormal pressure when the workface of
the coal seam #10 was advanced 250~300m, which
verified the criterion of KDIS.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The work was supported by the National Natural Science
Foundation of China (grant numbers 51974321, 51874314,
and 51774292), Open Fund of Key Laboratory of Mining
Disaster Prevention and Control (Grant No. MDPC202018),
and Yueqi Young Scholar Project, China University of Min-
ing & Technology (Beijing).

References

[1] S. Kong, Y. Cheng, T. Ren, and H. Liu, “A sequential approach
to control gas for the extraction of multi-gassy coal seams from
traditional gas well drainage to mining-induced stress relief,”
Applied Energy, vol. 131, pp. 67–78, 2014.

[2] C. Xu, Q. Fu, K. Wang, C. Guo, and X. Li, “Effects of the devia-
toric stress ratio on the coal failure and permeability during
deep mining,” Geotechnical and Geological Engineering,
vol. 38, no. 6, pp. 6093–6105, 2020.

[3] Y. Xue, T. Teng, F. Dang, Z. Ma, S. Wang, and H. Xue, “Pro-
ductivity analysis of fractured wells in reservoir of hydrogen
and carbon based on dual-porosity medium model,” Interna-
tional Journal of Hydrogen Energy, vol. 45, no. 39,
pp. 20240–20249, 2020.

[4] L. Dou, T. Chen, S. Gong, H. He, and S. Zhang, “Rockburst
hazard determination by using computed tomography tech-
nology in deep workface,” Safety Science, vol. 50, no. 4,
pp. 736–740, 2012.

[5] H. Guo, L. Yuan, B. Shen, Q. Qu, and J. Xue, “Mining-
induced strata stress changes, fractures and gas flow dynam-
ics in multi-seam Longwall mining,” International Journal
of Rock Mechanics and Mining Sciences, vol. 54, pp. 129–
139, 2012.

[6] P. Konicek, K. Soucek, L. Stas, and R. Singh, “Long-hole des-
tress blasting for rockburst control during deep underground
coal mining,” International Journal of Rock Mechanics and
Mining Sciences, vol. 61, pp. 141–153, 2013.

[7] C. Xu, G. Yang, K. Wang, and Q. Fu, “Uneven stress and per-
meability variation of mining-disturbed coal seam for targeted
CBM drainage: a case study in Baode coal mine, Eastern Ordos
Basin, China,” Fuel, vol. 289, 2021.

[8] C. Zhang, L. Zhang, M. Li, and C. Wang, “A gas seepage
modeling study for mitigating gas accumulation risk in upper
protective coal seam mining process,” Geofluids, vol. 2018,
Article ID 8127207, 11 pages, 2018.

[9] C.-P. Lu, Y. Liu, H.-Y. Wang, and P.-F. Liu, “Microseismic sig-
nals of double-layer hard and thick igneous strata separation
and fracturing,” International Journal of Coal Geology,
vol. 160–161, pp. 28–41, 2016.

[10] L. Dou, K. Yang,W. Liu, X. Chi, and Z.Wen, “Mining-induced
stress-fissure field evolution and the disaster-causing mecha-
nism in the high gas working face of the deep hard strata,”
Geofluids, vol. 2020, Article ID 8849666, 14 pages, 2020.

[11] G.-f. Wang, S.-y. Gong, Z.-l. Li, L.-m. Dou, W. Cai, and
Y. Mao, “Evolution of stress concentration and energy release
before rock bursts: two case studies from Xingan Coal Mine,
Hegang, China,” Rock Mechanics & Rock Engineering,
vol. 49, no. 8, pp. 3393–3401, 2016.

[12] L. Wang, Y.-p. Cheng, C. Xu, F.-h. An, K. Jin, and X.-l. Zhang,
“The controlling effect of thick-hard igneous rock on pressure
relief gas drainage and dynamic disasters in outburst coal
seams,” Natural Hazards, vol. 66, no. 2, pp. 1221–1241, 2013.

[13] C. Xu, Y. Cheng, T. Ren, L. Wang, S. Kong, and S. Lu, “Gas
ejection accident analysis in bed splitting under igneous sills
and the associated control technologies: a case study in the
Yangliu Mine, Huaibei Coalfield, China,” Natural Hazards,
vol. 71, no. 1, pp. 109–134, 2014.

[14] C. Wu, J. Chu, S. Wu, and Y. Hong, “3D characterization of
microbially induced carbonate precipitation in rock fracture
and the resulted permeability reduction,” Engineering Geology,
vol. 249, pp. 23–30, 2019.

[15] M. Qian, X. Miao, and X. Jialin, “Theorical study of key stra-
tum in ground control,” Journal of China Coal Society,
vol. 21, no. 3, pp. 225–230, 1996.

[16] B. Yu, “Behaviors of overlying strata in extra-thick coal seams
using top-coal caving method,” Journal of Rock Mechanics and
Geotechnical Engineering, vol. 8, no. 2, pp. 238–247, 2016.

[17] Z. Zhu, Y. Wu, J. Han, and Y. Chen, “Overburden failure and
ground pressure behaviour of Longwall top coal caving in hard
multi-layered roof,” Archives of Mining Sciences, vol. 64, no. 3,
pp. 575–590, 2019.

[18] Y. Yong, T. Shihao, Z. Xiaogang, and L. Bo, “Dynamic effect
and control of key strata break of immediate roof in fully
mechanized mining with large mining height,” Shock and
Vibration, vol. 2015, Article ID 657818, 11 pages, 2015.

[19] J. Ju and J. Xu, “Structural characteristics of key strata and
strata behaviour of a fully mechanized Longwall face with 7.0
m height chocks,” International Journal of Rock Mechanics
and Mining Sciences, vol. 58, pp. 46–54, 2013.

9Geofluids



[20] Z. Wen, E. Xing, S. Shi, and Y. Jiang, “Overlying strata struc-
tural modeling and support applicability analysis for large
mining-height stopes,” Journal of Loss Prevention in the Pro-
cess Industries, vol. 57, pp. 94–100, 2019.

[21] B. Yu, R. Gao, T. Kuang, B. Huo, and X. Meng, “Engineering
study on fracturing high-level hard rock strata by ground
hydraulic action,” Tunnelling and Underground Space Tech-
nology, vol. 86, pp. 156–164, 2019.

[22] B. Yu, J. Zhao, T. Kuang, and X. Meng, “In situ investigations
into overburden failures of a super-thick coal seam for Long-
wall top coal caving,” International Journal of Rock Mechanics
and Mining Sciences, vol. 78, pp. 155–162, 2015.

[23] N. Li, E. Wang, M. Ge, and J. Liu, “The fracture mechanism
and acoustic emission analysis of hard roof: a physical model-
ing study,” Arabian Journal of Geosciences, vol. 8, no. 4,
pp. 1895–1902, 2015.

[24] M. Zhang, H. Shimada, T. Sasaoka, K. Matsui, and L. Dou,
“Evolution and effect of the stress concentration and rock fail-
ure in the deep multi-seam coal mining,” Environmental Earth
Sciences, vol. 72, no. 3, pp. 629–643, 2014.

[25] X.-y. Wang, W.-d. Wu, and B.-w. Wu, “Grouting of bed sepa-
ration spaces to control sliding of the high-located main key
stratum during Longwall mining,” Quarterly Journal of Engi-
neering Geology and Hydrogeology, vol. 53, no. 4, pp. 569–
578, 2020.

[26] C. Xu, Q. Fu, X. Cui, K. Wang, Y. Zhao, and Y. Cai, “Apparent-
depth effects of the dynamic failure of thick hard rock strata on
the underlying coal mass during underground mining,” Rock
Mechanics and Rock Engineering, vol. 52, no. 5, pp. 1565–
1576, 2019.

[27] J. Jiang, P. Zhang, L. Nie, H. Li, L. Xu, andW. Wang, “Fractur-
ing and dynamic response of high and thick strata of hard
rocks,” Chinese Journal of Rock Mechanics and Engineering,
vol. 33, no. 7, pp. 1366–1372, 2014.

[28] C. Xu, L. Yuan, Y. Cheng, K. Wang, A. Zhou, and L. Shu,
“Square-form structure failure model of mining-affected hard
rock strata: theoretical derivation, application and verifica-
tion,” Environmental Earth Sciences, vol. 75, no. 16, p. 1180,
2016.

[29] Z. Mu, “Study of burst-energy principle of rock burst induced
by roof stratum and its application,” Journal of China Univer-
sity of Mining & Technology, vol. 37, no. 6, pp. 149-150, 2008.

[30] H. He, L. Dou, A. Cao, and J. Fan, “Mechanisms of mining
seismicity under large scale exploitation with multikey strata,”
Shock and Vibration, vol. 2015, Article ID 313069, 9 pages,
2015.

[31] J. He, L. Dou, S. Gong, J. Li, and Z. Ma, “Rock burst assessment
and prediction by dynamic and static stress analysis based on
micro-seismic monitoring,” International Journal of Rock
Mechanics and Mining Sciences, vol. 93, pp. 46–53, 2017.

[32] G. Cheng, L. Li, W. Zhu et al., “Microseismic investigation of
mining-induced brittle fault activation in a Chinese coal
mine,” International Journal of Rock Mechanics and Mining
Sciences, vol. 123, article 104096, 2019.

10 Geofluids



Research Article
A New Unified Solution for Deep Tunnels in Water-Rich Areas
considering Pore Water Pressure

Hao Fan , Lianguo Wang , Shuai Wang , and Chongyang Jiang

State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology,
Xuzhou 221116, China

Correspondence should be addressed to Lianguo Wang; cumt_lgwang@163.com

Received 26 December 2020; Revised 24 January 2021; Accepted 28 January 2021; Published 20 February 2021

Academic Editor: Yi Xue

Copyright © 2021 Hao Fan et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Pore water pressure has an important influence on the stresses and deformation of the surrounding rock of deep tunnels in water-
rich areas. In this study, a mechanical model for deep tunnels subjected to a nonuniform stress field in water-rich areas is developed.
Considering the pore water pressure, a new unified solution for the stresses, postpeak zone radii, and surface displacement is
derived based on a strain-softening model and the Mogi-Coulomb criterion. Through a case study, the effects of pore water
pressure, intermediate principal stress, and residual cohesion on the stress distribution, postpeak zone radii, and surface
displacement are also discussed. Results show that the tangential stresses are always larger than the radial stress. The radial
stress presents a gradually increasing trend, while the tangential stress presents a trend of first increasing and then decreasing,
and the maximum tangential stress appears at the interface between the elastic and plastic zones. As the pore water pressure
increases, the postpeak zone radii and surface displacement increase. Because of the neglect of the intermediate principal stress
in the Mohr-Coulomb criterion, the postpeak zone radii, surface displacement, and maximum tangential stress solved by the
Mohr-Coulomb criterion are all larger than those solved by the Mogi-Coulomb criterion. Tunnels surrounded by rock masses
with a higher residual cohesion experience lower postpeak zone radii and surface displacement. Data presented in this study
provide an important theoretical basis for supporting the tunnels in water-rich areas.

1. Introduction

Tunnels are one of the most basic facilities in water conser-
vancy engineering, civil engineering, and mining engineering
[1–3]. The stress distribution of the rock mass changes with
the excavation of the tunnel, and the surrounding rock of
the tunnel will be deformed if the redistributed stress exceeds
the peak strength of the rock mass. Therefore, accurate calcu-
lation for the stress of the surrounding rock plays an impor-
tant role in stability evaluation and support design of the
tunnel [4–6].

In the past decades, a series of unified solutions based on
different strength criteria have been proposed. Some com-
mon strength criteria, such as the Mohr-Coulomb criterion
[7–10] and the Hoek-Brown criterion [11–14], were widely
used to calculate the stress in the tunnel surrounding rock.

However, the intermediate principal stress is not considered
in these criteria, which caused an inaccurate result. In fact,
the surrounding rock of the tunnel is always in a true triaxial
stress environment [15, 16], and the intermediate principal
stress has a nonnegligible influence on the strength of the
rock mass. Therefore, it is of great significance that the inter-
mediate principal stress be taken into consideration in the
unified solution for deep tunnels.

Because of the underground faults, folds, and other spe-
cial structures, the ratio of the vertical stress to horizontal
stress is usually not equal to one. In this case, Galin [17] first
analyzed the tunnel in a nonuniform stress field and deduced
the radius of the plastic zone. However, Galin’s solution only
applies to frictionless rock mass. Detournay [18–20]
extended Galin’s result to other materials and obtained the
boundary of the elastic and plastic zones. Tokar [21],
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Leitman and Villaggio [22], and Ochensberger et al. [23] also
presented a series of analytical solutions for a circular well-
bore in some certain cases based on Galin’s solution.

It is known that the flowing water always exists in the
underground rock mass, which has a certain impact on the
stress distribution and deformation of the surrounding rock
of the tunnel. Therefore, the influence of the pore water pres-
sure should be considered in the elastic-plastic analysis for
deep tunnels in water-rich areas [24–26]. In the present
study, a mechanical model for deep tunnels subjected to a
nonuniform stress field in water-rich areas is first established.
Considering the pore water pressure, a new unified solution
for the stresses, postpeak zone radii, and surface displace-
ment is derived based on strain-softening model and Mogi-
Coulomb criterion. Through a case study, the sensitivity of
pore water pressure, intermediate principal stress, and resid-
ual cohesion on the stress distribution, postpeak zone radii,
and surface displacement is analyzed.

2. Definition of the Problem

2.1. Mechanical Model of a Circular Tunnel.A circular tunnel
of radius R0 was excavated in an infinite rock mass (Figure 1).
The vertical and horizontal stresses are σ0 and λσ0, respec-
tively, where λ is the lateral stress coefficient. A support pres-
sure (Pi) is uniformly distributed along the excavation
surface. The surrounding rock of the tunnel is subdivided
into an elastic zone (“e”), plastic zone (“p”), and damage zone
(“d”). The radii of the elastic, plastic, and damage zones are
denoted by Re, Rp, and Rd , respectively.

We assume that there is a pore water pressure (P0) out-
side the elastic zone of the tunnel. Based on Darcy’s law,
the continuous differential equation of seepage is

d2Pw

dr2 + 1
r
dPw

dr = 0, ð1Þ

where Pw is the pore water pressure at any point of the tunnel
surrounding rocks.

Combined with the boundary condition of Pw = 0 at r =
R0 and Pw = P0 at r = Re, the pore water pressure can be
derived by solving Equation (1):

Pw = P0
ln R0/rð Þ
ln R0/Reð Þ : ð2Þ

2.2. Strain-Softening Model. As shown in Figure 2, the exper-
imental stress-strain curve of the rock mass can be simplified
into a three-section line. The three straight lines correspond
to the elastic zone, plastic zone, and damage zone,
respectively.

3. Analytical Solution

3.1. Basic Equations. The Mogi-Coulomb criterion can be
expressed as [27–29]

σθi =Mσri +Ni, ð3Þ

where σθi and σri are the tangential and radial stresses in the
“i” region, respectively;M = ð ffiffiffi

3
p

+ 2 sin φÞ/ð ffiffiffi
3

p
− 2 sin φÞ; φ

is the internal friction angle; Ni = 4ci cos φ/ð
ffiffiffi
3

p
− 2 sin φÞ;

and ci represents the cohesion in different zones. The symbol
“i” can be replaced by “e,” “p,” and “d.”

Taking the pore water pressure into consideration, the
equilibrium differential equation in the “i” zone can be
given as

dσri

dr + σri − σθi
r

+ η
dPw

dr = 0, ð4Þ

where η is the pore water pressure coefficient.
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Figure 1: Mechanical model of tunnels subjected to a nonuniform
stress field in water-rich area.
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Figure 2: Total stress-strain curve of rock mass.
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The geometric equation can be written as

εri =
dui
dr ,

εθi =
ui
r
,

8>><
>>: ð5Þ

where εri and εθi are the radial and tangential strains in the “i”
zone, respectively, and ui represents the displacement in the
“i” zone.

The constitutive equations can be denoted as

εr =
1 − μ2

E
σr −

μ

1 − μ
σθ

� �
,

εθ =
1 − μ2

E
σθ −

μ

1 − μ
σr

� �
,

8>>><
>>>:

ð6Þ

where μ and E are Poisson’s ratio and Young’s modulus of
the rock mass, respectively.

In addition, the volume of the rock mass is always chang-
ing in the postpeak failure zone; the plastic-strain relation-
ships can be developed based on the nonassociated flow
rule as follows:

εri + βiεθi = 0, ð7Þ

where βi = ð1 + sin ψiÞ/ð1 − sin ψiÞ; ψi is the dilation angle in
the “i” zone.

3.2. Elastic Zone. The stress state of the circular tunnel in a
nonuniform stress field can be decomposed into two parts
(see Figure 3). In state I, the tunnel is subjected to a uniform
pressure (0:5ð1 + λÞσ0), pore water pressure (Pw), and sup-
port pressure (Pi); the differential equation can be obtained
by substituting Equations (2), (5), and (6) into Equation (3):

d2ue1
dr2 + 1

r
due1
dr −

ue1
r2

= Fv
rE

, ð8Þ

where F = ηP0/ln ðR0/ReÞ and v = ð1 + μÞð1 − 2μÞ/ð1 − μÞ.
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Figure 3: Mechanical model of surrounding rock in water-rich coal tunnel.

3Geofluids



Solving Equation (8), the displacement and strains in
state I can be easily obtained as

ue1 = C1r +
C2
r

+ Fvr ln r
2E ,

εre1 = C1 −
C2
r2

+ Fv
2E ln r + 1ð Þ,

εθe1 = C1 +
C2
r2

+ Fv ln r
2E ,

8>>>>>>><
>>>>>>>:

ð9Þ

where C1 and C2 are integral constants.
The radial and tangential stresses can be derived by inte-

grating Equations (6) and (9):

σre1 =
EC1

1 + μð Þ 1 − 2μð Þ −
EC2

1 + μð Þr2 + ηF ln r
2 1 − μð Þ + ηF

2 ,

σθe1 =
EC1

1 + μð Þ 1 − 2μð Þ + EC2
1 + μð Þr2 + ηF ln r

2 1 − μð Þ + μηF
2 1 − μð Þ :

8>>><
>>>:

ð10Þ

Considering the boundary condition σr = 0:5ð1 + λÞσ0
+ P0 at r = R0 and σr = σe−pr at r = Rp, the integral constants
can be solved as follows:

 C1 =
ν 1� μð Þ

E
1
2 1 + λð Þσ0 + P0

� �

+
Rp

2

Re
2 � Rp

2
v 1� μð Þ

E
1
2 1 + λð Þσ0 + P0 � σe�p

r

� �

  + ηFv
2E

Rp
2

Re
2 � Rp

2 ln
Rp

Re
� ηFv 1� μð Þ

2E � ηFv
2E lnRe,

 C2 =
1 + μ

E

Re
2Rp

2

Re
2 � Rp

2
1
2 1 + λð Þσ0 + P0 � σe�p

r

� �

  + ηF 1 + μð Þ
2E 1� μð Þ

Re
2Rp

2

Re
2 � Rp

2 ln
Rp

Re
: ð11Þ

The stresses in state I can be determined by substituting
Equation (11) into Equation (10):

σre1 =
1
2 1 + λð Þσ0 + P0 +

ηF
2 1 − μð Þ ln r

Re
+

Rp
2

Rp
2 − Re

2
Re

2

r2
− 1

� �
,

1
2 1 + λð Þσ0 + P0 − σe−pr + ηF

2 1 − μð Þ ln
Rp

Re

� �
,

σθe1 =
1
2 1 + λð Þσ0 + P0 +

ηF
2

ln r/Reð Þ + 2μ − 1
1 − μ

−
Rp

2

Rp
2 − Re

2
Re

2

r2
+ 1

� �
,

1
2 1 + λð Þσ0 + P0 − σe−pr + ηF

2 1 − μð Þ ln
Rp

Re

� �
:

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

ð12Þ

In state II, the surrounding rock is subjected to a hor-
izontal tension (0:5ð1 − λÞσ0) and a vertical pressure
(0:5ð1 − λÞσ0). At r = Rs, the boundary condition can be
written as follows:

σx = −0:5 1 − λð Þσ0,
σy = 0:5 1 − λð Þσ0,
τrθ = 0:

8>><
>>: ð13Þ

Though coordinate transformation, Equation (13) can
be re written as follows:

σr = −0:5 1 − λð Þσ0 cos 2θ
τrθ = 0:5 1 − λð Þσ0 sin 2θ

(
ð14Þ

At r = R0, σx = τrθ = 0. Therefore, using semi-inverse
method, the stresses in state II can be deduced as follows:

σre2 = −
1
2 1 − λð Þσ0 1 − 4

Rp
2

r2
+ 3

Rp
4

r4

 !
cos 2θ,

σθe2 =
1
2 1 − λð Þσ0 1 + 3

Rp
4

R4

 !
cos 2θ:

8>>>>><
>>>>>:

ð15Þ

Therefore, the stresses in the elastic zone considering
pore water pressure can be obtained by superimposing
Equations (12) and (15):

 σre =
1
2 1 + λð Þσ0 + P0 +

ηF
2 1� μð Þ ln

r
Re

+
Rp

2

Rp
2 � Re

2
Re

2

r2
� 1

� �

  · 1
2 1 + λð Þσ0 +
�

P0 � σe�p
r + ηF

2 1� μð Þ ln
Rp

Re

�

 � 1
2 1� λð Þσ0 1� 4

R2
p

r2
+ 3

R4
p

r4

 !
cos2θ,

 σθe =
1
2 1 + λð Þσ0 + P0 +

ηF
2
ln r/Reð Þ + 2μ� 1

1� μ
� Rp

2

Rp
2 � Re

2
Re

2

r2
+ 1

� �

  · 1
2 1 + λð Þσ0 + P0 � σe�p

r + ηF
2 1� μð Þ ln

Rp

Re

� �

  + 1
2 1� λð Þσ0 1 + 3

R4
p

r4

 !
cos2θ: ð16Þ

At the interface between the elastic and plastic zones,
the radial and tangential stresses should satisfy Equation
(3). Thus, σe−pr can be derived by substituting Equation
(16) into Equation (3):
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The radial and tangential strains in the elastic zone can be
derived by substituting Equation (14) into Equation (6):

Using Equation (5), the displacement in the elastic zone
can be easily obtained as

ue = C1r +
C2
r

+ ηFvr ln r
2E + 1 + μ

2E 1 − λð Þσ0

� r − 4μ
Rp

2

r
+ 3

Rp
4

r3

 !
cos 2θ:

ð19Þ

3.3. Plastic Zone. In the plastic zone, the total strain of the
surrounding rock consists of two parts: the plastic and the
elastic part. Thus, the following equation can be easily
given as

εr = εrp + εr
e−p,

εθ = εθp + εθ
e−p:

(
ð20Þ

The displacement differential equation in the plastic
zone can be obtained by integrating Equations (5), (7),
and (20):

dup
dr + βp

up
r

= εr
e−p + βpεθ

e−p: ð21Þ

With the boundary condition of up = ue−p at r = Rp, the
displacement in the plastic zone can be deduced by solving
Equation (21):

up =
ue−p − εr

e−pRp

βp + 1

" #
Rp

r

� �βp

+
εr

e−p + βpεθ
e−p

� �
r

βp + 1 : ð22Þ

Using Equation (5), the strains in the plastic zone can
be obtained as

εrp =
βp εr

e−p − εθ
e−pð Þ

βp + 1
Rp

r

� �βp+1
+
εr

e−p + βpεθ
e−p

βp + 1 ,

εθp =
εθ

e−p − εr
e−p

βp + 1
Rp

r

� �βp+1
+
εr

e−p + βpεθ
e−p

βp + 1 :

8>>>><
>>>>:

ð23Þ

Previous studies indicated that the internal friction
angle of the rock does not change significantly in the post-
peak phase, and the rock strength is only related to cohe-
sion. Assuming that the cohesion in the plastic zone
decreases linearly (see Figure 4), the cohesion at any point
in the plastic zone can be expressed as

cp = c0 − α εθp − εθ
e−p	 


= c0 − α
εθ

e−p − εr
e−p

βp + 1
Rp

r

� �βp+1
+
εr

e−p + βpεθ
e−p

βp + 1 − εθ
e−p

" #

= c0 −
α εθ

e−p − εr
e−pð Þ

βp + 1
Rp

r

� �βp+1
− 1

" #
,

ð24Þ

where c0 is the initial cohesion and α is the softening coef-
ficient of the cohesion.

σe−pr =
−2Re

2 1/2ð Þ 1 + λð Þσ0 + P0½ � + ηF/2 1 − μð Þ Rp
2 − Re

2	 

ln Rp/Re

	 

+ 2μ − 1

	 

−

�
Rp

2 + Re
2	 


ln Rp/Re

	 
�
+ 2 1 − λð Þσ0 cos 2θ Rp

2 − Re
2	 


−Ne Rp
2 − Re

2	 
 �
M Rp

2 − Re
2	 


− Rp
2 − Re

2� � :

ð17Þ

εre = C1 −
C2
r2

+ ηFv
2E ln r + 1ð Þ − 1 + μ

2E 1 − λð Þσ0 1 − 4 1 − μð ÞRp
2

r2
+ 3

Rp
4

r4

" #
cos 2θ,

εθe = C1 +
C2
r2

+ ηFv ln r
2E + 1 + μ

2E 1 − λð Þσ0 1 − 4μ
Rp

2

r2
+ 3

Rp
4

r4

 !
cos 2θ:

8>>>>><
>>>>>:

ð18Þ
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The equilibrium differential equation in the plastic zone
can be rewritten by substituting Equations (2), (3), and (24)
into Equation (4).

dσr
dr + 1 −Mð Þσr

r
−

4 cos φffiffiffi
3

p
− 2 sin φ

� �

⋅
c0 − α εθ

e−p − εr
e−pð Þ/ βp + 1

� �
Rp/r
	 
βp+1 − 1
h in o

r

−
ηF
r

= 0

ð25Þ

Combining the boundary condition of σr = σr
e−p at r =

Rp, the radial stress in the plastic zone can be obtained by
solving Equation (25) as

σrp = σr
e−p −

Ne + ηF
1 −M

� �
Rp

r

� �1−M

+
4 cos φ/

ffiffiffi
3

p
− 2 sin φ

� �
α εθ

e−p − εr
e−pð Þ

βp + 1
� �

βp +M
� �

⋅
Rp

r

� �1+βp

−
Rp

r

� �1−M" #

+
4 cos φ/

ffiffiffi
3

p
− 2 sin φ

� �
α εθ

e−p − εr
e−pð Þ

βp + 1
� �

1 −Mð Þ

⋅ 1 −
Rp

r

� �1−M" #
+ Ne + ηF

1 −M
:

ð26Þ

3.4. Damage Zone. In the damage zone, the total strains of
the surrounding rock are also composed of two parts as:

εr = εrd + εr
p−d

εθ = εθd + εθ
p−d

(
ð27Þ

where εr
p−d and εθ

p−d are the radial and tangential strains at
the interface between the plastic and damage zones,
respectively.

The displacement differential equation in the plastic zone
can be obtained by integrating Equations (5), (7), and (27):

dud
dr + βd

ud
r

= εr
p−d + βdεθ

p−d: ð28Þ

Considering the boundary condition of ud = up−d at r =
Rd , the displacement in the plastic zone can be deduced by
solving Equation (28):

ud =
up−d − εr

p−dRd

βd + 1

� �
Rd

r

� �βd

+ εr
p−d + βdεθ

p−d	 

r

βd + 1 : ð29Þ

Using Equation (5), the strains in the damage zone can be
achieved as follows:

εrd =
βd εr

p−d − εθ
p−d	 


βp + 1
Rd

r

� �βp+1
+ εr

p−d + βdεθ
p−d

βd + 1 ,

εθd =
εθ

p−d − εr
p−d

βd + 1
Rd

r

� �βd+1
+ εr

p−d + βdεθ
p−d

βd + 1 :

8>>>><
>>>>:

ð30Þ

The equilibrium differential equation in the damage zone
can be rewritten by substituting Equations (2) and (3) into
Equation (4) as

dσr

dr + 1 −Mð Þσr −Nd

r
−
ηF
r

= 0: ð31Þ

Combining the boundary condition of σr = Pi at r = R0,
the radial stress in the plastic zone can be obtained by solving
Equation (31) as

σrd = pi −
Nd + ηF
1 −M

� �
R0
r

� �1−M
+ Nd + ηF

1 −M
,

σθd =M pi −
Nd + ηF
1 −M

� �
R0
r

� �1−M
+ MNd + ηF

1 −M
:

8>>>><
>>>>:

ð32Þ

3.5. Radius of Postpeak Failure Zone. Because of the continu-
ity of radial stress in the surrounding rock of the tunnel, the

c0

c

cd

𝜀𝜃
p-d 𝜀𝜃𝜀𝜃

e-p

𝛼

Figure 4: Softening model of the cohesion.
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relationship between Rp and Rd can be established by com-
bining with (26) and (32).

σr
e−p −

Ne + ηF
1 −M

� �
Rp

Rd

� �1−M
+ Ne + ηF

1 −M

+
4 cos φ/

ffiffiffi
3

p
− 2 sin φ

� �
α εθ

e−p − εr
e−pð Þ

βp + 1
� �

βp +M
� �

⋅
Rp

Rd

� �1−βp
−

Rp

Rd

� �1−M
" #

+
4 cos φ/

ffiffiffi
3

p
− 2 sin φ

� �
α εθ

e−p − εr
e−pð Þ

βp + 1
� �

1 −Mð Þ
1 −

Rp

Rd

� �1−M
" #

= pi −
Nd + ηF
1 −M

� �
R0
Rd

� �1−M
+ Nd + ηF

1 −M
:

ð33Þ

According to Equation (24), the cohesion at r = Rd can be
expressed as follows:

cd = c0 −
α εθ

e−p − εr
e−pð Þ

βp + 1
Rp

Rd

� �βp+1
− 1

" #
: ð34Þ

Subsequently, the radii Rp and Rd can be derived by inte-
grating (33) and (34).

4. Case Study

The stress distribution and deformation of the tunnel sur-
rounding rock are of great importance for the stability evalu-
ation and support design of the tunnel. In order to study the
influence of pore water pressure, intermediate principal
stress, and residual cohesion on the stresses and displace-
ment of the tunnel, the mechanical and geometrical parame-
ters of the rock mass are shown in Table 1.

4.1. Effect of Pore Water Pressure

4.1.1. Postpeak Zone Radii and Surface Displacement.
Figure 5 shows the postpeak zone radii and surface displace-
ment around the tunnel under different pore water pressure.
The radii of plastic and damage zones and surface displace-
ment all increase with the increase of pore water pressure.
For example, as P0 increases from 3MPa to 6MPa, the Rp,
Rd , and u0 values at the tunnel side increase by 0.85m,
0.83m, and 36.44mm, with an increment of 20.48%,
22.61%, and 67.31%, respectively, and the Rp, Rd , and u0
values at the tunnel crown increase by 0.77m and 0.75m,
and 72.06mm, with an increment of 13.62%, 14.24%, and
43.43%, respectively. Therefore, the pore water pressure
exerts a crucial influence on the radii of plastic and damage
zones and surface displacement.

4.1.2. Stress Distribution in Tunnel Surrounding Rock. Taking
the tunnel crown as an example, the stress distribution based

on different pore water pressure is shown in Figure 6. It can
be seen that the tangential stresses are always larger than
the radial stress. The radial stress presents a gradually
increasing trend, while the tangential stress presents a trend
of first increasing and then decreasing, and the maximum
tangential stress appears at the interface between the elastic
and plastic zones. As the pore water pressure increases, the
maximum tangential stress increases and is farther away
from the center of the tunnel.

4.2. Effect of Intermediate Principal Stress

4.2.1. Postpeak Zone Radii and Surface Displacement. In
order to research the influence of intermediate principal
stress on the tunnel deformation, the current analytical
results are compared with the data obtained based on the
Mohr-Coulomb criterion. As shown in Figure 7, because of
the neglect of the intermediate principal stress in the Mohr-
Coulomb criterion, the Rp, Rd , and u0 values solved by the
Mohr-Coulomb criterion are all larger than those solved by
the Mogi-Coulomb criterion. For example, the Rp, Rd , and
u0 values at the tunnel side from theMogi-Coulomb criterion
are 4.73m, 4.22m, and 76.71mm, respectively; however, the
results from the Mohr-Coulomb criterion are 6.83m, 5.95m,
and 130.69mm, with an increment of 44.40%, 40.99%, and
70.37%, respectively.

4.2.2. Stress Distribution in Tunnel Surrounding Rock. The
stress distribution at the tunnel crown based on two different
criteria is shown in Figure 8. It can be seen that the interme-
diate principal stress has a significant effect on the stress dis-
tribution in the three zones. When the intermediate principal
stress is ignored, the stress concentration and maximum tan-
gential stress are larger, and the boundary between the plastic
and elastic zones is closer to the tunnel center.

4.3. Effect of Residual Cohesion

4.3.1. Postpeak Zone Radii and Surface Displacement.
Figure 9 shows the postpeak zone radii and surface displace-
ment around the tunnel under different types of residual

Table 1: Geometrical and mechanical parameters.

Parameters Values

Radius of the tunnel, R0 (m) 3

Initial stress, σ0 (MPa) 16.2

Support pressure, Pi (MPa) 0

Lateral stress coefficient 1.5

Pore water pressure, P0 (MPa) 5

Pore water pressure coefficient, η 1

Re/R0 12

Poisson’s ratio, μ 0.25

Young’s modulus, E (MPa) 2400

Initial cohesion, c0 (MPa) 3.5

Residual cohesion, cd (MPa) 1.5

Dilation angle, ψi (
°) 10
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cohesion. The radii of plastic and damage zones and surface
displacement all decrease with the increase of residual cohe-
sion. For example, as cd increases from 1.5MPa to 2.5MPa,
the Rp, Rd , and u0 values at the tunnel side decrease by
1.34m, 0.86m, and 37.39mm, with a reduction of 24.45%,
18.07%, and 37.59%, respectively, and the Rp, Rd , and u0
values at the tunnel crown increase by 2.41m and 1.94m,
and 164.56mm, with a reduction of 32.01%, 28.24%, and
52.63%, respectively. Therefore, some measures, such as
grouting, can be used to increase the residual cohesion of
the rock mass and reduce the deformation of the tunnel.

4.3.2. Stress Distribution in Tunnel Surrounding Rock. The
stress distribution based on different types of residual cohe-
sion is shown in Figure 10. It can be seen that the radial stress
is always in the increasing trend and the tangential stress is
always larger than the radial stress, which are similar to those
laws in Figures 6 and 9. As the residual cohesion increases,
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Figure 5: Postpeak zone radii and surface displacement around the tunnel under different pore water pressures.
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Figure 6: Comparison of stress distribution at the tunnel crown
based on different pore water pressures.
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the maximum tangential stress increases slightly, but the
boundary between the plastic and elastic zones moves farther
away from the center of the tunnel.

5. Conclusions

Considering the pore water pressure, the stress distribution
and postpeak zone radii in the surrounding rock of a deep
tunnel in water-rich areas are deduced based on a strain-
softening model and the Mogi-Coulomb criterion. The influ-
ence of pore water pressure, intermediate principal stress,
and residual cohesion on the stress distribution and postpeak
zone radii is also discussed. The conclusions can be summa-
rized as follows:

(1) As for the stress distribution in the surrounding rock
of a tunnel, the tangential stresses are always larger
than the radial stress. The radial stress presents a
gradually increasing trend, while the tangential stress
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Figure 7: Postpeak zone radii and surface displacement around the tunnel under different strength criteria.
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presents a trend of first increasing and then decreas-
ing, and the maximum tangential stress appears at
the interface between the elastic and plastic zones

(2) The postpeak zone radii and surface displacement
increase with the increasing pore water pressure
and decreasing residual cohesion. The greater the
pore water pressure, the farther the maximum tan-
gential stress is from the center of the tunnel. Resid-
ual strength has little effect on the maximum
tangential stress

(3) Because of the neglect of intermediate principal stress
in the Mohr-Coulomb criterion, the postpeak zone
radii, surface displacement, and maximum tangential
stress solved by the Mohr-Coulomb criterion are all
larger than those solved by the Mogi-Coulomb crite-
rion. Therefore, opportune consideration of the
intermediate principal stress can lead to a more rea-
sonable tunnel support design
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Figure 9: Postpeak zone radii and surface displacement around the tunnel under different types of residual cohesion.
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Slope structures and surface terrains are two significant factors affecting the deformation behavior of mining slopes in mountainous
areas. This research is aimed at investigating the deformation characteristics of a mining slope wielding Particle Flow Code (PFC),
with 9 different mining configurations (i.e., horizontal distance from extracted panel center to slope shoulder, D=−200m, −150m,
−100m, −50m, 0m, 50m, 100m, 150m, and 200m). A representative slope in Faer Town, Liupanshui City, Guizhou Province,
China, was selected, which was characterized by soft and hard interbedded rock strata. The results indicated that the overlying
rock mass tended to move towards the sloping surface with mining beneath sloping terrain, which brought an asymmetrical
subsidence funnel, and formed a wider relative disturbance range on the slope surface. With the vertical subsidence increasing
additionally, the stability of the overall slope deteriorated. A safe mining range should be proposed based on evaluating the
time-dependent deformation behavior at the slope shoulder and the overall slope stability.

1. Introduction

Longwall mining is one of the most generally adopted
underground mining methods, particularly in mining areas
with relatively uniform and thick coal beds [1]. Surface
subsidence is the leading form of mining-induced geologi-
cal hazards which has caused various adverse effects to the
environment [2, 3].

Analyzing the mechanism of ground movement and esti-
mating their magnitudes and geometries have long been the
main concerns in risk management of mining operations. A
reliable prediction of ground subsidence caused by the min-
ing operations remains a great challenge [4]. An extracted
panel formed, the deformation of the overlying rock mass
depends on many factors, i.e., bedding structure, thickness,
strength, discontinuous geometric, mechanical characteris-
tics of the panel, thickness of the mined coal seam, and width
and length of the extracted panel [5–8]. In addition to the
properties of the coal seams and the overlying rock masses,

in situ stress conditions, groundwater conditions, terrain gra-
dient, mining method, process of extraction, and distribution
of pillars may all add complexity to the ground subsidence
estimation [4, 9, 10]. The ground deformation induced by
the mining operation is thus a multifactor coupling problem
in temporal and spatial scales.

The prediction of ground subsidence can be performed
by various methods, such as numerical simulation, physical
modelling, influence function method, empirical approach,
and analytical technique [10–14]. In addition, with the
advancement in geographic information system (GIS) and
remote sensing (RS) technologies, the spatial database can
be constructed to analyze the shape and magnitude of the
subsidence [15, 16]. The capability of GPS network applica-
tion in measuring ground horizontal displacement has
made great contributions to monitoring and early warning
systems for mining-induced geological hazards [17]. Appli-
cation of geophysical methods enables geologists to develop
a comprehensive understanding of fracture evolution in
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the overburden rock masses induced by shallow mining
activities [18, 19].

Many researchers performed numerical and physical
modelling to estimate the subsidence of complex ground pro-
files. The physical modelling normally has difficulties dealing
with an in situ stress state of rock mass (i.e., effect of gravita-
tional force), which can be only simulated by geotechnical
centrifuge [20, 21]. Performing a large geotechnical centri-
fuge test, however, can be extremely costly. The numerical
simulation has been widely used to analyze mining slopes
with complex geometries and simulate discontinuous and
nonlinear mechanical behavior of rock masses [4, 9, 22–27].
The Discrete Element Method (DEM) is an efficient tool for
analyzing instability of jointed rock slope, as proven by
numerous successful cases [28–30].

There were in total 356 incidents of geological hazards
(refer to Table 1) reported in the mountainous area in Liu-
panshui City, Guizhou Province, southwest of China. By
the end of 2016, most of the hazards occurred on the P3l
and T1 f strata. A typical mining slope named Jianshanying
slope in Faer Town, Liupanshui City, was selected. Wielding
Particle Flow Code (PFC) to analyze deformation behavior
with underground mining operations.

2. Mechanisms of Mining-Induced
Slope Instability

Numerous previous studies reported that slopes subjected
to underground mining are prone to caving and landslides
[31–34]. There were 2 main models of mining-induced
slope failures: (1) progressive rock falls and caving failures,
which cause nearly vertical cliffs [25, 35], and (2) rock
masses extruded from the slope toe causing holistic instability
[36]. With underground extraction performed beyond the
slope shoulder, most instabilities are initiated [37, 38].

According to Salmi et al. [4], the surface topography
has a considerable impact on the mechanisms of mining-
induced slope instability. Mining in hilly and mountainous
terrains usually increases the risk of slope failure. In addi-
tion, mining beneath sloping terrains imposes an addi-
tional threat on ground subsidence, which usually occurs
near a valley [35]. The coal seam extracted beneath flat
terrains, the rock masses above the extracted panel were
fragmented and caved into the panel immediately, and
the fragmented rocks tend to fill the void forming a goaf.
As a result of ascending step-loading imposed by the

upper caving block, the stiffness of rock mass increases
gradually [39]. The overburden strata remain intact and
bend towards the extracted panel [40]. Owing to the
expansibility of rock, the rock masses falling into the panel
are subjected to lateral forces from the virgin strata, which
rise gradually with the increase of depth and reach the
maximum value at the coal pillar [41]. The boundary con-
ditions on both sides of the extracted panel are identical,
and hence, the magnitude and direction of lateral forces
are completely symmetrical. Under the circumstances, there
are different horizontal deformations in the rock masses,
and it causes a symmetrical subsidence funnel on the sur-
face [42]. In an extraction performed near or beneath a
cliff, the lateral forces induced above the goaf (directed
from the plateau towards the valley) are not counterba-
lanced by an identical force in the opposite direction. The
rock mass near the valley has a greater horizontal displace-
ment, and hence, an asymmetric subsidence funnel occurs
on the slope surface.

The magnitude and shape of the surface subsidence,
which is induced by mining operations under the condition
of flat terrains, have been studied extensively. The localized
deformation and overall instability constitute much more
uncertainties attributed to the complex combination of ter-
rains and structures in the sloping terrains. Studies on
ground subsidence induced by mining activities in sloping
terrains are still very limited. Several previous case studies
of large-scale slope failures induced by mining include the
Zhangjiawan collapse and Madaling landslide in Guizhou,
China [36], and one of the largest contemporary landslides
and mass movements reported at Nattai North, Australia
[43], have drawn the global attention on the mass movement
caused by mining activities and provoke the present study to
be carried out.

This research is rooted in the exploration of mining-
induced subsidence rules in P3l and T1 f with Liupanshui
City, Guizhou Province, China, as the typical. To be detailed,
this research innovatively proposed 9 mining configurations
for expounding the deformation behavior of mining beneath
flat and sloping terrains by wielding Particle Flow Code,
which is applied to the soft and hard interbedded and
jointed slopes in the mountainous area. Furthermore, the
time-dependent deformation was measured at the slope
shoulder, as the transition part of the flat and sloping ter-
rains, to propose a safe mining range, which was meaningful
in the risk management of mining operations.

Table 1: Distributions of mining-induced geological hazards in Liupanshui City on different strata (data compiled by end of 2016).

Types of geological hazards
Main distribution strata

Total
C2hn C3mp P2l P2m + q P3l P3β T1 f T1y T1yn T2g E

Landslide 1 1 4 0 86 2 73 1 3 1 0 181

Collapse 0 0 0 2 9 1 19 2 6 0 1 39

Surface subsidence 0 0 2 1 69 2 37 4 8 0 0 122

Ground fissure 0 0 0 1 3 0 4 3 1 0 0 12

Debris flow 0 0 0 0 2 0 0 0 0 0 0 2

Total 1 1 6 4 169 8 133 10 18 1 1 356
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3. Case Study

3.1. Model Development. Liupanshui City in Guizhou Prov-
ince, China, is known for its proven coal resources and
reserves. The city which is known as the “Southwest Coal
Sea” has developed multistage coal seams on the P3l stratum.
In 2015, there were more than 800 mines in the city, while
more than 400 landslide and ground subsidence incidents
have been reported, which were mainly caused by improperly
planned mining activities. In the present study, a mining
slope named Jianshanying slope in Faer Town, Liupanshui
City, was selected as the case study. The specific geographical
coordinates of the study area are E104°44′11″ and N26°18′
20″ (Figures 1 and 2).

In the western part of the Guizhou plateau, a low moun-
tainous terrain was formed because of the tectonic erosion.
Typically, both steep and gentle structures were formed in
the mining slope. Most of the coal-bearing strata are located
in the flat terrains, while the interbedded sandstone and
mudstone are mainly located in the sloping terrains. The
surface terrain of the Jianshanying slope was reasonably gen-
eralized to simplify the subsequent numerical modelling pro-

cesses. Three sets of dominant joints were considered in each
strata, and one set has the same tendency as the strata. The
general stratifications of the slope are presented in Figure 3.
Coal and mudstone formed the relatively weak strata in the
slope, however, the effect of the stratified structure was not
considered in them.

Mining slopes are typically prone to time-dependent fail-
ures in the form of ground subsidence and slope sliding [44].
After going through a long process of mining, 6 coal layers
had been mined out beneath the Jianshanying mining slope
forming a total of 13 mining panels. These mining activities
had caused severe impact on the stability of the slope. To
simplify the analysis, the present study only focused on the
impact of mining with the first coal layer on the slope insta-
bility. Nine mining configurations with different horizontal
distances (D) from the extracted panel center to slope shoul-
der (where the flat terrain intersected with the sloping
terrain) were set, namely, D=−200m, −150m, −100m,
−50m, 0m, 50m, 100m, 150m, and 200m (see Figure 4
and Table 2). The width of each extracted panel along the
strata dip direction was within the range of 150~250m, while
the thickness of the coal seam was ranging from 2 to 4m in
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statistics. The width of the extracted panel and the thick-
ness of the mined-out coal seam were fixed at 200m and
6m in practice. The above configurations were set to sys-
tematically study the influences of extracted panel depth,
horizontal distance between the center of extracted panel
and slope shoulder, and surface terrain condition on the
instability of the mining slope. The extracted panel was
located beneath a flat terrain with D≤−100m, while the
extracted panel was beneath a sloping terrain with
D≥ 100m (Figure 4). A total of 29 monitoring points with

a horizontal interval of 50m were set in the numerical
model, for revealing the deformation characteristics of the
slope surface with various configurations.

3.2. Particle Flow Code. Rock masses are discontinuous
medium, and hence, the use of the DEM is justifiable [4].
PFC (Particle Flow Code), a popular program based on the
DEM, is widely used to simulate the macroscopic character-
istics of rock-soil masses. The soil/rock aggregates are mod-
elled as either rigid disks (2D) or spheres (3D), and they are
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Figure 2: 3D terrains of Jianshanying mining slope.
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connected by specific contact models as an equivalent
model of rock-soil mass [45]. The PFC adopts the time
step iterative calculation method (Figure 5). Newton’s sec-
ond law and the law of force and displacement are repeat-
edly applied in the calculation for updating the motion
state of units in real-time, and the contact force and tor-
que between the updated units are further determined by
the force-displacement relationship [46].

The law of force-displacement reflects the contact rela-
tionship between particles, also the relationship between the
contact force and relative motion. In the PFCmodel, the con-
tact force ball-ball and ball-wall can be divided into normal
force and transverse force (Equation (1)). The particles move
and rotate under the action of unbalanced forces and unbal-
anced torques (Equations (2) and (3)). The motion equation
of PFC is solved using the centered finite difference method
in relation to time step (Δt). The translational and rotational

acceleration (€xðtÞi and _ωðtÞ
i ) of particles at any time can be

obtained from Equations (4) and (5). The translational veloc-

ity ( _xðtÞi ), angular velocity (ωðtÞ
i ), and displacement (xðtÞi ) of

particle motion can be obtained from equation transforma-
tion (Equations (6), (7), and (8)). The definitions of the
model parameters are summarized in Table 3:
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3.3. Rock Mass Parameters. In particle flow simulation, the
macroscopic mechanical behaviors of the rock and soil
masses are governed by the microscopic mechanical prop-
erties of particles, nevertheless, there is a highly nonlinear
relationship between them. Typically, the transformations
of the macroscopic and microscopic parameters are carried
out by means of biaxial compression tests [47]. The most
common set of siltstone and pelitic siltstone was selected
for parameter calibration to avoid the discreteness of rock
samples. The stress-strain curve obtained from the PFC
simulation under the condition of no confining pressure
was reasonably consistent with that of the laboratory
(Figure 6). Both siltstone and pelitic siltstone showed sig-
nificant brittle failure characteristics. The initial balance
was carried out after gravity loading in the process of engi-
neering scale simulation, and the increment of displace-
ment and velocity during the process was cleared, and
hence, the consistency of the stress-strain curve in the
compaction stage was superfluous. The elastic modulus
(E) and unconfined compressive strength (UCS) of silt-
stone and pelitic siltstone obtained from the laboratory
and PFC are shown in Table 4; moreover, the fitting
degree of their magnitude values is a measure index of
calibration. Both mudstone and coal retrieved in the field
had great discreteness with mechanical properties, which
obstructed calibration by the PFC test. This research
attempted to bring empirical values to the parameters of
coal and mudstone, and the full mining model simulation
was used in comparison with the actual situation. The
parameter inversion method was used to adjust the rock
block parameters as empirical.

The mechanical parameters of rock masses are generally
smaller than those of intact rock with laboratory scale
because of the size effect and discontinuity of rock masses
[48]. Practically, the effects of bedding plane and dominant
joints are often considered in simulation, and the equivalent
jointed rock masses technology is applied. The smooth-joint
model was chosen over the flat-joint model, which is poor
in simulating the plane dilation mechanics, to reflect the
constitutive relation. Furthermore, the smooth-joint model
enabled the joint properties to a limited range on both sides
of them, and a random joint model was formed to verify
and correspond to the characteristics of the slope on-site.
For this purpose, based on the laboratory mechanical exper-
imental results, numerical simulation calibration testing,
and the equivalent rock masses technique, the full mining
model (the six-coal-seam mining model) simulation was
used in comparison with the actual situation, which
ensured that the simulation outputs were reasonably consis-
tent with the actual field deformation (i.e., occurrence of
deposition at the slope toe, presence of tensile cracks in
the middle of the slope, and subsidence at the edge of
slope), which was acquired through the UAV survey
(Figure 7). In this paper, parameters related to rock and soil
masses materials were obtained and adjusted by parameter
inversion. The calibrated microscopic mechanical parame-
ters of the rock masses, which were adopted for the PFC
simulation of the Jianshanying mining slope, are summa-
rized in Table 5.

M13 (shoulder)

M18 (toe)

D = 150 m M16 (belly)

A B C D E F G H I J K L

0 50 100 m

Extracted panel

Figure 4: Mining configurations considered for numerical
simulation.
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4. Results of Numerical Analysis

4.1. Evaluation of Crack Propagation. In the panel extracted,
tensile cracks initiated to propagate in the overburden mate-
rials. The cracks mainly aggregated at the boundary of the
extracted panel and extended up to the surface [49]. Obvi-
ously, tensile cracks were observed beneath the slope shoul-
der with D = −100m. The panel was extracted directly
below the slope shoulder (D = 0m); the tensile cracks had
developed in front of the slope shoulder and extended to
the sloping terrain (Figure 8(e)). These results implied that
there was an “aggregation” on the extension of tensile cracks
beneath the slope shoulder.

According to Salmi et al. [50], neglecting the effect of
stratum bedding in simulating mining-induced subsidence
in flat terrains would yield a wider but shallower subsidence
trough as compared with the field conditions. Therefore,
the strata bedding surface and joints should be carefully
modelled to improve the simulation outputs (Figure 3).

The sum of upside and downside crack angles (γ + β) was
wielded to characterize the relative disturbance range of over-
burden rock masses. The term “relative” was used to indicate
that the thickness of rock strata, which is above the extracted
panel, was not taken into consideration. A low value of “γ + β
” indicated a large relative disturbance range, and vice versa
(refer to Figure 9). The extracted panel is partially or
completely located beneath the sloping terrains; the relative
disturbance ranges for the cases were greater than those
beneath the flat terrains. With the upside crack angle
decreasing, the subsidence trough of the latter was wider than
that of the former (see in Figure 8). Moreover, the propaga-
tions of tensile cracks at the extracted panel boundary were
almost parallel with all mining configurations. The crushing
of the coal pillar resulted in an increment in the distance
between the position of boundary tensile cracks and the cen-
ter of the extracted panel and hence altered the crack angle
(Figure 10). The center of the extracted panel positioned in
front of the slope shoulder; the otherness between upside
and downside crack angles increased. The upside crack angle
reached the minimum value of 64°, and the summation angle

of “γ + β” reached the minimum value of 151° withD = 0m;
moreover, the rock masses above the extracted panel were
disturbed to the greatest.

4.2. Evaluation of Horizontal Displacement. Coal mining
causes significant vertical deformations. For materials which
are characterized by low compactness and high expansibility
in the subsidence area, the lateral compression of the strata
surrounding the extracted panel would increase and cause
an expansion to the sloping terrains. Subsidence immediately
causes lateral deformation with the constraining forces of
surrounding rock mass. A lower confining pressure makes
the effect of lateral deformation more prominent [41]. There-
fore, symmetrical and high constraining forces make the lat-
eral deformation inappreciable [51]. In sloping terrains, the
overburden rock masses produce relatively low lateral con-
straining forces, which are insufficient to offset the dilata-
tional forces of rock masses caving into the panel. As a
result, the disturbed rock mass would displace towards the
sloping terrains (Figure 10). The extraction panels are located
at different positions; Figure 11 shows the lateral deforma-
tions of rock masses. The lateral deformation of overburden
rock mass above the extracted panel was not symmetrical,
with flat-sloping terrains as simulated. The lateral deforma-
tion beneath the flat terrain side was lower than that of the
sloping side. The extraction panel was located close to the
sloping terrain; the lateral deformation was intensified and
caused an outcrop towards the sloping surface.

Bedding planes provided a suitable path for lateral
movement of strata in both flat and sloping terrains. A bed-
ding plane, with a low bonding strength, provided less resis-
tance in the direction of the overburden material movement
and hence caused the sliding between the layers. The “zig-
zag” horizontal displacement change zone can be seen in
Figures 11 and 12.

Interestingly, lateral deformations towards the slope inner
part were observed in the mudstone layer with D < 100, with

Table 2: Details of mining configurations.

D (m) -200 -150 -100 -50 0 50 100 150 200

Extracted panels A + B + C +D B + C +D + E C +D + E + F D + E + F +G E + F +G +H F +G +H + I G +H + I + J H + I + J + K I + J + K + L

Panel depth (m) 345.5 336.6 328 319.2 310.1 261.5 217.1 170.9 112.1

Newton’s second law
(F = ma)

Apply to each particle

Relation between force
and displacement

(F = kx)
Apply to each contact

Contact force

Particle and wall position renewal
Contact generation

Figure 5: Workflow of PFC analysis.

Table 3: Definitions of symbols.

Symbol Definition Symbol Definition

Fi Contact force _xi Translational velocity

Fn
i Normal contact force xi Displacement

Fs
i Shear contact force _ωi Slew acceleration

gi
Gravitational
acceleration

ωi Angular velocity

Mi Unbalance moment I Inertia moment

€Hi Angular momentum Δt Time step

€xi
Translational
acceleration

m Particle quality
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the maximum value reaching 0.98m (Figure 12(b)). How-
ever, there was no similar phenomenon in the mudstone
directly above the extracted panel (Figure 11). With the in
situ stress releasing, the materials at the slope shoulder poorly
cemented were further loosed. Holding a more complete and
dense layered structure, the siltstone and pelitic siltstone were
subjected to stick-slip resistances along the bedding plane in
the lateral motion. Conversely, the resultant force, including
the gravitational force, redistributed stress, and the cementing
force between the materials, leading to the deformation of
mudstone.

A potential through slip plane appeared on the slope with
D = −100m (Figure 11(c)), which was initiated from the
inner boundary of the extracted panel, extended upward to
the goaf and the thin mudstone layer, and subsequently
spread from the outer boundary of the extracted panel to
the toe of the slope, causing the overall instability of slope.
A horizontal displacement was observed of 0.4m at the toe.

4.3. Evaluation of Surface Subsidence. The maximum surface
subsidence is consistently located above the inner part of
the extracted panel under various mining configurations
in the countertilt slope. Furthermore, the sloping surface

with thinner overburden materials has a larger maximum
subsidence area, as indicated by the cases of D ≥ 0m
(Figure 13(a)). These results proved that the slope has
reached the “sufficient mining conditions” with D ≥ 0m.
For obtaining the increment in surface subsidence beneath
the sloping terrains, the maximum subsidence (W0) of flat
terrains was brought to the present research, which was
referred to Equation (9) proposed by Zou [52] under the
“sufficient mining conditions”:

W0 = qm cos α, ð9Þ
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Figure 6: Stress-strain curves obtained from uniaxial compression tests (red lines: (a, b) represent siltstone; black lines: (c, d) represent pelitic
siltstone. Solid lines are results obtained from laboratory tests, while dashed lines are results obtained from PFC calibration test).

Table 4: Uniaxial compression test results.

Parameter
Siltstone Pelitic siltstone

Laboratory test PFC test Laboratory test PFC test

E (GPa) 15.75 11.44 13.6 9.35

UCS (MPa) 111.49 105.26 96.87 83.76

Deposit

Profile line

Cracks

a

b

a

b

850 m
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Coal
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Figure 7: Comparisons of a typical PFC simulated deformation and
the actual field observation.
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where q is the subsidence coefficient under the “sufficient
mining conditions,” m is the thickness of the mining coal
seam, and α is the dip angle of the coal seam.

Wielding the lithology comprehensive evaluation index
ðpÞ to characterize the degree of influence of lithology on sur-
face subsidence [52]:

p = ∑n
1hiQi

∑n
1hi

, ð10Þ

where hi is the thickness of overburden rock strata and Qi is
the lithologic classification index of overburden rock mass.
The value of Qi ranges from 0 to 1 for the first mining slope
according to the hardness of the lithology. The Qi values for
the coal seam, mudstone, pelitic siltstone, and siltstone in this
research were set at 0.9, 0.8, 0.4, and 0.05, respectively.

Based on the comprehensive evaluation index of lithol-
ogy ðpÞ, the subsidence coefficient ðqÞ of flat terrains under

the “sufficient mining conditions” can be acquired by the
following:

q = 0:45 + 0:5p: ð11Þ

From the above computations, W0 for the 5 mining
configurations with D ≥ 0m were 3.761m (D = 0m),
3.702m (D = 50m), 3.436m (D = 100m), 3.126m (D = 150
m), and 3.294m (D = 200m). Accordingly, the increment
in subsidence of sloping terrains as compared with the flat
terrains was 2.761m, 2.822m, 3.101m, 2.836m, and
2.424m, respectively.

Khanal et al. [53] suggested that the ratio of subsidence to
thickness of overburden rock mass (S/T) could be positively
correlated with the width to depth ratio of the mine (W/D1).
In this research, the thickness (T) and width (W) were fixed
at 6m and 200m, respectively. The findings from the mining

Table 5: Microstrength parameters used for PFC simulations.

Parameter Definition Siltstone Pelitic siltstone Mudstone Coal

Rmin Minimum particle radius (m) 1.6 1.6 1.2 0.8

Rmax/Rmin Particle radius ratio, uniform distribution 1.25 1.25 1.33 1.5

ρ Particle density (kg/m3) 2850 2650 3050 1850

Ec Interparticle contact modulus (GPa) 7 6 2 2

K Normal-to-shear stiffness ratio 1.8 2 2.2 2.4

μ Microfriction coefficient 0.3 0.38 0.75 0.58

Ec′ Bond effective modulus (GPa) 7 6 2 2

K ′ Bond normal-to-shear stiffness ratio 1.8 2 2.2 2.4

σc Parallel bond normal strength (MPa) 35 30 10 9

τc Parallel bond shear strength (MPa) 35 30 10 9

Kj Joint stiffness ratio 1

μj Joint microfriction coefficient 0.35

(a) D = –200 m (c) D = –100 m(b) D = –150 m

(d) D = –50 m (e) D = 0 m (f) D = 50 m

(g) D = 100 m (h) D = 150 m (i) D = 200 m

Coal
Pelitic siltstone
Mudstone

Siltstone
Crack_tension

Figure 8: Crack propagations after coal seam extractions with different mining configurations.
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configurations of D < 100m showed consistency with that of
Khanal et al. [53], but an opposite trend was observed with
D > 100m (Figure 13).

4.4. Evolution of Deformation at Slope Shoulder. The defor-
mation behavior of the slope shoulder, a transition from flat
terrains to sloping terrains, has been focused on in this
research. The monitoring data of M13 was selected to charac-
terize the deformation of rock mass at the slope shoulder.
Figures 14–17 present the vertical and horizontal deforma-
tion characteristics of the rock mass over time under short-
term and long-term conditions, respectively. The following
findings are reported from the analyses:

(a) Short term

(i) Initiating the horizontal displacement and subsi-
dence concurrently at the time step of 3000 with

various mining configurations, which indicated
that both the horizontal displacement and subsi-
dence occurred right after the formation of the
extracted panel

(ii) The extracted panel is located below the slope
shoulder (−100m ≤D ≤ 100m); the subsidence
rate and value at the slope shoulder were higher
than that in flat terrains

(b) Long term

(i) The rock mass at the slope shoulder showed
prominent horizontal displacement (1.23m)
and subsidence (6.52m) with D = 0m and 50m

(ii) The time required to stabilize the deformation at
the slope shoulder was longer in flat terrain
mining
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Figure 10: Mechanical mechanisms of mining-induced subsidence in (a) flat terrains and (b) sloping terrains (adapted from [41]).
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(iii) The rock mass at the slope shoulder initially dis-
placed horizontally towards the inner part and,
subsequently, displaced outwards to the slope
facing with D < 0m. The horizontal displace-
ment behavior depended on the location of the
inner boundary of the extracted panel with

D ≥ 0m. The rockmass at the slope shoulder dis-
placed horizontally towards the direction of the
slope facing withD = 0, 50, and 100m. Observing
a lower or negligible value withD ≥ 100m, which
was identical to the cases of D < 0m in the pat-
tern of rock mass displacement
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Figure 11: Contours of horizontal displacements after coal seam extractions with different mining configurations.
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5. Discussion

This research investigated the mechanical mechanisms of
mining activities in flat and sloping terrains, with the consid-
erations of deformation of overburden rock masses and
propagation of tensile cracks. A model was established based
on the typical mining-induced slope structure of a case study
in southwest China. To the authors’ knowledge, this is the
first research reported on the use of PFC for analyzing the
mining slope deformation behavior, with the extracted panel
located beneath various complex terrains (i.e., flat terrain,
slope shoulder, and sloping terrain). The time-dependent
deformation characteristics of the rock mass at the slope
shoulder were studied in detail. The sum of upside and
downside crack angles was proposed to characterize the
relative disturbance range of overburden rock mass, and
reasonable and safe configurations of single-layered mining
operations in mountainous areas were put forward.

It should be noted that the findings from the present
research were handicapped by several limitations, such as
the width of the extracted panel along the inclined strata
was remained constant at 200m, and the interval of two adja-
cent extracted panels in all mining configurations was kept at
50m. In addition, the microstrength parameters of coal and
pelitic siltstone were not derived from the uniaxial compres-
sion simulation by the PFC. Owing to these limitations, the
functional relationship between surface subsidence and geo-

logical and geotechnical factors cannot be fully revealed in
this research. These issues can be solved if the following
future improvements are taken: (i) setting the extracted panel
width as an independent variable and shortening the interval,
(ii) increasing the number of samples for coal and pelitic silt-
stone and acquiring the mechanical parameters by wielding
the support vector machine (SVM) coupled with the micro-
strength parameters by PFC, and (iii) setting the number of
configurations of mining in sloping terrains to be 5 to 10
times of independent variables, for finding the regression
relationship between the maximum subsidence and geologi-
cal and geotechnical factors.

6. Conclusion

The present research investigated the deformation behav-
ior of slopes under different mining configurations (i.e.,
horizontal distance from extracted panel center to slope
shoulder, D = −200m, −150m, −100m, −50m, 0m, 50m,
100m, 150m, and 200m) by wielding PFC. The Jiansha-
nying mining slope, which was generalized based on the
actual field investigation and laboratory experiment data,
in Faer Town, Shuicheng county, Guizhou Province, was
selected. Based on the laboratory mechanical experimental
results, numerical simulation calibration testing, and the
equivalent rock mass technique, the full mining model
(the six-coal-seam mining model) simulation was used in
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comparison with the actual situation, which ensured the
rationality of microstrength parameters of rock masses
and joints. The following conclusions can be drawn for
the study of deformation behavior of mining slopes in
mountainous areas with gentle anti-incline overburden
rock strata:

(i) Mining in mountainous areas usually meets with the
risk of slope instability. The overlying rock masses
tended to move towards the sloping surface with
mining beneath sloping terrain, which brought an
asymmetrical subsidence funnel, and formed a wider
relative disturbance range on the slope surface. In
particular, the rock masses above the extracted panel
were disturbed to the greatest with D = 0m

(ii) The constraining forces of overburden rock masses
towards the valley decrease; mining beneath sloping
terrains usually acquire larger subsidence (up to 3m)
and additional horizontal displacement (up to 1.4m)
than flat terrains. The “zigzag” horizontal displace-
ment change zone formed with the control of bed-
ding planes

(iii) It is important to remain the center position of the
extracted panel behind the slope shoulder, beyond
which the deformation rate and ultimate value of
the rock mass at the slope shoulder would increase
drastically. In addition, the boundary of the
extracted panel should also be avoided to cross over
the slope shoulder (i.e., D ≤ −100m) to prevent an
overall slope instability
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When the mountain tunnel projects passing through the complex formation with coal, it happened along with disaster accidents
such as gas outburst, gas combustion, and gas explosion. These disasters should seriously threaten the safety and life of the
construction personnel and affect the normal operation of the tunnel construction. Ventilation is the most effective means to
control gas, fire, dust, heat, and other disasters. To study the effects of different ventilation modes in highway gas tunnels, Fluent
software was used to simulate forced ventilation, exhaust ventilation, and mixed ventilation in a high gas tunnel of a highway in
Hunan. The distribution law of the airflow velocity and gas concentration of these three ventilation modes were obtained to
determine the optimal ventilation system. It was shown that vortex zones of different ranges formed in the tunnel for all three
ventilation modes, and the gas concentration was higher in the vortex zone than in other regions. Mixed ventilation of them is
superior to the other two modes, showing the best ventilation effect with regard to airflow velocity and gas concentration.

1. Introduction

Currently, highway tunnel construction has expanded
throughout China. Particularly with urban construction
development, numerous traffic tunnels have arisen in the
mountainous and hilly areas of China [1–3]. When these
tunnel projects developing in depth, they often encounter
the situation of crossing coal seam, which brings great
security risks to tunnel construction. The tunnel is closed in
the construction process, and the dust from driving and the
blasting process and hazardous gases such as gas from the
broken surrounding rock are likely to accumulate in the tun-
nel, which seriously threatens the safety of the workers [4–8].
Hence, adequate ventilation needs to be implemented in the
tunnel [9–13] to dilute poisonous and hazardous gases in a
timely manner and prevent the accumulation of explosive
gases within the tunnel. Gas is a major risk source of tunnel
construction safety. Because of the long ventilation distance
and a large volume of gas emissions in a tunnel, ventilation

via pipes is usually used to mitigate gas accumulation
[14–17]. The study of the effects of different ventilation
methods by pipes is critical for a reasonable selection of
ventilation measures, improved ventilation efficiency, and
a safe construction environment.

The tunnel studied here is in Jishou city, Hunan province,
China. A coal seam was exposed during the excavation pro-
cess, consisting of pork liver coal and asphaltic coal. These
coals are tectonic coals, with high hardness and contain a
large amount of gas with contents reaching 6.92m3/t.
Furthermore, the methane concentration can reach 53.50%
while the maximum absolute gas emission rate exceeds
75m3/min. After the exposure of the coal seam, the absolute
gas emission rate exceeded 0.5m3/min for several consecu-
tive days. According to “Technical Code for Railway Tunnel
with Gas” and “Guidelines for Design of Highway Tunnel,”
together with the determination principle of the highest level
in the tunnel gas work area, this tunnel was classified as a
high gas tunnel. To guarantee the construction safety of this
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tunnel, effective measures of outburst prevention is necessary
for penetration through the coal seam to suppress the gas
concentration and gas pressure. This requires a scientific
and rational configuration of the ventilation mode. Thus, in
this paper, the hydrodynamics software Fluent was employed
to simulate three different ventilation measures, forced venti-
lation, exhaust ventilation, and mixed ventilation, and the
status of the transportation of fresh air and gas in different
ventilation flow fields was obtained. Therefore, the efficiency
of tunnel ventilation was able to be enhanced, and the safety

of the workers was guaranteed using the results of this
research.

2. Ventilation Modes of Air Pipe of Tunnel

In the driving construction of tunneling, ventilation by pipes
can be divided into three types based upon the layout type of
pipe and blower: forced ventilation, exhaust ventilation, and
mixed ventilation [18–21]. When using forced ventilation,
pipes deliver fresh air to the tunnel working face to suppress

Fresh air
Blower

Polluted air

(a) Forced ventilation

Fresh air
Blower

Polluted air

(b) Exhaust ventilation

Fresh air
Blower

Polluted air

(c) Mixed ventilation

Figure 1: Schematic diagram of the ventilation model.
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R19.2

(a) Forced ventilation and exhaust ventilation

ANSYS
R19.2

(b) Mixed ventilation

Figure 2: Schematic diagram of model meshing.
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the concentration of poisonous and hazardous gas in the
air and discharge the polluted air through the tunnel por-
tal. It has a short ventilation duration, an extensive effec-
tive range, and a favorable ventilation effect. Exhaust
ventilation exhausts poisonous and hazardous gas at the
tunnel’s working face through negative-pressure pipes,
provides fast ventilation, and is suitable for driving venti-

lation across a long tunnel. As a standard ventilation
mode in tunnel construction, mixed ventilation uses a
forced blower to dilute poisonous and hazardous gases at
the working face and an exhaust blower to exhaust the
polluted air through a ventilation pipe, which has the
advantages of both the forced and exhaust ventilation
modes so that the maximum ventilation efficiency can be
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Figure 3: Wind flow velocity vector inside the tunnel.
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obtained, and it is especially suitable for ventilation of a
long-distance tunnel.

3. Numerical Calculation Model

3.1. Calculation Model of Tunnel. The three-dimensional
models of the three pipe ventilation modes of tunnel were
established using Fluent software. The basic geometric
dimensions of the tunnel were as follows: length was 100m,
cross-section was 10m × 7m straight wall circular arch
(width × height), the diameter of the ventilation pipe was
1.2m, and distance of pipe from the ground was 4m. The
tunnel ventilation model is simplified and shown in the sche-
matic in Figure 1.

The mesh subdivision for the model was implemented by
the preprocessor within Fluent software, and the generated
mesh is shown in Figure 2.

3.2. Mathematical Model of Tunnel. When studying the
airflow in the tunnel, the airflow was simplified as channel
flow, and the airflow was modeled as nearly turbulent
[22–26]. By referring to the tunnel ventilation condition,
the k − ε turbulence model was adopted in the calculation
model [27–29], and thus, the k − ε turbulence model was
selected as the calculation model for gas diffusion [30–32].
The model solves the turbulent viscosity coefficient μi by
establishing the equations of k and ε.

(1) Turbulent fluctuation kinetic energy equation (k
equation)

∂ ρkvið Þ
∂xi

= ∂ μ + μi/σkð Þð Þ ∂k/∂xið Þð Þ
∂xi

+Gk − ρε, ð1Þ

where ρ is the fluid density, kg·m-3; k is the turbulent
kinetic energy, m2·s-2; vi is the velocity component,

m·s-1; μ is the laminar viscosity coefficient, Pa·s; μi
is the turbulent viscosity coefficient, Pa·s; σk is an
empirical constant; Gk is the change rate of turbulent
fluctuating kinetic energy caused by the change of
average velocity gradient, which can be given by
equation (2); ε is the turbulent kinetic energy dissipa-
tion rate, m2·s-3.

Gk = μi
∂vi
∂xj

+
∂vj
∂xi

 !
∂vi
∂xj

i, j = 1, 2, 3ð Þ ð2Þ

(2) Turbulent fluctuation kinetic energy dissipation
equation (ε equation)

∂ ρεvið Þ
∂xi

= ∂ μ + μi/σεð Þð Þ ∂ε/∂xið Þð Þ
∂xi

+ C1
ε

k
Gk − C2ρ

ε2

k
,

ð3Þ

where σk, C1, and C2 are empirical constants

3.3. Calculation of Boundary Conditions. The boundary
conditions were determined as follows:

(1) The ventilation pipe in the tunnel was set as the inlet
boundary, which used the velocity-inlet with the
ventilation velocity of 20m/s

(2) The exhaust opening of the blower was set as the
inlet boundary with the type of mass-flow inlet
and Q = 2:7m3/s

(3) The walls of the tunnel and ventilation pipe were sub-
ject to a fixed wall boundary with nonslip conditions
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Figure 5: Curve of wind speed variation in the tunnel.
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(4) Gas was emitted from the tunnel face with an emis-
sion rate of 0.5m3/min

4. Calculation Results and Analysis

4.1. Distribution of Airflow Velocity Field in the Tunnel. The
tunnel face is the most likely location where gas is emitted
and accumulated, and the ventilation effect of this location
directly affects the ventilation status of the entire tunnel.
Therefore, the local airflow field of the tunnel face is the focus
of this numerical simulation study. To visually observe the
distribution of the local airflow field in the tunnel, for the
three ventilation modes, the velocity contours on the plane
of the ventilation pipe center (plane y = 4m) and the cross-
section of the tunnel which was 5m away from the tunnel
face (plane z = 5m) is analyzed as in Figures 3 and 4.

It can be observed in Figure 3 that in the forced ventila-
tion, fresh air is delivered by the blower and the ventilation

pipe to the tunnel face and lashes against the tunnel face;
after mixing with the gas emitted through the tunnel face,
the flow direction is altered due to rebounding on wall and
backflow occurs towards the direction of the tunnel opening;
a part of the airflow changes its direction under the effect of
ventilation pipe opening jet flow and forms a vortex, and
polluted air quickly accumulates in the vortex zone, which
is the main factor influencing the exhaust of the polluted
air. In exhaust ventilation, a suction region is formed around
the blower, which sucks the gas emitted through the tunnel
face and the air in the tunnel into the ventilation pipe for
exhaustion from the tunnel. In the mixed ventilation mode,
the airflow is delivered from the forced air pipe and mixed
with gas, and then, the rotation of velocity occurs on the
tunnel face so that most of the mixed gas is sucked into the
ventilation pipe by the suction region formed by the blower
before finally being exhausted out of the tunnel. It can be seen
from the airflow velocity vectors on the tunnel cross-section
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Figure 6: Distribution of gas concentration in the tunnel.
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in Figure 4 that for all three ventilation modes, the airflow
velocity is always greater at the ventilation pipe and continu-
ously dissipates out of the boundaries, and vortex zones of
different sizes are produced for each three modes. Among
them, the range of the vortex zone produced by mixed venti-
lation is relatively small. Overall, comparing the three venti-
lation modes: forced ventilation creates the most significant
airflow velocity at the tunnel face. However, it is very likely
to cause an extensive range of vortex zones in the ventilation
pipe zone, resulting in gas accumulation; the airflow velocity
of the exhaust ventilation is relatively small, which is against
the gas exhaust and the inflow of fresh air; the airflow velocity
is relatively large while the exhaust pipe exists in mixed
ventilation, which enables the vectored flow of polluted air
to the exhaust pipe, reducing the range of vortex zone and
enhancing the ventilation efficiency.

To better understand the variation law of airflow velocity
in a tunnel under the three ventilation modes, monitoring
points for analyzing the airflow velocity variations were con-
figured every 10m along the tunnel centerline. The obtained
airflow velocity variation curves are shown in Figure 5.

It can be observed in Figure 5 that for forced ventilation,
the axial velocity of airflow 0~10m from the tunnel face was
around 4.1m/s. The direction of the axial velocity of the air-
flow was altered at 15~35m, resulting in airflow of -5.4m/s.
This indicates that a vortex zone formed in this region, in
which airflow was subjected to rotational motion. Subse-
quently, the velocity direction was altered again, and finally,
the polluted air was exhausted out of the tunnel at a constant
velocity of 3.2m/s. For exhaust ventilation, the axial velocity
was 2.3m/s in front of the tunnel face. The velocity decreased
to -1.7m/s at 15~30m, and fresh air finally flowed into the
tunnel at a velocity of -2.8m/s. For mixed ventilation, the

variation law of airflow velocity in the tunnel was similar to
forced ventilation. From 0~10m, the velocity was constant
at 2.5m/s and changed to -2.9m/s at 15~25m. The direction
was then altered again. Finally, the air was exhausted out of
the tunnel at a velocity of 1.8m/s. It can be found by the
velocity variations of the three ventilation modes that in the
range of 15~30m in front of the tunnel face, the airflow
was inclined to form a vortex zone, which was likely to cause
gas accumulation in the ventilation process. The range of the
vortex zone can be derived by the range of the airflow velocity
direction variation. Therefore, the range of the vortex zone
was the largest in forced ventilation, followed by that in
exhaust ventilation, and that in mixed ventilation was the
smallest. This indicates that mixed ventilation showed the
best ventilation efficiency.

4.2. Distribution Law of Gas Concentration in Tunnel. The
study of the gas distribution law on the tunnel face is critical
for the safe construction of a tunnel. Hence, the tunnel (y = 0
cross-section) center plane was selected to study the gas con-
centration distribution in a tunnel for the three ventilation
modes. The obtained gas concentration distributions are
shown in Figure 6.

Gas concentration monitoring points were located every
10m along the tunnel’s centerline, and the variation curves
of gas concentration in the tunnel with distance were
obtained for the three ventilation modes, as presented in
Figure 7.

As shown in Figure 6, the gas concentration distributions
tended to gradually decline along the direction from the
opening of the ventilation pipe to the tunnel opening for all
three ventilation modes. In the region where the ventilation
pipe is located, a vortex formed due to the jet flow of the
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Figure 7: Variation curve of gas concentration in a tunnel under three ventilation modes.
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ventilation pipe acting on the recirculated flow further
caused an increase in local gas concentration. The gas con-
centration was distinctly higher in the vortex zone than in
other regions. High gas concentration areas were concen-
trated in the vortex zone and the region of the ventilation
pipe. It can be seen in Figure 7 that for both the forced
ventilation and exhaust ventilation, the gas concentration
values in the tunnel first increased, then decreased, and
finally stabilized. The gas concentration maximums were
mainly identified in the vortex zones 15~20m in front of
the tunnel face, which were 0.22% and 0.18%, respectively.
In the range of 20~60m from the working face, the gas con-
centration value fell to 0.16% and 0.11% and finally stabi-
lized. However, for mixed ventilation, the gas concentration
was high next to the tunnel face, and with an increase in dis-
tance, it gradually declined until it stabilized. At the region
0~5m in front of the tunnel face, the gas concentration
reached its maximum at 0.15%. In the range of 5~30m, the
concentration sharply dropped to 0.11% and then tended to
stabilize. Among the three ventilation modes, mixed ventila-
tion resulted in the lowest values for both the concentration
of gas accumulation in the tunnel and the mean concentra-
tion of gas. Therefore, the ventilation efficiency of mixed ven-
tilation was greater than that of the other two.

5. Conclusions

In this paper, the ventilation processes of three ventilation
modes in a gas tunnel were simulated by Fluent software.
Through the simulation, the three ventilation modes were
studied in terms of the airflow’s transportation law inside
the tunnel, the distribution law of airflow velocity, and the
distribution law of gas concentration in the tunnel. The
following conclusions were addressed.

Vortex zones of different ranges were formed in the
ventilation pipe region in the tunnel for all three ventilation
modes. The existence of a vortex zone caused an accumula-
tion of gas and affected the efficiency of ventilation. There-
into, forced ventilation showed the most significant airflow
velocity. However, the range of the vortex zone was also the
greatest. The airflow velocity caused by the mixed ventilation
mode was relatively great without any large-range vortex
zones forming, which is beneficial for improving tunnel
ventilation efficiency.

Between the recirculation zone and the vortex zone, the
gas concentration distributions in the tunnel were obviously
different between the three ventilation methods. The gas con-
centration was clearly higher in the vortex zone than in other
areas. In terms of the concentration of gas accumulation
region in the tunnel and the mean concentration of gas,
mixed ventilation resulted in lower values than the other
two and showed the greatest efficiency of ventilation.
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Calcareous sand is developed by the fracture of marine biological skeleton under the impact of seawater. Calcareous sand is not
transported in the process of deposition. Therefore, calcareous sand retains the characteristics of marine biological skeleton, low
strength, and porous. In order to study the effect of nanoclay and cement on the modification of calcareous sand, a series of
tests were carried out on the modified cement calcareous sand (CCS) with different content of nanoclay. In this study, the
triaxial mechanical properties and failure modes of nanoclay and cement composite modified calcareous sand (NCCS) were
studied through the triaxial UU test. Then, SEM tests were carried out on CCS and NCCS samples, and the micromechanism of
nanoclay and cement composite modified Nanhai calcareous sand was analyzed. The results showed that (1) the shear
properties of CCS could be improved by adding nanoclay. The optimum admixture ratio of nanoclay was 8%, and its peak stress
was 23%-39% higher than that of CCS. (2) The peak stress and strain of NCCS showed a linear correlation. (3) Compared with
CCS, the internal friction angle and cohesion of NCCS were increased by 5.2% and 52%, respectively. (4) Nanoclay could
improve the compactness and structure of cement calcareous sand, and the macroscopic performance is the improvement of
peak stress and cohesion.

1. Introduction

Calcareous sand is the accumulation of pieces of carbonate
materials, which are usually developed from shell fragments
and skeletal debris of marine organism [1, 2]. Due to the fact
that calcareous sand did not undergo long-distance transpor-
tation in the process of deposition [3], there are many small
pores in calcareous sand particles with irregular shapes and
large edges. In the 1960s and 1970s, the engineering proper-
ties of calcareous sand have received global focus at both the
academic and the practical levels [4, 5]. After that, the basic
engineering properties of calcareous sand have been paid
more attention to studies [6]. The compressive properties of
calcareous sand are similar to nanoclay, which is significantly
affected by the particle breakage [7]. In terms of shear perfor-
mance, the shear strength and plastic deformation of calcar-
eous sand are larger than conventional terrigenous sand [8].
In addition, calcareous sand displays a larger internal friction
angle than terrigenous sand [9, 10]. The shear performance

of calcareous sand is mainly affected by its grain failure and
dilatancy [11, 12]. The above studies have shown that the
physical properties of calcareous sand are different from con-
ventional terrigenous sand; it retains the characteristics of
marine biological skeleton, low strength easy fragmentation,
and high compressibility.

In practical engineering, a question arises herein as to
whether some materials can be adopted to effectively rein-
force the calcareous sand in order to make it meet the
requirements of bearing capacity. At present, the improve-
ment measures of calcareous sand mainly include cement
reinforcement, polymer reinforcement, and MICP microbial
induction reinforcement. Cement, as a common gelling
agent, exhibits a good effect in strengthening soft soil [13–
15]. Therefore, some scholars began to study the reinforce-
ment effect of cement on calcareous sand. The cyclic triaxial
test was carried out on cement calcareous sand by Sharma
and Fahey [16], and they found that cement can improve
the shear strength of calcareous sand. Ismail et al. [17]
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studied the influence of different cementitious materials on
calcareous soil shear performance via triaxial test, and the
result showed that compared with calcite powder and gyp-
sum powder, the cementation degree of silicate cement to
calciferous sand was better. Wang et al. [18] studied the effect
of cement content on the shear performance of calcareous
sand through the triaxial test, and the result showed that
the addition of cement could improve the shear strength of
calcareous sand. The modification effect is optimal when
the content of cement is 15%, and compared with ordinary
calcareous sand, the strength is 1.7 times.

As the most promising material in the 21st century,
nanomaterials have been widely used in various fields due
to its excellent properties [19–22]. Gao and coworkers [23,
24] explored the influence of nano-MgO on the mechanical
performance of soft clay via an unconfined compression test,
and the research indicated that the engineering properties of
soft clay could be improved by adding an appropriate
amount of nano-MgO. Wang et al. [25] found that nano-
MgO can modify the shear performance of cement silty clay
through the direct shear test, and the optimal blending ratio
is 5‰. As a common nanomaterial, nanoclay is also widely
used in improving the performance of cement-based mate-
rials. An unconfined compression test for exploring the effect
of nanoclay on the compressive properties of cement iron
tailings is reported by Li et al. [26], and the result showed that
the compressive property of cement iron tailing sand can be
improved by adding 5%–10% nanoclay instead of cement.
Zaid et al. [27] conducted the unconfined compression test
on solidified soft soil with nanoclay and nano-CuO, respec-
tively, and the result showed that the effect of nanoclay-
cured soft soil was significantly better than that of nano-
CuO. Li et al. [28] explored the effect of nanoclay on the shear
performance of soft clay through the direct shear test, and the
result showed that the addition of nanomontmorillonite can
increase the shear strength and internal friction angle of the
clay. Wang et al. [29] research showed that nanoclay could

effectively improve the compressive properties of cement cal-
careous sand. Overall, nanoclay can improve the mechanical
performance of soft soil and cement-based materials.

In spite of a lot of reports have explored the mechanical
performance of nanoclay solidified soft soil and cement-
based materials, there are still few researches on mechanical
performance of calciferous sand modified by nanomaterial
and cement composite. Therefore, with the aim of addressing
the above concerns, a systematic laboratory program was car-
ried out to explore the effect of nanoclay content and confin-
ing pressure on the shear performance of CCS. And the SEM
was used to analyze the micromechanism of NCCS. We
hoped that the outcomes of this study will not only provide
convincing evidence on the role of nanoclay in a mixture,
but can also serve as a useful reference for engineering appli-
cations of NCCS in offshore engineering and for relevant the-
oretical developments.

2. Materials and Sample Preparation

2.1. Materials. In this test, the loose and unconsolidated cal-
careous sand was taken from an area of Yongxing Island,

Table 1: Basic physical indexes of calcareous sand in a certain area of Sansha City.

Sand
depth/m

Gravity/kN·m-

3 Cohesion/kPa
Internal friction

angle/°
Compression
modulus/MPa

Osmotic
coefficient/cm·s-1

Bearing
capacity/kPa

25~30 18 5 30 10 8:0 × 10−2 200

Table 2: Basic physical and mechanical indexes of cement.

Fineness/%
Initial setting
time/min

Final setting
time/min

Loss on
ignition/%

Compressive
strength/MPa

Flexural
strength/MPa

3 d 28 d 3 d 28 d

3.4 210 295 1.4 26.9 48.1 4.9 9.0

Table 3: Technical indexes of nanoclay.

Components Appearance
Montmorillonite

content/%
Apparent density

(g/cm3)
Radius-thickness

ratio
Layer

thickness/nm
Moisture
content/%

Montmorillonite
derivatives

Light pink
powder

96-98 0.45 200 ≤25 ≤3

Table 4: Experimental design scheme.

Sample
no.

Cement
content/%

Nanoclay
content/%

Water
content/%

Curing
age/d

CCS 10 0 30 7

NCCS-
4

10 4 30 7

NCCS-
6

10 6 30 7

NCCS-
8

10 8 30 7

NCCS-
10

10 10 30 7
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Sansha City, Hainan Province. It generally showed white;
meanwhile, red particles are present in calciferous sand due
to the presence of coral debris. To remove any possible influ-

ence of particle size and grading, sieved calcareous sand
(0.25-1mm) was adopted as the base sand; all particle size
is less than 2mm. Basic mechanical indexes of calcareous
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Figure 1: Stress-strain curves of CCS and NCCS.
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sand are shown in Table 1. The cement used in the test was
Lanting PO 32.5 ordinary silicate cement produced by Shao-
xing Zhaoshan Building Materials Co., Ltd.; the basic physi-
cal mechanical indexes are shown in Table 2. Nanoclay is a
faint yellow powder, produced by Hubei gold fine montmo-
rillonite technology Co., Ltd, and its main technical indica-
tors are shown in Table 3.

2.2. Experimental

2.2.1. Instrument. TKA-TTS-3S was used for the triaxial
shear test, which was produced by Nanjing Texao Technol-
ogy Co., Ltd. In this study, the unconsolidated and undrained
(UU) test was performed on calcareous sand to investigate
the effects of different confining pressure, such as 100, 200,
300, and 400 kPa, on NCCS shear performance. According
to GBT 50123-2019 Geotechnical Test Standard [30], the
shear rate of the specimen is set at 0.6mm/min, and the test
is stopped when the axial strain reaches 15%.

2.2.2. Experimental Scheme. Considering the effect of nano-
clay content on the shear performance of CCS, cement con-
tent at 10% and water content at 30% were controlled in
the test to explore the effects of different nanoclay content
and confining pressure on triaxial shear properties of CCS.
The experimental design is shown in Table 4.

2.3. Sample Preparation and Curing. According to the “GBT
50123-2019 Geotechnical Test Standard,” the triaxial speci-
mens in this test were all cylinders with diameter D = 39:1
mm and height H = 80mm. Before the test, the dried calcar-
eous sand was sieved through a 2mm sieve to remove impu-
rities such as small and medium shells and coral debris. The
calcareous sand sample was compacted in 4 layers, 41 g of the
calcareous sand mixed sand sample was weighed at each
time. After each layer of compaction was completed, the sur-
face of the calcareous sand sample needed to be roughened to
ensure the internal integrity of the sample. Then the as-
acquired sample was placed into a three-valve saturation
device, and filter stones were placed at both ends of the sam-
ple; the filter paper was required to be placed between the fil-
ter stones and the sample to prevent calcareous sand particles
from adhering to the filter stones. Due to the loose and non-
caking characteristics of calcareous sand, the specimens
needed to be maintained with a matrix for 4 days and then
removed the matrix. Finally, the as-obtained sample was
put into a curing room for curing.

3. Triaxial UU Test

3.1. Stress-Strain Curves. The effect of nanoclay content on
the shear performance of CCS was explored in this test. Four
confining pressures of 100, 200, 300, and 400 kPa were all test
for four NCCS samples (0, 4%, 6%, 8%, and 10%). The stress-
strain curves of NCCS with different nanoclay content were
shown in Figure 1.

In Figure 1, the stress-strain curves of CCS and NCCS
showed softening curves. The deviatoric stress showed a
slight decrease after peak stress occurred in the CCS samples.
When the confining pressure was from 400 kPa to 100 kPa,

the softening trend of the stress-strain curves of CCS gradu-
ally increased. With the increase of nanoclay content, the
softening trend of stress-strain curves of NCCS was gradually
obvious.

3.2. Effects of Nanoclay Content on Peak Stress of NCCS. Peak
stress was the maximum deviatoric stress in the deviatoric
stress-strain curve. Figure 2 showed the relation of nanoclay
content and peak stress of NCCS.

As shown in Figure 2, the addition of nanoclay could
improve the peak stress of CCS. When the confining pressure
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Table 5: Peak strain of CCS and NCCS (%).

Nanoclay content/%
Confining pressure/kPa
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0 3.67 4.82 7.27 7.82
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was within the range of 100 kPa to 400 kPa, the correspond-
ing peak stress of CCS was 584 kPa, 801 kPa, 966 kPa, and
1209 kPa, respectively. Compared with CCS, the peak stress
of NCCS-4, NCCS-6, NCCS-8, and NCCS-10 was increased

by 12%–22%, 23%–39%, 19%–32%, and 17%–28%, respec-
tively. Under the same confining pressure, the above data
also indicated that with the increase of nanoclay content,
the peak stress of NCCS increased first and then decreased.
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In summary, the optimized nanoclay content of NCCS was
6%, and its peak stress was 23%–39% higher than CCS.

3.3. Peak Strain of NCCS. Table 5 lists peak strains CCS and
NCCS.

As shown in Table 1, the peak strain of NCCS exhibited
smaller under the smaller confining pressure. When the con-
fining pressure increased, the peak strain of NCCS increased,
indicating that NCCS had good ductility under the constraint
of higher confining pressure. The peak strain and peak stress
of NCCS with different content of nanoclay were compared.
As shown in Figure 3, the peak stress and peak strain of
NCCS were basically linear.

3.4. Shear Strength Index of NCCS. To further study the mod-
ification effect of nanoclay on CCS shear strength, the
strength envelops of CCS and NCCS were drawn according
to the Mohr-Coulomb theory, and the shear strength c and
φ were obtained. The ultimate stress circle of CCS and NCCS
under different confining pressure was shown in Figure 4.

As shown in Figure 4, when CCS and NCCS samples
were in failure models, with the increase of the effective con-
fining pressure, the diameter of the stress circle would grad-
ually increase and the strength envelop presented a
diagonal line, which was similar to the conclusion of cement
soil research [31]. Du et al. [32] pointed out that in the triax-
ial UU test, the low saturation state of the sample would
make the strength and confining pressure linearly increase.
The reason mainly had the following two aspects; on the
one hand, the initial water content of the CCS and NCCS
samples was lower than the saturated water content. On the
other hand, the hydration reaction of cement consumed
water in the CCS and NCCS samples during curing. These
two reasons caused both the CCS and NCCS samples to be
in a low saturation state. Therefore, the existence of initial
confining pressure would cause isotropic compression and
the decrease of void ratio of the CCS and NCCS samples.
With the increase of the confirmation pressure, the strength
of the sample increased and the increment of pore pressure
decreased [33]. In the process of shear failure, the effective
stress of CCS and NCCS samples increased step by step as
the confining pressure increased from 100 kPa to 400 kPa. It
was further clarified that the diameter of the stress circle of
CCS and NCCS will also increase. Therefore, different from
the conventional soft soil triaxial UU test, the strength enve-
lope of CCS and NCCS showed an obvious diagonal line, that
is to say, the value of internal friction angle would be much
greater than 0. This result indicated that the mechanical per-
formance can be effectively improved by the addition of
cement and nanoclay to calcareous sand.

Figure 5 showed the relation of nanoclay content and
internal friction angle of NCCS. As exhibited in Figure 5,
the internal friction angle of CCS was 30.36°, which was
0.36° higher than that of calcareous sand, indicating that
the incorporation of cement has little effect on calcareous
sand internal friction angle. The internal friction angle of
NCCS-4, NCCS-6, NCCS-8, and NCCS-10 was 30.94,
31.93, 31.64, and 31.63, respectively, which was 1.9%, 5.2%,
4.2%, and 4.2% higher than CCS, indicating that nanoclay

can rapidly increase the internal friction angle of NCCS when
the content of nanoclay was small. When there was more
nanoclay content, the increase of internal friction angle of
NCCS tends to be gentle, even decreased. Therefore, for
NCCS, with the increase of nanoclay content, the internal
friction angle of NCCS generally increased first and then
decreased; when the nanoclay content was 6%, the internal
friction angle of NCCS reached maximum value, it increased
by 5.2% compared with that of CCS.

Figure 6 showed the relation of nanoclay content and
NCCS cohesion. According to Figure 6, the cohesion of
CCS was 108.68 kPa, indicating that the incorporation of
cement can significantly improve the cohesion of calcareous
sand. The cohesion of CCS was further improved by the
modification of nanoclay. The cohesion values for NCCS-4,
NCCS-6, NCCS-8, and NCCS-10 were 143.41, 165.49,
158.53, and 150.63 kPa, respectively, 32%, 52%, 46%, and
39% higher than the cohesion of CCS values, respectively.
Therefore, the incorporation of nanoclay could improve the
cohesion of CCS. With the increase of nanoclay content,
the cohesion of NCCS increased firstly and then decreased.
When nanoclay content was 6%, cohesion of NCCS was the
best value, which was 52% higher than CCS.

In summary, the modification of nanoclay could improve
the shear properties of CCS. When nanoclay content was 6%,
the internal friction angle and cohesion of NCCS reached the
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maximum. In this case, cohesion of NCCS was 52% higher
than CCS, while the internal friction angle was 5.2% higher
than CCS. Therefore, the shear performance of NCCS was
mainly achieved by enhancing the cohesion of CCS. The
modification of nanoclay could improve the bite force
between the particles in calcareous sand, while it was little
effect on the internal friction of NCCS. The reason that nano-
clay could improve the shear strength index of CCS can be
attributed to: calcareous sand was loose sand particles with
low cohesion, but the cementitious material produced by
the hydration reaction of cement could increase the cohesive
force between sand particles. The nanoclay particles were
small and highly active, which could not only absorb water
and expand to fill the pores but also promote the hydration
reaction of cement and increase the production of cementi-
tious substances. These two aspects could improve the bite
force between sand particles, so as to improve the shear
strength index of CCS.

3.5. Failure Characteristics. In order to deeply study the effect
of nanoclay incorporation on the failure mode of CCS, the fail-
ure modes of CCS and NCCS samples were analyzed when the
confining pressure was 300kPa, as shown in Figure 7.

As depicted in Figure 7, CCS was drum-like failure in the
middle without obvious cracks, while NCCS was inclined
fracture failure. This may be due to the large number of pores
in CCS, which had high compressibility under the constraint
of certain confining pressure. After modified by nanoclay, the
pores in NCCS were decreased and its compressibility was
decreased, so that NCCS presented oblique inclined fracture
failure.

4. Micromechanism

In order to investigate the micromechanism of shear perfor-
mances of calcareous sand modified by nanoclay and cement,
cement calcareous sand (CCS) and nanoclay-cement calcare-
ous sand (NCCS) were characterized by scanning electron
microscope. The microscopic features of CCS and NCCS
were shown in Figures 7 and 8, respectively.

As depicted in Figure 8, the fibrous and flocculent water-
insoluble gelling substances (C-S-H) were distributed in the
spindle-shaped pores on the surface of calcareous sand,
which indicated that the generation of hydration products
can bond calcareous sand particles better. Meanwhile, the
small particles of calcareous sand broken during the test also
filled the pores of the larger particles of calcareous sand. As
shown in Figure 9, there were many fine nanoclay particles
and few plate-like massive substances in the microstructure
of NCCS. The distribution of fine particles was irregular on
the structural plane. And in addition, fibrous hydration prod-
ucts were generated between the particles of calcareous sand.
Compared with CCS, the pores in the microstructure of
NCCS were significantly reduced, and a relatively complete
bulk structure appeared, indicating that the modification of
nanoclay can improve the compactness of CCS. At macro
level, the shear strength of NCCS increased.

There were two reasons why nanoclay modification can
change the shear performance of CCS. On the one hand,
the particle size of nanoclay was small, while the surface of
calciferous sand had lots of spindle-shaped pores, thus, nano-
clay could improve the shear strength of CCS by filling the
pores on the surface of calciferous sand. On the other hand,
nanoclay possesses a nucleation effect. Nanoclay could

(a) CCS (b) NCCS

Figure 7: Failure characteristics of specimens.
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adsorb free Ca ions in NCCS samples and promote the
hydration reaction of cement in NCCS. To summarize, the
modification of nanoclay could improve the compressibility
and structure of NCCS, which further improves the shear
strength of CCS.

5. Conclusions

The triaxial mechanical properties and micromechanism of
CCS and NCCS with water content of 30% and cement con-
tent of 10% were investigated via triaxial UU shear tests. The
following conclusions can be drawn:

(1) The stress-strain curves of both CCS and NCCS were
softening curves

(2) The modification of nanoclay can improve the shear
properties of the CCS. The optimum content of
nanoclay is 6%, and its peak stress was 23%~39%
higher than CCS. Meanwhile, the cohesion of NCCS
increased by 52% compared with CCS, and the inter-
nal friction angle increased by 5.2%

(3) NCCS exhibited good ductility under high confining
pressure, and the peak deviatoric stress of NCCS with
different content of nanoclay had a linear correlation
with peak strain

(4) CCS was drum-like failure in the middle without
obvious cracks, while NCCS was inclined fracture
failure

(5) Due to the filling effect and nucleation effect, the
modification of nanoclay could improve the com-
pactness and structure of CCS, and the macroscopic
performance was the improvement of peak stress
and cohesion
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In coal mines, under high in situ stress and strong mining activity, roadway surrounding rock commonly contains large amounts of
larger fractures and microfractures. Along with the large deformation and continuous rheology of the soft rock roadway, the
fractures in the surrounding rock are likely to be compressed and closed, forming undeveloped microfractures, which hinder
conventional grouting support methods. Based on the fluid-solid coupling between slurry seepage and microfracture
deformation, a theoretical model of microfracture grouting seepage is established. A program for the analysis and calculation of
microfracture grouting is developed to quantitatively describe the variation in slurry seepage distance and fracture opening.
Numerical experiments are carried out to study the grouting seepage of microfractures under different grouting pressures and
fracture opening conditions, and the variation rules for the spatial distribution of fracture opening and slurry seepage distance
during grouting pressure are obtained. Fluid-solid coupling has a significant influence on grout seepage characteristics. The
grouting pressure and the fracture opening changes are nonlinearly attenuated along the grout seepage direction.

1. Introduction

With continuously decreasing shallow coal resources, deep
well coal mining is the future of coal mine development [1,
2]. Different from shallow coal mines, deep coal mines exist
in high in situ stress environments with strong mining
action, and deep coal mine roadways are particularly difficult
[3–5]. As a common engineering support technology, grout-
ing support can significantly reinforcement and prevent
seepage in the surrounding rock [6–10]. Slurry is injected
into the fractures in the surrounding rock by grouting pres-
sure, filling the fractures, and cementing the rock mass
together to improve rock mass bearing capacity. Grouting
support plays a vital role in the surrounding rock reinforce-
ment [11].

Under high in situ stress and strong mining stress, sur-
rounding rock masses commonly contain large amounts of
fractures, including large- and medium-sized fractures as
well as microfractures (fracture opening d ≤ 0:1mm) [12–
14]. With large deformation and continuous rheology of
the surrounding rock, fractures in the rock mass are prone

to squeezing and closing. A large number of underdeveloped
and closed low-permeability microfractures exist in the sur-
rounding rock [15–17]. Owing to the small fracture opening,
cement particles cannot enter the microfractures, resulting in
poor grouting and support effects as well as failure to achieve
the expected reinforcement [18]. Subsequently, the roadway
surrounding rock mass is seriously weakened, greatly reduc-
ing the overall stability of the surrounding rock [19–21].

Conventional grouting support is primarily carried out
via lower grouting pressure. Based on infiltration theory,
the grout spreads in the fractures or pores without destroying
the structure of the rock mass [22]. However, due to the low
permeability of microfractured rock masses, the injectability
is poor. By increasing the grouting pressure, high pressure
grouting technology can artificially reopen the originally
closed fractures, improving the low-permeability of micro-
fractured rock masses and achieving the desired support.

The grouting process is a process in which grout seepage
and rock deformation are coupled together. Especially when
the fracture opening is small, the fluid-solid coupling within
the grouting process will be more significant [23, 24]. The
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cement slurry enters the fracture due to grouting pressure,
and the grouting pressure causes fracture to deform, chang-
ing the fracture opening and leading to variations in seepage
characteristics [25, 26]. Most of the existing grouting seepage
simulations are aimed at the characteristics of the law of the
slurry seepage movement and do not take into account the
combined effect of the slurry seepage and rock mass defor-
mation during the slurry seepage process [27]. Especially
under high pressure grouting conditions, microfractures will
deform under the action of grouting pressure, which will
cause changes in the seepage characteristics of the slurry
[28–31]. Existing grouting seepage simulations lack descrip-
tions of fracture deformation and slurry seepage characteris-
tics under high pressure grouting conditions and are not
suitable for the simulation of microfractured high pressure
grouting slurry seepage characteristics [32–34]. Therefore,
studying the seepage characteristics of high pressure grouting
on microfractures considering fluid-solid coupling is of great
significance to the study of grouting in microfractured rock
masses [35].

In order to study the seepage characteristics of high pres-
sure grouting on microfractures, a theoretical high pressure
grouting model is established. In addition, a quantitative
description of slurry seepage and fracture deformation dur-
ing high pressure grouting for microfractures under the
action of fluid-solid coupling is realized by employing the
step-wise algorithm.

2. Methods

2.1. Mathematical Model Establishment.During grouting, the
slurry and fractures are coupled, and slurry seepage and frac-
ture deformation affect each other. The amount of grouting
pressure determines the change in the fracture opening,
and the change in fracture opening also determines the resis-
tance of the slurry seepage [36–39]. During slurry seepage,

the grouting pressure and fracture opening at each position
are attenuated to varying degrees, which affect the slurry
seepage process [40].

The seepage process in microfractures under high pres-
sure grouting is as follows: the cement slurry enters the
microfracture under the action of grouting pressure, and
the grout flows into the fracture and exerts force on the frac-
ture surfaces on both sides [14, 41]. Microfractures are
opened due to the grouting pressure, allowing more cement
slurry to enter the fracture channels. Assuming that there is
a critical pressure, when the force overcomes the critical pres-
sure for fracture deformation, the fracture opens and
deforms perpendicular to the fracture surface, and the open-
ing amount of the fracture is positively related to grouting
pressure. During cement slurry flow, the slurry is subject to
its own viscosity and resistance caused by the fracture sur-
face, such that the grouting pressure and the amount of frac-
ture opening will be attenuated along the seepage direction
during slurry seepage. The schematic diagram of the seepage
process of slurry flow through a microfracture is shown in
Figure 1.

2.2. Basic Assumptions. In this contribution, we make the fol-
lowing assumptions:

(i) The fractures are flat, the fracture openings are uni-
formly distributed, and gravity does not affect grout-
ing seepage

(ii) The rock mass on both sides of the fracture is isotro-
pic and homogeneous, the upper and lower surfaces
of the fracture meet the nonslip boundary condition,
and the slurry flow velocity on the surface of the
fracture is zero

(iii) The influence of the flow of cement slurry in the
direction perpendicular to the fracture surface on

Grouting entrance
Fracture channel

Figure 1: Schematic diagram of the slurry seepage process through a microfracture.
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the spatial distribution of grouting pressure in the
slurry seepage direction is ignored

(iv) Only elastic deformation occurs in the rock mass on
both sides of the fracture

(v) Cement slurry seepage only occurs within the frac-
ture, and the reduction of the slurry caused by the
rock mass penetrating both sides of the fracture is
ignored

2.3. Slurry Seepage Control Equation. The constitutive model
for a Bingham fluid is shown in formula (1):

τ = τ0 + μ
dν
dr

: ð1Þ

In the formula, τ is the shear stress, Pa·s, τ0 is the initial
yield stress, Pa·s, μ is the plastic viscosity Pa·s, υ is the flow
velocity, m/s, and r is the microbody half height, m.

We establish a rectangular coordinate system, in which
the x direction is the direction of the fracture centerline,
and the y direction is perpendicular to the fracture direction.
The seepage model is shown in Figure 2. According to the
force analysis of the microelement body, the shear stress dis-
tribution along the x direction can be obtained as

τ = −r
dp
dx

: ð2Þ

The nucleus area of a Bingham fluid in the fracture cen-
terline is

r0 = −τ0
dx
dp

� �
: ð3Þ

The range of the nuclear-retaining area needs to satisfy
r0 ≤ b/2. Substituting it into formula (3), the starting pressure
gradient of the slurry movement can be obtained:

dp
dx

= 2τ0
b

: ð4Þ

Combining equations (1) and (2) gives the differential
equation for the slurry velocity in the y direction:

dν
dr

= r
μ

dp
dx

+ τ0
μ
: ð5Þ

When substituting the boundary condition r = ±b, υ = 0,
considering ∣r ∣ ≤r0, υ = υðr = r0Þ, the velocity of the slurry
distribution along the fracture width is obtained:

ν =
−
b2 − 4r2

8μ
dp
dx −

τ0
μ

b
2 − rj j
� �

−
b2 − 4r2

8μ
dp
dx −

τ0
μ

b
2 − r0
� �

8>>>><
>>>>:

r0 ≤ rj j ≤ b
2

� �
rj j ≤ r0

:

ð6Þ

Integrating the slurry flow velocity in the y direction and
taking the average slurry velocity gives

�ν = b2

12μ −
dp
dx

− 3 τ0
b

+ 4τ03
b3 dp/dxð Þ2

" #

= −b2
12μ

dp
dx

1 + 3 τ0
b
dx
dp

−
4τ03

b3 dp/dxð Þ3
 !

:

ð7Þ

Substituting into equation (3) and ignoring the influence
of higher order terms on the slurry, the average slurry flow
velocity is

�ν = −b2

12μ
dp
dx

1 + 3 r0
b
−
4τ03
b3

� �
: ð8Þ

In formula (8), we make

A = 1 + 3 r0
b
−
4τ03
b3

: ð9Þ

Then, obtain the slurry flow control equation:

dp
dx

= −12μ�ν
Ab2

: ð10Þ

2.4. Fracture Deformation Control Equation. For microfrac-
tured rock masses, fracture surfaces are held in contact due
to the in situ stress, which causes the force between the frac-
ture surfaces to affect the fracture deformation [21]. During
grouting, the cement slurry flows in the fractures and pro-
duces stress opposite to the in situ stress on the fracture sur-
faces. Assuming that there is a critical grouting pressure,
when the grouting pressure is less than the critical pressure,
the fracture opening does not change. When the grouting
pressure is greater than the critical pressure, the grouting
pressure causes the fracture to open, and the fracture opening
degree increases with increasing grouting pressure. In this
contribution, a constant pressure grouting method is
adopted, meaning that the grouting pressure at the grouting
port remains constant. During slurry seepage, the grouting
pressure gradually decreases with increasing seepage dis-
tance. When the grouting pressure is less than the critical
pressure, the fracture opening remains unchanged. When
the grouting pressure is greater than the critical pressure,
the fracture opening near the grouting port changes. As the
seepage distance of the slurry increases, grouting pressure
decreases. When grouting pressure decreases to the critical

b/2

–b/2

0

𝜈

p p+dp
𝜏

y

x

dl
2r0

Figure 2: Bingham fluid seepage model.
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pressure, the fracture stops opening and stays the same. The
curve of the fracture opening degree and grouting pressure is
shown in Figure 3.

The governing equation of fracture opening during
grouting can be obtained as [21]

b =
b0

b0 + kn p − p1ð Þ

(
p < p1ð Þ
p > p1ð Þ

: ð11Þ

In the formula, b is the fracture opening, m, b0 is the ini-
tial fracture opening, m, p is the grouting pressure, MPa, p1 is
the critical grouting pressure, MPa, kn is the normal elastic
coefficient, kn =D/E, D is the grouting influence range, m,
and E is the rock mass elastic modulus, Pa.

2.5. Step-Wise Algorithm for Microfracture High Pressure
Grouting Seepage Process. Based on the step-wise algorithm,
a microfracture high pressure grouting process analysis and
calculation program is developed using the MATLAB soft-
ware platform. The slurry seepage area is discrete using the
same time interval Δt, and the slurry seepage area is divided
into n finite elements. Combined with the fracture opening
control equation, the recursive method is used to determine
the time-step iterative solution according to the law of con-
servation of energy, which describes the grout seepage dis-
tance and fracture opening changes throughout the
grouting process. The schematic diagram of the step-wise
algorithm is shown in Figure 4.

The iterative calculation process for grout seepage and
fracture deformation is as follows: for m iterations, the frac-
ture opening bmi of each element node and the slurry seepage
distance Lmi of each element are obtained, and the grouting
pressure pmj at each element node is determined using the
recursion method. The obtained grouting pressure pmj is then

used to recalculate the new fracture opening bm+1
i and slurry

seepage distance Lm+1
i , as well as judge whether the slurry

seepage distance Lm+1
i at this time meets the convergence

condition. If the convergence requirement is met, the current
time step ends, and the next time step is calculated. If the
convergence requirement is not met, the iteration continues
until the convergence requirement is met.

The relative error between any two iteration results is

ε = ∑n
i=1L

m
i − ∑n

i=1L
m−1
i

∑n
i=1L

m
i

����
����: ð12Þ

∑n
i=1L

m
i is the slurry seepage distance calculated after the

nth iteration. When the error is less than 0.1%, the conver-
gence condition is satisfied. When the convergence condi-
tions are met, the seepage distance of each unit, the
grouting pressure of each unit node, and the fracture opening
are output.

The step-wise algorithm calculation flow chart written by
MATLAB is shown in Figure 5.

3. Results and Discussion

3.1. Seepage Characteristic Analysis. The grouting cement is
composed of a 1000 mesh ultrafine cement slurry, the
water-cement ratio is 1.2, and the slurry flow pattern is that
of a Bingham fluid, the measured slurry viscosity μ = 0:02
Pa:s, the slurry yield stress τ0 = 3:3 Pa, and the original frac-
ture opening b = 100 μm. When the grouting pressure is
3MPa, grouting time is 100 s, and the fracture opening is
100μm (Figures 6 and 7). The spatial distribution curves of
the grouting pressure and the fracture opening are obtained,
respectively, with or without considering fluid-solid
coupling.

 

Fracture open section

Y

X

p0

b1

A
b0

Fracture invariant section

Slurry seepage direction

Figure 3: Curve of fracture opening and grouting pressure.
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When fluid-solid coupling is not considered, the grouting
pressure decays linearly from the entrance along the slurry
seepage direction, the fracture opening remains unchanged
at 100μm, and the slurry seepage distance is 5m. When
fluid-solid coupling is considered, the grouting pressure
and fracture opening both decrease nonlinearly from the
entrance in the slurry seepage direction. The maximum frac-
ture opening at the grouting entrance is 180μm, 1.8 times the
original fracture opening, and the slurry seepage distance is
6.4m. 4.78m away from the grouting entrance, the grouting
pressure decays to the critical pressure. At this time, the frac-
ture opening is reduced to the original fracture opening of
100μm, and the fracture opening remains unchanged with
increasing distance from the entrance. When grouting pres-
sure is reduced to the critical grouting pressure, the grouting
pressure changes from the original nonlinear decrease to a
linear decrease. After grouting pressure is reduced to the
extent that the fracture opening cannot be changed, the frac-
ture opening remains the original value. When fluid-solid
coupling is considered under the same grouting conditions,
the grout seepage distance is larger than that without consid-
ering the fluid-solid coupling..

In order to examine the variation in fracture opening
with grouting time at different positions (1m, 2m, 3m,
4m, and 5m) from the grouting entrance, the variation curve
of fracture opening vs. grouting time was obtained. The
slurry pressure change curves are shown in Figures 8 and 9,
respectively.

When the grouting time is 10 s, the fracture opening at
1m away from the grouting inlet increases to 130μm, while
the fracture opening at 2m, 3m, 4m, and 5m away from
the grouting entrance remained at 100μm, without any
change in fracture opening (Figure 8). When the grouting
time is 20 s, the fracture opening at 1m and 2m away from
the grouting entrance increases to 150μm and 108μmmm,
respectively. The fracture opening at 3m, 4m, and 5m away
from the grouting entrance remained at 100μm without any
change in fracture opening. With increasing grouting time,

the fracture opening at 1m away from the grouting entrance
increases from 130μm at 10 s to 150μm, an increase of
20μm. When the grouting time is 40 s, the fracture openings
at 1m, 2m, and 3m away from the grouting entrance
increases to 160μm, 134μm, and 101μm, respectively. The
fracture opening at 4m and 5m away from the grouting
entrance remained at 100μm, without any change in fracture
opening. When the grouting time is 80 s, the fracture open-
ings at 1m, 2m, 3m, and 4m away from the grouting
entrance increases to 167μm, 150μm, 131μm, and 108μm,
respectively. The fracture opening at 5m away from the
grouting entrance remained at 100μm without any change
in fracture opening. When the grouting time is 120 s, the
fracture openings at 1m, 2m, 3m, 4m, and 5m away from
the grouting entrance increases to 170μm, 157μm, 142μm,
125μm, and 106μm, respectively. The fracture opening at
different positions gradually increases with increasing grout-
ing time. The farther from the grouting entrance is, the later
the change in fracture opening is, and the smaller the change
in the fracture opening is. With continuously increasing
grouting time, the coupling effect between fracture opening
and slurry pressure continues, and the fracture opening con-
tinues to change; however, the influence degree gradually
decreases.

When the grouting time is 10 s, the grouting pressure at
1m and 2m away from the grouting entrance is 1.84MPa
and 0.04MPa, respectively (Figure 9). When the grouting
time increases to 40 s, the grouting pressure at 1m, 2m,
3m, and 4m away from the grouting entrance is 2.47MPa,
1.84MPa, 1.02MPa, and 0.04MPa, respectively. When the
grouting time increases to 80 s, the grouting pressure at
1m, 2m, 3m, 4m, and 5m away from the grouting inlet is
2.64MPa, 2.22MPa, 1.75MPa, 1.19MPa, and 0.49MPa,
respectively. With continuously increasing grouting time,
the grouting pressure gradually decreases compared to the
initial grouting stage, and with increasing grouting time, the
scope of influence will increase, and the degree of influence
will relatively decrease.

p0

Grouting
entrance

p1 p2 p3 pj pn-1 pn

L1 L2 L3 Li Ln-1

Δt

Ln

Figure 4: Schematic diagram of the step-wise algorithm. Li represents the grout seepage distance of each grouting time unit (i = 1 ~ n), and pj
represents the grouting pressure of the node after each grouting time unit (j = 1 ~ n).
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3.2. Influence of Fracture Opening. When the grouting pres-
sure is 3MPa, and grouting time is 100 s, the relationship
between slurry seepage distance and grouting time under
varying fracture opening conditions (20μm, 50μm, 100μm,
200μm, and 300μm) was calculated, and the influence of
fracture opening on slurry seepage characteristics was ana-
lyzed (Figures 10 and 11).

Without considering fluid-solid coupling, when the frac-
ture opening is 20μm, the slurry seepage distance increases
from 0.31m at a grouting time of 10 s to 0.89m at a grouting
time of 80 s, an increase of 0.58m (Figures 10 and 11). When
the fracture opening is 100μm, the slurry seepage distance
increases from 1.58m at a grouting time of 10 s to 4.47m at
a grouting time of 80 s. When the fracture opening is
300μm, the slurry seepage distance increases from 4.74m

at 10 s to 13.41m at 80 s. Considering the effect of fluid-
solid coupling, when the fracture opening is 20μm, the slurry
seepage distance increases from 0.78m at 10 s to 2.2m at 80 s.
When the fracture opening is 100μm, the slurry seepage dis-
tance increases from 2.02m at 10 s to 5.72m at 80 s. When
the fracture opening is 300μm, the slurry seepage distance
increases from 5.17m at 10 s to 14.62m at 80 s. Fracture
opening has a significant influence on the slurry seepage dis-
tance. With increasing grouting time, the slurry seepage dis-
tance also increases. With increasing fracture opening at the
same grouting time, the slurry seepage distance also
increases. In the early stage of grouting seepage, the slurry
seepage rate is relatively fast. As grouting continues, the
slurry seepage rate gradually decreases. The larger the frac-
ture opening is, the larger the grouting seepage rate will be.
As fracture opening gradually decreases, the seepage rate of
the grout will decrease accordingly.

In order to examine the influence of fracture opening on
the spatial distribution characteristics of grouting pressure
for a grouting pressure of 3MPa and grouting time of 100 s,
the conditions of different fracture openings (20μm, 50μm,
100μm, 200μm, and 300μm) in the grouting simulation
are analyzed. The spatial distribution curve of grouting pres-
sure is shown in Figure 12.

For a fracture opening of 20μm, the grouting pressure
decays rapidly in the slurry seepage direction and decreases
to 0 at 2.64m from the grouting entrance (Figure 12). When
the fracture opening is small, the slurry seepage resistance is
very large, which rapidly reduces the grouting pressure inside
the fracture and affects the slurry seepage. When the fracture
opening is 50μm, the grouting pressure decreases rapidly in
the slurry seepage direction and decreases to 0 at 3.92m from
the grouting entrance; however, the reduced rate is smaller
than that when the fracture opening is 20μm. With increas-
ing fracture opening, when the fracture opening is 300μm,
the grouting pressure decreases to 0 at 16.4m from the grout-
ing entrance. Results show that the smaller the fracture open-
ing, the greater the decay grouting pressure rate and the
shorter the seepage distance. With increasing fracture open-
ing, grouting pressure decay rate decreases, and the slurry
seepage distance increases.

3.3. Influence of Grouting Pressure. In order to examine the
influence of grouting pressure on the grout seepage distance,
calculate whether the grout diffusion distance with fluid-solid
coupling under different grouting pressures (1MPa, 2MPa,
3MPa, 5MPa, and 8MPa) and choose the fracture opening,
the relationship between grouting pressure, and grout seep-
age distance of the grout when the grouting time is 100μm
and grouting time of 100 s is analyzed. The simulation results
are shown in Figure 13.

Under a grouting pressure of 1MPa, the slurry seepage
distance is 2.38m when fluid-solid coupling is not consid-
ered, and the slurry seepage distance is 2.88m when fluid-
solid coupling is considered. When considering fluid-solid
coupling, the slurry seepage distance is slightly larger than
that without considering fluid-solid coupling; however, there
is little difference between them. When grouting pressure
increases to 3MPa, the slurry seepage distance is 5m without

Update the fracture opening bi, j at 
different nodes

Start

j=1

Li =

Pj =

L𝜀 <0.1%
N

Y

Determine the control =dp 12 𝜇𝜈–
dxequation of slurry flow: Ab2

Input parameters: fracture opening b, 
grouting pressure p, grouting time T and

grouting parameters (𝜇, 𝜏), dividing grouting
time T into equal time steps dt

Iterative initial assignment: fracture opening 
b and grouting pressure p

Calculate the slurry Ab
2 (Pj –Pj+1) dt

b
3
j–1 Pj–1

b
3
j–1 b

3
j

Lj–1

Lj–1

Lj

Lj

b
3
j Pj+1

6 𝜇diffusion distance:

Calculate the
grouting pressure
at different nodes:

Output slurry seepage distance Li, j , spatial pressure
distribution pi, j, fracture opening bi, j 

+

+

Figure 5: Flow chart of the step-wise algorithm.
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considering fluid-solid coupling, and the slurry seepage dis-
tance increases by 2.62m. Considering fluid-solid coupling,
the slurry seepage distance is 6.41m, and the slurry seepage
distance increases by 3.53m. When grouting pressure
increases to 8MPa, the slurry seepage distance is 8.16m with-
out considering fluid-solid coupling and 18.81m when con-
sidering fluid-solid coupling. With increasing grouting
pressure, the slurry seepage distance only increases from
2.38m to 8.16m without considering fluid-solid coupling;
while when considering fluid-solid coupling, the slurry seep-
age distance increases from 2.88m at the beginning to 18.8m.
When fluid-solid coupling is not considered, the resistance to

slurry seepage is greater due to the constant fracture opening,
and the slurry seepage distance is much smaller than that
under fluid-solid coupling. When considering fluid-solid
coupling, with increasing grouting pressure, the fracture
opening also increases, the resistance of slurry seepage
decreases, and the slurry seepage distance increases.

In order to study the influence of grouting pressure on
fracture opening, the law between fracture opening change
and grouting pressure under different grouting pressures
(1MPa, 2MPa, 3MPa, 5MPa, and 8MPa) was calculated,
and various grouting pressures were obtained. The grouting
pressure change curve and the fracture opening change curve
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at different positions from the grouting inlet under pressure
are shown in Figures 14 and 15, respectively.

As shown in Figures 14 and 15, when the grouting pres-
sure is 1MPa, grouting pressure decreases linearly along the
slurry seepage direction and decreases to 0 at 2.86m from
the grouting entrance. The fracture opening remains
unchanged at 100μm. The grouting pressure is less than
the critical pressure; therefore, the fracture opening does
not change. When the grouting pressure increases to
2MPa, the grouting pressure shows nonlinear attenuation
along the slurry seepage direction, and when the grouting
pressure is less than the critical pressure, the grouting pres-
sure curve shows linear attenuation until it decreases to 0 at

4.51m from the grouting entrance. The fracture opening at
the fracture entrance is the most affected. The original frac-
ture opening increases from 100μm to 180μm and shows
nonlinear attenuation along the slurry seepage direction.
With decreasing grouting pressure to the critical pressure,
the fracture opening remains unchanged. When grouting
pressure increases to 5MPa, the grouting pressure also shows
nonlinear attenuation along the grouting seepage direction.
When the grouting pressure in the fracture channel attenu-
ates to less than the critical pressure, the grouting pressure
curve shows linear attenuation, until it decreases to 0 at
18.8m from the grouting entrance. The fracture opening
value at the entrance of the grouting increases to 380μm,
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Figure 14: Curve of grouting pressure vs. distance for different grouting pressures.
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and it also decays nonlinearly along the grout seepage direc-
tion until the fracture opening remains unchanged. At the
same position from the grouting entrance, as grouting pres-
sure increases, the increase in the fracture opening also
increases. The increase in fracture opening at the entrance
of grouting is the largest, and it gradually decreases along
the slurry seepage direction.

Overall, the change in grouting pressure and fracture
opening shows a nonlinear attenuation trend during fracture
seepage. As grouting pressure decreases nonlinearly along
the slurry seepage direction, the fracture opening also
decreases nonlinearly. When grouting pressure decreases to
the critical pressure, the fracture opening decreases to the orig-
inal fracture opening and remains unchanged until the slurry
stops flowing. With increasing grouting pressure, the increase
in fracture opening also increases, from 80μm when the
grouting pressure is 2MPa to 280μmwhen the grouting pres-
sure is 8MPa. Correspondingly, the affected fracture opening
range also increases, from 2.5m at 2MPa to 17.96m at
8MPa, which is significantly affected by the grouting pressure.

4. Conclusions

(i) A step-wise algorithm in MATLAB was used to con-
duct numerical experiment on grouting slurry seep-
age in microfractures. The slurry seepage area is
divided into multiple finite elements at the same
time interval. According to the law of conservation
of energy and the recursion method, a time-step iter-
ative solution is used to quantitatively describe the
change in grout seepage distance and fracture open-
ing during grouting

(ii) Fluid-solid coupling has a significant influence on
slurry seepage characteristics. At the same grouting
time, the slurry seepage distance increases with
increasing fracture opening. In the early stage of
grout seepage, the slurry seepage rate is faster. With
increasing grouting time, the slurry seepage rate
gradually decreases, and the greater the fracture
opening, the greater the slurry seepage rate

(iii) The grouting pressure and fracture opening are larg-
est at the grouting entrance. Along the slurry seepage
direction, the change in grouting pressure and frac-
ture opening shows nonlinear attenuation trend.
When grouting pressure decreases to the critical
pressure, the fracture opening is linearly attenuated,
and the fracture opening remains unchanged until
the slurry stops flowing
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Seepage flow is one of the primary factors that trigger slopes and landslides’ failure. In this study, the slope stability under saturated
or unsaturated conditions is analyzed. The influence of a complex stress state on the slope stability with the saturated or unsaturated
seepage flow is proposed in this paper. Firstly, an elastoplastic constituted model for the soil under a complex stress state is
established and as a user subroutine of the finite element method code of FLAC. Secondly, the 2D and 3D problems of slope
stability influenced by the saturated or unsaturated seepage flow are analyzed via the finite difference method with the influence
of the complex stress state. Finally, the influence of the intermediate principal stress and the saturated or unsaturated seepage
flow on the slope stability is analyzed in this study.

1. Introduction

Soil is a typical polyporous and multiphase material on our
planet. Therefore, soils usually contain soil particles, pore
water, and pore air. The soil can be divided into dry, satu-
rated, and unsaturated states via the pore filling composition.
The seepage flow of pore fluid will influence the stability of
the soil significantly. Soil slope stability is one of the key
and classical problems in soil mechanics. The variation of
the water content in soil (due to underground water, seepage
flow, or rainfall) is a vital influence factor for soil slope safety
and stability. In recent years, soil slope stability, i.e., hill slope,
embankment, and cutting high slope, is influenced by the
water content variation due to climatic and anthropogenic
factors [1–3]. Many true triaxial tests have verified that the
intermediate principal stress has specific influences on
mechanical behavior and strength characteristics of soil,
and this problem was summarized by Ma et al. [4–6].

The factor of safety (FOS) is an essential parameter to
determine the slope or landslide stability, and several
methods have been suggested for FOS calculation, including

analytical and numerical methods. The limit equilibrium
method (LEM) is a general analytical method for slope stabil-
ity analysis and FOS calculation, e.g., the circular slip surface
method or the general methods of slices [7–11]. The limit
analysis method is a semianalytic method for the problem
of slope stability analysis. The stability of three-dimensional
undrained slopes was analyzed by Li et al. using the numeri-
cal limit analysis method [12]. The FOS of a slope also can be
calculated via the numerical method with the strength reduc-
tion method (SRM), e.g., finite element method (FEM) or
finite difference method (FDM). SRM is a method that the
original shear strength parameters (e.g., cohesion c and
friction angle φ) of soil mass are divided by the strength
reduction factor (SRF) to bring the slope to the point of
failure. The shear strength parameters of the soil mass
are decreased gradually by SRF until the slope becomes
unstable, and the value of SRF when the failure is initiated
is equal to FOS for the slope [13–16]. The numerical
method has several advantages over the analytical method
(e.g., LEM) for slope stability analysis, e.g., finding the
critical failure surface automatically. The relationship
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between the LEM and SRM in slope stability analysis was
discussed by Griffiths and Lane [17]. A model test for soil
slope failure due to the seepage flow is proposed by Jia
et al. [3]. The soil slope failure caused by rainfall and
infiltration is analyzed by Chen et al. [1].

In this paper, an explicit finite difference elastoplastic
model is developed based on the twin shear strength theory
(TSST). TSST is proposed by Yu [18, 19] that takes the effect
of intermediate principal stress on the failure of materials
into account. The model is written in C++ and compiled as
a dynamic link library file that can be loaded into an explicit
finite difference code FLAC. According to the model test and
field investigation, the stability analyses of an embankment
slope and a high loess slope are performed with FLAC, where
the complex stress state, groundwater level variation, and
seepage flow are taken into account. The problems of
fractured wells in a reservoir of hydrogen and carbon based
on a dual-porosity medium model were discussed by Xue
et al. and Liu et al., respectively [20, 21].

2. Theory and Method

2.1. Twin Shear Strength Theory. The principal stress form of
TSST can be written as [18, 19]

f = σ1 −
α

1 + b
bσ2 + σ3ð Þ − σt, when σ2 ≤

σ1 + ασ3
1 + α

,

f ′ = 1
1 + b

σ1 + bσ2ð Þ − ασ3 − σt, when σ2 ≥
σ1 + ασ3
1 + α

,

8><
>:

ð1Þ

where α is the ratio of tensile and compression yield strength,
σt is the tensile yield strength, and b is the coefficient which
reflects the influence of intermediate principal stress. The
three principal stresses are denoted as σ1 ≥ σ2 ≥ σ3, and the
direction of principal stress is positive in tension and negative
in compression. TSST can be written as the form of the
strength parameters c and φ, which are widely used in
geotechnical engineering; it follows that

2.2. Explicit Finite Difference Form. From the incremental
elastoplastic theory, the total strain can be written as

Δεi = Δεei + Δεpi : ð3Þ

The elastic portion follows increment generalized
Hooke’s law:

Δσ1 = α1Δε
e
1 + α2 Δεe2 + Δεe3ð Þ,

Δσ2 = α1Δε
e
2 + α2 Δεe1 + Δεe3ð Þ,

Δσ3 = α1Δε
e
3 + α2 Δεe1 + Δεe2ð Þ,

8>><
>>: ð4Þ

where α1 = K + 4G/3, α2 = K − 2G/3, K is bulk modulus, and
G is shear modulus. The tensor form of Eq. (4) is given:

Δσi = Si Δε
e
1, Δεe2, Δεe3ð Þ = Si Δε

e
nð Þ, i = 1, 2, 3: ð5Þ

From the plastic flow rule, the plastic incremental
deformation part can be determined:

Δεpi = λ
∂g
∂σi

, ð6Þ

where g is plastic potential and λ is the plastic multiplier.
In order to deduce the expression of λ, the critical state

between elastic and plastic is assumed: an increment stress
Δσn = ðσ1, σ2, σ3Þ loaded to a structure when f ðσnÞ = 0, and
the state of the structure has no change (f ðσn + ΔσnÞ = 0).

From Eq. (5), the component of increment stress Δσn can
be written as

Δσi = Si Δεn − Δεpnð Þ: ð7Þ

Substituting Eq. (6) into Eq. (7) and simplifying

Δσi = Si Δεn − λ
∂g
∂σn

� �
= Si Δεnð Þ − λ ⋅ Si

∂g
∂σn

� �
, ð8Þ

where λ · Sið∂g/∂σnÞ is the corresponding stress of plastic
strain. f ðσn + ΔσnÞ can also be written as

f σn + Δσnð Þ = f σnð Þ + f ∗ σnð Þ, ð9Þ

where f ðσnÞ = 0, f ∗ðσnÞ = f ðΔσnÞ − f ð0Þ, and then, f ðσn +
ΔσnÞ follows:

f σn + Δσnð Þ = f ∗ Δσnð Þ: ð10Þ

Substituting Eq. (8) into Eq. (10) and then f ðσn + ΔσnÞ
can be deduced:

f σn + Δσnð Þ = f ∗ Sn Δεnð Þð Þ − λ ⋅ f ∗ Sn
∂g
∂σn

� �� �
= 0: ð11Þ

In order to process the material nonlinearity, the stress
σN
i and σIi is defined as follows [22]:

f = cos φ
1 + sin φð Þ 1 + bð Þ bσ2 + σ3ð Þ − σ1 +

2C ⋅ cos φ
1 + sin φ

, when σ2 ≤
1 + sin φ

2 σ1 +
1 − sin φ

2 σ3,

f ′ = cos φ
1 + sin φ

⋅ σ3 −
1

1 + b
σ1 + bσ2ð Þ + 2C ⋅ cos φ

1 + sin φ
, when σ2 ≥

1 + sin φ

2 σ1 +
1 − sin φ

2 σ3:

8>>><
>>>:

ð2Þ
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σNi = σi + Δσi = σi + Si Δεnð Þ − Si Δε
p
nð Þ, ð12Þ

σIi = σi + Si Δεnð Þ, ð13Þ
where Δεn is the total strain of the elastic stage, σI

i is a stress
tensor in the elastic stage, and σN

i is a stress tensor in the
plastic stage. f ðσInÞ can be written as

f σIn
� �

= f σn + Sn Δεnð Þð Þ = f ∗ Sn Δεnð Þð Þ: ð14Þ

Substituting Eq. (14) into Eq. (11) and then λ can be
deduced:

λ = f σIn
� �

f ∗ Sn ∂g/∂σnð Þð Þ : ð15Þ

From Eqs. (6), (12), and (13), the expression σNi can be
deduced:

σN
i = σIi − λ ⋅ Si

∂g
∂σn

� �
: ð16Þ

Eq. (2) can also be written as

whereNφ = ð1 + sin φÞ/ð1 − sin φÞ. The nonassociated flow is
employed, the dilation angle ψ substitutes the internal
friction angle in Eq. (17) and as the equation of the plastic
potential, where Nψ = ð1 + sin ψÞ/ð1 − sin ψÞ, and the item
of λ · Sið∂g/∂σnÞ can be determined:

S1 λ
∂g
∂σ1

, λ ∂g
∂σ2

, λ ∂g
∂σ3

� �
= λ

α2
Nψ

− α1

 !
,

S2 λ
∂g
∂σ1

, λ ∂g
∂σ2

, λ ∂g
∂σ3

� �
= λ

b ⋅ α1
1 + bð ÞNψ

+ α2
1

1 + bð ÞNψ

− 1
" #( )

,

S3 λ
∂g
∂σ1

, λ ∂g
∂σ2

, λ ∂g
∂σ3

� �
= λ

α1
1 + bð ÞNψ

+ α2
b

1 + bð ÞNψ

− 1
" #( )

0,

whenσ2 ≤
1 + sin ϕ

2 σ1 +
1 − sin ϕ

2 σ3,

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

S1 λ
∂g
∂σ1

, λ ∂g
∂σ2

, λ ∂g
∂σ3

� �
= λ α2

1
Nψ

−
b

1 + b

 !
−

α1
1 + b

" #
,

S2 λ
∂g
∂σ1

, λ ∂g
∂σ2

, λ ∂g
∂σ3

� �
= λ α2

1
Nψ

−
1

1 + b

 !
−
α1 ⋅ b
1 + b

" #
,

S3 λ
∂g
∂σ1

, λ ∂g
∂σ2

, λ ∂g
∂σ3

� �
= λ α1

1
Nψ

− α2

 !
,

whenσ2 ≥
1 + sin ϕ

2 σ1 +
1 − sin ϕ

2 σ3:

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

ð18Þ

Substituting Eq. (18) into Eq. (16), the component of σN
i

yields

σN
1 = σI1 − λ α2

1
Nψ

− α1

 !
,

σN
2 = σI2 − λ α1

b
1 + bð ÞNψ

+ α2
1

1 + bð ÞNψ

− 1
" #( )

,

σN
3 = σI3 − λ α1

1
1 + bð ÞNψ

+ α2
b

1 + bð ÞNψ

− 1
" #( )

,

when σ2 ≤
1 + sin ϕ

2 σ1 +
1 − sin ϕ

2 σ3,

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

σN1 = σI1 − λ α2
1
Nψ

−
b

1 + b

 !
−

α1
1 + b

" #
,

σN2 = σI2 − λ α2
1
Nψ

−
1

1 + b

 !
−
α1 ⋅ b
1 + b

" #
,

σN3 = σI31 − λ α1
1
Nψ

− α2

 !
,

when σ2 ≥
1 + sin ϕ

2 σ1 +
1 − sin ϕ

2 σ3,

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

ð19Þ

where the expression of λ is as follows:

f = 1
1 + bð ÞNφ

bσ2 + σ3ð Þ − σ1 +
2cffiffiffiffiffiffi
Nφ

p , whenσ2 ≤
1 + sin φ

2 σ1 +
1 − sin φ

2 σ3,

f ′ = σ3
Nφ

−
1

1 + b
σ1 + bσ2ð Þ + 2cffiffiffiffiffiffi

Nφ

p , when σ2 ≥
1 + sin φ

2 σ1 +
1 − sin φ

2 σ3,

8>>><
>>>:

ð17Þ

λ = f σI
1, σI

2, σI
3

� �
f S1 ∂g/∂σ1, ∂g/∂σ2, ∂g/∂σ3ð Þ, S2 ∂g/∂σ1, ∂g/∂σ2, ∂g/∂σ3ð Þ, S3 ∂g/∂σ1, ∂g/∂σ2, ∂g/∂σ3ð Þð Þ − f 0ð Þ , when σ2 ≤

1 + sin φ

2 σ1 +
1 − sin φ

2 σ3,

λ = f ′ σI1, σI2, σI3
� �

f ′ f S1 ∂g/∂σ1, ∂g/∂σ2, ∂g/∂σ3ð Þ, S2 ∂g/∂σ1, ∂g/∂σ2, ∂g/∂σ3ð Þ, S3 ∂g/∂σ1, ∂g/∂σ2, ∂g/∂σ3ð Þð Þð Þ − f ′ 0ð Þ
, when σ2 ≥

1 + sin φ

2 σ1 +
1 − sin φ

2 σ3:

ð20Þ
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Eqs. (18) and (19) are the formats of Lagrangian explicit
finite difference for the twin shear elastoplastic model. The
model is written in the language of C++ and compiled as a file
of dynamic link library that can be loaded in FLAC code [22].
Ma et al. propose a numerical study of gravel soil ground’s
dynamic compaction using the explicit discrete element
method [23].

2.3. Slope Stability due to Saturated Seepage Flow. Due to
groundwater level variations, the FOS of the slope is calcu-
lated according to the saturated seepage flow theory without
the influence of unsaturation on slope stability during seep-
age flow. FOS values for a 2D slope (with the plane strain
condition) are calculated by SRM using TSST. The FOS of
the soil slope is calculated via SRM, i.e., the same factor
SRF is applied to both of the shear strength parameters
(c and φ). The reduced strength parameters (cf and φf ) are
given by

cf =
c

SRF ,

φf = arctan tan φ

SRF

� �
,

ð21Þ

where c and φ are the original cohesion and internal friction
angle of the slope soil, cf and φf are the cohesion and internal
friction angle of soil after the reduction, and SRF (strength
reduction factor) is the intensity reduction coefficient. The
strength parameter of slope soil is divided by a reduction fac-
tor SRF step by step until the slope failure, and then, the value
of SRF equals FOS of the slope. The values of SRF at the critical
failure state of the slope are taken as FOS of the slope [17].

Analysis and calculation parameters for slope stability
with seepage flow are shown in Table 1. Figure 1 shows the
relationship between FOS and groundwater level calculated
by saturated seepage. It can be seen from Figure 1 that under
saturated seepage, the slope safety coefficient calculated
according to Mohr-Coulomb theory is lower than 1.0 when
the groundwater level is raised. The values of FOS are greater
than 1.0 when the effect of intermediate principal stress is
considered. The model test results in the literature [3]
showed that the slope did not fail in the water injection stage
(the groundwater level is raised), so the calculation results
without taking the effect of intermediate principal stress into
account do not agree with the actual situation. Figure 2 shows
the maximum shear strain contours of the slope calculated
according to TSST (b = 1:0) when the slope water level drops
to L/H = 1:0 under saturated seepage condition. Figure 2

shows that the nonassociated flow (ψ = 0) calculation results
show that there are multiple sliding surfaces of the slope.
However, the results obtained by associated flow (ψ = φ)
show only one sliding surface.

2.4. Slope Stability due to Unsaturated Seepage Flow. The
effect stress σb can be formulated as follows using Bishop’s
unsaturated effect stress theory (compression is negative)
[24]:

σb = σ − SwPw + SaPað Þ, ð22Þ

where σ is the total stress, Sw is the saturation of water, Sa
= 1 − Sw is the air saturation, and Pw and Pa are the water
pressure and air pressure. TSST can establish the formula
of unsaturated shearing strength, and TSST can be written
by the twin shear stress (τ12 and τ23) and normal stress (σ12
and σ23) as follows [18, 19]:

τ13 + bτ12 = C − β σb
13 + bσb12

� �
, when τ12 + βσb12 ≥ τ23 + βσb23,

τ13 + bτ23 = C − β σb
13 + bσb23

� �
, when τ12 + βσb12 ≤ τ23 + βσb23,

8><
>:

ð23Þ

Table 1: Analysis and calculation parameters of slope stability under seepage flow condition.

Saturated seepage flow Unsaturated seepage flow
Permeability k
(m/d)

Porosity n
(%)

Residual volume water content
θr

Saturated volume water content
θs

α m

0.6 50
0.0812 sorption 0.4155 sorption 0.0573 sorption 4.0974 sorption

0.1028 desorption 0.4465 desorption
0.0325

desorption
7.4845

desorption

0.5

0.7

0.9

1.1

1.3

1.5

0 0.25 0.5
L/H

0.75 1

FO
S

TSST (b= 1.0), 𝜑=𝜓
TSST (b= 0.0), 𝜑=𝜓
TSST (b= 0.5), 𝜓= 0

TSST (b= 0.5), 𝜑=𝜓
TSST (b= 1.0), 𝜓= 0
TSST (b= 0.0), 𝜓= 0

Figure 1: Relation between slope FOS and water level L/H during
the falling of water level.
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where β and C is the strength parameters and can be deter-
mined by cohesion c and friction angle φ (β = sin φ, C = 2c
cos φ); TSST also can be formulated by c and φ as follows:

τ13 + bτ12 = 2c cos φ − σb
13 + bσb12

� �
sin φ, when τ12 + σb12 sin φ ≥ τ23 + σb

23 sin φ,

τ13 + bτ23 = 2c cos φ − σb
13 + bσb23

� �
sin φ, when τ12 + σb12 sin φ ≤ τ23 + σb

23 sin φ,

8><
>:

ð24Þ

where the normal stress σ12 and σ23 under the unsaturated
condition is as follows:

σb13 = σ13 − SwPw + SaPað Þ = σ13 − Pað Þ − Sw Pa + Pwð Þ,
σb12 = σ12 − SwPw + SaPað Þ = σ12 − Pað Þ − Sw Pa + Pwð Þ,
σb23 = σ23 − SwPw + SaPað Þ = σ23 − Pað Þ − Sw Pa + Pwð Þ:

8>><
>>:

ð25Þ

The shear strength formula of unsaturated soil can be
established via substituting Eq. (25) into Eq. (24), and the
shear strength formula of unsaturated soil can be obtained
as follows:

Max. shear strain
increment

1.00E–01
2.00E–01
3.00E–01
4.00E–01
5.00E–01
6.00E–01
7.00E–01
8.00E–01
9.00E–01

(a) Nonassociated flow ψ = 0

Max. shear
strain increment

2.50E–01
5.00E–01
7.50E–01
1.00E+00
1.25E+00
1.50E+00
1.75E+00
2.00E+00
2.25E+00

(b) Associated flow ψ = φ

Figure 2: Maximum shear strain counters obtained by TSST b = 1:0 when the water level drops to L/H = 1:0.
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Figure 3: Soil-water characteristic curves.
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Saturated seepage flow 𝜓= 0.0

Figure 4: Relation between FOS and parameter b when the
underground water level rises to the slope crest.

τ13 + bτ12 = 2c cos φ − σ13 − Pað Þ + b σ12 − Pað Þ½ � sin φ + 1 + bð Þ Sw Pa − Pwð Þ½ � sin φ, when τ12 + σ12 − Pað Þ sin φ ≥ τ23 + σ23 − Pað Þ sin φ,
τ13 + bτ23 = 2c cos φ − σ13 − Pað Þ + b σ23 − Pað Þ½ � sin φ + 1 + bð Þ Sw Pa − Pwð Þ½ � sin φ, when τ12 + σ12 − Pað Þ sin φ ≤ τ23 + σ23 − Pað Þ sin φ:

(

ð26Þ
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The principal shear stress (τ13, τ12, and τ23) and normal
stress (σ13, σ12, and σ23) can be expressed as follows:

τ13 =
σ1 − σ3

2 ,

τ12 =
σ1 − σ2

2 ,

τ23 =
σ2 − σ3

2 ,

σ13 =
σ1 + σ3

2 ,

σ12 =
σ1 + σ2

2 ,

σ23 =
σ2 + σ3

2 :

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

ð27Þ

The shear strength formula of unsaturated soil also can
be formulated via substituting Eq. (27) into Eq. (26):

The variation of suction Pa − Pw of the unsaturated soil
can be described by the empirical formula recommended by
van Genuchten [25–27]:

θw = θr +
θs − θr

1 + α Pa − Pwð Þ½ �mf g1−1/m
, ð29Þ

where θw is the volume water content of the soil, R is the
residual volume water content of the soil, and m is the mea-
sured parameters. The relationship between saturation Sw
and volume water content θw is θw = Swn, where n is soil’s
porosity. The shear strength formula of unsaturated soil
based on TSST and the empirical formula of SWCC van

Max. shear
strain increment

2.50E–01
5.00E–01
7.50E–01
1.00E+00
1.25E+00
1.50E+00
1.75E+00
2.00E+00
2.25E+00

(a) TSST b = 0:0, ψ = 0

Max. shear
strain increment

2.50E–01
5.00E–01
7.50E–01
1.00E+00
1.25E+00
1.50E+00
1.75E+00
2.00E+00
2.25E+00

(b) TSST b = 1:0, ψ = 0
Max. shear
strain increment

2.50E–01
5.00E–01
7.50E–01
1.00E+00
1.25E+00
1.50E+00
1.75E+00
2.00E+00
2.25E+00

(c) TSST b = 0:0, ψ = φ

Max. shear
strain increment

2.50E–01
5.00E–01
7.50E–01
1.00E+00
1.25E+00
1.50E+00
1.75E+00
2.00E+00
2.25E+00

(d) TSST b = 1:0, ψ = φ

Figure 5: Maximum shear strain contours of slope (unsaturated seepage) when the water level drops to L/H = 1:0.

Jing river
N

Xi’an

Jing river
Landslide location

Wei river

N

S

W E

0 2 4 km
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Jingyang loess plateau

25 km

Figure 6: Location of the high loess slope and terrain of Jingyang
loess plateau.

1 + bð Þσ1 − bσ2 − σ3 = 4c cos φ − 1 + bð Þσ1 + bσ2 + σ3 − 2 1 + bð ÞPa½ � sin φ + 2 1 + bð Þ Sw Pa − Pwð Þ½ � sin φ, when σ1 − σ2 + σ1 + σ2 − 2Pað Þ sin φ ≥ σ2 − σ3 + σ2 + σ3 − 2Pað Þ sin φ,
σ1 + bσ2 − 1 + bð Þσ3 = 4c cos φ − σ1 + bσ2 + 1 + bð Þσ3 − 2 1 + bð ÞPa½ � sin φ + 2 1 + bð Þ Sw Pa − Pwð Þ½ � sin φ, whenσ1 − σ2 + σ1 + σ2 − 2Pað Þ sin φ ≤ σ2 − σ3 + σ2 + σ3 − 2Pað Þ sin φ:

ð28Þ
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Genuchten were used to analyze the stability analysis of
unsaturated seepage slope in the slope model test in literature
[3]. The lsqcurvefit function inMatlab’s software is used to fit
the data of the soil-water characteristic curve (SWCC) tested
by literature [3] and the empirical formula proposed by van
Genuchten. Figure 3 is the fitting result of SWCC data of
the slope model test soil and the empirical formula of van
Genuchten. It can be seen that the hygroscopic and dehumid-
ification curves of slope soil have an obvious hysteretic rela-
tionship. The matric suction of the soil’s unsaturated state
in the calculation process is controlled by the empirical for-
mula of van Genuchten, in which the stage of water level rise
and fall is calculated by the fitting results of the empirical for-
mula of van Genuchten in SWCC in Figure 3. According to
the strength formula of unsaturated soil with TSST derived
in the previous part, the slope’s safety factor is calculated by
the strength reduction method. The numerical calculation
model and boundary conditions are consistent with the satu-
rated seepage calculation. Figure 4 shows the slope to water
injection after reaching the top, saturated and unsaturated
seepage flow theory to calculate the safety factor of slope,
and the relationship between the theory of parameter b; it
can be seen that the value of FOS yielded by Mohr-
Coulomb theory is less than 1.0 both under saturated and
unsaturated conditions and does not agree with the results
of the slope model test in literature [3]. The value of FOS
yielded by TSST (b = 1:0) is greater than 1.0. Therefore, the
intermediate principal stress influence should be considered
in slope stability analysis due to the seepage flow. Figure 5
shows the maximum shear strain contours of slope under
the unsaturated seepage when the water level dropped to L/
H = 1:0 yield by Mohr-Coulomb and TSST. The calculation
result yield by TSST (b = 1:0) in the associated flow (ψ = 0)
shows that the multiple sliding surfaces have occurred.
However, the calculation result yield by Mohr-Coulomb
theory or associated flow (ψ = φ) shows that the slope only
has one sliding surface.

2.5. Three-Dimensional Analysis of High Slope Stability due to
Saturated Seepage Flow. The high loess slope is situated along
the northern boundary of a loess plateau close to Jingyang,
Shaanxi province, China. The distance from the high loess
slope to the downtown of Xi’an is about 25 km. The Jing river
flows beside the northern boundary of the loess plateau (see
Figure 6). Due to the Jing river’s erosion, many high loess
slopes came into being along the northern loess plateau
boundary. The northern loess plateau boundary is about
30 km long, the elevation of 30-90m above the Jing river,
and the slope angle is about 45-80°.

The landslide mass’ length and width are about 400 and
410m, respectively, and the slope angle is about 45-55°. Seven
cross-sections are measured for the landslide mass in a longi-
tudinal direction (see Figure 7). The continuous line repre-
sents the edge of the slope crest before the landslide event,
and the dashed line represents the current edge of the slope
crest, as shown in Figure 7. The cross-section sketch is drawn
according to the topography data, as shown in Figure 8. The
groundwater of the loess plateau is stored in a phreatic aqui-
fer. In 1976, the groundwater level was kept equal to the Jing

river (elevation is 380m). However, large-scale irrigation and
raining above the loess plateau induced a significant rise in
the groundwater level. In 1992, the groundwater level’s depth
under the loess plateau was 37m (elevation is 425m). Since
1976, the landslides in this area have occurred over 40 times,
which enormously influenced the local area.

A series of laboratory tests, including the particle-size
analysis test and consolidated-undrained triaxial tests, were
conducted. The particle-size analysis test shows that the per-
cent of particles with diameters greater than 0.075mm is
27.8%. The percent of particles with diameters less than
0.005mm is greater than 10%. The plasticity index Ip ranges
from 3.0 to 10.0. Therefore, the soil can be classified as clayey
silt. The cohesion and internal friction angle of soil samples
obtained from the consolidated-undrained triaxial test under
different confining pressures are 3.56 kPa and 17.9°, respec-
tively. Table 2 shows the physical properties of the soil
samples from the high loess slope.

2.5.1. Influence of Intermediate Principal Stress and
Groundwater Level. The previous terrain of the high loess
slope before the landslide is created based on terrain from
field investigation, and the three-dimensional model of high
loess slope before the landslide event is established. The
cross-sections of A-A′ and G-G′ are selected as the bound-
aries of two sides of the slope model, and the dimension
and meshing of the model are shown in Figure 9. The dashed
line represents the groundwater level, and h is the depth of
groundwater under the loess plateau. Node O of the slope
top on the cross-section of D-D′ is selected. The displace-
ment of node O in the direction of the x-axis is recorded dur-
ing the calculation process to analyze the slope stability. The
calculation parameters are as follows: Young’s modulus E =
5:0MPa, Poisson’s ratio ν = 0:33, and dilation angle ψ = 10°.
The calculations are performed under the groundwater level
in 1976 (h = 80m) and 1992 (h = 37m) to compare the slope
stability under different groundwater levels, respectively.
The relationship between the displacement at node O in the
x-direction and the unbalanced force rate with the different
magnitude of b is shown in Figure 10. The unbalanced force
rate can be defined as the maximum unbalanced force mag-
nitude for all nodes divided by the average applied force mag-
nitude for all the nodes. The equilibrium in the calculation is

Top of plateau

Direction of sliding 
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W EA
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B
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C
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D
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E

E′

F

F′

G

G′

Cross section

Figure 7: General view of landslide and cross-sections.
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closely related to the unbalanced force rate. By default, the
ratio limit for convergence is 1:0 × 10−5.

Figure 10 indicated that the slope changes towards insta-
bility with the decrease of the parameter b, and the slope fail-
ure occurs when the magnitude of b falls below a specific

value. Because the high loess slope was stable before 1976,
the stability analysis taking the intermediate principal stress’
influence into account can reflect the actual situation more
accurately. The factor of safety for the high loess slope is
calculated via the strength reduction method. The strength

480
460
440
420
400
380

S N

400 500

H (m)

D (m)

Jing river
GWL (1976) GWL (1992)

Figure 8: Sketch of the cross-section of D-D′.

Table 2: Physical properties of soil for high loess slope.

Density
ρ (kg/m3)

Specific gravity
ds

Water content
wn (%)

Void ratio
e

Plasticity index
Ip

1540 2.72 17.8 1.08 8.6

120 m

500 m 300 m

X

Y
Z

50 m
GWL

100 m
Node O
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D′
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h

Figure 9: Meshing model of slope before landslide event.
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Figure 10: Relationship between x-displacement of node O and unbalanced force rate with different b.
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parameters of soil mass are decreased gradually by a factor
until the slope becomes unstable. The factor when the failure
is initiated is the factor of safety for the slope. The relation-
ship between FOS values and the magnitude of b under the
groundwater level in 1976 and 1992 is shown in Figure 11.
The same results can be observed from Figure 11, the values
of FOS decreased with the decreasing value of the parameter
b, and the values of FOS also decrease with the rising level of
the groundwater. The magnitudes of b under the groundwa-
ter levels in 1976 and 1992 are equal to 0.3 and 0.5, respec-
tively, when FOS values equal to 1.0. Figure 12 shows the
pore-water pressure and displacement vector of slope in h
= 37m and b = 0:5. As shown in Figure 12, the high loess
slope becomes unstable when h = 37m and b = 0:5.

The stability analysis of the high loess slope during the
rise in the groundwater level caused by raining and irrigation
is performed with different depths (h = 35-50m) of the
groundwater level. Figure 13 shows the relationship between
the displacement of node O in the x-direction and unbal-
anced force rate under different depths of the groundwater
level when b = 0:5. The results suggest that the displacement
of node O in the x-direction increases significantly as the
groundwater rises gradually. The slope failure occurred until
the depth of the groundwater level is close to 35m.
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Figure 11: Relationship between FOS and b under the groundwater levels in 1976 and 1992.
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Figure 12: Pore-water pressure and displacement vector of slope in h = 37m and b = 0:5.
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2.5.2. Influence of Seepage Flow. According to statistics, land-
slides of the loess area induced by the distinct change of the
groundwater level occurred frequently during the shot-time
raining in the rainy season. The rainfall in the district of Xi’an
fluctuates seasonally, and the most rainfall is yielded during
the months of July to September, and the time of raining is
very short. The mean monthly rainfall of July to September
is about 12.5-16.4% of the mean annual rainfall. For example,
the total rainfall of 2003 is 898.7mm, and the total rainfall of
July in 2003 is close to 140mm, which is about 15% of the
total rainfall in 2003. The high loess slope on the southern
bank of the Jing river slided in July of 2003. Thus, it is neces-
sary to analyze the influence of the distinct rise of the
groundwater level and seepage flow which are caused by
raining and irrigation on the stability of the high loess slope.

Parameters of soil are the same as the calculation of no
seepage flow, and the soil permeability is 0.1m/d. The calcu-
lations of seepage flow and stress field are parallel performed,
and the stress field of the slope is calculated by the mechani-
cal strains caused by pore-water pressure changes. Based on
the calculation results of groundwater depth h = 80m, the
calculation of seepage flow is performed with four scenarios:
the rise of groundwater level Δh = 30m, 35m, 40m, and 45m
under the loess plateau.

Comparing with the numerical results of no seepage, the
results of seepage flow calculation show that the displace-
ment of node O in the x-direction increases significantly
when the unbalanced force rate is close to the target of con-
vergence and the slope failure occurs suddenly when Δh
reaches a certain value. However, the results of no seepage
calculation show that the slope reaches a static state when
the unbalanced force rate decreased. On the other hand, the
x-displacement at node O from the seepage calculation is less
than the result of no seepage calculation. This phenomenon
suggests that the deformation of the loess slope is too limited
to absorb the overload of seepage flow completely; thus, the
sudden failure of the loess slope may occur more easily
during the process of seepage flow.

3. Conclusion

The form of the explicit finite difference of the twin shear
elastoplastic model is established and used to analyze the
slope stability with saturated and unsaturated seepage flow.
The following conclusions can be stated.

(1) The intermediate principal stress effect of soil
strength greatly influences FOS of saturated and
unsaturated slopes under the seepage flow condition.
The results of slope stability analysis under saturated
and unsaturated seepage flow indicate that the slope
FOS calculated by Mohr-Coulomb strength theory
is less than 1.0, which is not consistent with the
results of the slope model test

(2) The saturated and unsaturated seepage calculation
results show that the slope will have multiple sliding
surfaces when the associated flow is used (ψ = 0).
The comparison of slope stability analysis results

under saturated and unsaturated seepage conditions
shows that the shear dilatancy (flow rule) of the
unsaturated soil has little influence on the slope sta-
bility, and it is mainly related to the unsaturated seep-
age mechanical behavior of the soil. In the case of
saturated seepage, the soil’s dilatancy (flow rule)
significantly influences the slope stability under the
condition of seepage, so the soil’s dilatancy should
be considered in the slope stability analysis under
the condition of saturation

(3) The loess area’s arid climate often causes a significant
rise in the groundwater level due to the large-scale
irrigation and seasonal rainfall. According to the
numerical results, it is necessary to reduce the recla-
mation and irrigation of farmland along the loess pla-
teau’s boundary. The stability of the high loess slope
can be enhanced
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