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The present study used PFC numerical software to examine the mechanical properties and
fracture propagation characteristics of the fractured rock mass under coupling of heavy rainfall
infiltration andmining unloading. Based on the engineering background of the Dexingmine, the
pore water pressure is set to 0, 0.5, 1.0, 1.5, and 2.0mpa, the true triaxial lateral unloading rate
is 0.3mpa/level and 0.6mpa/level, and the water content state of rock is dry, natural, and
saturated. Then, the true triaxial compression numerical simulation test is carried out, and the
results showed that with the increase of the water content, the rock compaction stage
increases, the elastic stage shortens, and the yield stage becomesmore obvious. The faster the
unloading rate is, the greater the influence on the rock strain is. After unloading, the stress jump
point appears and the strain increase rate becomes larger, the volume of the rock increases
and occurs as large s in the unloading direction, and finally it leads to severe brittle failure of the
rock. With the increase of rock pore water pressure, the compressive strength and the peak
strain of the rock decrease, and the porewater pressure accelerates the process of rock failure.

Keywords: rainfall infiltration, mining unloading, fractured rock mass, fracture propagation characteristics,
numerical simulation

1 INTRODUCTION

Since the 21st century, with the rapid development of modern mine technology, the scale and depth of
mine rock mass projects have been continuing to grow rapidly. Large-scale high-steep rock slopes with
a vertical depth of more than 400 m and a slope angle of more than 40° continue to emerge (Chen and
Jing, 2016; Li X. S et al., 2021; Li et al., 2021). The long-term stability of high and steep rock slopes under
complex geological and external disturbance environments has become amajor problem for large-scale
mines to convert from open-pit to underground mining. In China, the geological structure of Jiangxi
Province is complex, and the long-term strong tectonic movement has fully developed the primary
faults, joints, and fractures in the rock mass (Pu et al., 2019; Ji et al., 2020; Shuai, 2021; Liu et al., 2020a;
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Song et al., 2020; Du et al., 2021; Li et al., 2021a, Li et al., 2021b).
Affected by open blasting, mechanical excavation, and weathering,
a large number of secondary fissures have been generated inside the
high-steep rock slope, which further aggravates the fracture and
instability of the rock mass. In this area, the geological disasters
induced by heavy rainfall are becoming more and more serious
(Bai and Elsworth, 2020; Rutqvist and Stephansson, 2003; Lee and
Cho, 2002; Li et al., 2020; Li L. K et al., 2021; Li et al., 2019; Li et al.,
2021a; Li et al., 2021b; Li et al., 2021c; Song et al., 2021; Wang et al.,
2021; Zhong et al., 2021). The mine slope rockmass has undergone
the two-stage compound mining unloading effect after open-pit
and underground mining. This nonsynchronous correspondence
between time and space makes the failure mechanism of the slope
under compound mining unloading more complicated. Therefore,
in-depth research on the deformation and fracture characteristics
of fractured rock masses under the coupling of heavy rainfall
infiltration and mining unloading can ensure the safety and
stability of mine slopes (Vandamme and Roegiers, 1990; Shao
and Rudnicki, 2000; Tang et al., 2016; Liu et al., 2020b; Yao et al.,
2020; Zhang et al., 2020; Deng et al., 2021; Liu et al., 2021; Zuo et al.,
2021).

In the research of the fracture mechanism of the fractured rock
mass, Giffith (1921) proposed the fracture criterion–energy
criterion and the relationship between fracture toughness and
crack size for brittle material crack size, in which the theory of
fracture mechanics has been quickly applied and developed.
However, this criterion cannot explain the singular solution of
the stress at the crack tip of brittle materials. Griffith, (1924);
Irwin (1957) revised Giffith’s theory to promote the further
development of brittle rock linear elastic fracture mechanics.
Erdogan and Sih (1963) proposed the theory of maximum
stress resistance based on compound cracks in actual
engineering, and they put forward the theory of strain energy
density of mixed cracks in 1973. In addition, some scholars have
proposed the failure criterion based on the tensile strain of brittle
hard work. For example, Stacy (1981) believed that the
prerequisite for rock fracture when the brittle hard rock
cracked under compressive load was that the tensile strain of
the brittle rock was greater than the maximum tensile strain
threshold of the rock and derived the tensile strain judgment
criterion. In the field of research on the fracture mechanism of the
fractured rock mass under the coupling of hydraulic and
mechanical effects, Kou et al. (2019) conducted a hydraulic
coupling test on prefabricated 45° single-crack specimens,
which showed that the peak strength of the specimen
decreased with the increase of water pressure, and the deviator
stress after the peak decreased. As the confining pressure
increases, the peak strength increases, and the degree of post-
peak strain-softening gradually increases. Valko and Economides
(1994) and Souley et al. (2001) used the DMM model and CDM
model to simulate the hydraulic fracturing process of rocks. Shao
et al. (2005) and Yuan and Harrison (2006) used DMM/CDM
and CDM/SM hybrid models to study the crack failure laws and
permeability characteristics of the samples.

Nowadays, most scholars focus on the study of the crack
criterion based on the maximum circumferential stress criterion
(MTS) (Lin et al., 2018), the theory of the maximum energy

release rate, and the theory of the strain energy density factor (S)
(Liu et al., 2019; Jia-jun et al., 2020; Li et al., 2021d). Among them,
the large-circumferential stress criterion is simple in form and
can better predict the crack characteristics. But, this criterion
ignores T-stress. For rock brittle materials, not only tensile failure
but also shear failure affects the growth of cracks. The crack tip
will also have N stress perpendicular to the crack surface (Zhao
et al., 2012; Cheng and Zhou, 2015; Wei et al., 2017; Zhao et al.,
2018; Guo et al., 2019; Liu et al., 2019; Li H. F et al., 2021; Wang
and Zhao, 2021). Therefore, it is necessary to focus on studying
the law of crack propagation after crack initiation. This research
takes the open-pit to underground mining in the Dexing copper
mine as the engineering background. Through geological
investigations, on-site sampling, and indoor physical
experiments, PFC numerical simulations were carried out for
rocks under different water-bearing conditions, buried depths,
fracture distribution, loading and unloading methods, and pore
water pressure. In-depth analysis of the mechanical properties
and crack propagation characteristics of the fractured rock mass
of high and steep rock slopes was carried out under the coupling
of heavy rainfall infiltration and mining unloading. It can provide
necessary theoretical support for open-pit slope mining and
underground surrounding rock support.

2 ENGINEERING BACKGROUND

As shown in Figure 1A, the copper mine is located in Dexing
City, Jiangxi Province, China. The copper factory mining area has
the characteristics of mountainous microclimates such as warm
climate, abundant rainfall, sufficient sunlight, large temperature
difference between day and night, and long frost-free period. The
working area is full of precipitation, and the annual average
rainfall is 2250 mm. The rainy season is from March to July each
year, and the precipitation accounts for about 70% of the annual
precipitation. The average water period is from August to
November, and the dry season is from December to February
of the following year. In addition, the study area is a low
mountain and hilly landform, with large undulations, high in
the east and low in the west. The microtopography is mostly
mountain valleys, forests, and farmland. Due to the artificial
excavation of the mountain, an artificial slope with a height of
about 548 m and a length of about 400 m is formed. The slope
occurrence is 144°–152° in trend, 234°–242° inclination, 41°–42°

inclination, and the copper mining area is about 4.8 square
kilometers (red curve) (Figure 1(a1)). The artificial platform
on the surface of the slope is covered by a 0.5–2.5 m thick
artificial filling. The lower part of the slope is the mining area
and transportation road. The strike and inclination of the fault
have the characteristics of relaxation and wavy. The fault
structure in the study area (H-H′ section) is well developed
and has multiple phases. According to the occurrence and
nature of the faults, the faults in the Huangniuqian slope area
can be divided into EW faults, NNW faults, NWW faults, and
NNE faults (Figure 1(a2)).

1) EW faults
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As shown in Figure 1B, the EW fault is the main fault
distributed on the Huangniuqian slope. It has different scales,
longer extension, and characteristics of group appearance.

There are 0.3–0.5 m thick compressive fault breccias and
cements locally. It is the original rock cuttings and rock
dust, and some cements have been schistosified. In

FIGURE 1 | (A)Geographical location and topographic map of Dexing copper mine; (B) fault of FH-7 and FH-17; (C) fault of FH-3, FH-8, FH-12, and FH-13; (D) FH-
14 fault (the lower part is an 80-m platform, and the upper part is a 110-m platform); (E) FH-0 regional fault broken zone.

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 9 | Article 7920383

Wang et al. Failure Characteristics of Fractured Rock

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


FIGURE 2 | (A)On-site sampling; (B) on-site rock samples; (C) standard cylindrical specimen; (D) standard Brazil split specimen; (E) GDS-VIS uniaxial and triaxial
compression machine.
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addition, the larger faults in this group are FH-1 (regional
fault), FH-2, and FH-7.

2) NNW faults

The NNW faults include FH-10, FH-11, FH-12, and FH-13.
This group of faults obliquely intersects with the slope and is
easily deformed and damaged by the wedge-shaped body with the
EW-direction fault. For example, the 170 m platform slope is
damaged by the wedge-shaped body cut by the FH-12 and FH-3
faults (Figure 1C).

3) NWW faults

As shown in Figure 1D, the strike of the NWW-trending fault
is basically the same as that of the Huangniuqian pit slope, and it
is one of the main factors affecting the stability of the
Huangniuqian slope. The fault planes of this group are usually
large and smooth, with an extension length of more than 100 m,
and there are 20–30 m wide (densely developed joints) fracture
zones on both sides.

4) NNE faults

The NNE faults mainly include FH-0, which is a regional fault
(Figure 1E). Based on the results of joint statistics, it can be seen
that the dominant joints developed in the Huangniuqian slope
rock mass are basically consistent with the production and
installation of the main faults. Therefore, this joint has a
certain genetic relationship with the fault, and its developed
dominant joint makes the rock mass of the slope mainly show
a fragmented mosaic structure.

3 PHYSICAL MECHANICS TEST

The test sample adopts the original mine slope (Figure 2A).
Through on-site exploration and geological data analysis, several
circular sampling regions (diameter about 2.00 m) with uniform
texture and relatively complete rock mass were delineated at the
Huangniuqian slope. In the process of drilling the surrounding
rock of the rock mass stope, we took at least five relatively
complete undisturbed samples from each sampling region
(Figure 2B). As shown in Figures 2C,D, the obtained rock
samples are processed in the laboratory into cylindrical
standard specimens with a diameter and height of 50 mm ×
100 mm or 50 mm × 25 mm, then the uniaxial and triaxial
compression experiment of rock are carried out by GDS-VIS

as shown in Figure 2E, and finally, the rock mechanical
parameters at sampling point were obtained as shown in
Table 1 below.

4 NUMERICAL SIMULATION

At present, the study of joint crack propagation and penetration is
mainly carried out under loading conditions, but in the study of
the transition from open-pit to underground mining, it will cause
a lot of unloading of the rock mass; moreover, the tensile stress
may appear in the local area, and the damage to the rock mass is
large. In this chapter, different loading and unloading schemes
are used to carry out numerical simulation tests on the fractured
rock mass to study its mechanical and failure characteristics.

TABLE 1 | Rock mechanical parameters at the sampling point.

Sampling position Compressive strength
σ (Mpa)

Tensile strength
T (Mpa)

Elastic modulus
E (Gpa)

Cohesion C
(Mpa)

Friction angle
Φ (°)

Poisson’s ratio
μ

ZK11 43.95 4.494 11.16 12.9822 28.02 0.236
ZK12 48.26 5.212 14.23 14.5733 28.82 0.205
ZK13 63.97 6.239 15.21 19.3386 28.32 0.163

FIGURE 3 |Model diagram. (A)Model geometry; (B) force diagram; (C)
layout of sampling points in the fractured rock slope.
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4.1 Excavation Unloading Stress Path
4.1.1 Fractured Rock Mass Model
The size of the true triaxial simulation specimen is 70 mm ×
70 mm× 70 mm cube, and the parallel bondmodel is usually used
when PFC simulates the high bond strength and the bending
moment load of rock, while the plane joint model is used in the
meso-structural plane (Shi et al., 2018). The fracture through the
whole model in the strike direction and the model geometry are
shown in Figure 3A.

4.1.2 The Loading and Unloading Stress Path
The excavation of the open-pit and underground chamber can be
simplified as the plane strain problem. In general, the
redistribution of stress increases in the vertical direction and
decreases in the excavation direction (Huang et al., 2007; Liu and
Li, 2020; Yang et al., 2021). In this research, it can be simplified as
follows: stress is applied on the top face and the side face of the
rock, and the other face is fixed. As shown in Figure 3B, σ1 is the
stress on the top surface, and σ3 is the stress on the lateral
excavation surface. The values of σ1 and σ3 are changed to
simulate the stress change during excavation unloading. The
loading and unloading schemes are divided into two groups as
follows:

Plan A: Loading and unloading are carried out simultaneously;
the first step is to pressurize at the same time to σ3 in the axial and
horizontal directions, and the second step is to continue
pressurizing in the axial direction until σ1 reaches the stable
state; the first two steps are to simulate the stress state of rock in
the rock stratum. The third step is to load and unload σ1 at
0.10 Mpa/level and σ3 at 0.05 Mpa/level which is to simulate the
stress change process of the underground rockmass after the deep
open pit mining is transferred to underground mining. In the
fourth step, if the specimen is damaged before the unloading of
the excavation face is completed, the lateral pressure is released
immediately and the specimen is unloaded to 0 Mpa; if the
unloading is completed and the specimen is not destroyed, the
axial stress will continue to be applied until the specimen is
completely destroyed.

Plan B: This plan is the contrast to plan A, where the axial
stress is invariable and the lateral surface unload takes place. The
simulation process is also divided into four steps. Compared with
the unloading plan A, only the third step is different. The third
step of plan B is that the axial stress will remain unchanged after
reaching the initial in situ stress (preset value), the excavation
surface will be unloaded at 0.15 Mpa/level, and proceed to the
next level of unloading after equilibrium.

4.2 Simulation Program
As shown in Figure 3C, the model parameters are determined by
PFC calibration tests on the samples taken from three boreholes
according to the depth of the high and steep rock slope in Dexing
mine and the fractured rock mass in underground mining.

In order to compare the mechanical properties and failure
characteristics of the rock mass with fractures under different
unloading rates, two groups of different unloading conditions are
set. Also, three sets of initial stress levels (σ1 and σ3 take three sets
of values, that is, three drill-hole sampling points) are selected

according to a representative set of pore water pressure measured
in site and the distribution characteristics of typical fractured rock
mass, under the condition that the specimen is saturated with
water, the pore water pressure and the initial fracture distribution
of the specimen are certain, and the unloading stress is adopted by
plan A and plan B. Six groups of tests were carried out to
systematically analyze the stress–strain curve trend, macro-
mechanical parameters, and fracture evolution characteristics
of the samples. The schedule of the loading and unloading
comparison test is listed in Table 2.

4.3 Physical and Mechanical Parameters of
the Rock
The key of particle flow code (PFC) to simulate the mechanical
behavior of materials is to generate the initial model (Zhang et al.,
2021; Xu and Xu, 2021; Wang et al., 2021). First, the PFC servo
system is used to adjust the packing density, size, and contact
precision of the model particles to the ideal state and make them
in the state of force equilibrium (Tian et al., 2021; Sarfarazi et al.,
2021). After the initial model is generated, in order to make the
macroscopic and microscopic mechanical properties of the
specimen correspond to each other, the calibration test is
carried out according to the stress–strain curves of the
specimen measured under uniaxial compression, and the
microscopic parameters are adjusted repeatedly by PFC. The
calibration curves of experiment and simulation are shown in
Figure 4.

Through calibration, the final determination of the dry,
natural, and saturated specimen PFC microscopic parameters
is listed in Table 3.

5 ANALYSIS OF NUMERICAL SIMULATION
RESULTS

5.1 Deformation Characteristics Under
Vertical Loading and Lateral Unloading
Conditions
5.1.1 Vertical Loading and Lateral Unloading Plan A
As shown in Figure 5 below, Figures 5A–C show the
deformation characteristics of the rock mass under excavation
at different depths under the condition of single fracture. The
axial stress σ1 and horizontal stress σ3 take three sets of values,
respectively, for loading and unloading. Phase I is the loading and
unloading at the same time, axial loading and unloading in the
horizontal direction, which is the third and most important step
of plan A, and Phase II is the lateral unloading complete and
continuing loading in the axial direction, which is step four in
plan A. Figure 5D is a comparison of three sets of values obtained
under different conditions.

The typical stress–strain curve from Figure 5 shows that the
larger the initial in situ stress (that is, the larger the value of σ1 and
σ3), the smaller the peak axial strain from 3.48 to 3.21‰ and the
lower the ductility of rock mass and the more brittle failure, as
shown in Figure 5C. The specimen has been destroyed before
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TABLE 2 | Schedule of the loading and unloading comparison test.

Group Scheme Initial vertical
stress σ1
(Mpa)

Initial horizontal
stress σ3
(Mpa)

Axial loading Horizontal unloading

1 A1 4 2.4 0.5 Mpa/level 0.3 Mpa/level
2 A2 5 3.0 0.5 Mpa/level 0.3 Mpa/level
3 A3 6 4.2 0.5 Mpa/level 0.3 Mpa/level
4 B1 4 2.4 Constant (σ1) 0.6 Mpa/level
5 B2 5 3.0 Constant (σ1) 0.6 Mpa/level
6 B3 6 4.2 Constant (σ1) 0.6 Mpa/level

FIGURE 4 | Calibration curve of the specimen. (A) PFC calibration model; (B) calibration curves of dry specimens; (C) calibration curves of natural specimens; and
(D) calibration curve of the saturated specimen.

TABLE 3 | Microscopic parameter table of PFC for the specimen.

Hydrous state Parallel bond
modulus (Gpa)

Tangential bond
strength (Mpa)

Normal bond
strength (Mpa)

Angle of
friction (°)

Contact stiffness
ratio

Particle density
(kg/cm3)

Dry 7.60 19.34 14.97 28.32 2.1 2,750
Natural 3.95 10.67 9.09 28.32 2.1 2,750
Saturated 3.04 9.09 9.05 28.32 2.1 2,750
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Stage I is completed, which indicates that the surrounding rockmay
be destroyed before the unloading of the excavation face is
completed during the deep excavation of underground mining.
According to the post-peak curve, the process of axial stress
decreases from the peak strength to the residual strength, the
axial strain σ1 is small, and the larger the in situ stress is, the
smaller the axial strain is during the drop process. It shows that the
brittleness is more obvious with the increase of mining depth. The
failure of the fractured rockmass is accelerated by the excavation of
open face. In the loading and unloading test, the failure of the
specimen in the axial loading test is mainly due to compression
deformation, and the failure of the specimen in the unloading test is
mainly due to the strong dilatancy along the unloading direction.

5.1.2 Vertical Loading and Lateral Unloading Plan B
Figure 6 shows the deformation characteristics of the rock mass
under excavation at different depths under the condition of plan B.

The typical stress–strain curve from Figure 6 shows that
the deeper the fractured rock mass is, on the basis of the same
mining technology, the longer the unloading time of rock
mass is. But once unloading is completed, the increase of

stress is larger, and the rock mass will reach the peak strength
more quickly.

It can be obtained from the comparative analysis of plan A and
plan B that the faster the unloading rate is, the greater the
influence is on the axial and transverse strain of the rock
mass. When the unloading is completed, there will be a stress
jump point and the increasing rate will be faster. The results show
that the specimen deforms strongly in the unloading direction,
and the dilatancy and the brittle failure are obvious.

5.2 Fracture Propagation Characteristics
Under Vertical Loading and Lateral
Unloading Conditions
5.2 1 Vertical Loading and Lateral Unloading Plan A
The simulation results of fracture propagation of the specimen under
plan A and the sketch drawings are shown in Figures 7A,B. As can be
seen from the drawings, the length of the preformed fracture is
20mm, and the secondary airfoil-type tension cracks appear at the
tip of the precast cracks. Because of the long precast cracks, a crack also
appears in the middle of the precast cracks and extends toward the

FIGURE5 |Deformation characteristics of the rockmass under different depth and plan A. (A) Loading scheme A1; (B) loading scheme A2; (C) loading scheme A3;
and (D) comparative curves.
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unloading surface; however, the airfoil cracks at both ends extend to
the upper left and the lower right corner of the specimen, and tensile
(red fracture in the simulation result) failure and shear failure (green
fracture in the simulation result) occur during the crack propagation.
Moreover, bond-tensile failure occurs earlier than shear failure, and
the total amount of tensile failure is greater than that of shear failure.
The crack near the excavation unloading surface expands more, and
the crack in the middle of the precast fracture continues to expand to
the right and has a tendency to run through, and the damage of the
adjacent excavation unloading surface is more obvious. The final
specimen was cut through by 20mm cracks and airfoil tensile cracks.
The specimen was completely destroyed, reached the peak stress, and
lost the load-bearing capacity.

5.2 2 Vertical Loading and Lateral Unloading Plan B
The simulation results of fracture propagation under plan B and
the sketch drawings are shown in Figures 8A,B.

The fracture characteristics of specimens under plan A and plan B
are compared. The fracture trend of specimens is similar; the

secondary airfoil-type tension cracks appear at the tip of the
preformed cracks, and the small cracks appear in the middle of
the preformed cracks. The cracks on both ends extend to the upper left
corner and lower right corner of the specimen. But under the
condition of plan B, the initial bonding fracture appears earlier,
and the crack near the excavation unloading surface expands
more. The crack is more concentrated, and the upper right part of
the specimen has a bifurcated crack along the precast crack and has a
tendency of penetrating with the upper right corner of the specimen.
The failure of the unloading surface near excavation is more severe.

5.3 Deformation and Fracture Propagation
Characteristics Under Different Water
Content
5.3.1 Deformation Characteristics Under Different
Water Content
Figures 9A–C show the stress–strain curve of cracked specimens
in dry, natural, and saturated conditions under loading and

FIGURE 6 | Deformation characteristics of the rock mass with different depth and plan B. (A) Loading scheme B1; (B) loading scheme B2; (C) loading scheme B3;
and (D) comparison curves.
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unloading plan A2, with stage I showing simultaneous loading
and unloading and stage Ⅱ is the unloading complete and the axial
continuous loading stage. Figure 9D shows the stress–strain
curves of three groups of specimens.

In Figure 9, the stress–strain curve shows that when the
moisture content of the specimen increases, the compressive
strength and the elastic modulus decrease and the transverse
peak strain increases. For example, when the water content
increased from 1.12 to 4.85%, the compressive strength
decreased from 17.65 to 11.59 Mpa, the elastic modulus
decreased from 3.39 to 2.46 Gpa, and the transverse peak

strain increased from 0.00188 to 0.00235. The decrease of
compressive strength is about 56.33%, the decrease of elastic
modulus is about 63.45%, and the increase of transverse peak
strain is about 40.85%.

The mechanical properties and deformation characteristics of
the specimen with different moisture content have the same
tendency, and when the water content increases, the
compressive strength and the elastic modulus of the specimen
decrease. In this test, the dry specimen shows linear elastic change
before reaching the peak strength, and the stress drop rate is faster
after reaching the peak strength, and the brittleness of the

FIGURE 7 | Sample simulation and sketch under loading plan A. (A) Simulation diagram of loading plan A; (B) sketch of the fracture.

FIGURE 8 | Sample simulation and sketch under loading plan B. (A) Simulation diagram of loading plan B; (B) sketch of the fracture.
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specimen is obvious. According to the stress–strain curve, the
higher the water content is, the longer the compaction stage, the
shorter the elastic stage, and the more obvious the yield of the
specimen are.

5.3.2 Fracture Propagation Characteristics Under
Different Water Content
As shown in Figure 10 below, the results of the simulation and
the sketch of the fracture propagation of the cracked specimen
under plan A2 under dry, natural, and saturated conditions show
that the generation and propagation of the cracks in the three
specimens are similar. The secondary airfoil-shaped cracks
appear at both ends of the precast cracks, and the small cracks
appear in the middle of the precast cracks and extend toward the
unloading surface. The airfoil cracks at both ends extend to the
upper left and the lower right corner of the specimen. In the
process of fracture propagation, both tensile failure and shear
failure occur, and bond tensile failure occurs earlier than shear
failure, and the total amount of tensile failure is greater than that
of shear failure. The main failure mode of rock is tensile failure,
while shear failure is subsidiary.

The brittle failure characteristics of dry specimen are more
obvious than those of natural and saturated specimens, and the
number of bond tensile failure is the most. In the natural state, the
right part of the specimen is damaged more severely near the
unloading surface, resulting in larger and deeper cracks, and
generates more cracks and more complicated damage in the
saturated state.

5.4 Deformation and Fracture Propagation
Characteristics Under Different Pore Water
Pressure
5.4.1 Deformation Characteristics Under Different
Pore Water Pressure
Figure 11A shows the specimen stress–strain curve under pore
water pressure of 0.5 Mpa, and Figure 11B shows the
stress–strain curve of cracked specimens at 0.5, 1.0, 1.5, and
2.0 Mpa under loading and unloading scheme A2.

From Figure 11, the stress–strain curve shows that the
compressive strength and peak strain of the specimen decrease
when the pore water pressure increases. For example, when the

FIGURE 9 | Specimen stress–strain curve under different water content. (A) Dry curve; (B) natural curve; (C) saturation curve; and (D) comparative curves.
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pore water pressure increased from 1.0 to 1.5 Mpa, the
compressive strength decreased from 10.75 to 10.04 Mpa, and
the peak strain decreased from 0.00289 to 0.00271. For the overall
test of pore water pressure from 0.5 to 2.0 Mpa, the compressive
strength and peak strain decreased by about 19.38 and 22.85%,
respectively. When the pore water pressure is 0.5 Mpa, the elastic
modulus of the sample is 2.82 Gpa, and when the pore water
pressure is increased to 2.0 Mpa, the elastic modulus of the
sample decreases to 2.40 Gpa, and the elastic modulus of the
whole sample decreases to 14.89%.

Under different pore water pressure conditions, the
mechanical properties and deformation characteristics of
the stress–strain curve are similar—when the pore water
pressure increases, the compressive strength decreases and

the peak strain decreases, but the elastic modulus does not
change much.

5.4.2 Fracture Propagation Characteristics Under
Different Pore Water Pressure
Figure 12 shows the simulation results and the sketch of the
fracture propagation of the fractured specimen under pore water
pressures of 0.5, 1.0, 1.5, and 2.0 mpa. It can be seen from the
drawing, under the conditions of four kinds of pore pressure, the
crack initiation and propagation of the specimen are similar. The
secondary airfoil-type tensile cracks appear at both ends of the
preformed crack, and the small cracks appear in the middle of the
preformed crack and extend to the unloading surface. The airfoil
cracks at both ends extend to the upper left and the lower right

FIGURE 10 | Simulation results and sketch of specimens under different water content after loading. (A) Dry; (B) natural; (C) saturation.

FIGURE 11 | Stress–strain curve under different pore water pressure conditions. (A) Pore water pressure of 0.5 Mpa; (B) comparative curves.
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corner of the specimen. In the process of fracture propagation,
both tensile failure and shear failure occur, and bond tensile
failure occurs earlier than shear failure, and the total amount of
tensile failure is greater than that of shear failure. Themain failure
mode of rock is tensile failure, while shear failure is subsidiary.

With the increase of pore water pressure, the failure of the
specimen becomes more severe, such as the crack in the middle of
the preformed crack, which spreads to the right side and passes
through the main crack in the right side of the preformed crack.
There are more and more cracks in the right part near the
unloading surface, and the distribution of the cracks is more
complex. The pore water pressure softens the rock material and
causes stress concentration. The increase of pore water pressure
accelerates the failure of rock.

The influence of pore water pressure on the fractured rock mass
is analyzed as follows: the stress concentration phenomenon is
easily formed between the micro-cracks and the particles by water
pressure, and there is the phenomenon of hydraulic fracturing,
which promotes the development of the crack of the specimen, and
finally makes the micro-cracks gradually run through to form
macro-failure. Because of this effect of the pore water pressure on
the rock, the macroscopic mechanical properties of rock in the
coupling state weaken obviously.

6 CONCLUSION

In the present study, several kinds of specimens with different water
content, different loading plan, and different pore water pressure were
tested by true triaxial numerical simulation tests. The mechanical
properties and fracture propagation characteristics of the fractured
rock mass under coupling of heavy rainfall infiltration and mining
unloading are analyzed. The specific conclusions are as follows:

1) The faster the unloading rate is, the greater the influence on
the rock strain is. After unloading, the stress jump point
appears and the strain increase rate becomes larger, the
volume of the rock increased and occurs as large deform in
the unloading direction, and finally it leads to severe brittle
failure of the rock.

2) The larger the initial in situ stress is, the smaller the peak
strain, the lower the ductility, the faster the drop rate after the
peak, and the more obvious the brittleness are, and the
surrounding rock is easier to be damaged.

3) With the increase of the water content, the rock compaction
stage increases, the elastic stage shortens, and the yield stage
becomes more obvious. The failure mode begins with shear
failure, followed by a combination of tensile and shear failure.

4) When the pore water pressure increases, the compressive
strength and the peak strain of the specimen decrease, the
pore water pressure accelerates the failure of the rock, and stress
concentration and hydraulic fracturing are easily formed
between micro-cracks and particles, which promotes the
development of the crack.
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