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Three-dimensional crack propagation in a rock mass was investigated using a specifically designed material with good trans-
parency and elastoplasticity. The material has properties that are similar to those of the nature sandstone. Hydromechanical tests
were conducted to simulate pore pressure in the paper to study the influence of the angle of the primary crack and the water
pressure on the mechanical stability of the rock mass. The results indicated that the water pressure accelerated the crack
propagation and the failure of the samples. The influence of water pressure on initiation crack strength was not significant but had
a significant impact on the peak strength. With the increase in water pressure, the crack initiation strength, penetration strength,
and peak strength all decrease in varying degrees. The penetration strength did not only depend on the pore pressure but also
exhibited high sensitivity to the inclination angle of the primary crack. The extended finite element method is used to simulate
hydraulic fracturing. The simulation results show that the stress near the tip exhibited a cycle of energy accumulation-crack
expansion-stress relaxation as the crack expanded, and this finding was consistent with Griffith’s energy theory.

1. Introduction

Rocks contain a large number of primary joints and frac-
tures, which are the result of long-term geological processes.
The existence of joints, cracks, and other structural planes in
the rock mass provides natural channels for the flow of
groundwater and play a major role in underground oil and
gas exploitation. The presence of high-pressure groundwater
has negative effects on rock mass engineering projects. The
water pressure often causes local tensile stress concentration
near rock mass cracks, which results in instability and failure
of the rock mass engineering.

In 1920, Griffith [1, 2] made important breakthroughs in
theoretical and experimental research and laid the foun-
dation for fracture mechanics of brittle materials. In 1958,
Irwin [3] established the stress intensity factor (SIF) crite-
rion, which is a crack growth criterion. The concept of the
SIF provided a great breakthrough in the brittle fracture
theory. Sneddon [4] established an analytical model of the

induced stress around a plane with a single crack, which has
become the cornerstone of subsequent studies. Hubbert and
Willis [5] stated that, due to limited access to the subsurface,
direct observation cannot be used to monitor the interaction
between hydraulic fractures and natural fractures.

At present, considerable achievements have been made
in the study of rock mass fractures and mechanical-hy-
draulic coupling. Research on crack propagation and frac-
ture behavior of fractured rock masses has changed from
investigating a single crack to multiple cracks and from two-
dimensional crack to 3D crack propagation. Waters et al. [6]
and Dahi Taleghani and Lorenzo [7] believe that widely used
techniques such as microseismic methods may show the
effect of natural fractures on hydraulic fracture growth only
qualitatively and not quantitatively. Lamont and Jessen [8]
performed 70 hydraulic fracturing experiments in six dif-
ferent rock types using triaxial compression (up to 1140 psi)
with different approach angles to understand the phe-
nomenon of crossing fractures. It was found that hydraulic
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fractures appeared to cross closed preexisting fractures at all
intersection angles. Daneshy [9] found that hydraulic
fractures terminated when the natural fractures were open at
the intersection point, and they crossed the natural fractures
when they were closed. Anderson [10] showed the impor-
tance of friction on hydraulic fracture growth near
unbonded rock interfaces. Cleary et al. [11] believed that the
fracture energy (due to pressure) was high enough to open
any fracture in any orientation, but no scheme or analysis
was provided to back up this claim, and the posttreatment
pressure analyses did not support this claim. Ren et al. [12]
used a coupled hydromechanical numerical model to in-
vestigate the propagation path of a two-cluster perforation
fracture system. 3D stress anisotropy, stress heterogeneity,
and Young’s modulus heterogeneity were investigated to
obtain a basic understanding of the spatial path of a two-
cluster fracture system. Zhou et al. [13] conducted a hy-
draulic fracturing experiment under triaxial stress at 20°C,
100°C, 200°C, 300°C, and 400°C and analyzed the charac-
teristics of the water pressure loading curves. Fan et al.
[14-17] studied the crack propagation and damage evolution
around the hole and tunnel. Liu [18] and Liu and Hu [19]
found that the AE signals during the crack propagation in
the fractured rock mass were obtained, and the mechanism
of compressive shear fracture of the fractured rock mass was
determined. Li et al. [20] used an AE instrument to detect
damage and observed the failure process of prefabricated
cracks in marble. The test results showed that the pre-
fabricated crack considerably reduced the strength and the
elastic modulus of the rock mass and secondary cracks
formed such as wing cracks, compressor-shear cracks, and
reverse wing cracks. Jian et al. [21, 22] analyzed the process
of hydraulic fracturing of a fractured rock mass and the
initiation and propagation of internal fractures using CT
scanning. Zhu et al. [23-26] utilized scanning electron
microscopy to investigate the microfracture characteristics
of marble by conducted triaxial compression tests on marble
samples under different confining pressures and water
pressures. Li and Lv [27] selected ceramics to analyze the
propagation process of a single crack under triaxial com-
pression using real-time CT scanning. The test results
showed that, under triaxial compressive stresses, the crack
was initially compressed, and subsequently, the propagation
of the wing crack was restricted.

In recent years, many numerical methods have been used
to simulate the crack initiation and coalescence in brittle
materials. These include the finite element method (FEM) or
extended finite element method (XFEM) [28, 29], smoothed
particle hydrodynamics [30, 31], displacement discontinuity
analysis (DDA) [32, 33], and particle flow code (PFC)
[34, 35]. The XFEM has all the advantages of the traditional
FEM, but it is not necessary to conduct mesh division to
determine defects such as existing cracks in the structure.
The major advantage is that crack propagation is inde-
pendent of the mesh boundaries, unlike in the CZM and
other simulation methods.

Although many researchers have used CT, scanning
electron microscopy, and other means to observe the evo-
lution of cracks inside rocks, these methods do not provide
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immediately intuitive observation. Therefore, we used epoxy
resin, a curing agent, and an accelerator to design a kind of
transparent material with transparency, brittleness, and
other physical properties that are close to nature rock mass.
Precast cracks and water pressure guide holes are created in
the sample, and a self-designed high-pressure water injec-
tion device is used to apply water pressure to the sample. The
crack propagation behavior at different water pressures and
the crack inclination during uniaxial loading are evaluated.
Apart from the experiment of hydraulic fracturing, the
research of cracks propagation has been investigated
through numerical simulation as well. Comparing with the
in situ test and laboratory test, the numerical simulation is an
economical and practical method to simulate the failure
process of jointed rock masses.

2. Experimental

2.1. Design of Samples Containing Cracks. In this study, the
preparation of samples should be conducted under the
condition of below 15°C. Too high temperature will cause the
material to react too quickly and lead to the formation of
internal cracks. In the production process, add 1% isocya-
nate curing agent in curing stage. After stirring for 1-2
minutes, add 0.3% accelerant to stir until even. The
accelerated curing agent is shown in Figure 1. The curing
agent and the accelerator cannot be added at the same time,
and the addition of stirring at the same time will lead to
uneven reaction between curing agent and accelerator,
resulting in poor transparency of the sample. Pour the mixed
resin into the prepared mold. In this test, it was found that
the release agent could easily lead to uneven surface of the
sample, so the release agent was abandoned in this test, and a
layer of BOPP original film was applied inside the mold. The
original film of BOPP was smooth, and there was no reaction
during the resin solidification process. There will be bubbles
in the stirring process, after the mixing of this ratio, the
bubbles will slowly rise to the surface and release the inner
bubbles at the initial stage of the reaction.

The open cracks fabricated in this test consist of mica
sheet and transparent plastic ring. The upper and lower
fracture planes are composed of mica pieces. The thickness
of elliptical mica sheet is 0.2 mm, and the edges around the
elliptic mica pieces are connected by transparent plastic
rings. Transparent plastic ring can not only prevent the resin
from leaking into the crack during pouring, but also visually
see the water pressure inside the crack when pressurizing.
The thickness of the produced opening crack is 0.3 mm, and
the inlet hole is reserved on the crack surface to be connected
with the aqueduct. The crack angle is measured and fixed
when the crack is bonded to the aqueduct. The aqueduct
adopts transparent high-pressure water pipe, which is
characterized by good compressibility and pressure-bearing
property, which can prevent the annular deformation of the
pipe to produce lateral force on the sample during water
pressure addition. After the cracks are fixed in the mold, the
resin is poured into the mold. After 24 hours of solidification
at 15°C, the mold can be released. Then, the solidified
samples were oven-dried, baked, and frozen repeatedly to
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F1GURE 1: Epoxy resin and additives.

obtain better brittleness and material properties similar to
that of rock. The oven and freezer used in this test are shown
in Figures 1 and 2. Low temperature can make the sample
more brittle. The long and short axes of the elliptical crack
are 2a and 2b, respectively. The prefabricated crack incli-
nation angle is . A diagram and photo of the specimen are
shown in Figures 3 and 4 . This test mainly studies the
propagation of cracks. The pipeline problem is a single-
factor controllable problem. The existence of the pipeline is
still chosen to be preserved in the absence of water pressure.
According to the explanation of elastic mechanics, the
mechanical influence will be reduced to a small value at twice
the diameter of the water-passing pipe. In this paper, the
ratio of pipe diameter to crack length can reach 11, reaching
a weakening ratio. The common substance in natural rock
formations is mica. Choosing to use mica is to restore the
state of natural rocks as much as possible. The transparent
plastic ring is selected in the experiment to observe the real-
time situation of liquid injected into the crack, and the
selected plastic ring has high flexibility and low toughness, so
as to weaken the existence of the plastic ring as much as
possible.

The material parameters of the transparent rock in this
test and sandstone are shown in Table 1, and the uniaxial
compression stress-strain curves of the transparent rock
sample and the nature sandstone sample are shown in
Figure 5. The physical properties of natural rocks and
transparent materials are shown in Table 1. The natural
sandstone is taken from a deep sandstone underground in
Zaozhuang coal mine in Shandong Province, China.

2.2. Test Method and Procedure. Testing study is carried on
the equipment RMT-150B. As shown in Figure 6, RMT-
150B rock mechanics test system is specially designed for
testing the mechanical properties of engineering materials
such as rock and concrete. This instrument can preset the
test steps and be completed automatically by the computer.
The experimenter can also intervene in the test process and
change the control mode and test parameters. After the test,
the computer system can present the stress-strain curve,
elastic modulus, Poisson’s ratio, and other results of the
sample. The high-pressure water injection equipment is self-
designed and used with the servo testing machine. The water

FiGUure 2: The oven and freezer in test.
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FIGURE 3: Sketch of specimen.
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FIGURE 4: The finished specimen.

injection equipment consists of three parts: a modified
hydraulic Jack, an oil-water conversion device, and a rigid
loading cushion block (Figures 7 and 8 ). The hydraulic Jack
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TaBLE 1: Mechanical parameters of the transparent rock and sandstone.

Category Density (g/cm®)  Elasticity modulus (GPa) ~Compressive strength (MPa)  Tensile strength (MPa)  Fragility
Transparent rock 1.8 6.8 116.5 18 6.5
Nature sandstone 2.51 9.2 109.6 16 6.85
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FIGURE 5: Stress-strain curves of the intact transparent rock sample and nature sandstone sample.

FIGURE 6: Rock mechanics rigidity servo testing system.

Check valve

Hydraulic pressure gauge
the rigid block

Hydraulic oil pump

Circular washer

FIGURE 7: Sketch of water injection device.

FIGURE 8: Water injection device.

uses 15# antiwear hydraulic oil and it generates maximum
oil pressure of 70 MPa.

In this test, when installing the sample, the water outlet ~ outlet of rigid cushion block and the inlet pipe to ensure a
of the rigid cushion block has to be aligned with the sample  tight connection. After the sample and water injection
inlet pipe. A round rubber washer is added between the  equipment are assembled, the servo test machine is used for
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axial loading. Displacement control is used to create a load of
5MPa-10 MPa, in which the sealing property is satisfied,
and no plastic damage is caused to the specimen by this time.
A hydraulic pump is used to apply water pressure to the
crack. After the water pressure has been applied, an axial
load is applied to the specimen using the servohydraulic test
machine; the axial loading rate of 0.005 mm/s is controlled
by the axial displacement sensor. During the test, a high-
speed camera was used to capture the dynamic expansion of
the cracks.

3. Experimental Results

3.1. Changes in Stress and Strain with Water Pressure. In this
section, the standard sample with «=45" and 2a=2cm of
the prefabricated crack is used as an example to illustrate the
crack propagation behavior. The fracture propagation
process under 0-6 MPa water pressure was studied. The
stress-strain curves of the specimens subjected to hydraulic
pressures of 0-6 MPa are shown in Figure 9. According to
the stress-strain curve, the existence of water pressure ob-
viously reduces the maximum bearing capacity of rock mass.
The failure strength of the sample without hydraulic fracture
is about 81.7 MPa. With the increase of water pressure of
1 MPa, the failure strength of the sample decreases by about
10%. It was observed that the initiation strength of pre-
fabricated cracks did not change obviously with the increase
of water pressure. It can be seen from the test that the water
pressure has little effect on the initiation cracking strength
and elastic modulus of the sample, but it has great influence
on the subsequent crack growth.

3.2. Crack Growth Process under Different Water Pressures.
In this section, samples with no water pressure and different
water pressures are selected for fracture expansion analysis
and comparison. The influence of water pressure on the
mechanism of crack propagation was analyzed by visually
observing the experimental phenomena.

3.2.1. 0MPa. Development of wrapped wing crack: as
shown in Figure 10(a), when the axial stress of the sample
without water pressure reaches the about 30% of peak
strength, the upper and lower ends of the long axis of the
elliptic prefabricated crack produce wing cracks at the same
time. The initial propagation crack length is about 30% of the
prefabricated crack. At this time, only the crack tip had local
plastic failure, and the whole specimen was still in the elastic
deformation stage.

In the absence of water pressure, the wing cracks grow
rapidly as the stress reaches 50% of the peak strength. At this
time, the secondary crack propagates along the edge of the
prefabricated crack and forms an envelope, and the direction
continues to turn towards direction of the axial load. When
the length of the wing crack is close to the length of the
precast crack, the wing crack ceases to extend, and petal-
shaped cracks appear in the area between the secondary
crack and the precast crack, as shown in Figure 10(b). When
the stress of the sample not exposed to water pressure
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FIGURE 9: Stress-strain curve of the precast fracture specimen with
a 45° dip angle.

reaches a peak strength of about 65%, new petal-shaped
cracks continue to appear in the area between the secondary
and prefabricated cracks. Then, the crack expands rapidly in
the vertical direction, forming large vertical splitting cracks,
and crackling sounds are heard, as shown in Figure 10(c). At
this time, the crack propagation of the sample was complex,
but it still did not penetrate, and the samples have not failed
and have not lost their bearing capacity completely.

In all cracking propagation, secondary cracks appear at
the crack tip first, and the secondary crack propagation
direction turns to the direction of maximum principal stress
in the medium term. Finally, the crack propagation runs
through the sample in the vertical direction.

3.2.2. 2 MPa. When a water pressure of 2 MPa is applied to
the prefabricated crack of the sample, the appearance of the
secondary crack under the influence of water pressure is
basically the same as that without water pressure, and the
crack propagation angle is also basically the same. The
secondary cracks show a partial inky color, as shown in
Figures 11(a) and 11(b), indicating that the cracks are not
tully penetrated. The macroscopic shape of the crack did not
change with the increase of axial pressure, but the ink color
was full of secondary cracks, indicating that the effective area
of secondary cracks was increasing. Due to the existence of
water pressure, the appearance of cracks is not symmetrical
cracking at the same time. In the test, the appearance of
secondary cracks at the tip did not always appear at the same
time. Different from the nonhydraulic cracks, there are no
petal-like cracks in the secondary cracks, and the cracks
grow relatively slowly in the axial direction, as shown in
Figure 11(c). With the increase of the axial load, the cracks
propagate in the axial and horizontal directions at the same
time, but when the crack length is close to the preformed
crack, the crack propagates rapidly until it penetrates the
sample, as shown in Figures 11(d) and 11(e).
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FiGure 10: Crack propagation process under 0 MPa water pressure. (a) 0 =30%0max. (b) 0=65%0max. () 0=90%0 pax.
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FiGure 11: Crack propagation process under 2 MPa water pressure. (a) 0 =35%0max. (b) 0=45%0max. (¢) 0=50%0max. (d) 0=60%0 4y

(e) 0=95%0max-

3.2.3. 4 MPa. Under the influence of water pressure of 4 MPa,
as shown in Figure 12(a), the secondary crack appears at the
peak strength of 32%. The strength value is slightly lower than
that of the initial crack of the sample not exposed to water
pressure. The secondary wing crack is full of black ink, indi-
cating that the flow channel is unobstructed, and water can
enter the secondary crack, thereby exerting generate water
pressure on the secondary crack. However, the shape of the
wing crack is similar in both samples, indicating that pore
pressure has little influence on the angle or shape of the ini-
tiation secondary crack. As shown in Figure 12(b), unlike the
2MPa water pressure, the water pressure occupies all the
secondary cracks due to the larger water pressure. When the
length of the secondary crack reached 1.5 times the length of
the prefabricated crack, an antiwing crack appeared, and the
crack began to expand laterally until the lateral penetrating
liquid leaked out. However, the rock mass does not completely

lose its bearing capacity when the liquid leaked out, and the
lateral penetration stress is about 90% of the peak stress, as
shown in Figures 12(c) and 12(d).

In the presence of pore pressure, secondary crack
propagation occurs between 40% and 60% of peak strength,
and it went through three or four expansions. The vertical
expansion approaches the axial load direction gradually. The
shape of the secondary fracture is similar to that in the
sample not exposed to water pressure, but the fracture
expansion rate is faster. However, the enveloping crack is not
obvious, and it is mainly vertical and lateral propagation,
and petal-like crack did not appear.

3.2.4. 6 MPa. When the fracture water pressure increases to
6 MPa, secondary cracks appear at 55% o,,,,, as shown in
Figure 13(a). After the secondary cracks appear, both the
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FIGURE 12: Crack propagation process under 4 MPa water pressure. (a) 0 =32%0max. (b) 0=45%0mayx. (¢) 0=50%0max. (d) 0=90%0 pax-
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FiGUure 13: Crack propagation process under 6 MPa water pressure. (a) 0 =55%0max. (b) 0=85%0max.

vertical and lateral directions rapidly expand until the 100 -
sample penetrates, and then the liquid seeps out. Due to the
existence of high-water pressure, the crack growth of the

. . 80
upper and lower wings is extremely unstable and not
symmetric, as shown in Figure 13(b). However, the sample
did not lose its bearing capacity at this time, and the bearing T 60t
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4.1. The Influence of Different Water Pressure Values on Stress

and Strain. The sample with prefabricated crack angle of 45° 0 0 5 " .
was used to analyze the initiation strength, penetration Hydraulic Pressure Value (MPa)

strength, and peak strength under different water pressures. Y

According to the experiment, the initiation stress of the —#— Initial cracking strength

prefabricated cracks does not change significantly with the —— Penetration strength

increase in water pressure. As shown in Figure 14, the 4= Peakstrength

initiation stress of the prefabricated cracks does not change FIGURE 14: Stress varies with water pressure.



significantly with the increase in water pressure, but once the
secondary crack appears, the influence of the water pressure
increases significantly. With the increase in the water
pressure, the penetration strength also decreases. When the
water pressure value reaches 4 MPa, the secondary crack will
quickly expand when it reaches the length of the pre-
fabricated crack. This situation is very dangerous in practical
engineering because the occurrence of water leakage events
often leads to instability of the engineering rock mass, often
causing sudden disasters.

4.2. The Influence of Different Water Pressure Values on Strain.
Based on the study of the effect of water pressure on stress,
the process law of water pressure on the failure process of the
specimen can be studied through the study and analysis of
the strain of the specimen. As shown in Figure 15, the effect
of water pressure on the crack initiation strain is not sig-
nificant. With the increase of water pressure, the crack
initiation strain does not fluctuate significantly. The water
pressure has a great influence on the through strain. With
the appearance of water pressure, the through strain de-
creases greatly. When the water pressure reaches 6 MPa, the
sample will run through in a short time after crack initiation.
However, the penetration of the specimen does not lead to
the loss of the bearing capacity of the specimen. From the
peak strain, it can be seen that the existence of water pressure
leads to the decrease of the peak strain, but it is because the
water pressure leads to the penetration of the specimen in
advance, which affects the peak bearing capacity of the
specimen.

4.3. Crack Propagation Stress with Different Dip Angles.
Naturally occurring cracks have various configurations, and
the inclination angle of the cracks has considerable influence
on the stability of rocks. Rocks containing cracks with
different inclination angles often exhibit different me-
chanical properties. The dip angles of the prefabricated
cracks in the transparent samples were 15°, 30°, 45°, and 60°,
and 2 MPa of water pressure was applied. The changes in the
strength of the sample for different dip angles of the crack
are shown in Figure 16. The results show that the penetration
strength is the most sensitive to the inclination angle. The
crack initiation strength and penetration strength decrease
with an increase in the inclination angle. When the incli-
nation angle is 60°, the fracture initiation strength is close to
the penetration strength, indicating that the larger the in-
clination angle is, the more easily the crack is spreading. But
the crack initiation angle is not different from that without
water pressure, indicating that water pressure has little effect
on crack initiation angle.

4.4. Variation of Crack Length under Different Water
Pressures. The length of fissure was analyzed by experiment.
For the analysis of fracture length in this test, samples at dip
angle of 45° were selected for analysis. In order to avoid the
influence of different primary fracture length, the secondary
fracture length is denoted by the multiple of prefabricated
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FIGURE 16: Strength changes for different preexisting crack angles.

fracture. As Figure 17 shows, the influence of water pressure
on rock mass is not only reflected in stress, but also on crack
propagation speed. The existence of water pressure accel-
erates the crack propagation process. According to the curve,
the slope of the crack without water pressure is relatively
gentle. With the increase of water pressure, the slope of the
curve increases gradually. It can be seen from the experiment
that when the water pressure is lower than 2 MPa, the crack
propagation process is close to that without water pressure.
When the water pressure is increased to 4 MPa, the ex-
pansion speed is obviously accelerated. When the water
pressure reaches 6 MPa, the crack grows rapidly, and water
inrush is easy to occur in the project.
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Through the different propagation lengths of the cracks
at different times, the propagation speed of the cracks under
different water pressures can be obtained. We use the av-
erage value of the slope of the propagation length of each
period in Figure 17 as the crack propagation rate. We
compare the crack growth rate at 0 MPa water pressure as 1,
as shown in Figure 18. From the results, it can be seen that
the crack growth rate increases steadily when the water
pressure is from 0 to 4 MPa, and at 6 MPa, the crack growth
rate increases significantly.

5. Numerical Simulation

The existence of water pressure has a great influence on the
expansion of the fracture, but the stress at the tip of the
fracture is difficult to monitor in time. In this paper, the
extended finite element method (XFEM) in simulation
software ABAQUS is used to simulate the laboratory ex-
periment. In the process of modeling, the corresponding
model parameters are shown in Table 2. The intermediate
point of crack was selected as the injection point in the test.
In order to conform to the natural rock, the guide flume
reserved in the test was ignored in the numerical simulation.
The actual engineering size of the model is adopted, the
length and width of the model are 50 m, the crack length is
1 m, and the dip angle is 45° in the middle of the model. With
the boundary fixed on both sides of the model, the crack-
down on the surface of the contact is not defined. In order to
prevent the difficulty in calculating caused by stress surge,
the amplitude curve of hydraulic injection was defined, the
injection was accelerated in the first ten seconds, and the
model was compressed after applying the pressure. As in the
laboratory tests, uniaxial compression USES displacement
control and the control speed is 0.005mm/s. Considering
that crack propagation is a brittle fracture process occurring
at the crack tip, the critical stress is selected as the crack
propagation criterion in this study to determine the critical
point of the rock mass stress fracture and the trend during
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FIGURE 18: Crack growth rate under different water pressures.

TABLE 2: Simulation model parameters.

Parameter Values

Elasticity modulus (GPa) 15
Poisson’s ratio 0.25
Tensile strength (MPa) 6
Permeability coefficient (m/s) le-7
Filtration coefficient (m/Pas) le—14
Fracturing fluid viscosity (Pas) 0.001

the propagation. The fracture failure is controlled by
maximum normal stress criterion, and the damage evolution
is controlled by displacement failure. A viscosity regulari-
zation coefficient was added to the model to increase its
stability.

The model in this section uses a 45° precrack inclination
angle. It can be known through numerical simulation that
the water pressure and tip stress in the crack and the change
with time are studied through the set injection rate. As
shown in Figure 19, as the cracks expand, the water pressure
in the cracks fluctuates sharply. Especially, before the cracks
propagate, a large amount of energy is accumulated before
the cracks propagate. A large amount of energy is released at
the initial stage of crack propagation. After the energy is
released, the liquid enters the new crack surface, and the
water pressure decreases instantaneously. When the crack
propagation turns to the vertical stress direction, the water
pressure required for the crack propagation stress is stable
until the water pressure drops linearly when it penetrates.
The change of the stress at the crack tip is similar to that of
water pressure. As shown in Figure 20, during the crack
propagation process, the tip stress at the initial stage of crack
propagation is more complex and exhibits larger fluctua-
tions. The relevant theoretical content of Griffith is as follows
and readded to the thesis.

Girfhith (1921) did not directly consider the stress at the
crack tip, using the strain energy density around the crack
obtained by Inglis (1913) to do the full-field integration to
obtain the elastic potential energy formula
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W.= , (1)

where W is the elastic potential energy, and when a new
crack occurs, the increased surface energy is

S = 4aT, (2)

where I' is the surface energy per unit area and a is the crack
propagation length. If the release rate of elastic potential
energy is greater than or equal to the increase rate of surface
energy, the crack growth condition is obtained as

dw, dS

" da (3)

The critical stress is obtained by substituting formulae (1)
and (2).

o - 2ET
9 na(l - vz)' @)
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In the formula, E, T, v are material constants, so 04° \a
is a constant.

In the simulation, when the crack tip stress o, reaches a
certain value, the crack cracks. When the time is after 20, as
shown in Figure 20, o, fluctuates slightly between 30 and
35 MPa at this time. It is consistent with the conclusion that

a, will be cracked in Griffith’s conclusion.

6. Discussion

Because of the existence of water pressure, crack propagation
is controlled not only by axial load, but also by the coupling
effect of axial load and water pressure. It is known from the
test that the water pressure has little effect on the initial crack
but has a great influence on the propagation of the secondary
crack in the middle and later stages. Due to the normal
pressure of water pressure on the crack surface, more
transverse propagation of crack occurs. In addition, the
existence of liquid weakens the friction between the upper
and lower surfaces of the crack, which leads to the accel-
eration of crack propagation and makes the sample pene-
trate earlier. The penetration of the sample is only the
leakage of liquid, and there is no collapse failure of the whole
sample, so the penetration is always before the peak stress,
and the rock mass still has a certain bearing capacity after
penetration. From the experiment and numerical simula-
tion, it can be seen that the crack propagation occurs several
times continuously, each crack propagation is accompanied
by stress relaxation, and some small fluctuations can be seen
in the stress-strain curve. At the later stage, when the crack
propagation direction turns to the vertical direction, the
stress at the tip of the prefabricated crack shows an obvious
cycle of stress concentration-crack propagation-stress re-
lease-stress concentration.

7. Conclusions

Experiments and simulations were conducted to investigate
the 3D propagation of fractures in a transparent rock mass.
The following conclusions were drawn:

(1) The initial crack stress of the samples was similar in
the presence and the absence of pore water pressure,
and the stress and strain of the rock mass were
similar prior to cracking. The crack propagation rate
was faster in the samples with pore water pressure.

(2) Petal-shaped cracks were observed in the samples
exposed to water pressure, and the cracks were more
prone to expand and penetrate laterally. When the
water pressure is lower than 2 MPa, the crack
propagation process is close to that without water
pressure. When the water pressure is increased to
4 MPa, the expansion speed is obviously accelerated.
When the water pressure reaches 6 MPa, the crack
grows rapidly, and water inrush is easy to occur in
the project. The existence of water pressure makes
the crack propagate more along the crack periphery
and more laterally. With the same crack length, the
effective area of crack propagation is more. The
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existence of water pressure reduces the symmetry of
crack propagation and increases the instability of
crack propagation.

(3) With the increase in water pressure, the crack ini-
tiation strength, penetration strength, and peak
strength decreased. However, the water pressure had
a relatively small impact on the crack initiation
strength and the largest impact on the penetration
stress. Due to the influence of the water pressure, the
crack penetrated the sample soon after crack initi-
ation. The higher the water pressure, the faster the
penetration rate. At a water pressure value of 6 MPa,
the lateral penetration of the sample occurred almost
at the same time as the crack initiation.

(4) The penetration strength did not only depend on the
pore water pressure, but also exhibited high sensi-
tivity to the inclination angle of the primary crack.
With the increase in the inclination angle, the crack
initiation stress and penetration stress decreased,
and the inclination angle had the largest influence on
the penetration strength. The peak strength reached
the minimum at an angle of 45°, and the penetration
of the rock mass after fracture initiation occurred
fastest at an inclination angle of 60°.

(5) Inthe early stage of loading, the stress was concentrated
around the prefabricated crack, and as the secondary
crack extended, the stress concentration was at the tip
of the secondary crack. The stress near the tip exhibited
a cycle of energy accumulation-crack expansion-stress
relaxation as the crack expanded; this finding was
consistent with Griffith’s energy theory.
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