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+e fracture of sandstone is closely related to the condition of internal microcracks and the fabric of micrograin.+emacroscopic
mechanical property depends on its microscopic structures. However, it is difficult to obtain the law of the microcrack growth
under loading by experiments. A series of microscopic sandstonemodels were established with particle flow code 3D (PFC3D) and
based on the triaxial experiment results on sandstones. +e experimental and numerical simulations of natural and saturated
sandstones under different confining pressures were implemented. We analyzed the evolution of rock deformation and the rock
fracture development from amicroscopic view. Results show that although the sandstones are under different confining pressures,
the law of microcrack growth is the same. +at is, the number of the microcracks increases slowly in the initial stage and then
increases exponentially. +e number of shear cracks is more than the tensile cracks, and the proportion of the shear cracks
increases with the increase of confining pressure.+e cracking strength of natural and saturated sandstones is 26% and 27% of the
peak strength, respectively. Under low confining pressure, the total number of cracks in the saturated sample is 20% more than
that of the natural sample and the strongly scattered chain is barely seen. With the increase of the confining pressure, the effect of
water on the total number of cracks is reduced and the distribution of the strong chain is even more uniform. In other words, it is
the confining pressure that mainly affects the distribution of the force chain, irrespective of the state of the rock, natural or
saturated. +e research results reveal that the control mechanism of shear crack friction under the different stress states of a rock
slope in the reservoir area provides a basis for evaluating the stability of rock mass and predicting the occurrence of
geological disasters.

1. Introduction

Rock is anisotropic aggregates bonded by multiple mineral
particles with different microscopic structures such as in-
ternal particles, pores, and types of cement, often found in
mining [1, 2] and tunneling [3]. On account of long-term
geologic tectonism and the diversity of occurrence envi-
ronment, rocks generally contain many randomly distrib-
uted defects, including fractures, joints, and beddings. +ey
are featured by apparent heterogeneity, discontinuity, and

anisotropy under loading, with significant uniqueness in
mechanical properties and deformation failure laws. +e
strength of rock drops when touching water, accompanied
by a water softening effect. Many geotechnical, hydraulic
projects have been constructed in recent years, which
triggered significant problems, including instability and
safety accidents due to subsurface action, thereby causing
great human and property losses. Consequently, investi-
gating the deformation-induced failure rules and mecha-
nism of natural and saturated rocks from macroscopic and
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microscopic aspects has crucial practical significance and
great engineering application values in accurately predicting
the stability of rock engineering and effectively ensuring
safety.

Currently, scholars have conducted a great deal of re-
search on rock’s fracture and deformation rules and
mechanisms [4, 5]. Hoek et al. have achieved many fruitful
achievements regarding rock’s deformation and fracturing
rules [6]. Hazzard et al. analyzed the formation and de-
velopment of cracks in the brittle rocks with dynamic and
microscopic mechanical models and performed laboratory
tests for comparison [7]. Martin determined the charac-
teristic strengths (including the crack initiation strength, the
crack damage stress strength, and the peak strength)
according to the stress threshold corresponding to the in-
flection point of strain on the stress-strain curve [8, 10].
Zhang et al. analyzed the condition of flaky rocks with the
stress threshold value in rock’s progressive failure and made
a comparison with the other types of rocks [11]. Xie et al.
focused on energy accumulation and release rules of rock
units during the deformation failure process based on elastic
theory [12]. Finally, Deng et al. carried out comprehensive
research on red bed mechanical properties and deformation
failure characteristics [13].

Researchers also conducted in-depth studies on the
development mechanisms of rock cracks in previous studies
but cannot directly measure the overall development and
evolution process of cracks in the rock samples under
loading. It is pretty challenging to gain a comprehensive
understanding of rock’s deformation and failure mecha-
nism. With the rapid development and extensive applica-
tions of numerical simulation techniques [14, 15], both crack
development rules and failure mode of rock under loading
can be analyzed by simulating the macromechanical pa-
rameters of rock using numerical calculation software on
micro level. At present, a commercial software, particle flow
code (PFC), developed by Itasca Co. Ltd., has witnessed
extensive applications [16]. PFC, which was first proposed by
Cundall and Strack for simulating the motion of rigid balls
and the related interaction based on the ideal of discrete
elements and particle discrete element method, can over-
come the macrocontinuity hypothesis in continuum me-
chanics and employ micromechanical parameters for
simulating the rock’s macromechanical response [17]. PFC
mainly includes two bonding models—parallel bond (PB)
model and contact bond (CB) model [18, 19]. +e boning
among mineral particles in the rock can be simulated by
specifying the bonding type among particles. Accordingly,
the formation and development of microcracks in the rock
can be simulated with bonding failure among particles to
reveal microcrack development rules in the rock. Potyondy
et al. employed the bonded-particle model in PFC for an-
alyzing the fracture mechanism of rock [19]. Hazzard et al.
used the bonded-particle model construct the rock sample
and simulated the coalescence and development process of
cracks in the rock under compressive stress by the fracture of
the bonding linkage among particles [7]. Cho et al. estab-
lished the granite model with clump units for performing
Brazilian Split test, uniaxial compression, and triaxial

compression tests and analyzed the effects of micro-
parameters on macromechanical property in detail [18].
Backstrom et al. conducted a uniaxial compression failure
model on dry and water-bearing granite samples via discrete
element method (DEM) [20]. Fakhimi et al. focused on the
failure model of sandstone under biaxial compression test
via PFC2D analysis [21]. Jiang et al. employed PFC2D for
fully simulating the uniaxial compression test of rock under
water softening-chemical weathering effect and analyzed the
change of the rock’s mechanical properties and failure mode
on both macrolevels and microlevels [22]. Based on the
discrete element software PFC2D, Liu et al. explored the
microstructure of argillaceous sandstone after dray-wet
cycles and concluded the particle’s contact network effects,
force chain distribution, and crack distribution pattern [23].
Cong et al. determined the microscopic parameters of rock-
type materials in combination with laboratory loading/
unloading tests of marbles and explored the quantitative
correlation among macro/microparameters based on par-
ticle flow principle [24]. Tian et al. selected the cluster unit in
PFC2D and conducted a simulation on two unloading
confining pressure paths of sandstone for contrastive
analysis [25]. Using the discrete element method, Yuan et al.
investigated the macro/micromechanical responses of in-
ternal particle components in the rock under compressive
loading [26].

+e shoreside rock would frequently suffer from water
saturation and high pressure in a wet period. Otherwise, the
shoreside rock would be exposed to a relatively dry envi-
ronment. +erefore, it is significant and necessary to
lucubrate mechanical properties damage characteristics of
the rock in this condition. +is study focused on sandstone
on the bank slope of a reservoir in Chongqing, China, and
established the microstructural model of the sandstone with
PFC3D software based on three-dimensional (3D) particle
flow theory. In combination with laboratory test results, the
micromechanical parameters of sandstone were determined,
and the micromechanical numerical model of sandstone was
constructed for numerical simulating the deformation and
failure evolution process of natural and saturated sandstones
under different stress levels. +e simulation results based on
the micro perspective comprehensively reveal the defor-
mation and failure evolution rules and mechanisms of
natural and saturated sandstones under different combining
pressures, which provides a basis for the evaluation of the
stability of rock mass and the prediction of the occurrence of
geological disasters under the wet-natural condition.

2. Sample Preparation and
Experimental Equipment

2.1. Sample Preparation. A typical bank slope comprised of
rock from the +ree Gorges reservoir area was selected, and
samples came from the hydrofluctuation belt. Sandstone
cores from in situ rock mass were remachined in the
Chongqing Key Laboratory of Energy Engineering Me-
chanics and Disaster Prevention and Mitigation. Besides,
samples with obvious defects were rejected, according to the
International Society of Rock Mechanics Test Procedures
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(ISRM) (Fairhurst and Hudson 1993). All tested samples
were cylindrical with a length of 100mm and a diameter of
50mm, and diameter error shall be no more than 0.3mm
and the error of end face nonparallelism no more than
0.05mm. In addition, P-wave velocity and rebound value
were scrutinized to eliminate samples with extreme outliers.
Sketches of machined sandstone samples are shown in
Figure 1.

X-ray diffraction and an electronic microscope were
employed to identify the mineral contents of the specimens.
Figure 2 illustrates the microscopic structure of sandstone.
+e identification test showed that the rock class was me-
dium-fine detritus feldspathic quartz sandstone, and the
mineral contents (mass fraction) were as follows: quartz
55%, feldspar 25%, hornblende 9%, olivine 3%, biotite 3%,
and interstitial matter 5%. +e sandstone was hard and
compact, with void cementation.

2.2. Experimental Equipment. +e tests were conducted
mainly by using the TFD-2000 computer servo controlled
triaxial rock rheology testing machine. +e maximum axial
test force is 2000 kN, and themaximum confining pressure is
100MPa. Temperature ranges from room temperature to
200°C. +e testing machine is capable of performing me-
chanical tests under multifield coupling conditions, in-
cluding uniaxial and triaxial compression tests, uniaxial and
triaxial rheological tests, high-temperature triaxial test, high-
temperature triaxial rheological tests, and room-tempera-
ture and high-temperature seepage tests on the rock.+e test
equipment is shown in Figure 3.

+e triaxial compression tests were conducted using the
TFD-2000 rock rheology test machine, as shown in
Figure 3(a). +e sample is sealed with a shrinkable heat tube,
and the axial and lateral strains are collected by displacement
sensors, as shown in Figure 3(b). We set the testing tem-
perature to 20± 2°C.

3. Numerical Model and
Microscopic Parameters

3.1. Numerical Model for the Sandstone Sample. +e PFC3D
model for conventional compression test consists of two-part
wall and particles. To be specific, the particles are wrapped by
the wall. +e infinitely extended plane loading plates are on
both top and bottom, while the sidewall is nearly the outer wall
of the cylinder composed of innumerable tiny rectangular
planes. When the model works, the axial load is applied to the
sample by setting the upper and the lower loading plates
(mt_psr). According to the actual side of the sample and the
computer performance, the minimum particle radius and the
particle diameter can be set as Rmin � 1.5mm and Rmax/
Rmin� 1.5. +e particle diameter follows the Gaussian dis-
tribution in the whole model. Figure 4 shows the PFC geo-
metrical model of the sandstone sample.

To lower the effect on the model sample during loading,
the loading speed of the loading plate rises in ladder pattern
and gradually achieves the target value. +e stress/strain
value of the sample can be recorded by compiling the
functions with the fish language in the program.

3.2. Microscopic Parameters of the Sandstone Numerical
Model. +e microscopic parameters of the rock were ob-
tained by comparing stress-strain curves and key parameters
(mainly including peak strength, peak strain, elastic mod-
ulus, and Poisson’s ratio) after repeated trials and checks.
Different contact types should specify different types of
materials. Rock materials generally adopt a parallel bonding
model and linear stiffness model. +e microscopic param-
eters differ under different confining pressures. +e rock
peak strengths during uniaxial and triaxial compression tests
in PFC simulation were subjected to normal and tangential
bonding strengths. +e declining pattern of the prepeak
curve changes with the friction coefficient.+e rock becomes
ductile at high confining pressure. +erefore, different
friction coefficients should be appropriately set following
other confining pressures. Meanwhile, the friction coeffi-
cient can also affect the peak strength to a certain degree.
After calibrating micromechanical parameters, this study
carried out some macromechanical experiments for cali-
brating and determining some basic microparameters, as
listed in Table 1.

4. ContrastiveAnalysisbetweenLaboratoryTest
Results and PFC Numerical Simulation
Results of Sandstones

Both uniaxial and triaxial compression tests were conducted
on natural and saturated sandstone samples. It must be
noted that the confining pressure was set as 5, 10, and
15MPa in the triaxial compression test. Moreover, using the
same samples, loading mode, and micromechanical pa-
rameters, micromechanical numerical simulation was

Figure 1: Sandstone specimens.

Figure 2: +e microscopic structure of sandstone.
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conducted on natural and saturated sandstone samples,
during which the confining pressure was set as 5, 10, 15, 20,
30, 40, and 50MPa, respectively. +e numerical simulation
results were compared with laboratory test data. In the
meantime, both macro- and micromechanical properties of
natural and saturated sandstone samples at confining
pressures of 20, 30, 40, and 50MPa were predicted. +e
comparison between laboratory test and numerical simu-
lation results is shown in Table 2 and Figures 5 and 6.

As shown in Table 2 and Figures 5 and 6, the stress/strain
curves in numerical simulation fit well with the laboratory

test results under both uniaxial stress and triaxial stress at
different confining pressures. +e deviations of peak com-
pressive strength and elastic modulus are controlled within
10%, and the departure of the peak strain is controlled within
6%. Figure 7 shows the variations of the peak compressive
strength with confining pressure under two conditions.

According to the Mohr–Coulomb strength criterion, the
cohesive force and the internal friction angle in laboratory
test and PFC numerical simulation can be obtained, as listed
in Table 3. However, the cohesive force in the numerical
simulation was more significant through comparison, while
the internal friction angle was lower than the test values.+is
can be attributed to the difference between the generated
particle model and the microstructures of actual samples, as
Cho and Potyondy have pointed out [18, 19].

5. MicromechanicalResponseCharacteristicsof
Sandstones under Different Stresses

5.1. Deformation and Fracture Evolution Rules of Sandstones.
Next, we investigated the micromechanical response char-
acteristics of sandstone under different stresses with the
micronumerical model of sandstone in PFC3D. By taking

Table 1: Microscopic parameters of the sandstone numerical
model.

Microscopic parameters Values
Ball density ρ (kg/cm3) 2430
Minimum ball radius Rmin (mm) 1.5
Ball size ratio Rmax/Rmin 1.5
Ball-ball contact modulus Ec (GPa) 18± 10
Particle stiffness ratio kn/ks 2.5
Parallel-bond modulus Ec (GPa) 18± 10
Parallel-bond normal strength σn (MPa) 57± 20
Particle friction coefficient μ 0.5

(a) (b)

Figure 3: TFD-2000 computer servo controlled triaxial rock rheology testing machine. (a) Appearance of the test apparatus. (b) Pressure
chambers.

PFC3D 5.00
©2017 Itasca Consulting Group. Inc.
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Figure 4: A numerical model for the sandstone sample.
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the natural sandstone at a confining pressure of 5MPa as an
example, the micromechanical evolution rules of the
sandstone sample under the loading path were concluded, as
shown in Figures 8 and 9. +e data such as the number of
fractures, the fracturing mode, and the fracture position
were captured using the program compiled with fish lan-
guage in PFC software.

+e following conclusions are drawn from Figures 8 and
9:

(1) At the beginning of loading, the stress/strain curve
shows an unmistakable concave shape. During the
loading process, many microfractures were closed
under the external force, while the pores between
rock molecules were gradually compacted. +ere-
fore, the strain rate first increased and then dropped
with the stress. +us, the sample underwent the
transition from compaction to linear elastic defor-
mation. In the compaction phase, since the micro-
fractures have not been fully closed and the faults
were inhibited, the radial strain of the sample
changed slightly. However, no new fractures were
formed in the sample.

(2) In the linear elastic deformation phase, fractures
began to appear in the sample and then developed
slowly and extended stably. In particular, the tensile
fractures occurred earlier and grew more rapidly
than the shear fractures. +e number of micro-
fractures in the sample increased slowly while the
microfractures were not interconnected.

(3) As the stress reached 80%∼90% of the peak strength
of the sandstone, the microfractures began to de-
velop rapidly and were gradually connected. As a
result, the number of tensile fractures was more
significant than that of shear fractures.

(4) As the stress reached the peak strength, the sample
was destroyed, and more microfractures were
formed. After the stress became near the peak
strength, the number of microstructures in the
sample increased rapidly in an exponential pattern.
Moreover, the growth rate of the tensile fractures was
significantly more extensive than that of the shear
fractures. At that time, the sample was fully
destroyed. As a result, obvious tensile and shear

Table 2: Comparison between the laboratory test and PFC3D numerical simulation results for sandstones.

Confining
pressure
(MPa)

Sample
state

Peak strength Elastic modulus Peak strain
Experimental
value (MPa)

PFC modelling
value (MPa)

Experimental
value (MPa)

PFC modelling
value (MPa)

Experimental
value (MPa)

PFC modelling
value (MPa)

0 Natural 68.17 66.87 12.74 16.11 4.67 4.67
Saturated 37.13 31.80 10.22 8.31 4.20 4.16

5 Natural 78.41 78.21 14.31 15.62 5.96 5.95
Saturated 71.64 71.20 11.66 13.84 6.37 6.46

10 Natural 102.60 107.40 20.91 20.59 6.21 6.00
Saturated 77.02 76.29 15.21 18.07 7.34 7.78

15 Natural 115.29 116.61 29.05 25.26 6.94 6.75
Saturated 97.93 99.01 21.36 21.33 7.27 7.19
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Figure 5: Sandstone stress-strain curves under different confining
pressures (natural).
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fractures, visible to the human eye at the macro level,
appeared in the sample. In addition, a significant
number of microfractures were distributed in the
sample on the micro level. Conclusively, the defor-
mation and fracture process of the sandstone sample
mainly consists of the compaction of microfractures,

the formation and development of tensile and shear
fractures, the interconnection of microfractures, the
unstable development of microfractures, and the
macrodamage. +e particle failure diagram via PFC
simulation was consistent with the actual macro-
failure mode in the laboratory test.
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Table 3: Intensity parameter of sandstone.

Category Sample state c (MPa) φ (°)

Laboratory experiment Natural 15.7 35.58
Saturated 13.9 31.18

Numerical simulation Natural 14.7 37.52
Saturated 13.5 31.94
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Figure 8:+e evolution process of deformation andmicrocrack under the loading path (confining pressure is 5MPa). (a) PFC3D numerical
simulation results for natural sandstone (confining pressure is 5MPa). (b) Failure patterns of specimens of sandstone and PFC3D numerical
simulation.
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5.2. Failure Mechanism of the Sandstone under Different
Stresses. According to the development degree and the
evolutional level of microfractures, the stress/strain curve of
the sandstone sample under uniaxial or low confining
pressure can be roughly divided into three phases, as shown
in Figure 10.

+ree phases, denoted as Phase A, Phase B, and Phase C,
can be observed in Figure 10. In Phase A, only a tiny number
of microfractures (in single digit) appeared in the sample,
and the original fractures in the rock were closed under
compaction, suggesting the linear elastic deformation phase.
In Phase B, as the stress increased gradually, the sandstone
also underwent linear elastic deformation. +e tensile
fractures appeared earlier and developed more rapidly than
the shear fractures. Some parallel bonds cracked. +e
starting point of the axial stress corresponding to the be-
ginning of the appearance of original or new fractures,
generally defined as the fracture initiation strength, is
generally 30%∼50% of peak strength. In Phase C, the tensile
fractures increased rapidly in number and became gradually
interconnected in the sample, accompanied by the decline in
parallel bonding strength. Macrofractures began to appear in
the sample, and sliding friction was generated. +e parallel
bonding tangential strength dropped rapidly. +e stress also
decreased drastically as reaching the peak strength, which
was indicative of macrofracture of the sandstone. Huang
et al. pointed out that the rock was initially damaged when
the number of themicrofractures was 0.1% of the value at the
peak strength so that the rock’s fracture initiation strength
can be determined [27]. Accordingly, the numerical simu-
lation data were organized, and natural and saturated
sandstone values under different confining pressures were
derived, as shown in Figure 11.

It can be seen from Figure 11 that the fracture initiation
strengths of natural and saturated sandstone samples were

26% and 27% of peak strengths. +e fracture initiation
strength varied greatly at low confining pressure. At over
20MPa, the fracture initiation strengths of natural and
saturated sandstone samples were 34% and 24% of peak
strengths. Since the fracture initiation lasted for a long time,
the fracture initiation strengths were 10%∼40% of peak
strengths. Only a few microfractures appeared. +erefore, it
is a feature to describe the fracture initiation strength of the
sandstone by the mean value of the percentage of different
confining pressures.

Figures 12 and 13 display the stress-strain curves and
fracture evolution rules of natural and saturated sandstone
samples under different confining pressures via PFC nu-
merical simulation.

Figures 12 and 13 show that more microfractures
appeared at a higher confining pressure under the same
condition. +e evolutions of microfractures under different
confining pressures exhibit an S-shaped growth pattern. At
low confining pressure, the deviatoric stress reached the
stress threshold of the fracture initiation strength, and the
sample began to fracture. At that time, only a very few
microfractures appeared and grew slowly. On the micro
level, only a few or dozens of particles were destroyed. As the
deviatoric stress reached 70%∼80% of peak strength, the
number of microfractures increased rapidly. Next, as the
deviatoric stress reached the peak strength, the number of
microfractures significantly increased in an exponential
pattern, and the numerical model was destroyed. As a
moderate confining pressure, the microcracks in the sand-
stone sample increased rapidly in number, and peak strength
rose, suggesting that the sample can sustain a more sig-
nificant pressure. Meanwhile, the number of microfractures
increased, but the sample would not be destroyed imme-
diately but still showed certain ductility. At higher confining
pressure, the microfractures grew at consistent rates, and no
obvious inflection point appeared in the evolutional curve of
the microfractures.
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Figure 9: Stress-strain curve of sandstone samples and the evo-
lution of microcracks (confining pressure is 5MPa).
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Figure 10: Evolution of microcrack incubation for the sandstone
sample.
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5.3. Fracturing of the Sandstone Samples under Different
Moisture Conditions. Figure 14 displays the development of
microfractures with the confining pressure. Based on the total
number of fractures in the natural and the saturated samples
at different confining pressures, the saturated sample showed
more substantial ductility because of water, longer loading
process, and higher peak strain. Moreover, the number of
fractures in the saturated sample exceeded that in the natural
sample. At low confining pressure, the total number of
fractures in the saturated sample was 20% greater than that in
the natural sample. +e number of fractures in the samples
increased almost consistently with the confining pressure by
only 1%∼5%. It is noted that the number of fractures in the

saturated sample increased slightly at a confining pressure of
over 50MPa. Accordingly, the difference in the fracture
numbers between natural and saturated samples was widened
with a further increase of the confining pressure. Future
research studies will focus on this aspect.

Figure 15 shows the stress/strain curves and the fracture
evolution rules of the samples with different moisture con-
ditions at other confining pressures under the stress loading
path. It is observed that themicrofractures in the samples with
varying states of moisture showed similar evolutional laws at
different confining pressures (5MPa and 15MPa). +e
fracture initiation zones and rapid increase of microfractures
in different samples exhibited no noticeable difference. It also
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strain under different confining pressures (natural).
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Figure 13: Deviator stress and microcracks number versus axial
strain under different confining pressures (saturated).

N
um

be
r o

f m
ic

ro
-c

ra
ck

s

0 5 10 15 20 25 30 35 40 45 50 55 60
0

2000

4000

6000

8000

10000

12000

Confining pressure (MPa)

Simulation (natural)
Simulation (saturated)

Figure 14: +e diagram of microcracks under different confining
pressures.

8 Mathematical Problems in Engineering



is observed that the number of the microfractures in the
saturated sample was 20% higher than that in the natural
sample at a confining pressure of 5MPa, which is almost
consistent with the scatter plots in Figure 14. At a high
confining pressure, the evolution rules of the microfractures
showed no noticeable difference. +e number of micro-
fractures in the natural sample increased very much when
approaching the peak strength until failure. Because of the
role of water, the saturated sample showed no apparent brittle
failure while the peak stress increased significantly. At the
beginning of loading, the microfractures in the saturated
sample evolvedmore rapidly than those in the natural sample;
subsequently, the microfractures increased stably. However,
the increase of the microfractures in the saturated sample was
slower than that in the natural sample, while the number of
microfractures differs slightly in the two samples.

5.4. ForceChainCondition. Under axial load and gravity, the
adjacent particles resulted in different strengths after the
contact, which formed the force chains with uneven
thickness distribution on a microscopic level. +ese force
chains are interlaced in an irregular pattern to create the
network. +e strong force chains bore most external load

while the weak force chains participated in the structural
reconstruction in the material after the damages of particles
and structural failure. +e complexity of force chains on the
micro level can account for totally different mechanical
properties on the macro level. Without external load, the
particles were in tight contact, and force chains were
complexly interlaced. As shown in Figure 16, many longi-
tudinal and transverse force chains were distributed
throughout the sample.

After the application of external load, the distribution of
force chains in the sample changed significantly. +e force
chains in the sample after loading failure were simulated by
PFC software, during which the confining was set as 0, 5, 10,
15, 20, 30, 40, and 50MPa (the present laboratory tests were
performed at 0, 5, 10, and 15MPa). To be specific, the
pressure force chains, marked in blue, occupied a vast
majority after the damage, while the tensile force chains,
marked in green, were unevenly distributed in the sample.
+e thickness of the force chain characterizes the magnitude
of particle contact force.+us, a thicker chain is indicative of
greater particle contact force.

+e force chain distribution underwent a significant
change after failure. Before the loading, the force chains were
intricately distributed. +e number of longitudinal force
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Figure 15: Deviator stress and microcracks number versus axial strain under different confining pressures. (a) 5MPa, (b) 15MPa, and
(c) 50MPa.
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chains wasmore effective than that of transverse force chains.
After the loading, the particles compressed as the load in-
creased, accompanied by the increase of radial strain. +e
radial contact among particles was destroyed. A large
number of radial force chains were fractured. Moreover, after
the loading, many strong force chains, marked by thick lines
in blue, can be found throughout the sample, whose direc-
tions were roughly identical with the loading direction. Only

server strong force chains appeared at low confining pres-
sure. As the confining pressure increased, strong force chains
became more uniformly and densely distributed throughout
the sample. +e distributions of force chains in natural and
saturated samples showed no noticeable difference. +us, the
confining pressure imposed a significant effect on the dis-
tribution of the force chain. After the failure, only several
tensile force chains, marked in green, were faintly visible in

Figure 16: Initial force chain of the numerical model.

(a) (b)

Figure 17: Force chain of natural samples after cracking. (a) Confining pressures are 0, 5, 10, and 15MPa. (b) Confining pressures are 20, 30,
40, and 50MPa.
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the sample. Since most radial contacts were destroyed, only a
few tensile force chains existed and were not obvious. By
comparing the number of tensile force chains under different
confining pressures, significantly fewer tensile force chains
existed at higher confining pressure, and strong force chains
showed the migration trend towards the confining pressure,
as shown in Figures 17 and 18.

6. Conclusions

In this study, the microscopic numerical model of sandstone
was established by PFC3D for numerical simulation.
+rough comparison, the microscopic numerical simulation
results fit well with conventional uniaxial and triaxial test
data in the laboratory.

+e fracture initiation strengths of natural and saturated
sandstone samples were 26% or 27% of peak strength. +e
microfractures developed slowly and then rapidly in ex-
ponential patterns after over 70%∼80% of peak strength in
the early stage. +e evolution of microfractures approxi-
mately followed an S-shaped pattern with the confining
pressure, especially at high confining pressures. During the
loading process, the number of shear fractures increased and
gradually exceeded that of tensile fractures, finally leading to
shear failure of the sample, consistent with macrofailure
characteristics. At a confining pressure, the number of
fractures in the saturated sample increased by 20%. At high
pressure, the number of fractures in the natural sample was
close to that in the saturated sample.

After the loading, a significant number of strong force
chains were distributed throughout the sample. Only several
strong force chains were faintly visible at low confining
pressure. As the confining pressure increased, the distri-
bution of strong force chains became more uniform and
denser.+e natural and saturated samples showed almost no
change in terms of force chain distribution. +e confining
pressure imposed a significant effect on the distribution of
force chains.

+is study revealed the deformation and failure rules of
sandstone and microfracture development mechanism from
a microscopic perspective, which can provide the micro-
mechanical foundation for investigating the slope defor-
mation and failure on the bank of the+ree Gorge Reservoir.
Furthermore, exploring microfracture evolution rules and
deformation/failure mechanism of sandstone lays a solid
foundation for evaluating the rock stability and predicting
the occurrence of geological disasters in the reservoir.
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