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)e sandstone from the dry to saturated state shows obvious deterioration characteristics. Taking the sandstone of a slope in the
)ree Gorges Reservoir area as the research object, uniaxial/triaxial compression of sandstone samples with different water-
bearing states (dry, natural, and saturated) is carried out to study the changes in macromechanical properties of sandstone under
different water-bearing states. Combined with NMR and SEM, the characteristics of microstructure of sandstone under different
moisture conditions were studied. )e results show that, with the increase of water content, the macromechanical parameters of
sandstone gradually decrease, and the fine and microstructure characteristics are characterized by the gradual increase in the
number of pores and the gradual increase in pore size. Based on the PFC2D software, considering the weakening effect of water on
the partial cementation from amesoscopic point of view, it is proposed to use soft and hard contacts to simulate the changes in the
degree of cementation between particles under different water-bearing conditions and to study the impact of sandstone
micromechanical parameters with changes in water content. Related research results can provide theoretical guidance for the
stability evaluation of wading rock mass engineering.

1. Introduction

People’s understanding of water-rock interaction in engi-
neering comes from the obvious difference between the
physical and mechanical properties of rocks in the saturated
state and those in the dry state. It is found that the physical
and mechanical properties of rocks in the saturated state
have a significant decreasing trend [1, 2]. Water is one of the
unavoidable occurrence conditions of rockmass engineering
[3]. With the rapid development of rock mass engineering
such as slopes [4, 5], tunnels [6, 7], and underground caverns
[8–11], water-rock interaction is highly valued. Rocks often
contain microscopic defects such as pores and fissures,
which become channels for water to enter the rock, thereby
deteriorating its mechanical properties. )e problem of rock
mass engineering disasters caused by water is very common,
so studying the mechanical properties of rocks under water-

rock interaction is of great significance to rock mass
engineering.

With the deepening of research on water-rock interac-
tion, more and more scholars have carried out research on
water-rock interaction from the microscopic level. In terms
of the research on the change of rock mineral composition
under water-rock interaction, Cui et al. [12–15] used X-ray
diffraction experiments to study the change law and
quantitative analysis of rock mineral content under water-
rock interaction. As the water-rock interaction time in-
creases, the clay mineral content generally shows a trend of
increasing first and then decreasing. Song et al. [16–18] used
the fluorescence spectroscopy test to study the change of the
mineral composition of limestone under the action of water
and rock and concluded that the content of CaCO3 and SiO2
changes exponentially as the osmotic pressure increases. In
the study of the fine microstructure characteristics of rocks
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under water-rock interaction, Qiao et al. [19–21] used CT
scanning technology to scan the rock samples damaged by
water-rock interaction and found that the water-rock in-
teraction leads to an increase in the mesopores of the rock,
and the CT number shows an increasing trend. Zhong et al.
[22–24] used nuclear magnetic resonance technology to test
the porosity of rocks under different water-rock interaction
conditions, found that the increase in water-rock interaction
would lead to an increase in porosity, and established a
quantitative relationship between porosity and rock meso-
scopic damage. Wang et al. [25, 26] studied the influence of
water-rock interaction on the microstructure characteristics
of rocks based on scanning electron microscopy experiments
and found that the damage degree of water and rock con-
tinues to increase, and its microscopic pores and cracks
continue to increase, and the larger the value of the fractal
dimension based on the scanning electron microscope image.
)e above research shows that the changes in the microscopic
structure of rocks after encountering water are the main
reason for the deterioration of macromechanical properties.

In recent years, the numerical simulation of particle flow
based on the discrete element method has become an im-
portant way to study rock mechanics from a mesolevel
perspective. Liu et al. [27, 28] studied the influence of water-
rock interaction on the contact network, force chain dis-
tribution, and crack distribution of sandstone particles based
on the particle flow software PFC2D. Jiang et al. [29, 30]
analyzed the change law of the mechanical properties and
failure modes of rocks under different water content con-
ditions based on the discrete element particle flow method.
Based on the particle discrete element method, Hu et al. [31]
proposed a parallel bonding water-weakening model and
analyzed the heterogeneity of cement, energy dissipation,
inclination, failure mode of microcracks, and so on and
revealed the mesomechanism of the weakening effect of
water on rocks.)e above research fully proves the feasibility
and applicability of using particle flow software for water-
rock interaction analysis.

Based on the abovementioned literature analysis, many
scholars have conducted research on the degradation
mechanism of rocks under water-rock interaction from the
macroscopic and microscopic perspectives, and the research
results have provided good guidance for engineering
practice. However, in the study of the mechanical properties
of sandstone under different water content conditions, based
on the results of qualitative and quantitative analysis of rock
microlevels, there are few studies on the mechanism of
influence of different water content conditions on rock
macromicromechanical properties from the perspective of
mesoanalysis of the weakening of the cementation between
the water-induced mesoparticles. )erefore, this paper se-
lects the more common sandstone in rock mass engineering
as the research object. )rough uniaxial and triaxial com-
pression tests, the macromechanical properties of sandstone
under different water-bearing conditions are studied. Using
nuclear magnetic resonance, scanning electron microscope,
energy spectrum analysis, and other mesotesting methods,
qualitative and quantitative analyses of sandstone mineral
composition and microstructure characteristics and

mesopore distribution characteristics were performed.
Based on the discrete element software PFC2D, a numerical
model considering different water content conditions is
established for mesoanalysis. Integrating the macro-
mechanical properties test results and the micro-microtest
results reveals the macrofine-micromechanism of rock
degradation by water. )e research results can provide
theoretical guidance for wading rock mass engineering.

2. Test Project

)e rock sample used in this test is a slope sandstone from
the )ree Gorges Reservoir area. )e sample used in the test
is a standard cylindrical sample with diameter× height
� 50mm× 100mm, as shown in Figure 1.

Before the test, the quality, height, and diameter of the
sample were measured, and the longitudinal wave velocity of
the rock sample was measured using RSM-SY5(T) non-
metallic acoustic tester. Samples with small size deviations,
smooth and flat surfaces, similar densities, and similar wave
speeds were selected for use in the test. )e selected samples
were divided into three groups (A, B, and C), 15 samples in
each group, 3 samples in each group are spares, A is the dry
group, B is the natural group, and C is the saturated group.
)e samples of group Awere dried in an oven at 105°C for 12
hours, the samples of group B were kept in their natural
state, and the samples of group C were dried in an oven at
105°C for 12 hours and then saturated by vacuum soaking in
water for 24 hours. )e masses after drying and the mass
after being saturated with water were measured, and the
moisture content of the sandstone in the dry, natural, and
saturated states are 0, 1.01%, and 2.53%, respectively.

2.1. Uniaxial/Triaxial Compression Test. )ree samples from
each group were taken for uniaxial compression test, nine
samples from each were taken, and each three are divided
into one type, and triaxial compression test was carried out
with a confining pressure of 5, 10, and 15MPa. )e me-
chanical parameters of sandstone samples under different
confining pressures were obtained, and the test equipment is
shown in Figure 2. Force- (large-) displacement loading
method was used for loading, and the loading rate of dis-
placement is 0.005mm/s.

2.2. Microstructure Test. )ree samples of group C were
selected randomly, and the low-field nuclear magnetic
resonance analyzer was used as shown in Figure 2 for nuclear
magnetic resonance scanning to obtain the T2 spectrum of
rock samples and study the pore distribution in sandstone.

In order to study the microstructure of fracture surface
of sandstone under different water-bearing conditions,
Prisma E environmental scanning electron microscope was
used to obtain SEM scanning images of sandstone fracture
surface; EDS analysis system is used to analyze the elements
in some areas of sandstone fracture surface, obtain energy
spectrum, and study the mineral composition of sandstone.
)e scanning device of electron microscope is shown in
Figure 3.
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3. Study on the Change Law of
Macromechanical Properties of
Sandstone under Different
Moisture Conditions

3.1. Variation Law of Macroscopic Mechanical Parameters of
Sandstone under Uniaxial Compression. Figure 4 shows the
uniaxial compression stress-strain curves of sandstone
specimens in three different states. )e uniaxial com-
pression curves of all samples have similar compaction
stage, elasticity stage, plasticity stage, and failure stage.
)e difference is that the compaction stage of the dry
sample curve is shorter and the plasticity stage is shorter,
and the compaction stage of the saturated sample curve is
longer, and there is an obvious plasticity stage. As the
moisture content increases, the compaction stage grad-
ually increases and the plasticity stage gradually becomes
obvious.

According to Figure 4, the mechanical parameters of
the rock samples in three states can be obtained. As shown
in Table 1, the water content of sandstone increases by
1.01% from the dry state to the natural state, the uniaxial
compressive strength decreases by 26.64MPa, and the
elastic modulus decreases by 2.66 GPa. )e peak strain
increased by 0.26‰; from the natural state to the satu-
rated state, the water content increased by 1.52%, the

uniaxial compressive strength decreased by 35.44MPa,
the elastic modulus decreased by 3.31 GPa, and the peak
strain decreased by 1.08%. )e strength and elastic
modulus of sandstone gradually decrease with the in-
crease of water content, and water has a softening effect on
sandstone.

3.2. Variation Law of Macroscopic Mechanical Parameters of
Sandstone under Triaxial Compression. )e peak strength of
sandstone samples under different confining pressures un-
der different water-bearing conditions is shown in Table 2.
With the increase of confining pressure, the peak strength of
sandstone samples gradually increases; under the same
confining pressure, the peak strength of sandstone gradually
decreases with the increase of water content.

According to the peak strength value measured by the
triaxial compression test of sandstone, combined with the
Mohr-Coulomb strength criterion, as shown in formula (1),
the internal friction angle and cohesive force of sandstone in
three water-bearing states are calculated, as shown in Ta-
ble 3.With the increase of water content, the internal friction
angle and cohesive force of sandstone gradually decrease,

Figure 2: Low-field nuclear magnetic resonance analyzer.

Figure 3: Prisma E environmental scanning electron micro-
scope + EDS analysis system.
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Figure 4: Stress-strain curves under uniaxial test.

Figure 1: Sandstone sample.
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and the water in the sandstone causes the bonding ability
between mineral particles to decrease.

τ � σ tanφ + c, (1)

where τ is the shear strength, σ is the main stress, φ is the
internal friction angle, and c is the cohesive force.

4. Research on the Fine Microstructure
Characteristics of Sandstone under Different
Water Content Conditions

4.1. Sandstone Mineral Composition Analysis. )e energy
spectrum of EDS analysis in some areas of sandstone section is
shown in Figure 5. )e sandstone contains quartz, feldspar,
mica, chlorite, and otherminerals.)emineral debris is mainly
quartz, mica, and feldspar, chlorite is the main filling mineral,
and the larger mineral particles are quartz and feldspar.

4.2. Research on the Structural Characteristics of Sandstone
Microfailed Sections under Different Water Content
Conditions

4.2.1. Analysis of Failure Section under Uniaxial
Compression. Figure 6 shows the scanning electron mi-
croscope image of the uniaxial compression failure rock
sample with a magnification of 100 times. Figures 6(a)–6(c)
show the uniaxial failure cross section diagrams of the
sandstone in the dry, natural, and saturated state, using the
IPP software. )e cross-sectional diameter of broken min-
eral particles and the particle size of intact mineral particles
are measured. According to the analysis of sandstone
mineral composition, it can be known that the observed
broken minerals and intact minerals are quartz or feldspar.
)e following can be observed from Figure 6:

(1) Dry sandstone is destroyed by uniaxial compression,
and there are a large number of broken fracture
surfaces of mineral particles at the section. When dry
sandstone is destroyed, the larger mineral particles
are mainly broken.

(2) )e natural state sandstone is destroyed by uniaxial
compression. )ere are broken sections of mineral
particles, complete mineral particles, and pores
separated from mineral particles. Larger mineral
particles are mainly broken. When the sandstone in
the natural state is destroyed, the larger mineral
particles are still broken and fractured, and the larger
mineral particles are separated from each other due
to the separation of the cementing material.

(3) During uniaxial compression failure in the saturated
state, the proportion of intact mineral particles and
the separation holes of mineral particles at the
section increase, and there are also broken minerals,
each accounting for 50%. )e saturated sandstone is
destroyed, the cementation material separates, and
the mineral particles separate from each other, and
the separation of larger mineral particles is equiva-
lent to the fragmentation.

In the process of uniaxial compression test, due to the
inhomogeneity of sandstone material, there are compressive
stress, shear stress, and tensile stress inside the sandstone;
under the action of three kinds of stress, the rock sample will
eventually be destroyed. In the dry and natural state of the
rock sample, the larger mineral particles are mainly broken.
With the increase of water content, the separation of the
cementing material causes the larger mineral particles to not
break, and the direct separation phenomenon increases. )e
direct separation phenomenon of the larger mineral particles
in the saturated state reaches the highest. In the process of
rock sample compression, it is easier to separate the ce-
mentitious material in the saturated state, and it is more
difficult to separate the cementitious material in the dry
state. As the moisture content increases, the bonding ability
of the cementitious material gradually decreases.

4.2.2. Analysis of Fracture Shape and Characteristics.
Figure 7 shows the SEM scans of fractures of sandstone in
different states, magnified by 1200 times. Figures 7(a)–7(c)
show the SEM scans of uniaxial compression failure in dry,
natural, and saturated states, respectively. )e following can
be observed from Figure 7:

(1) In the dry state, the cross section of the rock sample
mineral particles is smooth and flat, and there are
small areas of fold-type lines and longer continuous

Table 1: Mechanical parameters of sandstone in different states.

Sample state Elastic modulus E (GPa) Peak intensity b (MPa) Peak strain ε (‰)
Dry state 15.63 119.54 10.03
Natural state 12.97 92.90 10.29
Saturated state 9.66 57.46 9.21

Table 2: Peak strength of sandstone in triaxial compression test.

Confining pressure (MPa) 0 5 10 15
Dry state 119.54 156.12 225.39 240.02
Natural state 92.90 124.02 164.68 201.70
Saturated state 57.46 82.40 120.07 149.76

Table 3: Cohesion and internal friction angle of sandstone in
different states.

Sample state Internal friction
angle φ (°)

Cohesion
c (MPa)

Dry state 52.13 20.52
Natural state 48.21 17.74
Saturated
state 44.24 12.36
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Figure 5: Continued.
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lines, both of which are smooth; there are obvious
penetrating cracks between themineral particles, and
there are small nonpenetrating mineral particles.
Fissures mainly produce mineral particles.

(2) In the natural state, the section of the rock-like
mineral particles is smooth and flat, the texture is
smooth, and there are angular mineral fragments on
the surface. )ere are continuous cracks between the
mineral particles, and the fracture of the mineral
particles is straight.

(3) In the saturated state, the section of the rock sample
mineral particles is rough, the surface is attached
with mineral fragments, and the large area has long
stratified roads with tortuous shapes. )e mineral
particles have large cracks that are completely
penetrating, the fractures are tortuous, and the
particles are connected. )ere are penetrating fis-
sures at places, fissures exist in and between mineral
particles.

In a word, with the change of water content, the fracture
surface of mineral particles is smooth in the dry state and
becomes rough and tortuous in the saturated state. )e
cracks in the mineral particles change from small in the dry
state to wide and continuous in the saturated state. It shows
that the greater the water content in sandstone, the more
obvious the softening of water-soluble mineral particles.

4.3. Research on theDistribution ofMicro-PoreCharacteristics
of Sandstone

4.3.1. NMR T2 Spectrum Analysis. In the NMR T2 spectrum
analysis, the size of the relaxed sample T2 is positively related
to the pore size, and the area of the T2 spectrum curve is
positively related to the number of pores. )e larger the
spectrum area, the more the number of pores. In Zhang
et al.’s study [32], pores are divided into six categories:
ultramicropores, with a pore diameter of less than 0.01 μm;
micropores, with a pore diameter in the range of 0.01～
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Figure 5: )e results of energy spectrum analysis: (a) quartz, (b) mica, (c) potash feldspar, (d) albite, and (e) chlorite.
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Figure 7: Cross section structure of sandstone in different water-bearing states (×1200): (a) dry state, (b) natural state, and (c) saturated
state.

Fracture surfaces

(a)

Fracture surfaces

Pores

Complete mineral

(b)

Fracture surfaces

Pores

(c)

Figure 6: Failure section of rock samples in different states under uniaxial compression (×100): (a) dry state, (b) natural state, and
(c) saturated state.
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0.1 μm; small pores, with a pore diameter in the range of
0.1～1 μm; mesopores, with a pore diameter of 1～10 μm;
large pores, with a pore diameter of 10～100 μm; superlarge
pores, with pore diameter greater than 100 μm. )e T2
spectrum distribution of saturated rock samples is shown in
Figure 8. )e following can be observed from Figure 8.

)ere is only one peak in the T2 spectrum distribution
curve of the rock, which appears at 0.8ms, indicating that the
pores inside the sandstone are mainly small pores and there
are few large pores. )e pore size in the sandstone is mainly
distributed in the range of 0–0.01 μm. )e pores in the
sandstone are mainly ultramicropores, and the proportion of
mesopores is low. )ere are no macropores and superlarge
pores in the sandstone.)e porosity of sandstone is 1.9451%.

4.3.2. Analysis of Pore Structure Changes in Different States.
Sandstone is framed by larger mineral particles such as
quartz and feldspar and is filled with smaller clay mineral
particles and clastic particles. )e cementitious material
connects the mineral particles. )ere are a large number of
fine pores and cracks in the sandstone. )e difference in the
water content of the sandstone will cause the pore structure
in the sandstone to be different. Select the SEM scanning
images of the cementation sites of the sandstone fragments
under uniaxial compression failure in three water-bearing
states, and the magnification is 1200 times, as shown in
Figure 9. Figures 9(a)–9(c) show dry, natural, and saturated
states, respectively. Measure pores with a pore diameter
greater than 0.5 μm.)e following can be seen from Figure 9:

(1) In the dry state, the cementation material between
the debris particles is uniformly filled, with a small
amount of primary pores and inconspicuous cracks.
)e measured pore diameter is in the range of
0.82 μm–3.20 μm, which belongs to the larger pores
and the smaller mesopores.

(2) In the natural state, the clastic particles are filled with
cement, and large pores appear locally, with a di-
ameter of 1.87 μm–5.82 μm, which are mesopores. In
the natural state, the primary pores in the sandstone
developed and opened under the action of water, and
some of the larger small pores developed into
mesopores. )e original mesopores were expanded,
and the pore diameter and number of mesopores
increased.

(3) )e clastic particles in the saturated state are loosely
arranged, some mineral particles are separated, and
many larger pores appear. )e pore diameter is
1.75 μm–6.2 μm, which belongs to mesopores.)is is
consistent with the pore diameter of sandstone
measured by nuclear magnetic resonance not greater
than 10 μm. After being fully saturated, the number
of mesopores in the sandstone further increases, and
the pore size distribution of mesopores does not
change much.

4.3.3. Pore Fractal Characteristics. Voss et al. [33] analyzed
the relationship between the perimeter and area of the pores

in the rock and calculated the fractal dimension of the pores.
)e pore area, pore perimeter, and fractal dimension in
sandstone conform to the following relationship:

lgC �
D

2
× lgA + d0, (2)

whereC is the pore circumference,A is the pore area,D is the
fractal dimension of the pore shape in the image, and d0 is a
constant.

Select the SEM image (650×) of the fracture section
under uniaxial compression, use the IPP software to obtain
the perimeter and area of each pore in the slate microscopic
image, and draw the relationship between the pore area and
the common logarithm of the pore perimeter, as shown in
Figure 10. )e fractal dimension is twice the slope.

It can be seen from Figure 10 that the fractal dimensions
D in dry, natural, and saturated states are 1.42, 1.45, and
1.48, respectively. With the increase of the water content in
the sandstone, the fractal dimension is increasing because of
the increase in the water content of the sandstone. )is leads
to the dissolution of the cemented material in the sandstone,
the expansion and deformation of the small pore-like cir-
cular pores in the dry state, the expansion of the pore size,
the variety of shapes, and the increase of fractal dimensions.

5. PFC2D Numerical Simulation and Analysis

Silicate minerals such as feldspar, mica, and chlorite in
sandstone are hydrolyzed in contact with water. Water has a
softening effect on these minerals. Oxide minerals such as
quartz in sandstone are less affected by water. Under the
interaction of water and rock, the pore openings in the
cemented material increase, the number increases, and the
shape becomes diversified. )e strength and bonding ability
of the cemented material decrease, and the cemented ma-
terial softens. Part of the cementitious material is little or not
affected by the action of water.)e pores in the cementitious
material do not develop and remain intact. )e water-sat-
urated state of the cementitious material is completely in
contact with water, and the pores are still dominated by
ultramicropores. Short-term immersion in water will cause
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the sedimentary cementation in the rock to soften, and the
diagenetic cementation is not easy to soften. )ere are soft
cementation that is easy to be softened by water and hard
cementation that is not easy to be softened by water [34].
With the increase of water content, the softening degree of
soft cement gradually increases, resulting in a decrease in the
macroscopic mechanical parameters of sandstone. )e
particle flow discrete element method uses the contact mode
between particles to simulate the macromechanical prop-
erties and deformation characteristics of materials with
different properties. )e discrete element software PFC2D is
used to analyze the softening of the internal cementation
material of sandstone, and the PBM bonding model is used
for research. )e two types of hard contact are used to
simulate soft cementation that is easy to be softened by water
and hard cementation that is not easy to be softened by
water.

5.1. Model Establishment. Establish a PFC2D model with a
size of 50mm× 100mm, set the particle generation radius to
0.3mm–0.5mm, containing 8753 particles, the contact be-
tween the particles randomly generates 50% soft contact,
50% hard contact, and a total of 23,028 interparticle contacts,
as shown in Figure 11 (In Figure 11(b), the green contacts
represent soft contact and the blue contacts represent hard
contact).

When calibrating the mesoparameters, first calibrate the
model parameters in the dry state. )e increase in water
content will cause the soft cement to soften, that is, the soft
contact parameters in the dry state, the natural state, and the
saturated state will gradually change.)emesoparameters of

sandstones with different water-bearing states were deter-
mined after trial and error and calculation. Table 4 shows the
soft contact mesoparameters of sandstone in different water-
bearing states. Among which the hard contact parameters do
not change, the parallel bonding modulus of hard contact
Eth � 39.4GPa, linear bonding modulus Ech � 7.68GPa,
normal bonding strength bcnh � 86.4MPa, and tangential
bond strength bcsh � 72MPa.

5.2. Model Loading Stress-Strain Curve Fitting. )e stress-
strain curve of uniaxial and triaxial compression has a
compaction stage. )e compaction stage is obvious during
uniaxial compression. )e elastic modulus of the com-
paction section increases with the increase of axial strain.
After reaching the elastic stage, the elasticity modulus
remains unchanged. In order to simulate the mechanical
test results more realistically, a variable modulus model is
used for uniaxial compression simulation. In the PFC
model, the main parameters affecting the elastic modulus
are the parallel bonding modulus Et and the linear bonding
modulus Ec. )e constitutive compaction is simulated by
simultaneously changing the hard contact and soft contact
parallel bonding modulus Et. )e change relationship is as
follows:

Et � 0.2Et0 + 0.8Et0
ε
ε0

, (3)

where Et is the parallel bonding modulus, Et0 is the parallel
bonding modulus after compaction, ε is the axial strain, and
ε0 is the axial strain at the end of compaction, which is
determined by the actual constitutive relationship.

(a) (b)

(c)

Figure 9: Pore structure of sandstone in different water-bearing states (×1200): (a) dry state, (b) natural state, and (c) saturated state.
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)e elastic modulus of the model is directly proportional
to the parallel bond modulus parameters. From formula (3),
the stress-strain relationship in the compaction stage can be
deduced as follows:

σ∝ 0.2Et0ε + 0.8Et0
ε2

ε0
. (4)

From formula (4), it can be seen that the relationship
between stress and strain becomes a quadratic function.
)e stress-strain curve of the variable modulus uniaxial

compression simulation is shown in Figure 12. It can be
found that the use of two contact variable modulus models
can be very good. It fits the stress-strain curve of uniaxial
compression in the dry, natural, and saturated state; in the
compaction stage, the dry and natural state model can al-
most completely fit the actual constitutive relationship. But
the actual axial stress in the saturated state is lower than that
of the saturated state model, indicating that the actual
saturated sandstone stress and strain in the compaction
section have a higher-order relationship. )e saturated
sandstone bears the same axial stress in the early stage of

lgC = 0.71gA + 0.29964
R2 = 0.96459
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1.0 1.5 2.0 2.5 3.0 3.50.5
lgA

0.5

1.0

1.5

2.0

2.5

3.0

lg
C

(c)

Figure 10: Fractal dimension relation between pore circumference and area in sandstone: (a) dry state, (b) natural state, and (c) saturated
state.
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compaction, and the axial strain changes. Larger, that is, the
saturated sandstone is more “soft”.

Comparing the result of indoor uniaxial compression
and numerical simulation, it can be found that the uniaxial
compressive strength of the numerical simulation samples
under dry, natural, and saturated conditions is 119.34MPa,
95.34MPa, and 58.77MPa, respectively, the relative errors

are −0.17%, 0.87%, and 2.3%, and the relative errors are
within 3%. )erefore, it is feasible to use the soft-hard
double-contact PBM model to simulate the uniaxial test of
sedimentary and diagenetic mixed cemented sandstones
affected by water deterioration.

Comparing the failure picture of the indoor uniaxial
compression test sample with the failure mode of the PFC
model, as shown in Figure 13, it can be found that the failure
mode of the PFC model is similar to the failure mode of the
indoor rock sample, and the simulation situation is in line
with the reality; when the sandstone sample is damaged, the
sandstone is broken into multiple rock blocks with different
stress levels.

5.3.�eInfluenceofDifferentWaterContentConditionson the
Microstructure of Sandstone

5.3.1. Influence on the Distribution of Force Chains Between
Particles. Figure 14 shows the distribution of force chains
between sample particles in different states of specimen
under uniaxial compression and peak stress conditions (the
black force chain represents compression, and the red force
chain represents tension. )e thickness of the force chain is
proportional to the magnitude of the bearing and trans-
mitted load). )e following can be observed from Figure 14.

For the three hydrated samples, the number and
thickness of the pressure chain are much greater than the
tension chain. In the peak stress state, the pressure chain is
the main load-bearing and load-transmitting force chain,
and the overall direction of the pressure chain is along the
axial direction. With the increase of moisture content, the
proportion of the pressure chain gradually increases, and the
proportion of the tension chain gradually decreases; in the
dry state, the pressure-strength contact force chain and the
tension-strength contact force chain cover the entire sample.
With the increase of the rate, the chain of strong contact
force gradually decreases, and the distribution gradually
disperses.)e decreasing trend of the chain of strong contact
force under tension is more obvious. )is indicates that the
higher the water content, the more easily the strength of the

(a) (b)

Figure 11: PFC model of sandstone specimen: (a) particle diagram and (b) contact diagram.

Table 4: Mesoparameters of sandstone in different water-bearing
states.

Status Ets (GPa) Ecs (GPa) bcns (Pa) bcss (Pa)
Dry state 23.45 4.36 80.08 72.80
Natural state 15.20 2.72 52.93 48.10
Saturated state 8.91 1.57 8.03 7.30
Ets: soft contact parallel bond modulus; Ecs: soft contact linear bond
modulus; bcns: soft contact normal bond strength; bcss: soft contact tan-
gential bond strength.

σ 1
 (M

Pa
)

Dry state 
Dry state simulation
Natural state 

Natural state simulation
Saturated state
Saturation state
simulation

0

20

40

60

80

100

120

2 4 6 8 10 120
ε (10−3)

Figure 12: Comparison of variable-modulus uniaxial compression
models.
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particles and the adhesion between the particles deteriorate.
)is is consistent with the higher the water content, the more
obvious the softening effect of water on the cement and
mineral particles.

5.3.2. Influence on the Number of Cracks and Changes in the
Number of Contacts. When the postpeak stress is reduced to
20% of the peak value, the sample is completely destroyed.
Figure 15 shows the change in the number of cracks and the
final distribution of cracks during the uniaxial compression
failure of samples in different water-containing states (blue
cracks are tensile cracks, and green cracks are shear cracks).
It can be seen that the number of uniaxial compression
tensile cracks at the final failure is much greater than the
number of shear cracks, and themicroscopic view of uniaxial
compression is dominated by tensile failure. )e following
can be found from Figure 15.

When the samples were completely destroyed, the
numbers of tensile cracks in dry, natural, and saturated
samples were 2893, 3129, and 5270, respectively, and the
numbers of shear cracks were 1257, 1501, and 3493,

respectively. As themoisture content increases, the final total
number of cracks, tensile cracks, and shear cracks continue
to increase. )e difference between tensile cracks and shear
cracks keeps increasing. )e distribution area of cracks in
the dry state accounts for 60%, and the cracks in the sat-
urated state almost cover the entire sample, indicating that
the higher themoisture content, the more obvious the tensile
failure.

)e occurrence and propagation of tension cracks
and shear cracks in dry and natural models are basically
the same. After reaching the peak value, it expands
rapidly, and the extension of tensile cracks is much faster
than that of shear cracks. After the tension cracks and
shear cracks of the saturated model appear in the
compaction stage, they rapidly expand first, and then the
expansion speed slows down. After the axial stress rea-
ches the peak value, the tension cracks expand sharply.
)e number of tension cracks increases significantly.
When the moisture content is low, the crack propagation
law in the sandstone is consistent. When the sandstone is
fully saturated with water, the cracks in the sandstone
expand irregularly.

(a) (b)

(c)

Figure 14: Distribution of force chains of specimens in different states: (a) dry state, (b) natural state, and (c) saturated state.

(a) (b) (c)

Figure 13: )e amount of contact varies among different models: (a) dry state, (b) natural state, and (c) saturated state.
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Figure 16 shows the changes in the number of soft and
hard contacts in the uniaxial compression failure process of
the models in different water states. It can be found that the
soft contact of the three-state compression model fractures
first, and the hard contact occurs after the failure. Com-
paring Figures 15 with 16, we can find the following.

)e dry and natural models start to crack in the elastic
stage, and the saturated model cracks in the compaction
stage. )e higher the moisture content, the easier the crack
will appear, and the fracture in the compacted section is soft
contact, and the soft cementation is affected by water. With
the increase of water content, the bonding ability decreases.
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Figure 15: )e number of cracks developed in different models: (a) dry model, (b) natural model, and (c) saturated model.

Shock and Vibration 13



When the water content of sandstone is low, the soft ce-
mentation is less affected by water. After the sandstone is
saturated with water, the weak cementation is fully softened,
and fracture occurs under less load.

Under the peak stress, there are 36 hard contact failures
and 181 soft contact failures of the dry samples, 55 hard
contact failures and 322 soft contact failures of the natural
samples, and 19 hard contact failures and 758 soft contact
failures of the saturated samples. )e ratio of the number of
hard contact damage to soft contact damage in dry, natural,
and saturated samples is 0.20, 0.17, and 0.03, respectively.
With the increase of water content, the ratio of the number
of hard-soft contact fractures decreases gradually under the
peak stress state.

6. Conclusion

(1) Water has a weakening effect on sandstone. Water
leads to a decrease in the cohesiveness between
mineral particles in sandstone and changes in the
macromechanical properties of sandstone.)e water
content of sandstone increases by 1.01% from the dry
state to the natural state, the uniaxial compressive
strength decreases by 26.64MPa, and the elastic
modulus decreases by 2.66GPa.

(2) )e water in sandstone has a softening effect on
cementing materials and mineral particles, and the
higher the water content, the more obvious the effect.
With the increase of water content, the number of
pores increases, the diameter becomes larger, and the
shape of the pores becomes diversified. )e distri-
bution of pores in natural and saturated sandstone is
almost the same, and water has a greater influence on
the size of small pores.

(3) Based on the PFC2D discrete element simulation
analysis, with the increase of water content, the
deterioration of adhesion between particles inten-
sifies. When the water content of sandstone is low,

the soft cementation is less affected by water. After
the sandstone is saturated with water, the weak
cementation is fully softened, and the load-bearing
capacity limit decreases.
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