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Grouting is a common method used to fill rock joints to improve the stability and integrity of rock mass in geotechnical
engineering, and the filling has been observed to have an effect on crack behavior and mechanical property. To investigate this
topic, a numerical study of crack behavior and mechanical property of rock samples with two parallel open flaws or infilled flaws
under uniaxial compression was conducted in this research. )e smooth joint model was proved to be suitable to simulate the
interface between rock material and grout material. )e occurrence of shear cracks at the interface between rock material and
grout material as well as the occurrence of tensile cracks in the grouting material has been successfully simulated in this research.
Numerical results indicate that grouting can reduce the tensile force near the flaws, suppress the generation of tensile cracks, and
improve the initiation stress of the sample. )e tensile force in the specimens with infilled flaws is smaller than that with open
flaws, which lead to the improvement of the peak strength of the sample. Moreover, crack development andmechanical properties
of samples are affected by bridge inclination angle and flaw inclination angle.

1. Introduction

Under the action of geological movement and excavation
disturbance, a large number of flaws are produced in rock
masses, which often contain infillings. Grouting, as the main
method of strengthening fractured rock mass, has the
characteristics of improving the strength and reducing the
deformation of the rock mass. )erefore, fractures in the
rock mass can be manually infilled by grouting material.
Mechanical property and crack behavior of fractured rock
masses may be affected by infilling materials. Although
extensive research focused on fracturing behavior and
mechanical property of rock masses with open flaws [1–7],
the study on the mechanical behavior of rock masses with
grouting fracture is insufficient.

Some researchers conducted studies about the fracturing
behavior of rock specimens with closed flaws. Bobet and
Einstein [8] carried out experimental tests on gypsum
specimens containing open or closed flaws and found that
partial debonding and slippage of the closed flaws were

requisites for the emanation of a new crack. A detailed
comparison of crack coalescence in samples containing open
and closed flaws was made by Park and Bobet [9]; they
pointed out that the main difference was that the initiation
stress as well as the coalescence stress for open flaws is lower
than that for closed flaws.)e reason for this phenomenon is
that closed flaws can transfer normal stress and the friction
along the closed flaws improves the ability to sustain the
shear stress. )erefore, cracks are hard to initiate from the
tip of closed flaws than from the tips of open flaws. Huang
et al. [10] conducted triaxial compressive tests on sandstone
specimens containing two closed flaws to study mechanical
behaviors and found that the influence of the arrangement of
the flaw pair on the rock deformation, peak stress, and crack
behavior is greater than the confining pressure. Duriez et al.
[11] used an innovative micromechanical method to analyze
the damage mechanism occurring during open and closed
flaws propagation. )ey found that the mechanical and
geometrical characteristics of the initial flaw have a great
influence on crack behaviors and strength. Zhang et al. [12]
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theoretically studied the propagation mechanism of an open
crack and a closed flaw; they also revealed mechanical
characteristics of a closed flaw under in-plane biaxial
compression. )e above researches about closed flaws can
provide some helpful insights for further study of infilled
flaws. However, the materials on both sides of the closed flaw
surface are often the same, while the materials on both sides
of the infilled flaw surface are different; the interaction
between grouting materials and rock materials was not
considered in these researches about closed flaws.

To the authors’ best knowledge, studies focused on
mechanical property and crack propagation of samples with
infilled flaws were limit. Le et al. [13] made a comparison of
compressive strength, deformation behaviors, and crack
propagation in samples containing single open and grout-
infilled flaw; they found that grouting contributes to the
improvement of the strength of the flawed samples and
revealed that the reinforcement effect was affected by the
flaw geometry. Miao et al. [14] performed uniaxial com-
pressive tests on sandstone specimens containing a single
open flaw, gypsum-infilled flaw, cement-infilled flaw, or
resin-infilled flaw with different flaw inclination angles. )e
experimental results show that the existence of infilling
materials suppressed the tensile stress and the type of
infilling materials has an influence on the crack initiation
stress. Moreover, samples with an open flaw have smaller
crack initiation stress and larger crack inclination angle than
samples with an infilled flaw. Zhao et al. [15] performed
direct shear tests on rock-like samples with single clay
infilled joint and found that the shear strength and crack
behavior of rock-like samples with single clay infilled joint
are affected by the joint roughness coefficient, the infill
thickness to joint asperity amplitude ratio, the type of infill
materials, and the applied normal stress. )e above studies
only consider the influence of a single infilled flaw in rock
masses. )e influence of multiple infilled flaws on the
mechanical behavior of the rock mass is still poorly
understood.

)e main objective of this study is to analyze the me-
chanical behavior of grouted samples by observing micro-
crack development and to obtain the influence of flaw
geometry and flaw spatial distribution on the mechanical
behavior of rock masses with infilled flaws. )e discrete
element method (DEM) is widely used for simulating crack
propagation in samples with single ormultiple flaws [16–23].
In the discrete element model, the rock material is regarded
as a heterogeneous body composed of cemented particles, in
which the particles are deformable and the contact between
particles may break. )erefore, cracks can be produced by
the bond rupture between particles of the model, which is
expected to be more realistic for representing crack be-
haviors and failure of rock samples.

2. Methodology

In this research, a two-dimensional particle flow code
(PFC2D) was selected for simulating uniaxial compression
tests. A PFC2D model represents modeling material and
grouting material through rigid discs bonded at the contact

points. Potyondy and Cundall [24] introduced a sample-
genesis procedure, which is used to produce a rectangular
specimen with a height of 100mm and a width of 50mm in
this research. Two types of specimens were considered in this
study: (1) samples with two parallel open flaws; (2) samples
with two parallel infilled flaws. In these two types of spec-
imens, the thickness of the flaw is set to 1mm, the flaw length
2a is set to 10mm, the bridge length 2b is set to 10mm, the
inclination angle of flaws α varies between 0° and 90° in
intervals of 15°, and the bridge inclination angle β varies
between 60° and 120° in intervals of 30° (Figure 1).

Lee and Jeon [25] show that the parallel-bond model can
be more realistic for producing rock modeling; therefore, the
parallel-bond model was used to produce the rock model in
this research. Delete the particles within the range of open
flaws to obtain a model with open flaws (Figure 1(a)). When
preparing the numerical model with infilled flaws, the
simulation of the interface between grouting material and
rock material is a difficult point. Zhao and Zhou [26] used
PFC2D to study failure patterns of rock specimens with
grout-infilled fissures; the parallel-bond model was used for
simulation of the interface between grouting material and
rock material. When the parallel-bond model was used for
simulation, particles whose centers lie on the opposite sides
of the interface rotated along the tangent line of the contact
point of these two balls, which lead to irrational phenom-
enon such as preliminary dilation (Figure 2(a)). )erefore, it
is unsuitable to select the parallel-bond model to model the
interface between the rock material and the grouting ma-
terial. To solve this problem, the smooth joint model was
proposed for simulation of the interface between grouting
material and rockmaterial. By using the smooth joint model,
the particles on the opposite sides of the interface of
modeling material and grouting material can cross each
other by sliding along the interface (Figure 2(b)). In this
research, when producing a numerical model with infilled
flaws, the parallel-bond model was selected to produce
modeling rock material and grouting material and the
smooth joint model was used to model the interface between
grouting material and rock material (Figure 1(b)).

Calibration tests were conducted to obtain micro-
parameters of modeling material and grouting material. A
thorough description of calibration tests was found in
Potyondy and Cundall [24], so details about the calibration
test are not repeated in this research. )e microparameters
values selected for the parallel-bond model of the modeling
material and grouting material are listed in Table 1, re-
spectively. )e results of calibration tests demonstrate that
the microparameters are able to reproduce the macro-
properties of rock material and grouting material, respec-
tively (Table 2).

In the study of Zhao and Zhou [26], the parameters of
the interface between grouting material and rock material
were the average value of rock material and grouting ma-
terial. In fact, this method of determining parameters is
unreasonable. Calibration tests should be performed to
obtain the parameters of the interface. In this research, the
smooth joint model for simulating the interface is activated
with five parameters: friction coefficient, tensile strength,
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Figure 1: Numerical models used for producing samples with open flaws or infilled flaws (blue line represents parallel-bond contact and the
red line represents smooth joint contact). (a) Open flaws. (b) Infilled flaws. (c) Flaw geometry.
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Figure 2: )e movement direction of balls in (a) a parallel-bond contact model and (b) a smooth joint contact model (Mehranpour and
Kulatilake [27]).

Table 1: Microparameters for simulating rock and grout.

Ball Rock Grout Parallel bond Rock Grout
Rmin 0.2 0.1 Modulus (GPa) 10 2
Rmax/Rmin 1.25 1.25 Ratio of normal to shear stiffness 1.5 1.3
Density 2700 2500 Normal strength (MPa) 13 5
Contact modulus (GPa) 10 2 Shear strength (MPa) 13 5
Ratio of normal to shear stiffness 1.5 1 Radius multiplier 1.0 1.0
Contact friction coefficient 0.5 0.5

Table 2: Material properties of real and numerical samples.

Mechanical parameters
Rock Grout

Laboratory test Numerical test Laboratory test Numerical test
Uniaxial compressive strength (MPa) 39.2 38.8 13.4 13.5
Elastic modulus (GPa) 21.2 24.2 4.7 5.0
Poisson’s ratio 0.18 0.18 0.16 0.15
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cohesion, normal stiffness, and shear stiffness. Calibration
tests were conducted to obtain these parameters,
and Figure 3 shows the numerical shear model for cali-
bration tests. )e numerical shear model consists of two
blocks. )e height and width of the block are 25mm and
50mm, respectively. )e parallel-bond contact model was
selected for these two blocks and the smooth joint model was
selected for the interface between these two blocks. Different
microparameters of the smooth joint contact model were
specified, and the direct shear test was conducted on the
PFC2D model. If the cohesive force and friction angle ob-
tained by the numerical test were basically consistent with
friction angle and the cohesive force of the interface obtained
by the laboratory test, then the microparameters of
microparameters for a smooth joint contact model were
considered to be suitable. )e specified values of the smooth
joint contact model are given in Table 3.

)e numerical specimens with two parallel open flaws or
grouting-infilled flaws were subjected to uniaxial com-
pressive stress. )e loading rate of the upper and lower walls
is 0.01m/s, and it is low enough to ensure the quasistatic
equilibrium state of specimens under uniaxial compressive
stress.

3. Results and Discussion

3.1. Open Flaw Case. Figure 4 shows the crack development
process of samples containing unfilled flaws having different
flaw inclination angles of 0°, 45°, and 90° and the same bridge
inclination angle of 120° under uniaxial compressive stress.
It can be seen that when α� 0°, tensile cracks initiate from
the middle part and tips of open flaws and finally form a
closed ring. Cracks initiated when the stress reaches 0.55
times the peak stress. When α� 45°, tensile cracks emanate
from the tips of open flaws and develop along the loading
direction. In the postpeak stage, the rock bridge was pen-
etrated by tensile cracks. Cracks were observed when the
stress reaches 0.65 times the peak stress. For the samples
with α� 90°, the tensile crack was not observed at the tips of
open flaws when the loading stress reached the peak stress.
In the postpeak stage, the rock bridge was not cut through.
Cracks initiate when the stress reaches 0.8 times the peak
stress, which means that the crack initiation stress is close to
the peak stress. Comparing the crack development process of
samples with different flaw inclination angles, it was found
that the initiation position of the tensile crack was shifted
from the middle part of open flaws to the tips of open flaws
as α increases from 0° to 45°. In addition, tensile cracks were
hardly to initiate from the tip of open flaws with a relatively
large flaw inclination angle. Figure 4 shows that the ratio of
crack initiation stress to peak stress increases as the increases
of flaw inclination angle, which indicates that it is more
difficult for cracks to initiate as the flaw inclination angle
increases.

Figure 5 shows the contact force chain of samples
containing unfilled flaws having different flaw inclination
angles of 0°, 45°, and 90° and the same bridge inclination
angle of 120° under uniaxial compressive stress. It shows that
when α� 0°, the tension was concentrated in the middle area

of the open flaw, and the compression was concentrated in
the tips of the open flaw at the initial stage of loading.
)erefore, the tensile crack was first emanated in the middle
area of the open flaw. After the tensile crack occurred, the
tension concentration in the middle area of the open flaw
was reduced. When α� 45°, the tension was concentrated in
the tips of the open flaw at the initial stage of loading, which
leads to the occurrence of tensile cracks. When α� 90°, there
was no tension concentration as the loading stress increases
to peak strength, so no obvious tensile cracks were produced.
)e inclination angle of open flaws has an influence on the
distribution of the tension concentration area. Tensile crack
was firstly generated at the tension concentration area and
led to the release of energy. Moreover, the tension con-
centration in this area was reduced after the occurrence of
tensile cracks.

Figure 6 shows the crack development process of
samples containing unfilled flaws with different bridge in-
clination angles of 60°, 90°, and 120° and the same flaw
inclination angle of 75° under uniaxial compressive stress.
When β� 60° and 90°, tensile crack initiated from the tips of
open flaws had a really limited extension distance until the
loading stress reached the peak stress. In the postpeak stage,
the rock bridge was penetrated by tensile cracks. When
β� 120°, the rock bridge was not penetrated, and the final
failure surface of the sample did not pass through the rock
bridge. )is shows that when the inclination angle of the
rock bridge is 120°, the upper fissure has a shielding effect on
the lower fissure, and the rock bridge is not easy to be

Figure 3:)e numerical shear model for calibration tests (blue line
represents parallel-bond contact and the green line represents
smooth joint contact).

Table 3: Mechanical parameters selected for the smooth joint
contact model.

Mechanical parameters Assigned smooth joint value
Normal stiffness (N/m3) 1× 1010

Shear stiffness (N/m3) 1× 109

Friction coefficient 0.2
Cohesion (MPa) 0.1
Tensile strength (MPa) 0.1
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damaged. From Figure 6, it can be seen that, for the samples
with varying bridge inclination angles, the ratio of the crack
initiation stress to the peak stress of the samples is very close.

Contact force chain of samples containing unfilled flaws
with different bridge inclination angles of 60°, 90°, and 120°

and the same flaw inclination angle of 75° is given
by Figure 7. It is found that, at the initial stage of loading,
there was no tension concentration at the tip of open flaws,
so no obvious tensile cracks were produced. Before reaching
the peak strength, the rock bridge area was dominated by

σ = 0.54σp σ = 0.57σp σ = σp σ = 0.91σp

(a)

σ = 0.64σp σ = 0.86σp σ = σp σ = 0.96σp

(b)

σ = 0.80σp σ = 0.94σp σ = σp σ = 0.93σp

(c)

Figure 4: Crack development process of samples containing unfilled flaws with the same β of 120° and different α of 0°, 45°, and 90° (blue
cracks represent tensile cracks and red cracks represent shear cracks). (a) α� 0° and β� 120°; (b) α� 45° and β� 120°; (c) α� 90° and β� 120°.
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compressive stress, so no tensile cracks occurred in the rock
bridge area. In the postpeak stage, when β� 90° and 60°, the
rock bridge area was mainly subjected to tensile stress, which
leads to the occurrence of tensile cracks. When β� 120°, the
rock bridge area was mainly subjected to compressive stress
and no tensile cracks emanated in the rock bridge area,
which means that the rock bridge was not damaged by
tensile cracks.

3.2. Infilled Flaw Case. Figure 8 shows the crack develop-
ment process of samples containing infilled flaws with
different flaw inclination angles of 0°, 45°, and 90° and the
same bridge inclination angle of 90° under uniaxial com-
pressive stress. It can be seen that when α� 0°, tensile crack
emanated from the middle part and tips of infilled flaws at
the initial stage of loading. )e rock bridge was penetrated
by tensile cracks when the loading stress reached the peak
strength. )e grouting material was cut by tensile cracks in
the postpeak stage. When α� 45°, tensile crack emanated
from the inner and external tips of infilled flaws at the initial
stage of loading and the shear crack occurred at the interface
between the model material and grouting material in the
postpeak stage. )e rock bridge was penetrated by tensile
cracks. When α� 90°, no tensile cracks occurred at the rock
bridge area, and the rock bridge was not penetrated during

the compressive tests. Comparing the crack development
process of samples containing two parallel infilled flaws with
varying flaw inclination angles, it can be seen that the flaw
inclination angle has a significant effect on the crack
propagation process of grouting samples. Le et al. [13]
conducted experimental tests on samples with grout-infilled
flaws; they found that shear cracks occurred in the interface
between grouting material and rock material, and tensile
crack occurred in the grouting material. )e phenomena
showed by Le et al. [13] cannot be simulated by the parallel-
bond contact model (Zhao and Zhou [26]). In this research,
by using the smooth joint model, the occurrence of shear
cracks at the interface and tensile cracks in the grouting
material has been successfully simulated. It indicates that it is
appropriate to simulate the interface with the smooth joint
model, which may provide some help for the following
researchers to simulate the interface of grouting materials.

)e contact force of samples containing infilled flaws
with the same bridge inclination angle of 90° and different
flaw inclination angles of 0°, 45°, and 90° was shown in
Figure 9. )e large values stand for compressive forces and
the small ones represent tensile forces. Compression does
not cause the break of contact, but tension can cause the
break of contact, so the distribution of tension is the most
concerned focus in this research. It can be seen from Figure 9
that, in the case of α� 0°, at the initial stage of loading,

(a)

(b)

Figure 5: Contact force chain of samples containing unfilled flaws with the same β of 120° and different α of 0°, 45°, and 90° at the (a) crack
initiation moment and (b) peak stress moment (red contact force chain represents tension and black contact force chain represents
compression).
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particles in the middle area of infilled flaws were subjected to
a tensile force of 0.141N, which leads to the occurrence of
tensile cracks in the middle area of infilled flaws. When the
loading stress reached the peak stress, the grouting material
was still subjected to a certain tensile stress of 0.168N, which

causes the generation of tensile cracks. When α� 45°, the
tensile force was concentrated in the tips of infilled flaws at
the initial stage of loading, which leads to the occurrence of
tensile cracks in the tips of infilled flaws. At the initial stage
of loading, the tensile force of particles in the tips of infilled

σ = 0.82σp σ = 0.94σp σ = σp σ = 0.90σp

(a)

σ = 0.80σp σ = 0.87σp σ = σp σ = 0.90σp

(b)

σ = 0.80σp σ = 0.95σp σ = σp σ = 0.90σp

(c)

Figure 6: Crack development process of samples containing unfilled flaws with the same α of 75° and different β of 60°, 90°, and 120° (blue
cracks represent tensile cracks and red cracks represent shear cracks) (a) α� 75° and β� 60°. (b) α� 75° and β� 90°. (c) α� 75° and β� 120°.
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(a)

(b)

Figure 7: Contact force chain of samples containing unfilled flaws with the same α of 75° and different β of 60°, 90°, and 120° at the (a) crack
initiation moment and (b) peak stress moment (red contact force chain represents tension and black contact force chain represents
compression).

σ = 0.62σp σ = 0.70σp σ = σp σ = 0.90σp

(a)

σ = 0.59σp σ = 0.84σp σ = σp σ = 0.90σp

(b)

Figure 8: Continued.
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flaws with α� 45° was 0.078N, which was smaller than the
tensile force of particles in the tips of the infilled flaws with
α� 0°. It indicates that as the flaw inclination angle increases,
the tensile force near the infilled flaws reduces.When α� 90°,
there was no stress concentration near the crack during the
loading process and no obvious tensile cracks were produced
in the tips of infilled flaws. It is found that the internal stress
distribution of the modeling material and the grouting
material was affected by the flaw inclination angle.

Figure 10 shows the crack development process of
samples containing infilled flaws with different bridge in-
clination angles of 60°, 90°, and 120° and the same flaw
inclination angle of 75°. When the loading stress reached the
peak stress, tensile cracks were not observed at the rock
bridge area of samples with β� 90° and 120° but observed at
the rock bridge area of samples with β� 60°. In the postpeak
stage of loading, the rock bridge of samples with β� 60° and
90° was penetrated by tensile cracks, and the final failure path
of the sample passed through the rock bridge, but the rock
bridge of samples with β� 120° was not penetrated by tensile
cracks. It demonstrates that the bridge inclination angle has
an obvious influence on the crack development process of
samples containing infilled flaws.

)e contact force of samples containing infilled flaws with
the same flaw inclination angle of 75° and different bridge
inclination angles of 60°, 90°, and 120° is shown in Figure 11.
For the samples with bridge inclination angles of 60°, 90°, and
120°, at the initial stage of loading, there is no obvious stress
concentration at the tips of cement-infilled flaws, and the
tensile force is very small; thus, no tensile crack was generated.
It can be seen from Figure 11 that, at the postpeak stage of
loading, particles in the samples with the bridge inclination
angles of 60°, 90°, and 120° were subjected to the tensile force
of 0.16N, 0.14N, and 0.024N, respectively. It demonstrates
that as the bridge inclination angle increases, the tensile force
decreases, so the contact is not easy to break and the sample is
not easy to be damaged. It demonstrates that the bridge
inclination angle has a certain influence on the strength of
samples containing infilled flaws.

Mechanical properties of the specimens with infilled
flaws having different α and β are shown in Table 4. In the
case of the same bridge inclination angle, the compressive

strength, elastic modulus, and the crack initiation stress
increase as the flaw inclination angle increases, while
Poisson’s ratio changes very little, which is consistent
with the results obtained by Zhang and Wong [18].
Moreover, in the case of the same flaw inclination angle,
as bridge inclination angle increases from 60° to 90°, the
compressive strength increases, the crack initiation stress
decreases, and Poisson’s ratio and the elastic modulus
change very little.

3.3. Comparison between Open Flaws or Infilled Flaws.
Taking the specimens containing open flaws and infilled
flaws with a bridge inclination angle of 120° and flaw
inclination angles of 0°, 45°, and 90° as examples, the
effects of grouting on the failure process and force of the
specimen are analyzed. Figure 12 shows the crack de-
velopment process of samples containing infilled flaws
with the same bridge inclination angle of 120° and dif-
ferent flaw inclination angles of 0°, 45°, and 90°. By
comparing Figures 4 and 12, it can be seen that the crack
development process of the specimens containing open
flaws and infilled flaws with the same flaw geometry is
similar, which indicates that the impact of grouting on
the crack development process is limited. In order to
further understand the effect of grouting on the force of
the specimen, the contact force of samples containing
open and infilled flaws with the same flaw geometry when
the loading stress reaches the crack initiation stress and
peak strength (Figures 13 and 14) is analyzed. Figure 13
shows that when the loading stress reaches the crack
initiation stress, the tensile force of particles of the
grouting sample reduces, indicating that the grouting is
beneficial to reduce the tensile force of the particles,
which suppresses the generation of tensile cracks and
improve the initiation stress of the sample. It can be seen
from Figure 14 that when the loading stress reaches the
peak stress, the tensile force of particles of samples
containing infilled flaws is smaller than those containing
open flaws, and it is hard to produce tensile cracks, which
lead to the improvement of the peak strength of the
sample.

σ = 0.87σp σ = 0.98σp σ = σp σ = 0.90σp

(c)

Figure 8: Crack development process of samples containing infilled flaws with the same β of 90° and different α of 0°, 45°, and 90° (blue lines
represent tensile cracks and red lines represent shear cracks). (a) α� 0° and β� 90°, (b) α� 45° and β� 90°, (c) α� 90° and β� 90°.
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Table 5 shows mechanical properties of the samples with
open flaws and infilled flaws having a bridge inclination
angle of 120° and flaw inclination angles of 0°, 45°, and 90°
obtained from numerical tests. It can be seen that the
compressive strength and crack initiation stress of the
sample with infilled flaws are greater than the sample with

open flaws, indicating that the grouting of cement can
improve the initiation stress and strength of the sample.
Poisson’s ratio and elastic modulus of the samples with
infilled flaws are close to the samples with open flaws, in-
dicating that the influence of grouting of cement on Pois-
son’s ratio and elastic modulus is limited.
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Figure 9: Contact force of samples containing infilled flaws with the same β of 90° and different α of 0°, 45°, and 90°.
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(a)

σ = 0.82σp σ = 0.98σp σ = σp σ = 0.90σp

(b)

σ = 0.78σp σ = 0.90σp σ = σp σ = 0.90σp

(c)

Figure 10: Crack development process of samples containing infilled flaws with the same α of 75° and different β of 60°, 90°, and 120° (blue
cracks represent tensile cracks and red cracks represent shear cracks). (a) α� 75° and β� 60°, (b) α� 75° and β� 90°, (c) α� 75° and β� 120°.
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Figure 11: Contact force of samples containing infilled flaws with the same α of 75° and different β of 60°, 90°, and 120°.
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Table 4: Mechanical properties of samples with two parallel infilled flaws having different α and β.

Mechanical properties
Infilled flaws with different α Infilled flaws with different β

β� 90° β� 90° β� 90° β� 60° β� 90° β� 120°
α� 0° α� 45° α� 90° α� 75° α� 75° α� 75°

Uniaxial compressive strength (MPa) 23.3 28.3 33.3 33.0 33.7 34.5
Initiation stress (MPa) 14.5 16.7 29.0 29.5 27.8 27.0
Elastic modulus (GPa) 22.2 22.7 24.1 23.9 24.0 24.0
Poisson’s ratio 0.20 0.22 0.20 0.21 0.21 0.21

σ = 0.54σp σ = 0.69σp σ = σp σ = 0.90σp

(a)

σ = 0.63σp σ = 0.97σp σ = σp σ = 0.90σp

(b)

σ = 0.80σp σ = 0.93σp σ = σp σ = 0.90σp

(c)

Figure 12: Crack development process of samples containing infilled flaws with the same β of 120° and different α of 0°, 45°, and 90° (blue
cracks represent tensile cracks and red cracks represent shear cracks). (a) α� 0° and β� 120°, (b) α� 45° and β� 120°, (c) α� 90° and β� 120°.
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Figure 13: Contact force of samples containing open and infilled flaws with β of 120° and α of 0°, 45°, and 90° when the loading stress reaches
the crack initiation stress.
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Figure 14: Contact force of samples containing open and infilled flaws with β of 120° and α of 0°, 45°, and 90° when the loading stress reaches
the peak stress.
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4. Conclusions

To study the effect of grouting on fracturing behavior and
mechanical property of rock masses, numerical tests were
carried out on rock specimens with two parallel flaws which
were open or infilled. Crack development process, contact
force, initiation stress, peak stress, elastic modulus, and
Poisson’s ratio were observed and analyzed. )e main
conclusions are as follows:

(1) )e smooth joint model was proved to be appro-
priate to simulate the interface between grouting
material and rock material. By using the smooth
joint model, shear cracks that occurred at the in-
terface were successfully simulated. It may provide
some help for the following researchers to simulate
the interface between grouting material and rock
material.

(2) Grouting can reduce the tensile force of the particles,
suppress the generation of tensile cracks, and im-
prove the initiation stress of the sample. )e tensile
force of particles of samples containing infilled flaws
is smaller than those containing open flaws, tensile
crack is not easy to emanate in the samples with
infilled flaws, and the peak strength of the sample is
improved.

(3) As the increases of flaw inclination angle, the ratio of
crack initiation stress to peak stress increases. It is
more difficult for cracks to initiate as the flaw in-
clination angle increases.

(4) As the bridge inclination angle increases, the tensile
force decreases, the contact is not easy to break, and
the sample is not easy to be damaged. )e bridge
inclination angle has a certain influence on the
strength of samples with infilled flaws.

(5) Crack development process includes the crack ini-
tiation position and propagation pattern was affected
by both flaw inclination angle and bridge inclination
angle.
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