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In this study, five groups of numerical models with different conditions were established by using PFC2D (particle flow code) to
simulate the direct shear tests of noncoplanar nonthrough jointed rock mass. It is proved that normal stress and shear rate, as well
as the connectivity rate, relief angle, and inclination angle of joints, have significant influence on the strength characteristics,
number of cracks, and the stress of the rock mass according to measurement taken at five different measurement circles in the rock
mass. Moreover, it is determined that in the process of shearing, no matter which group of tests are conducted, the number of
cracks in the rock mass caused by tension is far more than that caused by the shear action. In other words, the failure of rock mass
with different planes and discontinuous joints is mainly caused by the tension in the process of the direct shear test.

1. Introduction

A rock mass is a complex geological body with obvious
nonlinearity, discontinuity, heterogeneity, and anisotropy.
Within a rock mass, there can be joints, cracks, bedding,
schistosity, faults, folds, and other structural planes [1-4].
All these different types of structures are collectively referred
to as joints, and a rock mass containing various joints is
termed as the jointed rock mass. The existence of joints
makes the mechanical properties of a jointed rock mass to
differ greatly from those of an intact rock [5-9]. The jointed
rock mass is the most common complex engineering me-
dium in construction engineering, water conservancy and
hydropower engineering, underground space engineering,
mineral resource exploration and development engineering,
transportation engineering, bridge and tunnel engineering,
oil port engineering, and other projects. Its strength and
extended through characteristics play a vital role in con-
struction in civil engineering. The mechanical properties of
the jointed rock mass are important factors that must be

considered in the analysis, evaluation, and design of rock
engineering. The existence of joints makes the stability and
safety of the built underground engineering projects to have
great hidden dangers [10-12]. In addition, with the devel-
opment of large engineering projects in recent years, the
number, scale, difficulty, and complexity of rock mass en-
gineering during the construction period have increased
significantly, and the problems in rock mechanics in the
construction process have become more complex. These
mechanical problems of jointed rock mass will directly
increase the technical difficulty of construction and affect the
quality and cost of the project [13-15]. If the problems
cannot be handled well, it will even cause casualties and
serious losses due to the destruction of the complex rock
mass. In order to facilitate the study, and based on whether
the internal joint plane of the rock mass is through and the
degree of joint opening or closing, a jointed rock mass is
divided into two types: a through jointed rock mass and a
nonthrough jointed rock mass [16-20]. On the basis of the
spatial arrangement of rock masses and joints, or whether
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the joint surface and shear plane are on the same plane, the
nonthrough jointed rock mass can be further divided into
coplanar nonthrough jointed rock mass (CNJRM) and
noncoplanar nonthrough jointed rock mass (NNJRM) [21].
The schematics of CNJRM and NNJRM are shown in Fig-
ures 1 and 2, respectively. In this study, numerical simu-
lation experiments are carried out to study the law of crack
propagation and the strength characteristics of rock mass in
the process of the direct shear test.

The physical model test or numerical simulation test is
widely used in the study of nonthrough jointed rock mass.
This is because it can be quite difficult and costly to conduct
the test in the field or by using natural rock specimens. In
addition, the test repeatability will be poor, and the differ-
ence between individual and overall measurements would be
greater, and so would the error of the test result. However,
since the physical model test is greatly affected by the
machinery used in the test and the operation mode of the
operator in the experimental process, the accuracy of the
experimental results has certain discreteness. Moreover, the
cost of the physical model test is higher than that of the
numerical simulation test. Therefore, if the parameters of the
simulated material can be determined, many experts and
scholars tend to use the numerical simulation test to study
the mechanical properties of the incoherent jointed rock
mass [22-29].

There are a variety of simulation programs for per-
forming numerical simulation tests, among which the
PFC2D (particle flow code) for particle discrete element
analysis developed by ITASCA has been widely used
[30-34]. This program studies the mechanical properties of
the medium from the perspective of microstructure, which
is very suitable for the in-depth study of high-level topics
such as the expansion, fracture, failure, failure impact, and
microseismic response of meso- or macrojoints in solid
materials. At present, many experts and scholars have
shown that the simulation test results of the PFC program
are stable and reliable. For example, Zhou et al. [35]
simulated the direct shear test of nontransfixion jointed
rock mass based on the particle discrete element theory and
the PFC2D program, and also analyzed the mechanical
properties and breaking mechanism of joints in experi-
ments from both the macro- and microaspects. The results
of the simulation test were compared with the results of the
indoor model test, and it was found that the new particle
flow calculation method is very suitable for the simulation
test of nonthrough jointed rock mass. This method has high
reliability and thus can provide good reference for direct
shear test of jointed rock mass in the laboratory and also for
parameter selection when using PFC to simulate the joint
model. Zhou et al. [36, 37] also took the natural slope as the
research background and used the granular model and
smooth joint model to simulate a rock block and joint,
respectively, based on the particle discrete element theory
and by using the PFC2D numerical simulation program. By
repeatedly comparing and debugging the test results of the
uniaxial compression test, direct shear test, and numerical
test, the micromechanical parameters of the granular
model and smooth joint model were determined. In
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FIGURE 1: The schematic diagram of CNJRM.

FIGURE 2: The schematic diagram of NNJRM.

addition, the mesoanalysis model of the intermittent
jointed rock slope was established successfully. From the
mesoscopic point of view, they successfully studied the
mechanical properties of the rock mass model with two
discontinuous joints and the bedding rock slope model
with discontinuous joints in the failure process. Yang et al.
[38] used the PFC3D program to study the effect of joint
direction on the strength, deformation, and failure mode of
joint blocks. Wang et al. [39] used the PFC3D program to
establish the experimental model of coal gangue with
different particle sizes, and simulated the triaxial com-
pression test based on the model. By comparing the stress-
strain curve, volume strain curve, and microcrack devel-
opment curve under different confining pressures, he
studied the strength characteristics and deformation law of
coal gangue with different particle sizes. Hu et al. [40] used
the PFC program to establish a rock slope model con-
taining nonpenetrating jointed rock mass, and calculated
the relevant mechanical parameters of the rock mass
through simulated direct shear test, biaxial test, Brazil split
test, and other conventional mechanical tests, so as to study
various failure modes of the rock slope and its internal
mesoscopic mechanism during the failure of the rock slope.
In addition, many experts, including Huan et al. [41], Jiang
et al. [42], Regassa et al. [43], Liu et al. [44], Cao et al. [45],
Ghazvinian et al. [46], and Tao et al. [47], have used the
PFC program or DEM (discrete element method) program
to study various properties of rock masses.

Therefore, the PFC2D program was also used in this
study to simulate the direct shear test, so as to investigate the
influence of the undulating angle, inclination angle, joint
connectivity rate, normal stress, and shear rate on the
transfixion mechanism, strength, and deformation charac-
teristics of NNJRM. By studying the stress-strain develop-
ment state of the specimen as a whole based on the data
collected from five measurement points inside the specimen
(as shown in Figure 3) during the test, and the change in the
number of cracks in the specimen during the test process, the
mechanical properties of the nonpenetrating jointed rock
mass under different working conditions were investigated.
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F1GURE 3: The positions of the five measurement circles.

It needs to be explained that the joint relief angle of the
noncoplanar nonthrough jointed rock mass, represented by
i, refers to the unevenness of a single structural plane in the
joint relative to the whole joint, as shown in Figure 4. The
joint inclination angle, represented by ¢, refers to the in-
clined angle between the joint tendency and the stress di-
rection of the rock mass [21], as shown in Figure 5. The joint
connectivity of the noncoplanar nonthrough jointed rock
mass, represented by j, is defined as the ratio of the sum of
the projection lengths of each joint segment in the direction
of the shear plane to the length of the survey line. Its cal-
culation formula is j = 2S/L. The numerical model estab-
lished in this study adopts L as a fixed value, L =200 mm. The
joint connectivity of the rock mass with different plane joints
is shown in Figure 6.

2. Numerical Simulation Test
Scheme for NNJRM

2.1. Establishment of Model. In the numerical simulation
part of this study, PFC2D was used to investigate and analyze
the NNJRM. The establishment process of the test model is
as follows: (1) six walls were defined to form a rectangular
range of 200 mm x 200 mm, (2) relevant mesomechanical
parameters were calibrated, and the particles were randomly
generated and the suspended ones were eliminated (a total of
9356 effective spherical particles were generated inside the
wall), (3) joints with connectivity, undulation, and incli-
nation were introduced into the model to form the NNJRM,
(4) direct shear test was conducted through FISH language
simulation, and (5) five measuring circles were introduced to
measure the level of stress (the five measuring circles are
shown in Figure 3). The entire modeling process is illustrated
in Figure 7.

2.2. Selection of Microscopic Mechanical Parameters. It
should be noted that the calibration of mesomechanical
parameters is the core of the model establishment process. It
is only when these parameters are set accurately can the test
results obtained by the numerical simulation test be true and
reliable and can the numerical model be applied to the study
of the mechanical properties of NNJRM. The specific
method of parameter calibration is as follows: a group of
parameters, which can make the numerical simulation test
results to match with the experimental results of the physical
model test, was obtained through multiple preassignment of
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FIGURE 4: The schematic diagram of the joint relief angle.
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FIGURE 6: The joint connectivity of NNJRM.

micromechanical parameters such as the adhesion stiftness,
bond strength, particle density, particle radius, elastic
modulus of particles, and Poisson’s ratio between particles
and walls. Since a set of parameters that meet the re-
quirements were already determined in previous studies
[27, 28], the calibration process of the parameters was not
repeated here. The set of parameters used in this model is
shown in Table 1.

2.3. Description of the Test Conditions. The numerical sim-
ulation tests of a rock mass with different discontinuity
joints under different working conditions are divided into
five groups, as shown in Table 2.

2.3.1. Group 1: Simulation Test of NNJRM under Different
Normal Stresses. When the shear rate is 0.06 mm/s, the
numerical simulation tests with normal stresses of 0.5mpa,
1.0 MPa, 1.5mpa, 2.0mpa, and 3.0mpa were carried out for
the NNJRM with a joint relief angle of 15°, inclination angle
of 15°, and connectivity rate of 0.5.
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FiGUure 7: The model establishment process. (a) The range of 6-wall forming models. (b) Spherical particles formed in the wall. (c) The
sample model after sphere stabilization. (d) The model after importing the different joints. (e) The model after the direct shear test.

2.3.2. Group 2: Simulation Test of NNJRM with Different
Connectivity Rates. When the shear rate is 0.06 mm/s, the
numerical simulation tests with a normal stress of 1.0 MPa
were carried out for the NNJRM with a joint relief angle of
15°, inclination angle of 15°, and connectivity rates of 0.1, 0.2,
0.3, 0.4, and 0.5, successively.

2.3.3. Group 3: Simulation Test of NNJRM at Different Shear
Rate States. When the normal stress is 1.0 MPa, the

numerical simulation tests with horizontal shear rates of
0.02 mm/s, 0.04 mm/s, 0.06 mm/s, 0.08 mm/s, and 0.10 mm/
s were carried out for the NNJRM with a joint relief angle of
15°, inclination angle of 15°, and connectivity rate of 0.5.

2.3.4. Group 4: Simulation Test of NNJRM with Different Joint
Relief Angles. When the shear rate is 0.06 mm/s and the
normal stress is 1.0 MPa, the numerical simulation tests were
carried out for the NNJRM with joint inclination angle of
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TaBLE 2: Grouping of numerical simulation tests.

Group Connectivity rate Normal stress (MPa) Horizontal displacement rate (mm/s) The joint relief angle The joint inclination angle

0.5
1.0
1 0.5 1.5 0.06 15° 15°
2.0
3.0
0.1
0.2
2 0.3 1.0 0.06 15° 15°
0.4
0.5
0.02
0.04
3 0.5 1.0 0.06 15° 15°
0.08
0.10
0
15°
4 0.5 1.0 0.06 30° 15°
45°
60°
o
15°
5 0.5 1.0 0.06 15° 30°
45°
60°
15°, connectivity rate of 0.5, and joint relief angles of 0°, 15°, 6.0 3
30°, 45°, and 60°, successively. 55 E
oo 498 ]
45 ]
2.3.5. Group 5: Simulation Test of NNJRM with Different Joint 45 F 43 3.91 E
Inclination Angles. When the shear rate is 0.06 mm/s and 40 [T S a0 3
the normal stress is 1.0 MPa, the numerical simulation tests € s 4.05 597 E
were carried out for the NNJRM with a joint relief angle of % 30 R75 / AN 3-(’2181 03 30477 _ 314 50 E
15°, connectivity rate of 0.5, and joint inclination angles of 0°, 3 oy ' ]
° 2° AZ® o . g 25 2.57 2.3 ¢l 273 E
15°, 30°, 45°, and 60°, successively. 3 / it ey g 2.06 E
220 4 1.84 e 78 ]
Ja=1.87 ]
3. Results and Discussion 15 / o 32 ‘61 14 E
. . 1.0 HU..‘MS 17 1.17 133 N ~0.994
In this study, five groups of numerical models of rock os B - o ods E
mass with different conditions were simulated. The peak oo J 0-64 0598 ' 0473 ]

stress of the specimens, the total number of cracks in the
rock mass (expressed by DFN), the number of cracks
produced by tension (expressed by DFN-t), the number of
cracks produced by shear (expressed by DFN-s), and the
stress-strain relationship of five measuring points in the
specimens were all studied to analyze the law of crack
propagation and the mechanical properties of the rock
mass.

3.1. Results of the First Experiment. The stress-strain curves
and peak shear stress of NNJRM under different normal
stresses of the first group of specimens are shown in Figure 8
and Table 3.

According to the data in Figure 8 and Table 3, it can be
observed that when the normal stress increases from
0.5MPa to 3.0 MPa, the peak stress of NNJRM increases
from 3.76 MPa to 4.98 MPa, and the residual stress increases

00 05 10 15 20 25 3.0 35 40 45 50 55 6.0
Shear displacement (mm)

—=— 0.5MPa —¥— 2.0MPa
—@— 1.0MPa —— 3.0MPa
1.5MPa

FiGURE 8: Stress-strain curves obtained from tests under different
normal stresses.

TaBLE 3: Peak shear stress of NNJRM under different normal
stresses.

Normal stress (MPa) 0.5 1.0 1.5 2.0 3.0
Peak stress (MPa) 376 391 4.19 450 498

from 0.47 MPa to 3.15MPa. It can be seen that with the
increase in the normal stress in the test, both the shear
strength and peak stress of NNJRM increase.
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The number of DEN, DFN-t, and DFN-s produced in the
first group of specimens under different normal stresses are
shown in Figure 9 and Table 4.

It can be seen from Figure 9 and the data in Table 4 that
the number of cracks generated in the rock mass increased
continuously in the course of the experiment until the end of
the test. When the normal stress is gradually increased from
0.5 MPa to 3.0 MPa, the total number of cracks in the rock
mass increases from 293 to 515. With the gradual increase in
the normal stress from 0.5 MPa to 3.0 MPa, the number of
DEN-t in the rock mass increases from 198 to 409, showing
an obvious trend of increase. The number of DFN-s also
changes with the change in normal stress, increasing from 95
to 106, but the increase trend is not obvious. In addition, by
comparing the number of DFN-t and DFN-s in Table 4, it is
obvious that no matter how the normal stress changes, the
number of cracks in each rock mass caused by tensile action
is more than those caused by shear action. Therefore, during
the direct shear test, the damage caused by the tensile action
of the rock mass is more obvious. Thus, it can be said that the
failure of rock mass in the test is mainly caused by tension.

In addition, the experiment under different normal
stresses, the stress-strain curves, and the peak strength of
each measuring circle are shown in Figure 10 and Table 5,
respectively. After sorting out the data of the experiment
under different normal stresses, the obtained curves of peak
stress of each measured circle are shown in Figure 11.

It can be seen from the data in Figures 10 and 11 and
Table 5 that with the change in the normal stress, the stress
curve of each measured point in the rock mass changes
significantly. On the one hand, for the same measurement
point under different normal stresses: the peak stress of the
rock mass will change with the increase in normal stress. The
change in the peak stresses of measurement circles 1 and 5 is
the most obvious. Here, the measurement circle 1 is taken as
an example for analysis. When the normal stress is gradually
increased from 0.5MPa to 3.0 MPa, the measured peak
stresses are 6.27 MPa, 6.32 MPa, 10.25MPa, 10.2 MPa, and
7.43 MPa, respectively. The difference between the maximum
peak stress and the minimum peak stress is 3.98 MPa. For the
three other measurement circles, i.e. 3, 7, and 9, although their
peak stress also changes with the increase in normal stress, the
range of change is not obvious and is relatively stable. On the
other hand, for the experiment with different measurement
points under the same normal stress, by observing the stress
curves of the five measurement points, it can be observed that
no matter how much normal stress is applied during the
direct shear test, the peak stress of the measurement point 5 is
almost always the largest among the five measurement points.
In addition, for this experiment, there is a big difference in the
peak stress of measurement point 5 and that of the other
measurement circles. When the normal stress is 3.0 Mpa, the
peak stress at the measurement point 5 is 7.43 MPa, and
although this is not the maximum value, the difference be-
tween this peak stress and the maximum peak stress of
8.44 MPa is still small. It can be seen that during the shear test,
the stress of the rock mass is more concentrated at the middle
part of the rock mass, that is, around the measuring circle 5,
which bears the main shear stress.

3.2. Results of the Second Experiment. The stress-strain
curves obtained by the direct shear test of the rock mass
under different shear rates are shown in Figure 12. The peak
stresses of the rock mass shown in Figure 12 are statistically
analyzed, and the results are shown in Table 6.

According to the data in Figure 12 and Table 6, it can be
found that the shear strength of the rock mass changes
according to the change in the shear rate in the direct shear
test. When the shear rate is 0.02 mm/s and 0.06 mm/s, the
peak shear stress of the rock mass is 3.85 Mpa and 4.03 Mpa,
respectively. Furthermore, when the shear rate is gradually
increased to 0.10 mm/s, the peak shear stress of the rock
mass increases to 4.3 MPa. Therefore, the peak stress of the
rock mass increases with the increase in the shear rate, and
the shear strength of the rock mass is also enhanced.

In addition, the number of DFN, DFN-t, and DFN-s
produced in the second group of specimens for the ex-
periment under different shear rates are shown in Figure 13
and Table 7.

According to the data in Figure 13 and Table 7, the shear
rate has significant influence on the number of cracks in the
rock mass during the direct shear test. First, the total number
of cracks (DFN) is analyzed. It can be seen that when the
shear rate is 0.02 mm/s and 0.04 mm/s, the total number of
cracks in the rock mass is 344 and 449, respectively.
However, when the shear rate continues to increase, the total
number of cracks tends to decrease. For instance, when the
shear rate is increased to 0.10 mm/s, the total number of
cracks in the rock mass decreases to 371. Therefore, it can be
said that with the increase in the shear rate, the total number
of cracks in the rock mass increases first and then decreases.
Second, the quantity of DEN-t is analyzed, and it is found
that the variation law of DFN-t is similar to that of DFN; the
total number of cracks in the rock mass first increases and
then decreases with the increase in the shear rate. For DFN-s,
although the number of cracks also increases first and then
decreases, the change is not obvious. Finally, by comparing
the number of DFN-t and DFN-s, it is found that the number
of DFN-t is much higher than that of DFN-s, the change of
shear rate notwithstanding. Therefore, it can be concluded
that, for the experiment under different shear rates, the
number of cracks in the rock mass caused by tension is far
higher than that caused by shear action. This means that the
ultimate failure of a rock mass in the direct shear test is
mainly caused by tension, rather than shear.

The stress-strain curves of each measurement circle
under different shear rates are shown in Figure 14. The peak
stress of each measurement circle is determined and pre-
sented in Table 8. The change curve of the peak stress of each
measurement point under the condition of different shear
rates is shown in Figure 15.

It can be seen from the data in Figures 14 and 15 and
Table 8 that the shear rate has significant influence on rock
mass stress.

(1) On the one hand, for the stress at the same mea-
suring point under different shear rates: there is little
change in peak stress of the four measurement circles
1 (except at 0.02mm/s, the peak stress of the
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FIGURE 9: The number of cracks in the first group of specimens. (a) Total number of cracks. (b) The number of cracks caused by tension.
(c) The number of cracks caused by shear action.

TaBLE 4: The number of cracks generated under different normal stresses.

Normal stress (MPa) 0.5 1.0 1.5 2.0 3.0
DEN (strip) 293 457 355 522 515
DEN-t (strip) 198 343 271 401 409
DEN-s (strip) 95 114 84 121 106
measurement circle 1 is discrete), 3, 7, and 9, when the peak stress of measurement circle 5 decreases
the shear rate is adjusted. However, for the mea- from 9.99 MPa to 4.91 MPa. This means that the peak
surement circle 5, there is obvious change in the peak stress of the measurement circle 5 gradually de-
stress when the shear rate is adjusted. When the creases with the increase in the shear rate. Therefore,

shear rate is increased from 0.02 mm/s to 0.10 mm/s, with the increase in the shear rate, both the shear
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FIGURE 10: The stress-strain curves of the five measured circles in the first group of specimens when the normal stress is (a) 0.5 MPa,
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TaBLE 5: The peak stress of each measurement circle in the first group of specimens (MPa).

. . Normal stress (MPa)
Number of measuring circles

0.5 1.0 1.5 2.0 3.0
1 4.75 5.08 2.45 5.64 4.93
3 4.29 4.68 5.20 5.31 5.86
5 6.27 6.32 10.25 10.2 7.43
7 3.32 3.68 4.04 4.37 3.43
9 4.90 5.42 6.02 6.18 8.44
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FIGURE 11: Curves of the peak stress of each measured circle in the first group of specimens.
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TaBLE 7: The number of cracks generated under different shear rates.

Shear rate (mm/s) 0.02 0.04 0.06 0.08 0.10
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DEN-t (strip) 241 249 335 354 289
DFN-s (strip) 103 94 114 108 82
f 90 [ 8.71 E
1 sof ]
1l é
% ; % 6.0 - 3
1 EBsop ]
> 1 = E3.94 ]
g 1 fa0f &
E EIE R ]
1 30 [ 3
] F231 / 094 243 ]
E 20 [L8 H 164 3
, 10 [ 7
X ...?‘.8.3...\... E 0.0 ' & ]
00 05 10 15 20 25 30 35 40 45 50 55 00 05 10 15 20 25 30 35 40 45 50 55
Shear displacement (mm) Shear displacement (mm)
- 1 v 7 - 1 v 7
-o- 3 - 9 - 3 -9
—A— 5 —A— 5
() (b)

Figure 14: Continued.



Advances in Civil Engineering

2.5

3.0

35 40

Shear displacement (mm)

7.0 e e e e T 6.5 Frrrrrrrrr
C i 6.0
C A 6.38 ]
6.0 - 7_ 55
r o464 N7 \; b 1 50
50 [ - -
P44 3.9 1 3
g C 4.2 ] £ 40
S a0l -
= C . 2 3.5
o s 1 ¢
2. 0F. 1 £30
g 302 2.21 ) 7 g 55
155 [2.49 472.58 2.25 1 57
20 [ 23 . 1.88 E 2.0
E /76 1.03 | 1.36 s L 1.56 E 15
+ 1.46 0.87 0.9 1.05 A
[ ] 1.0
LO 157\ 0.63 ' 0.66 |
. 135 0.37 0.14 35 03 | 05
0.88 3] -
0.46 "85 0.64 0518 0.11] )
0.0 o e by Py v 0.0....\....\....\....
00 05 1.0 15 20 25 30 35 40 45 50 55 00 05 10 15 20
Shear displacement (mm)
- 1 v 7 - 1
PN 9 -o— 3
A5 A5
(0
<
ey
2
2
g
2
g
<
w
,,,,\,,,,\9\3,4.\,,,,\, |||\||||0f4|g|||\|
00 05 10 15 20 25 30 35 40 45 50 55

Shear displacement (mm)

v
-

(e)

7
9

(d)

v 7
-9

4.5

5.0

5.5

13

FIGURE 14: Stress-strain curves of each measurement circle in the second group of specimens when the shear rate is (a) 0.02mm/s,

(b) 0.04 mm/s, (¢) 0.06 mm/s, (d) 0.08 mm/s, and (e) 0.10 mm/s.

TaBLE 8: The peak stress of each measurement circle in the second group of specimens.

Number of measuring circles

Shear rate (mm/s)

0.02 0.04 0.06 0.08 0.10
1 2.10 4.50 3.9 4.43 4.48
3 4.45 4.33 4.64 4.32 4.56
5 9.99 8.71 6.38 5.27 491
7 1.34 1.51 2.21 2.74 2.80
9 5.26 5.49 541 5.81 5.97
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FIGURE 15: Curves of peak stress of each measured circle in the second group of specimens.

capacity and shear stress at the center point of the
rock mass decrease. In addition, as can be seen from
the data in Figure 12 and Table 6, the peak stress and
the shear strength of the whole rock mass increase
with the increase in the shear rate during the test. In
summary, as the shear rate increases, the shear stress
borne by the center of the rock mass decreases, and
the force borne by the interior of the rock mass
gradually balances.

(2) On the other hand, for the stress of different mea-
surement circles under the same shear rate condi-
tion: the peak stresses of the measurement circle 5 at
the shear rates of 0.02mm/s, 0.04mm/s, and
0.06 mm/s are 9.99 MPa, 8.71 MPa, and 6.38 MPa,
respectively, and these are the maximum values of
the peak stress of the five measurement circles. In
addition, when the shear rates are 0.08 mm/s and
0.10 mm/s, the peak stresses at the measurement
circle 5 are 527 MPa and 4.91 MPa, respectively.
Although these values differ slightly with the max-
imum value, they are still relatively large compared
with those of other measurement circles. Therefore,
in general, under different shear rates, the central
position of a rock mass specimen is subjected to
greater shear action and the stress variation is more
obvious.

3.3. Results of the Third Experiment. The stress-strain curve
obtained after the direct shear test of the rock mass with
different joint connectivity rates is shown in Figure 16. The
peak stress of the rock mass in Figure 16 is sorted out, and
the results are presented in Table 9.

According to the data in Figure 16 and Table 9, it can be
found that the test results of NNJRM with different joint
connectivity rates have obvious consistency. When the
connectivity of joints within the rock mass is 0.1, the peak

shear stress of the rock massis 5.90 MPa, and the residual
stress is 1.34 MPa. When the joint connectivity rate increases
gradually, the peak stress and residual stress of the rock mass
tend to decrease. When the joint connectivity rate increases
to 0.5, the peak shear stress and residual stress decrease to
4.03 MPa and 0.75 MPa, respectively. Therefore, the smaller
the joint connectivity, the greater the peak stress and residual
stress of the rock mass. Furthermore, the stronger the shear
capacity of a rock mass, the stronger the ability to resist
external forces.

In addition, the number of DFN, DFN-t, and DFN-s
produced in the third group of specimens with different joint
connectivity rates are shown in Figure 17 and Table 10.

By summarizing and sorting out the data in Figure 17
and Table 10, it can be found that no matter the value of the
joint connectivity rate, the number of cracks generated in the
rock mass gradually increases with the progress of the test
process. However, different joint connectivity rates generate
different increment rates of cracks. When the connectivity of
joints was 0.1, the number of DFN, DFN-s, and DFN-t
increased to 829, 189, and 640, respectively. When the joint
connectivity rate gradually increased to 0.5, the final total
number of cracks in the experimental rock mass decreased to
457, among which 114 are DFN-s and 343 are DFN-t.

According to these data, the number of these two kinds
of cracks, DFN-s, and DFN-t, which are caused by different
forms of forces, decreases with the increase in joint con-
nectivity, leading to a decrease in the total amount of cracks
in the rock mass. Therefore, it can be concluded that the
smaller the connectivity of joints within the rock mass, the
better the integrity of the rock mass and the stronger the
shear resistance capability of the rock mass. This is con-
sistent with practical experiences in engineering practice.

The stress-strain curves of each measuring circle in the
specimens with different joint connectivity rates are shown
in Figure 18. The peak stress of each measuring circle is
sorted out as shown in Table 11, and the change curve of
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(c) The number of cracks caused by shear action.

TaBLE 10: The number of cracks generated at different connectivity rates.
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DEN-t (strip) 640 526 563 502 343
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FIGURE 18: Stress-strain curves of each measurement circle in the third group of specimens when the connectivity rate is (a) 0.1, (b) 0.2,
(c) 0.3, (d) 0.4, and (e) 0.5.

TaBLE 11: The peak stress of each measurement circle in the third group of specimens.

Number of measuring circles

Connectivity rate

0.1 0.2 0.3 0.4 0.5
1 6.28 6.05 4.31 4.6 4.00
3 10.0 9.17 8.30 6.51 4.54
5 2.23 2.53 3.65 7.09 6.34
7 5.51 5.72 6.26 4.81 3.81
9 5.91 6.38 6.79 6.86 5.60
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peak stress of each measurement point under the condition
of different joint connectivity rates is obtained, as shown in
Figure 19.

Based on the data shown in Figures 18 and 19 and
Table 11, we find that, unlike direct shear tests conducted
under the above controlled conditions, the maximum peak
shear stress is not always at the measurement circle 5 located
at the center of the specimen when the test is carried out at
different joint connectivity rates. When the connectivity of
the joints in the rock mass ranges from 0.1 to 0.3, the peak
shear stress of the measurement circle 3 in the rock mass is
the largest among the five measuring points. The peak
stresses of measurement circles 1, 7, and 9 near both sides of
the rock mass are large, while that of measuring circle 5 in
the middle of the specimen is the smallest. Therefore, when
the connection rate of joints is 0.1 to 0.3, the rock mass close
to both sides of the rock mass bears more stress. However,
when the connectivity of joints increases to 0.4 or 0.5, the
measurement circle 5 experiences the highest peak stress
among the five measuring points, and the peak stress of the
five measurement circles is more uniform.

3.4. Results of the Fourth Experiment. The curves of stress-
strain and peak shear stress of NNJRM with different joint
relief angles of the fourth group specimens are shown in
Figure 20 and Table 12.

According to the data in Figure 20 and Table 12, it can be
found that the relief angle of joints has an influence on the
stress-strain curve of NNJRM. If the joint relief angle
changes, the peak shear stress and residual stress of the rock
mass show obvious changes. However, there is no obvious
regularity to this change.

The number of DFN, DFN-t, and DFN-s produced in the
fourth group of specimens with different relief angles are
shown in Figure 21 and Table 13.

By comparing the number of DEN, DEN-s, and DFN-t in
the rock mass with five kinds of joint relief angles, it can be
found that the change of joint relief angle has obvious in-
fluence on the direct shear test of a jointed rock mass. The
difference between the maximum value (634) and the
minimum value (342) of the total number of cracks pro-
duced by the direct shear test on the rock mass with different
joint relief angles is 292. Similarly, the difference between the
maximum value (504) and the minimum value (263) of the
number of DFN-t is 241. Furthermore, under the same joint
relief angle, the number of DFN-s generated in the specimen
is significantly less than that of DEN-t. Therefore, the fol-
lowing conclusions can be drawn: in the direct shear tests of
arock mass with different joint relief angles, the main reason
for its failure is the action of tension rather than the shear
action.

The stress-strain curves of each measurement circle in
the fourth group of specimens with different joint relief
angles are shown in Figure 22. The peak stress of each
measurement circle of the specimens under each joint relief
angle is sorted out as shown in Table 14, and the change
curve of the peak stress of each measured point with dif-
ferent joint relief angles is obtained, as shown in Figure 23.

Advances in Civil Engineering

According to the data in Figures 22 and 23 and Table 14,
when conducting direct shear test on the rock mass with
joints with different undulating angles, the measurement
circle 5 of the rock mass experiences the largest peak stress
among the five measurement circles. It is proved that the
central part of the rock mass with discontinuous joints bears
more forces during the direct shear test. In addition,
according to the curve in Figure 23, when the joint relief
angle is 0°or 60°, the peak stress of each measurement circle
in the rock mass varies greatly and the stress distribution is
not uniform.

3.5. Results of the Fifth Experiment. The curve of stress-strain
and peak shear stress of NNJRM with different inclination
angles of the fifth group of specimens are shown in Figure 24
and Table 15.

We can see from the data in Figure 24 and Table 15 that
when the joint inclination angle is 0° and 15°, the peak stress
of the rock mass is 3.95 MPa and 4.01 MPa, respectively. If
the angle is increased to 60°, the peak shear stress increases to
6.00 MPa. It can be seen that the peak stress of the rock mass
increases with the increase in the joint inclination angle.
Therefore, when the inclined angle of the joints is increased,
the shear strength of the rock mass with different plane joints
is enhanced.

The number of cracks generated by the fifth group of
specimens during the experiment is shown in Figure 25 and
Table 16.

From the chart and table above, it can be found that the
dip angle of the joints has a significant effect on the crack
propagation of the incoherent jointed rock mass. When the
inclination angle of joints is changed, the number of cracks
generated in the rock mass shows a very obvious change.
However, there is no specific rule for the change in the
number of cracks. Although the variation law of DEN, DFN-
t, and DFN-s is not obvious, the number of DFN-t is always
more than that of DFN-s. It is proved that the final failure of
the NNJRM with different inclination angles in the direct
shear test is also caused by tension.

The stress-strain curves of each measurement circle in
the specimens with different joint inclination angles are
shown in Figure 26. The peak stress of each measuring circle
is sorted out as shown in Table 17, and the change curve of
peak stress of each measured point under the condition of
different joint inclination angles is obtained, as shown in
Figure 27.

Based on the data obtained through the above simulation
experiment, it can be seen that the joint inclination angle has
significant influence on the strength characteristics of the
rock mass. Although it is not possible to establish a specific
law that reflects the influence of the joint inclination angle
on the peak stress at each position in the rock mass, it is
certain that the peak stress of the five measurement circles in
the rock mass varies with the change in the joint inclination
angle. Moreover, when the joint inclination angle is 15, the
peak stresses of the five measurement circles in the rock mass
are not significantly different, and the stress distribution in
the model specimen is more uniform.
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TABLE 12: The peak shear stress of NNJRM with different relief
angles.

Relief angle 0° 15°  30° 45° 60°
Peak shear stress (MPa) 3.96 4.12 4.28 3.83  4.09

4. Summary

In this section, the results of each of the above five tests are
summarized separately, and these results of this study are
generally consistent with the research conclusions in rele-
vant articles [30, 31, 45-51]. It indicates that the results are
reliable. In addition, the influence of the normal stress, shear

rate, connectivity of joints, relief angle, and inclination angle
of joints on the strength characteristics, crack development
state, and the peak shear stress of the five measurement
circles in the rock specimens is discussed below:

(1) After the first group of tests, it has been found that
normal stress has significant influence on the
characteristics of a rock mass. Specifically, the greater
the normal stress, the greater the peak stress and
residual stress of noncoplanar nonthrough jointed
rock mass, and the stronger the shear capacity of the
rock mass. Similarly, the larger the normal stress, the
more the cracks produced by shear and tension in the
rock mass. The peak shear stresses of measurement
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F1GURE 21: The number of cracks in the fourth group of specimens. (a) Total number of cracks. (b) The number of cracks caused by tension.
(c) The number of cracks caused by shear action.

TaBLE 13: The number of cracks generated with different relief angles.

Relief angle 0° 15° 30° 45° 60°
DEN (strip) 414 447 342 510 634
DEN-t (strip) 292 335 263 386 504
DEN-s (strip) 122 112 79 124 130
circles 1 and 5 in the rock mass are hugely affected by tests, the rock mass near the center experiences more
the normal stress, whereas the peak shear stresses of concentrated stress, especially at the position of the
measurement circles 3, 7, and 9 are not significantly measurement circle 5, which bears the main shear

affected by the normal stress. In the first group of stress.
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FIGURE 22: The stress-strain curves of each measurement circle in the fourth group of specimens when the relief angle is (a) 0°, (b) 15°, (c) 30°,
(d) 45° and (e) 60°.

TaBLE 14: The peak stress of each measurement circle in the fourth group of specimens.

. . Relief angle
Number of measuring circles ) B . ) 3
0 15 30 45 60

1 2.07 4.09 4.01 3.07 0.29
3 2.55 4.46 4.98 3.6 4.71
5 8.49 6.35 5.87 5.24 7.56
7 2.22 4.37 2.04 2.25 3.84
9 4.49 5.65 5.72 4.46 4.32
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FIGURE 23: Curves of peak stress of each measurement circle in the fourth group of specimens.
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FIGURE 25: The number of cracks in the fifth group of specimens. (a) Total number of cracks. (b) The number of cracks caused by tension.
(c) The number of cracks caused by shear action.

TaBLE 16: The number of cracks generated with different joint inclination angles.
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F1GURE 26: The stress-strain curves of each measurement circle in the fifth group of specimens when the joint inclination angle is (a) 0,
(b) 15, (c) 30°, (d) 45", and (e) 60°.

TaBLE 17: The peak stress of each circle in the fifth group of specimens.

Number of measuring circles

Joint inclination angle

0° 15° 30° 45° 60°
1 0.58 3.97 6.49 3.93 5.71
3 7.26 4.89 6.37 9.03 9.33
5 11.06 4.62 4.34 3.24 2.53
7 9.66 3.72 5.58 6.27 5.53
9 0.84 5.52 6.70 8.19 7.71
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FIGURE 27: Curves of peak stress of each measurement circle in the
fifth group of specimens.

(2) After the second group of tests, it has been deter-
mined that both the peak shear stress and shear
strength of the rock mass increase with the increase
in the shear rate. In addition, with the increase in the
shear rate, the number of total cracks, the cracks
produced by shear and tension in the rock mass,
increases first and then decreases. Moreover, with the
increase in the shear rate, the peak shear stress of
measurement circle 5 (the measurement circle with
the highest peak stress in the rock mass) decreases,
the shear stress borne by the central position of rock
mass decreases, and so does the shear strength of the
central position of the rock specimen. However,
since the peak stress of the whole rock mass increases
with the increase in the shear rate, the overall shear
strength of the rock mass increases. Therefore, it is
obvious that the forces within in the rock mass
gradually balance with the increase in the shear rate.

(3) After the third group of tests, it has been noted that
with the gradual increase in joint connectivity, the
peak stress and residual stress of the rock mass
decrease and the rock mass resistance to external
forces weakens. In addition, the smaller the con-
nection rate of the joints contained in the rock
mass, the fewer the cracks generated in the rock
mass, the better the integrity of the rock mass, and
the stronger the shear resistance of the rock mass.
This is consistent with the on-field experience in
engineering practice. When the connectivity of
joints contained in the rock mass ranges between
0.1 and 0.3, among the five measurement points, the
largest peak shear stress is experienced at mea-
surement circle 3, while the smallest is experienced
at measurement circle 5. Therefore, when the joint
connectivity is between 0.1 and 0.3, the internal
stress of the rock mass is distributed close to both
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sides of the rock mass. When the connectivity of the
joints increases to 0.4 or 0.5, among the five
measurement points, the maximum peak stress is
experienced at measurement circle 5 in the rock
mass, and the peak stresses of the five measured
circles are also relatively uniform.

(4) After the fourth group of tests, it has been deter-
mined that the peak shear stress, residual stress, the
number of total cracks in the rock mass, and the
cracks produced by shear and tension in the rock
mass show obvious changes with the increase in the
joint undulation angle. The peak stress of each
measurement circle in the rock mass varies greatly
with the change in the joint relief angle. However, a
very obvious rule in these changes has not been
observed.

(5) After the fifth group of tests, it has been noted that
the peak stress of the rock mass increases with the
increase in the joint inclination angle. In addition,
with the increase in the joint inclination angle, the
shear capacity of the noncoplanar nonthrough
jointed rock mass increases. Furthermore, the joint
inclination angle has significant influence on the
generation of the number of cracks in the rock mass.
However, the results of this simulation test cannot
clearly reveal the precise variation law of the number
of cracks. In addition, the peak stresses of the five
measurement circles in the rock mass vary signifi-
cantly with different joint inclination angles. The
smallest difference in the peak stresses of the five
measuring circles is obtained when the inclination
angle is 15°, meaning the stress distribution in the
specimen is more uniform.

(6) According to the quantitative relationship between
the cracks produced by shear and tension in the rock
mass under all the different conditions discussed
above, it is proved that the failure of a rock mass in
the direct shear test is mainly caused by tension
rather than shear action.
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