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Understanding the shear properties of joints of rock masses is of great importance for engineering disaster prevention and control.
In this paper, a systematic study of the macroscopic shear properties of joints of rock masses with different strengths is carried out
using a combination of indoor tests and PFC2D numerical simulations. The results show that (i) the shear stress curve of low-
strength rock joints is strain-softening type, while high-strength rock joints are strain-hardening type, and high-strength rock
joints are more sensitive to the change of roughness. (ii) With the increase of JRC, the damage mode of different strength rock
joints gradually changes from “abrasion” to “abrasion + gnawing,” and the damage characteristics of the surface of high-
strength rock joints are more significant. (iii) The contact force between particles is mainly concentrated on the joints. At the
beginning of shear, the contact force is mainly distributed on the second-order roughness and gradually concentrated on the
first-order roughness as the shear progresses. Compared with the low-strength rock joints, the contact force on the high-
strength rock joints is larger and more widely distributed. (iv) Due to the change of contact force, the cracks keep expanding
and the particle rotation arc keeps changing. The particles with larger rotational arcs are consistent with the location of crack
distribution, and the cumulative number of cracks on the joints of high-strength rock is higher. (v) The total input energy and
dissipation energy increase continuously with the shear, and the elastic energy tends to increase at the beginning of shear and
then starts to decrease and gradually tends to be constant near the peak of shear stress. The total input energy and dissipation
energy of the joints of the high-strength rock are larger, while the peak elastic energy of it is smaller.

1. Introduction

As a universal discontinuous medium, rock masses contain
various discontinuous surfaces such as fractures, joints, weak
surfaces, and faults inside [1–3], which destroy the integrity
of rock masses and lead to a significant reduction in their
strength and stability. Numerous engineering practices have
shown that shear deformation and slip of joints can lead to
engineering instability problems, which seriously threaten
the safety of people’s lives and properties [4]. Therefore,
the in-depth study of shear characteristics of rock joints is
of great significance for engineering disaster prevention
and control.

Since the 1860s, scholars at home and abroad have con-
ducted a lot of researches on the shear properties of joints
through indoor tests, theoretical analysis, and numerical
simulations. Quite a number of research results have been
obtained, mainly including the relationships between shear
strength [5–8], surface damage characteristics [9–13], shear
strength and surface morphology [14–16], and the influence
pattern of rock type [17], boundary conditions [18–22], and
loading methods [23, 24] and other factors on them. Since
Patton [25] analyzed the influence of rock joint morphology
on its shear mechanical behavior, the relationship between
shear properties of rock joints and joint morphology has
been a hot topic of research in the rock mechanics
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community in the past decades. Barton and Choubey [26]
conducted a large number of experiments and summarized
10 JRC curves to predict the shear strength of joints. After
that, many new methods have been proposed for the calcu-
lation of JRC [27–29]. Jiang et al. [22] developed an experi-
mental system capable of constant normal stiffness loading
(CNS) boundary conditions to compare and analyze the
shear properties of rough joints under different boundary
conditions. Liu et al. [30] further investigated the anisotropy
of the shear properties of rough joints under different
boundary conditions on this basis. With the rapid develop-
ment of computer technology in recent years, numerical
simulation methods have been widely used in engineering
[31] and indoor experimental [20, 21] researches. Wang
et al. [20] used PFC numerical simulation software to simu-
late the shearing process of rough joints under CNL and
CNS boundary conditions and explored the damage process
and the damage mechanism of rough joints under different
boundary conditions from macroscopic and fine view per-
spectives, respectively. Zhang et al. [21] investigated the
mechanism of shear deformation, damage, and energy dissi-
pation of joints under CNL boundary conditions by indoor
tests and PFC numerical simulations. Liu et al. [32, 33] also
investigated the macroscopic and microscopic shear proper-
ties of through-shaped serrated joints containing first- and
second-order rough bodies using a combination of indoor
experiments and PFC numerical simulations. Ge et al. [34]
investigated the evolution of joint roughness under CNL
boundary conditions using indoor experiments and discrete
element- (DEM-) based numerical simulations. Park and
Song [35] used PFC3D to simulate a series of joint direct
shear experiments to investigate the effects of the geometri-
cal features, and the microproperties of joints on its shear
behavior were examined. Chen et al. [36] used PFC2D to
numerically calculate a series of nonpenetrating horizontal
rock-like joints with different scales to investigate the size
effect of shear mechanical properties of nonpenetrating hor-
izontal rock-like joints. Zhang et al. [37] used PFC2D to
study the shear mechanical properties of joints under creep
conditions.

However, most of the above studies have focused on the
same strength rock conditions, and the shear characteristics
exhibited by the joints are necessarily different for different
joint rock strengths. For this reason, some scholars have also
carried out relevant studies. Meng et al. [17] conducted
shear tests under CNL boundary conditions on three differ-
ent rock types and analyzed the strength characteristics and
acoustic emission signal characteristics of joints of different
rock types, and the results showed that rock type has a sig-
nificant effect on the shear characteristics of joints. Fan
et al. [38] carried out shear tests and corresponding PFC2D

numerical simulations of soft-hard joints with different
strengths of the upper and lower joint faces and established
a new peak shear strength model for soft-hard joints. Liu
et al. [24] considered two typical forms of soft and hard
interbedded rock joints, “soft + hard” and “hard+ soft
+ hard,” and carried out indoor shear tests and PFC2D

numerical simulations under CNL boundary conditions to
investigate the shear properties. In the above studies, the

shear properties of joints under different strength rock con-
ditions were initially explored and some useful insights were
obtained. However, the different shear properties of joints of
different strength rock masses have not been compared and
analyzed, and corresponding macroscopic studies have not
been carried out to reveal the damage evolution process
and degradation mechanism of joints of different strength
rock masses.

In view of the above understanding, in order to study
the macroscopic and fine shear properties of the joints of
rocks of different strengths, this paper first carried out
indoor one-way static direct shear tests under constant
normal load (CNL) conditions on the joints of rocks of
two strengths to study the macroscopic shear properties
of rocks of different lithologies under different roughness
conditions, which revealed the shear mechanical behavior
and joint damage modes of joints of rocks with different
strengths, etc. Then, the particle flow simulation software
PFC2D was used to dynamically simulate the whole pro-
cess of shear on joints of different lithologies and to study
the changes of particle contact force, number of micro-
scopic cracks, arc of particle rotation, and microscopic
damage energy on joints from the microscopic perspective
and to compare the macroscopic damage evolution process
of joints and their degradation mechanisms. The research
results have enriched the theory of shear properties of
joints and are of great significance for the prevention
and control of engineering disasters caused by shear slip
of joints.

2. Experimental Methods

2.1. Specimen Preparation. In order to analyze the shear
characteristics of different strength rock joints, two types of
rock joints with different strengths are used in the test.
One is the low-strength rock on both sides of the joints
(low-strength rock joints), and the other is the high-
strength rock on both sides of the joints (high-strength rock
joints).

In order to obtain rock joint samples of different
strengths, two different material ratios were determined
using materials such as cement, fine sand, and water and a
method of orthogonal design. The low-strength rock joint
samples were prepared using materials such as white
cement, fine sand, water, and water-reducing agent and in
the ratio 1 : 1 : 0.3 : 0.005 [39], and the high-strength rock
joint samples were prepared using materials such as grey
cement, fine sand, water, and water-reducing agent and in
the ratio 1 : 0.5 : 0.25 : 0.005, respectively.

Meanwhile, to study the shear characteristics of joints of
different lithologies under the influence of roughness, five
steel molds representing different JRC (JRC of 0~2, 4~6,
8~10, 12~14, and 16~18, respectively) were fabricated based
on Barton curves and using laser cutting techniques, and
smooth joint samples of two strength rock masses and joint
samples corresponding to the JRC represented by the molds
(200mm × 100mm × 100mm) were prepared in combina-
tion with the above molds, respectively [40, 41].
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2.2. Test Apparatus and Procedure. The JAW-600 rock shear
seepage test system as shown in Figure 1 was used to con-
duct the direct shear test. This test system mainly consists
of four parts: data collection and analysis system, vertical
loading unit, horizontal loading unit, and its servo control
system.

At the beginning of the test, a constant normal force of
1MPa is first applied through the vertical loading unit, and
then, the quasistatic shear load is applied through the hori-
zontal loading unit at a shear rate of 0.01mm/s after the nor-
mal stress reaches the target value. And this process
continues until the end of the test. Since the shear displace-
ment of the joint face can be considered as failure when it
reaches a critical value, the critical value of the shear dis-
placement is usually used as the basis for controlling the
end of the test. In this paper, the critical value of shear dis-
placement is 8mm, i.e., the shear test is terminated when
the shear displacement of the specimen reaches 8mm. And
the data collection and analysis system are used to record
the shear stress and shear displacement values, respectively,
during the whole test.

3. Results and Discussion

3.1. Characteristics of Shear Stress-Displacement Curve. In
order to compare and analyze the macroscopic shear charac-
teristics of different roughness joints under different strength
rock conditions, the stress-shear displacement curves of
shear obtained from shear tests on high-strength rock joints
and low-strength rock joints under six different roughnesses
are given in Figure 2.

From Figure 2, it can be seen that the stress-
displacement curves of low-strength rock mass with differ-
ent roughness of joint shear conform to the typical peak-
type curve variation trend. And the shear stress-
displacement curves of the joints of high-strength rock mass
also conform to the typical peak variation trend when the
roughness of the joints is low. However, when the roughness
increases to 12~14, the shear stress gradually increases to a
certain constant value with the shear test, and the strain
hardening phenomenon occurs, and there is no obvious
peak point, which is consistent with the strain-hardening
type curve change trend. The shear displacement when the
joints of low-strength rock reach the peak point is larger
than that of the joints of high-strength rock. In other words,
the high-strength rock is less susceptible to shear slip than
the low-strength rock under the same boundary conditions,
shear rate, and roughness, i.e., so it is more resistant to shear
damage.

It can also be seen from Figure 2 that in the initial stage
of shear, the stress-strain curve of the low-strength rock
joints in shear is downwardly convex, i.e., the slope of the
tangent line of the curve gradually increases, while the
stress-strain curve of the high-strength rock joints in shear
is upwardly convex, i.e., the slope of the tangent line of the
curve gradually decreases. Because the slope of the tangent
line at a point on the stress-displacement curve of shear rep-
resents the shear stiffness at that point, it can be seen from
Figure 2 that the shear stiffness of the low-intensity rock sur-

face gradually increases and the shear stiffness of the high-
intensity rock surface gradually decreases in the initial stage
of shear.

In the same lithology joint test, the change trend of
stress-displacement curve of joint shear under different
roughness is basically the same, that is, the increase of joint
roughness has no obvious effect on the change trend of
stress-displacement curve of joint shear of rock mass. With
the increase of the roughness of the joints, the shear strength
of the joints also increases significantly, and the growth rate
shows an increasing trend.

3.2. Strength Characteristics. Table 1 shows the peak shear
strengths of the joints of the two strengths at different
roughness and the growth rates of the peak shear strengths
relative to those at the previous level of roughness. Mean-
while, the peak shear strength values of the two strength
rock joints at different roughness in Table 1 are fitted to
obtain exponential fitting relations with fitting coefficients
of 0.999 and 0.995, respectively, as shown in

τ = 3:375 + 0:013 ∗ JRC1:848,
R2 = 0:999,

τ = 3:928 + 0:045 ∗ JRC1:498,
R2 = 0:995:

ð1Þ

By plotting the above two fitted relational equations in a
Cartesian coordinate system, two fitted relational curves can
be obtained as shown in Figure 3.

As seen from Table 1 and Figure 3, the shear strength
values of the joints of both strength rock masses grow in a
power function relationship as the surface roughness of the
joints increases, i.e., the shear strength of the joint face
increases with the increase in roughness and the growth rate
also increases.

Among them, the peak shear strength of the high-
strength rock joints is larger than that of the low-strength
rock joints as a whole, and the growth rate of the peak shear
strength of the high-strength rock joints is also larger than
that of the low-strength rock joints at the same roughness.
This is because, with the increase of roughness, the meshing
effect of high-strength rock joints is more significant com-
pared with that of low-strength rock joints under the action
of normal pressure.

As shown in Figure 4, the residual shear strength statis-
tics of the two strength rock joints at different roughness
are shown. It can be seen from the figure that the residual
strength of the high-strength rock joints is larger, and the
residual strength difference is the smallest when the JRC is
4~6, and the residual strength difference is the largest when
the JRC is 8~10. On the whole, the difference between the
residual strength of high-strength and low-strength rock
joints is little when the JRC is small, and the difference
between the residual strength of the two is obvious after
the JRC exceeds 6. This is mainly due to the fact that the
shear stress curves of high-strength rock joints and low-
strength rock joints are displacement-softening type, and
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the shear stress decreases in the residual stage as the shear
proceeds, so the difference in residual strength is not large.
However, when the roughness increases to 8~10, the shear
stress curve of high-strength rock joints changes to strain-
hardening type. As the shear proceeds, the shear stress grad-
ually increases in the residual phase, while the shear stress of
the low-strength rock joints remains strain-softening type,

and the shear stress gradually decreases in the residual
phase, so the difference between the two residual shear
stresses is significant.

3.3. Failure Characteristics. The damage after shearing of dif-
ferent roughness joints of the two strength rock masses is
shown in Figures 5(a) and 5(b), respectively. From the fig-
ure, it can be seen that there is no obvious damage after
shear for both low-strength and high-strength rock joints
when they are endowed with smooth joints. When the JRC
values of the joints of the two strengths are small (low-
strength joints: 0~2 and 4~6; high-strength joints: 0~2),
the shear damage characteristics are mainly shown in the
form of raised wear on the joints. When the JRC values of
the joints of both strengths are high (low-strength rock
joints: JRC > 8 ~ 10; high-strength rock faces: JRC > 4 ~ 6),
the shear damage characteristics of the joints are accompa-
nied by a large amount of shearing of the joint projections
in addition to the wear of the joint projections.

A comprehensive comparison of Figures 5(a) and 5(b)
shows that the shear damage characteristics of the joints of
the two strength rock masses after shearing are more
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Figure 1: Arrangement of the shear test [41]: (a) shear test system; (b) loading unit.
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Figure 2: Curves of shear stress vs. displacement of low-strength and high-strength rock joints: (a) low-strength rock joints; (b) high-
strength rock joints.

Table 1: Shear strength of joint with different lithologies.

Joint
surface
type

Low-strength rock mass High-strength rock mass
Peak

strength
(MPa)

Growth
rate (%)

Peak
strength
(MPa)

Growth
rate (%)

Smooth
joint

2.83 3.17

JRC 0~2 3.38 19.43 3.98 25.56

JRC 4~6 3.72 31.45 4.43 39.75

JRC 8~10 4.20 48.41 5.34 68.45

JRC 12~14 4.88 72.44 6.02 89.91

JRC 16~18 5.78 104.24 6.97 119.87
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significant than those of the joints of the low-strength rock
masses as the JRC increases, i.e., when the JRC of the joints
of the two different strength rock masses are at the same
level, the shear damage characteristics of the joint samples
of the high-strength rock masses are more significant. This
phenomenon indicates that the joints of high-strength rock
still need to overcome a large frictional resistance after con-
vex shearing and also explains the small reduction of shear
stress in the postpeak phase of the shear curve of high-
strength rock and the insignificant strain-softening phase.

4. Numerical Simulation of Shear
Failure Mechanism

4.1. Numerical Simulation Scheme. In order to study the
damage evolution process and degradation mechanism of
the joints of the rock during shear, the numerical calculation
model for typical working conditions (JRC of 12~14) was
established by PFC2D software based on the indoor tests.
The dimensions of the established numerical model and
the loading method are the same as those of the indoor test

model. The numerical model of the rock joints was estab-
lished according to the procedure shown in Figure 6. Firstly,
the wall around the shear box is generated according to the
specimen size, and secondly, the spheres are generated inside
the wall according to the calibrated fine view parameters,
and the contact model between the spheres is set to linear,
as shown in Figure 6(a). Then, a certain circumferential
pressure is applied to the specimen, and after the spheres
are compacted, the contact model between the spheres is
changed to linearpbond. The advantage of this step is to
ensure that the cementation between all the spheres can be
added (the pb-state is all displayed as “3”), as in
Figure 6(b). After that, the joint profile is established and
the spheres are grouped by importing the already drawn
Barton curves, and the walls are regenerated according to
the coordinates of the joint, as in Figure 6(c). The advantage
of establishing the joint in this step is to ensure that the
shape of the joints is the same as that of the joints of the
experimental specimen and will not change during the
modeling process due to the movement of the particles. In
general, the joint model can be created by changing the con-
tact properties of the particles on both sides of the joints, but
due to the bump effect of the circular particles in the BPM
model, the parameters of the created joints are high. Peter
Cundall developed the smooth joint contact model for this
purpose, which can avoid the bump effect of the particles
and make the numerical simulation results more consistent
with the actual results. Therefore, the contact model at the
joints was changed to smooth joint, as shown in Figure 6(d).

The boundary conditions imposed in the numerical sim-
ulation are the same as those in the indoor test, limiting the
horizontal displacements of wall_4 and wall_5 and the nor-
mal displacement of wall_3, controlling the vertical velocity
of wall_6 by the servo function to achieve a constant normal
stress (1MPa) loading, and applying a constant horizontal
velocity to wall_1, wall_2, and wall_3 (0.01mm/s) to achieve
unidirectional static shear load conditions. In PFC, the shear
stress at the joint surface is derived mainly from the horizon-
tal load between the particles and the wall, specifically: mon-
itoring the horizontal load between the wall and the particle
on the left side (wall_1 and wall_4) and the right side (wall_3
and wall_2) of the specimen, respectively, then taking the
average of the left and right sides to obtain the shear load
at the joint surface, and finally dividing by the joint surface
length (200mm) to get the shear stress on the joint surface.
The monitoring of shear displacement is mainly achieved by
monitoring the average horizontal displacement of the lower
3 sides of the specimen (wall_1, wall_2, and wall_3). After
the model was established, the stress-shear displacement
curves of the shear of two different strengths of the joints
of the rock with JRC 12~14 at a constant normal stress of
1MPa were used as calibration benchmarks to compare
the simulation and indoor test results, and the numerical
model was repeatedly calibrated using the “trial and error
method” for the microscopic mechanical parameters [42].
The final obtained microscopic mechanical parameters are
shown in Tables 2 and 3. The stress-shear displacement
comparison curves of the numerical simulation and the
shear of the indoor test are shown in Figure 7.
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4.2. Cracking Process and Contact Force Evolution

4.2.1. Analysis of Interparticle Contact Force Evolution. Dur-
ing the shearing process of the rock mass, the upper and lower
rock masses will be shear misaligned with each other, which
makes the contact characteristics between the granules change
continuously, and in turn, the contact force between the gran-
ules will also change continuously. Figure 8 shows the distri-
bution and size evolution of the contact force detected at
different shear displacements (1, 2, 3, 4, 5, 6, 7, and 8mm)
inside the rock mass, where different colors represent different
contact forces. And the larger the contact force, the thicker the
line. The larger the contact force between the particles, the
more intense the extrusion between the particles, i.e., the size
distribution of the interparticle contact force reflects the extru-
sion between the internal particles in the joints of the rock.

As shown in Figures 8(a) and 8(b), the distribution of
contact force magnitudes between particles inside the rock
during shearing of high-strength joint rocks and low-
strength joint rocks is shown. As can be seen from the fig-
ures, the magnitude and orientation of the contact forces
between the particles are changing as shearing proceeds.
From the overall point of view, the contact force is larger
at the projection of the joints during shear, and the contact
force inside the rock is smaller. Generally, the joint rough-
ness can be divided into first-order asperities (waviness)
and second-order asperities (unevenness), and the two types

of roughness jointly exert shear resistance during shear [25,
43]. In the early stage of shear, the contact forces on the
structure surface are mainly concentrated on a few points,
which are second-order rough bumps on the structure sur-
face. As the shear proceeds, the contact force on these points
gradually increases, causing the damage to this part of the
projection to occur. Due to the destruction of the second-
order bumps on the surface of the joints, the joint contact
begins to redistribute and the points with higher contact
forces begin to shift. With the further increase of shear dis-
placement, the joint contact force is gradually concentrated
to one place, i.e., the first-order rough bump.

Comparing Figures 8(a) and 8(b), it can be found that
the joint contact force is greater for high-strength joint rocks
under the same shear displacement conditions, and the con-
tact force is concentrated on the first-order roughness within
a smaller shear displacement. This indicates that the higher
the force on the second-order roughness of the joints under
the same conditions of the high-strength joint rock, the ear-
lier and more serious the damage of the joint projection
occurs. And it can also be found from the figure that the
joint contact force is more widely distributed and the value
is larger in the postpeak phase for high-strength joint rocks
compared to low-strength joint rocks, which also explains
why the shear stress curve of high-strength joint rocks is
hardened while the shear curve of low-strength joint rocks
is softened.

Smooth joint JRC 0~2

JRC 4~6 JRC 8~10

JRC 12~14 JRC 16~18

(a)

Smooth joint JRC 0~2

JRC 4~6 JRC 8~10

JRC 12~14 JRC 16~18

(b)

Figure 5: Shear failure model of low-strength rock joints and high-strength rock joints: (a) low-strength rock joint; (b) high-strength rock
joints.
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Figure 6: Continued.

7Geofluids



4.2.2. Analysis of Crack Growth Evolution. Figure 9 shows
the numerical simulation evolution of the crack distribution
inside the rock mass under different shear displacements in
the shear process for the two strength rock joints. From
the figure, it can be obtained that the crack development
process of the two strength joints is similar. In order to bet-
ter analyze the crack development law of the two strength
joints, the number of cracks generated per unit time and
the accumulated number of cracks in the joints during shear
are counted, as shown in Figure 10. As can be seen from
Figures 9 and 10, in the initial stage of shear (stage I), only
a small number of cracks are generated at this stage because
most of the interparticle contacts are in the linear elastic
stage. After the elastic stage, the stress reaches the yield point
and the specimen enters the stable rupture propagation

stage, where the number of cracks starts to increase slowly
and reaches the peak number of cracks at the peak shear
stress. After the shear stress exceeds the peak point (stage
II), the specimen enters the postpeak stage, and the number
of cracks at this stage starts to gradually decrease and fluctu-
ate, which is due to a large number of bumps on the joints
being sheared and crushed, and the specimen shifts from
the stable rupture propagation stage to the unstable rupture
propagation stage, where the number of cracks fluctuates
and penetrates the entire joints. Until entering stage III,
the number of cracks tends to develop smoothly in general
and is at a lower level, which is due to the fact that after
the second-order roughness of the joints is sheared and
crushed, the stress is gradually concentrated in the first-
order roughness, and compared with the second-order

Wall_5

Wall_2

Wall_3

Wall_1

Wall_4

Wall_6
Linear active
Linearpbond active
Smoothjoint active

Shear direction

(d)

Figure 6: Construction process of anisotropic structure surface shear numerical model: (a) generation of particles; (b) change of contact
model; (c) adding joints; (d) changing the joint contact model.

Table 2: Numerical calculation of microscopic mechanical parameters of low-strength rock joint.

Particle parameters Value Parallel bond parameters Value Smooth joint properties Value

Young’s modulus (GPa) 7.5 Young’s modulus (GPa) 7.5 Normal stiffness (MPa/mm) 57

Ratio of normal to shear stiffness 1.0 Ratio of normal to shear stiffness 1.0 Tangential stiffness (MPa/mm) 14

Minimum particle radius (mm) 0.5 Normal strength (MPa) 31 ± 3:1 Friction coefficient 0.75

Radius ratio 1.66 Shear strength (MPa) 40 ± 4:1 Bond shear strength (MPa) 0

Density (kg/m3) 2300 Bond normal strength (MPa) 0

Friction coefficient 0.5

Table 3: Numerical calculation of microscopic mechanical parameters of high-strength rock joint.

Particle parameters Value Parallel bond parameters Value Smooth joint properties Value

Young’s modulus (GPa) 14 Young’s modulus (GPa) 14 Normal stiffness (MPa/mm) 80

Ratio of normal to shear stiffness 1.5 Ratio of normal to shear stiffness 1.5 Tangential stiffness (MPa/mm) 80

Minimum particle radius (mm) 0.5 Normal strength (MPa) 41 ± 4:1 Friction coefficient 0.85

Radius ratio 1.66 Shear strength (MPa) 52 ± 5:1 Bond shear strength (MPa) 0

Density (kg/m3) 2750 Bond normal strength (MPa) 0

Friction coefficient 0.6
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roughness, the first-order roughness is less prone to violent
damage, and the joint resumes the development trend of sta-
ble rupture.

Comparing the crack development diagrams of joints
of different lithologies, it can also be seen that the higher
the strength of the joints, the earlier the maximum number
of cracks in the joints appears and the larger the cumula-
tive number of cracks. That is, it indicates that the damage
of the joints becomes more serious at an earlier stage,
which is consistent with the phenomenon observed in the
indoor tests.

It can also be seen from Figure 9 that the number of ten-
sion cracks in the shear process is greater than the number
of shear cracks, which is due to the fact that the internal con-
tact force is dominated by pressure during the shear process
on the joints of the rock, making the mutual extrusion
between the particles resulting in the development of cracks
mainly in tension cracks.

4.2.3. Analysis of Particle Rotation Radian Evolution.
Figure 11 shows the evolution of the particle rotation arc
inside the joints of the two strength rock masses when mon-
itoring different shear displacements. From Figures 11(a)
and 11(b), it can be seen that the shear misalignment of
the rock mass causes the change of the internal rotational
arc of the particle system, which in turn leads to the gradual
evolution of the rotational arc of the particle body. In the ini-
tial stage of shear, the rotational arc of the particle body
inside the rock mass is at a small level, and most of the par-
ticle rotational arcs are between -1 and 0, and only individ-
ual particles have slightly larger rotational arcs. Under the
action of shear load, the compression density at the end of
the rock body causes the particle body to rotate, so the rota-
tion arc of the particles on the side of the applied shear stress
(right side of the lower specimen) and the fixed side of the
upper specimen (left side of the upper specimen) increases,

and the rotation arc of the particles is mainly between 0
and 0.5. When the shear displacement further increases,
the more particles with rotation arcs of 0 to 0.5 are grad-
ually expanded from the two ends of the specimen to the
lower left and upper right ends of the rock mass. The
particles with high rotational arcs (i.e., rotational arcs of
-600 to -1 and 1 to 600) are mainly distributed at the
projections of the joint. And compared with the crack
distribution, it can be found that these particles with high
rotational arcs are mainly concentrated at the locations
where cracks are generated. This is mainly the shear pro-
cess in which the joint projection is the main bearing
area. It is subjected to large normal stress and shear
stress, so the granular body in this region is moving vig-
orously, accumulating more energy, and the rock is more
prone to damage. It can be seen that the generation of
cracks is related to the rotation of the particles, and the
process of rock destruction is also a continuous redistri-
bution of the internal particle rotation arc. Along with
the continuous generation of cracks, it leads to the evolu-
tion of the rock mass from microscopic rupture to macro-
scopic failure.

To further analyze the evolution law of particle rota-
tion arc during shearing, the proportion of the number
of particles with particle rotation arcs of -600~-1, -1~0,
0~0.5, 0.5~1, and 1~600 was counted, as shown in
Figure 11(c). As can be seen from the figure, the evolu-
tion process of particle rotational arcs on the joints of
the two strength rock masses is roughly similar. Among
them, particles with rotational arcs of 0.5~0 and 0~-1
account for the largest proportion. With the increase of
shear displacement, the number of particles with rota-
tional arcs of -1~0 shows an overall decreasing trend. In
the initial stage of shear, the percentage changes less
and tends to be smooth overall, while after the peak shear
stress, the percentage decreases rapidly from 75% to about
50%. And after the shear displacement to 6mm, the per-
centage tends to be smooth again roughly stabilized at
about 50%. The proportion of particles with a rotational
arc of 0.5 to 0 is on the whole on an upward trend from
20% to about 40%, and the growth trend of this propor-
tion of particles is the opposite of the decreasing trend
of the proportion of particles from -1 to 0. The percentage
of particles with rotational arcs of 1~600, -1~-600, and
0.5~1 all show an increasing trend basically from 0% to
about 3% slowly. Comparing the histograms of the joints
of the two intensities, it is also clear that the decrease in
the percentage of particles with rotational arcs of 0~-1
on the joints of the low-intensity rock is more continuous,
while the joints of the high-intensity rock show a stepwise
pattern, which is related to the damage pattern and range
of the joints.

4.3. Evolution Characteristics of Energy

4.3.1. Determination of Dissipation Energy. The physical and
mechanical change processes of rock are closely related to
energy transformation, and its deformation and failure are
instability phenomena driven by energy exchange [44].
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Therefore, the energy dissipation can reflect the damage of
the specimen, and the analysis of the energy evolution pro-
cess of the joint of the rock body can also reveal the damage
mechanism of the joint.

According to the law of energy conservation, the expres-
sion of total external energy U is as follows:

U =Ue +Ud +Uk, ð2Þ
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Figure 8: Evolution of contact force between particles during shearing: (a) low-strength rock joints; (b) high-strength rock joints.
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Figure 9: Evolution of microcracks during shearing: (a) low-strength rock joints; (b) high-strength rock joints.
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where Ue is the elastic energy, Ud is the dissipative energy,
and Uk is the kinetic energy.

Since the shear speed is 0.01mm/s during the whole sim-
ulated shear process, the kinetic energy is negligible, so the
total energy expression can be simplified as

U =Ue +Ud: ð3Þ

In the PFC numerical simulation software, the total
external input energy is Wall’s boundary energy Ez. The
elastic energy is mainly the linear elastic energy Es and the
gluing elastic energy Eb, as shown in the following:

Ue = Es + Eb: ð4Þ

Among them, Wall’s boundary energy Ez, linear elastic
energy Es, and gluing elastic energy Eb can be calculated by
the self-contained function of the PFC numerical simulation
software [45]; the equations are as follows:

Ez =〠
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1
2

Fl
n

� �2

kn
+ Fl

s

�� ��2
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 !
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knI

� �
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ð5Þ

where Nw is the number of walls; Fi is the force exerted on
the wall; di is the displacement of the wall; Fl

n is the linear
normal force; Fl

s is the linear shear force; kn is the linear nor-
mal stiffness; ks is the linear shear stiffness. A is the cross-
sectional area; I is the moment of inertia of the parallel bond
cross-section; Fn is the normal force of parallel bond; Fs is
the shear force of parallel bond; kn and ks are the normal

and shear stiffness of parallel bond; Mb is the moment of
parallel bond.

Dissipative energy is mainly generated by friction,
damping dissipation, microrupture, and plastic deformation
and can be obtained by subtracting the elastic energy from
the total external energy, i.e.,

Ud =U −Ue: ð6Þ

4.3.2. Energy Evolution. As shown in Figure 12, the curves of
the total external input energy, elastic energy, and dissipa-
tion energy changes during shear for the high-strength rock
joints and low-strength rock joints are shown. As a whole,
the energy evolution process of high-strength rock joints
and low-intensity rock joints is similar. In the preshear stage,
i.e., stage I, the total input energy increases rapidly with the
increase of shear stress, shear displacement, and normal dis-
placement. As the connection and cementation of most of
the particles in the early stage of shear are still in the elastic
stage, the elastic energy accumulates continuously as the
shear proceeds. However, the analysis above shows that a
small amount of cracks are generated in this stage and there
is some damage, so some dissipation energy is also generated
in this stage. And the dissipation energy is first at a small
level and then starts to rise slowly. After the shear displace-
ment exceeds a certain range, the rising rate increases rap-
idly, which is the same as the trend of the number of
cracks accumulated on the joints during shear. The elastic
energy reaches its peak by the time it reaches the peak of
the shear stress, after which macroscopic damage occurs in
stage II due to a large number of cracks on the joints. The
elastic energy stored between the particle joints and between
the glue junctions is consumed, causing the elastic energy
curve to start decreasing. And the dissipation energy still
keeps growing at a large rate. In stage III, the elastic energy
remains basically the same, while the dissipation energy con-
tinues to increase. This is due to the fact that there are still a
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Figure 10: Number of cracks and cumulative number of cracks: (a) low-strength rock joints; (b) high-strength rock joints.
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large number of cracks generated in this stage and the fric-
tion between particle contacts increases, so the frictional dis-
sipation energy becomes the main energy dissipated.

Comparing the energy evolution curves of high-strength
joint rocks and low-strength joint rocks, it can be seen that
the high-strength joint rocks have greater total input energy,
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greater dissipation energy, and smaller peak elastic energy.
This is due to the fact that the high-strength joint rock spec-
imens have higher input shear stress and higher normal dis-
placement during shear, which in turn results in higher total
input energy. As shown in the above analysis, under the
same conditions, the joint projections of high-strength joint
rocks are damaged earlier and more severely than those of
low-strength joint rocks, and a large number of cracks are
produced at a smaller shear displacement. Therefore, the
accumulated elastic energy is smaller, while the dissipation
energy is larger.

5. Conclusion

In order to study the effect of rock mass strength on the
macroscopic and microscopic shear properties of the joints,
shear tests of rock specimens of two strengths were con-
ducted in the laboratory and corresponding numerical sim-
ulations were carried out using PFC2D numerical
simulation software, and then, a systematic study of the
shear properties of the joints of rock masses of different
strengths was carried out from the macroscopic and micro-
scopic perspectives, and the following conclusions were
obtained:

(1) The shear stress curves of rock masses with different
strengths tend to be different. High-strength rock
masses tend to be hardened and low-strength rock
masses tend to be softened. And comparing the test
results under multiple roughness conditions, we
can also find that the joints of high-strength rock
masses are more sensitive to the change of roughness

(2) With the increase of JRC, the surface damage mode
of the joints of both strength rock masses gradually
changes from “abrasion” to “abrasion+ gnawing”.
The damage range of high-strength joints is larger,
which means that the high-strength joints are less

susceptible to shear slip than the low-strength rock
mass surface

(3) In the simulated shear process, the contact force is
mainly concentrated on the joints, while the contact
force inside the rock is smaller. And the contact force
on the joints first acts on the second-order roughness
and then gradually acts on the first-order roughness.
Compared with the low-strength rock masses, the
contact force on the joints of the high-strength rock
masses is larger and more widely distributed

(4) At the early stage of shear, more rotations occurred
in the end particle body, and only a small number
of cracks occurred on the joints. With the increase
of shear displacement, the number of particles and
cracks with larger rotational arc increases rapidly,
and the particle arc is mainly concentrated in the
location where cracks occur. The cumulative number
of cracks on the joints of the high-strength rock
masses is more, and the particles with larger rota-
tional arcs are distributed more widely

(5) As shearing proceeds, the total input energy con-
tinues to increase. At the beginning of shear, the
elastic energy is greater than the dissipative energy.
Near the peak of shear, the elastic energy reaches
its peak and then begins to decrease and gradually
tends to be constant. However, the dissipative energy
keeps increasing and eventually becomes much
larger than the elastic energy. The input energy and
dissipation energy of the high-strength joint rock
specimens are greater, while the peak elastic energy
is smaller

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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Figure 12: Variation curve of energy with shear displacement: (a) low-strength rock joints; (b) high-strength rock joints.
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