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Abstract
Rough joints widely exist in natural rock mass, and their shear mechanical properties control the safety
and stability of rock mass. In the existing studies, the contribution of different protrusions to resisting
shear stress is not mentioned. In this study, the local shear mechanism of different protrusions of rough
joints in the shear process were well presented by combining quantitative and qualitative results using
the discrete element method (DEM). Firstly, Barton's 10 standard roughness joint pro�les were digitized.
Rough joints were established using the modi�ed smooth joint model (MSJM). The direct shear tests of
joint specimens under constant normal stress were successfully conducted based on servo mode.
Secondly, according to the test results, the law of shear stress was discussed. Then, the failure mode of
joint specimen was discussed in detail based on the crack tracking module and force chain analysis.
Next, the relationship between the number of cracks and shear stress was investigated. Finally, the
variation law of average stress in different 10 segments of joints during shear was tracked based on the
measuring circle function. The contribution of local joint segments in resisting shear stress is
quantitatively described by 3 stress indexes.

1. Introduction
Rough joints widely exist in natural rock mass and have different morphologies, scales and directions1-3.
The characteristics of multiple fractures make the rock mass have typical characteristics such as
discontinuity, heterogeneity and anisotropy, which is obviously different from the complete rock block4-6.
The overall stability of rock mass can be evaluated by deformation law and failure characteristics. A
large number of engineering practices showed that the joint surface in rock mass plays a leading role in
the deformation and failure of rock slope and tunnel surrounding rock7-8. This is because the failure of
rock mass usually occurs �rst along the joint surface, and then produces a series of chain failure
reactions, which eventually leads to the large-scale failure of the whole rock mass. Therefore, accurately
understanding the mechanical properties of structural plane is an important basis for evaluating the
stability and safety of engineering rock mass9-11.

Traditionally, the shear mechanical properties of rock joints were studied by using natural joint surfaces.
The joint surface was �rst taken out from the rock mass and made into a sample, and then a shear test
was carried out. In most cases, each joint surface can only undergo one shear process under the same
conditions. In other cases, the joint surface will undergo multiple shear process to explore the weakening
law of shear stress and rough morphology12,13. Since the natural joint surface will have some failure after
one shear failure, so it is inconvenient to systematically carry out the in�uence of different in�uencing
factors such as normal stress and roughness on the shear characteristics of the joint.

In order to solve the above problem, researchers used other materials to simulate rock to study the shear
mechanical properties of joints, such as mortar and gypsum samples14-16. In these physical tests, the
joint surface was been set to different roughness through the mold, including regular and irregular types.
The joint samples with the same morphology could be in�nitely copied by rock like materials, this is
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conducive to the setting of different research schemes of direct shear test. After that, the shear
mechanical properties (such as shear stress, normal deformation, failure scale, etc) of rock joints under
different boundary conditions, roughness, shear velocity, �lling degree, rock mass type and other
in�uencing factors were continuously revealed17-19. However, it is worth noting that the above studies are
carried out on the basis of indoor physical experiments. Researchers can only observe the failure of the
sample after the shear process, but cannot clearly understand the failure mechanism of the geometric
morphology of the joint during the shear process.

In recent decades, the application of numerical simulation technology in the �eld of geotechnical
engineering was expanding day by day20,21. With the continuous updating of computer software and
hardware, the discrete element method (DEM) that was derived from particulate and blocky theory
systems had a rapid development22,23. The potential advantage of the DEM is that the mechanical
response of jointed rock mass can be derived based on simple particle contact logic. In the numerical test
based on DEM, the test boundary and parameters can be simply set, and the test results can be easily
monitored24,25. For the direct shear test of numerical joint samples, the key is that the failure law of
samples in the shear process can be well presented. At present, many scholars had carried out many
useful studies on the shear mechanical properties of joint samples based on DEM and achieved rich
research results24-28.

As one of the important factors affecting the shear mechanical properties of rock joints, the roughness of
rock joints had been widely concerned by researchers in recent decades. Since Barton proposed using
joint roughness JRC to quantitatively describe the roughness of joints, many scholars had established the
functional relationship between JRC and different morphological parameters such as the root mean
square of the �rst deviation of pro�les (Z2) and the roughness pro�le index (RP-1)29,30. However, in the
calculation formulas of most morphological parameters, all �uctuations on the joint surface were
calculated, and the idea of averaging was adopted. Obviously, this process ignored the differences of
failure mechanisms of protrusions with different sizes, which was obviously unreasonable. The reason is
that the quantitative results of the difference of local �uctuation in resisting shear stress were rarely
mentioned in the existing joint direct shear test research.

To compensate for this shortcoming, this paper will present the local shear mechanism of
different protrusions of rough joints in the shear process by combining quantitative and qualitative
results. Numerical rock specimens containing rough joints were established using the particle �ow
software (PFC2D) in discrete element method (DEM). The Barton's 10 standard roughness joint were
simulated using the modi�ed smooth joint model (MSJM)25-26 and the direct shear tests of these joint
specimens under constant normal stress were successfully carried out based on servo mode.

Based on the test results, the law of shear stress was discussed �rstly. Based on the crack tracking
module, the failure mode of joint specimen was discussed in detail, and the relationship between the
number of cracks and shear stress was also presented. Based on the built-in measuring circle function of
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PFC2D, the variation law of average stress in different segments of joints during shear was tracked. The
contribution of local joint segments in resisting shear stress was related to the geometric morphology of
joints and quantitatively described by several stress indexes. Finally, the local shear mechanism of joints
is well presented and provides an important reference for subsequent research. 

2. Acquisition Of Rough Joint Pro�le
2.1 Digitization of Barton's 10 joint pro�les

In 1978, Barton �rst proposed 10 standard roughness joint pro�les in an article and gave the JRC inverse
value of these joints when they are sheared from left to right. This work provided an important way for
the quantitative description of rock joint roughness31-33. After that, many researchers studied the shear
mechanical properties and roughness description methods of rock joints based on the above typical joint
pro�les34-36. Due to the lack of original data, subsequent researchers usually obtained the geometric
coordinates of 10 joint pro�les through various indirect methods.

The original data of 10 joint pro�les were obtained by Barton31,32 through the pro�le comb, and the
sampling interval was 0.5mm (Fig. 1). In this study, an image recognition method was used to digitize the
joint pro�les, which was close to the re-acquisition of the original data. The image processing software
was chosen to be GETDATA. In order to avoid data distortion, the digitization process of joint pro�les in
this paper also maintained the same sampling interval.

2.2 Validation of joint pro�le data

In order to verify the reliability of the digitization process of the 10 joint pro�les in section 2.1, statistical
parameters Z2 and RP-1 which are widely used to describe joint roughness in geotechnical engineering

were recommend as representative for veri�cation. Their de�nitions are as follows29-30:

Where N is the number of discrete points in joint pro�le and it is 201 at 0.5 mm sampling interval. At
0.5mm sampling interval, the values of Z2 and RP-1 of 10 standard roughness joint pro�les were
calculated by Eq. (1) and Eq. (2). Eq. (3) was selected to establish �tting relationship between statistical
parameters and JRC.

JRC = a*ln(P)+ b                              (3)

Where P represents the statistical parameters, a and b is the regression coe�cients. As showed in Fig. 4,
with the increase of JRC, the values of Z2 and RP-1 showed an increasing trend as a whole. The
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correlation coe�cients squared(R2) of Z2 and RP-1 with JRC calculated in our paper all exceeded 0.95,

which was basically consistent with the �ndings of other researchers34-35. This con�rmed that the data
acquisition work of the 10 standard joint pro�les in our paper was very accurate. On this basis, follow-up
studies were reliable.

3. Direct Shear Test Of Joint Specimens
The numerical model and direct shear test of joint specimens were simulated by the Particle Flow Code
software (PFC2D). In this software, the mechanical behavior of materials could be simulated by
displacement and force interaction in particles. The basic relationship between forces and motion of
particles is Newton’s second law of motion37.

3.1 Establishment of numerical model

In earlier numerical studies, many scholars used bond removal method (BRM) to generate joint22-23. Since
joint can only occur at the contact of particles, the roughness of joint generated by the BRM is greatly
affected by particle distribution. Later, the smooth joint model (SJM) was introduced into PFC and allows
particles to pass through or overlap each other rather than to spin around each other. So, the SJM solved
the shortcomings of the BRM very well and had been widely used in numerical studies of jointed rock
masses24-26. However, Bahaaddini et al. 26 found that the smooth joint model might lead to an unreliable
increase in the shear strength and normal displacement of joint sample. Finally, the modi�ed smooth
joint model (MSJM) had been proposed to achieve better simulation results. In this paper, the same idea
was used to establish the numerical model of joint specimens. 

Firstly, two contact boxes were established and each box had four frictionless walls. The overall
dimensions of the model were 100 mm in width and 60 mm in height. The upper wall of the box below
and the bottom wall of the upper box were overlapping. They were generated from the geometric
coordinates of the 10 standard roughness joint pro�les obtained in Section 2.1. The input of the joint
node must follow the right-hand rule as only one face of the wall is active by default.

Second, randomly placed particles were separately generated in the upper and lower parts of the joint
sample. The particle size is between 0.15 mm and 0.24mm, which satis�ed uniform size distribution.
Each numerical joint specimens contained 41 883 particles at a porosity of 0.15. At the beginning of
particle formation, there was many overlaps between the particles. After giving an initial stiffness, the
overlapping particles generated previously were allowed to rearrange and reached the static equilibrium
under friction free conditions. Next, particles with less than one contact were eliminated to reduce internal
locking phenomenon24-26. 

Then, the BPM was installed on the upper and lower parts of the specimen respectively and the two rough
walls in the middle of the specimen were deleted. Next, an appropriately low normal pressure was applied
to the specimen. New contacts were generated between the particles of the upper and lower part of
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the specimen. Finally, the discrete fractures network (DFN) was applied to determine the location of 10
rough joint pro�les, and the SJM was applied at the DFN37. According to the above ideas, joint samples
with 10 standard roughness were established respectively. Figure 5 shows the 7th joint specimen for
illustration. 

3.2 Setting and calibration of microscopic parameters

In DEM such as PFC2D, the macroscopic mechanical behavior of the material that we are expecting to
simulate is derived by the interaction of constituents such as particle and bond. So far, researchers had
not found that the micro parameters of these components have a speci�c corresponding relationship
with the macroscopic mechanical behavior of the model. Therefore, these microscopic parameters must
be calibrated through repeated trial and error of conventional physical tests.

3.2.1 Calibration process of microscopic parameters of the BPM

In order to calibrate microscopic parameters of the BPM applied in intact rock, numerical specimen with
length of 50 mm and height of 100 mm were generated22-28. The setting of particle distribution and
microscopic parameters is completely consistent with Section 3.2. The specimen contained 34901
particles. The uniaxial compression tests were carried out without con�ning pressure, and the
result showed that the uniaxial compressive strength (UCS) was 59.09 MPa and the deformation
modulus (E0)was 8.83 GPa for the intact rock. The macroscopic mechanical properties and failure mode
of the numerical specimen were consistent with the physical test results of real rock (Fig. 6). The
calibrated microscopic parameters of BPM are summarized in Table 1.

Table 1. Microscopic parameters of balls and bonds in intact rock.

Particle parameters  Parallel bond parameters  

Particle density [kg/m3] 2000 Modulus`E* [GPa] 5.5

Modulus E* [GPa] 5.5 Stiffness ratio`kn/`ks 1.5

Stiffness ratio kn/ks 1.5 Tensile strength [MPa] 34.5

Friction coe�cient μ 0.7 Cohesion [MPa] 34.5

3.2.2 Calibration process of microscopic parameters of the SJM

In order to calibrate microscopic parameters of the SJM, the direct shear tests on planar joints were
conducted. The establishment of joint specimen is consistent with Section 3.1, while the position of
rough joints is replaced with a �at joint established by the SJM. In the direct shear tests, a constant
normal stress was applied to the top wall by using a servo mechanism (see section 3.4 for details). The
shear stress shear displacement curves of numerical direct shear test of �at joints under normal stresses
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of 2, 4, 6 and 8MPa are shown in Fig. 7. It can be seen that the shear stress curve shows the
characteristics of slip failure, which is consistent with the indoor physical test.

As shown in Fig. 7(b), the difference of shear strength results between numerical test and indoor physical
test of �at joints under the same scheme was very small and the friction angle of joint surface was near
40.22°. Therefore, it can be considered that the simulation and parameter setting of joint surfaces in the
numerical calculation of this paper are very reasonable. The calibrated microscopic parameters of the
SJM were presented in Table 2. 

Table 2. Microscopic parameters of joint surface.

Normal stiffness

sj_kn

[GPa/m]

Shear stiffness

sj_ks

[GPa/m]

Friction coe�cient

sj_fric

Large deformation

sj_large

400 100 0.83 1

3.3 Shearing process control

Figure 8 shows the scheme of the direct shear test of rough joint specimen. 3#, 4# and 5# walls belong to
the upper shear box and 1#, 2# and 6# walls belong to the lower shear box. During the direct shear test,
the lower shear box was �xed and a constant horizontal velocity of 4 mm/s was applied to the upper
shear box. Shear stress and shear strain could be calculated by recording the force and displacement of
the corresponding wall including 2#, 5# and 6# walls. 

The calculations in PFC software were carried out by a time-stepping algorithm. The real time between
each calculation step had a small value about 2.904× 10−7 s. That is, the upper and lower wall moved at
the rate of 11.616 × 10−7 mm per time step. This movement rate was so slow enough to ensure that the
test process of joint specimen was in quasi-static equilibrium. The direct shear tests of joint specimens
with 10 standard roughness were carried out and the shearing direction was from left to right by default. 

3.4 Servo mechanism 

During the direct shear test under constant stress conditions, the normal stress applied to the upper and
lower surfaces of sample must be kept constant. However, the direct application of load cannot be
realized in the PFC software. The constant load state could only be maintained by a servo function that
can automatically changing the normal moving speed of the upper and lower walls at each calculation
step. 

The normal velocity v(wall) of the upper surface of joint specimen could be set as follows:

           v(wall) = G(σmeasure - σrequire) = GΔσ                        (4)
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Where G represent the servo parameter, σmeasure represented the normal stress actually applied to the
upper surface of the joint specimen, σrequire represented the expected normal stress set by us and Δσ
represent the stress difference between σmeasure and σrequire. The maximum value of Δσ was de�ned as: 

Δσ(wall) = (kn
(wall)Ncv(wall)Δt)/A                         (5)

In Eq. (5), kn
(wall) represented the average stiffness of the particles in contact with 1# and 4# walls, Nc

represent the number of particles and A represent the area of the wall. In order to minimize the difference
between σmeasure and σrequire, a release factor α was introduced as shown in Eq. (6).

|Δσ(wall)|< α|Δσ|                               (6)

When substituting Eq. (4) and Eq. (5) into Eq. (6), the Eq. (7) could be obtained.

   (kn
(wall)NcG|Δσ|Δt)/A < α|Δσ|                          (7)

Thus, the servo coe�cient G could be de�ned as follows:

G = αΑ/(kn
(wall)NcΔt)                             (8)

When the software runs a calculation step, the servo parameter G of the next calculation step is
calculated by the servo function in advance. The normal velocity v(wall) of the upper walls well be updated
by Eq. (4). Next, the servo parameter G required for the next calculation step is also calculated
simultaneously. 

In order to verify the reliability of the above method, the direct shear tests of planar joint under normal
stress conditions of 1MPa, 2MPa and 3MPa were carried out. After data monitoring, Figure 9 shows the
normal stresses applied to the upper and lower walls. It could be seen that σmeasure and σrequire was very
close and the normal stress application process was very stable and reliable. In the follow-up study, the
normal stresses applied to the joint specimens were 2 MPa, 4 MPa, 6MPa and 8 MPa respectively.

4. Test Results
4.1 Shear stress curve and shear strength

Based on the direct shear test, the results of shear stress shear displacement curves of joint samples with
different roughness are given in Fig. 10. Here, only the condition of normal stress 2MPa and 6MPa were
taken as a representative for discussion.

It can be seen from the �gure that the shear stress curve was roughly divided into two stages. At the
beginning of the shear process, the shear stress increased very rapidly, and the joint roughness had little
effect on the growth rate of shear stress. With the continuous increase of shear displacement, the growth
rate of shear stress decreased gradually, and then reached the peak value. The above process was
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de�ned as the pre peak stage. With the increase of joint roughness, the growth rate of shear stress in the
pre peak stage increased faster. After that, the shear stress curve entered the post peak stage. The shear
stress decreased greatly �rstly, and �nally remained basically constant in a certain range. As the joint
roughness and normal stress increased, the reduction effect of shear stress curve in the post peak stage
was more obvious. 

Figure 11(a) shows the relationship curve between joint JRC and shear strength under different normal
stress conditions. It can be seen that the shear strength shows an obvious increasing trend with the
increase of joint JRC. This indicate that the numerical shear test can well re�ect the in�uence of joint JRC
on joint shear strength.

Figure 11(b) shows the relationship between normal stress and shear strength under different joint
roughness. It can be seen that the shear strength increases approximately linearly with the increase of
normal stress, and the rules of joints with different roughness are very similar.

4.2 Failure mode of joint specimen

In the numerical rock specimens established by PFC2D, when the stress acting between particles is greater
than the parallel bond parameters summarized in Table 1, the contact will be damaged and cracks will
occur. The microcracks produced in the shear process of rock specimens can be tracked by writing a
speci�c command �ow37.

In order to show the failure mechanism of joint samples during shear, Contrast diagram of crack
propagation and contact force distribution of joint specimen under different shear displacements are
given in Fig. 12. Among them, the 10th joint specimen under normal stress of 4MPa is selected for
description, and the shear displacement is 0mm, 0.5mm, 0.75mm, 1mm, 2mm and 3mm respectively. In
the crack propagation diagram, the blue part is the upper sample, the green part is the lower sample, the
red represents the crack, and the white area at the joint surface is the gap. In the contact force distribution
diagram, black represents the contact force chain. The darker and thicker the color of the force chain, the
greater the contact force.

Before the start of shearing (Fig.12(a)), there was no crack in the sample, and the internal contact force
was evenly distributed. When the shear displacement was 0.5mm (Fig.12(b)), there were a few cracks on
the large protrusion of the joint surface and the contact force had shown a concentration effect. The
contact force at the protrusion where the crack is concentrated was relatively large. When the shear
displacement was 0.75mm (Figure12(c)), the number of cracks on larger protrusions had increased and
gradually deepened. In addition, some small protrusions were also damaged at this time. On the whole,
the contact force concentration effect of joint specimens had been very obvious at three large
protrusions.

When the shear displacement was 1mm (Fig.12(d)), the maximum protrusion of the sample was
damaged, which led to the rapid increase of the number of cracks in the specimen. In addition, the
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increase of shear displacement caused the dislocation of joint surface and the concentration range of
contact force decreased. When the shear displacement increased from 1mm to 2mm (Fig.12(d) to (e)),
the contact force concentration effect at the maximum protrusion decreased signi�cantly. At this time,
the contact force of the middle protrusion was the largest, which led to its partial failure. When the shear
displacement increased from 2mm to 3mm (Fig.12(e) to (f)), new contact occurred on the joint surface
due to dislocation. These new contacts continued to resist shear stress and subsequently failed.

We can realize that the large protrusions of the joint surface made a great contribution to the resistance
to shear force. It not only had a large failure scale, but also the failure time was very early. In contrast, the
contribution of small protrusions in resisting shear force was relatively small. They only had a small
amount of damage or even no damage, and the time point of damage was later. It can be seen that the
joint surface showed a progressive failure mechanism, and the size of protrusion in joint surface had an
important in�uence on the resistance to shear stress. 

4.3 Relationship between crack number and shear stress

During the shear process, the joint protrusion resisted the shear stress by squeezing each other. Only a
large shear force could make the joint protrusion produce cracks and damage, so there must be a
relationship between the development of shear stress and crack propagation. Figure 13 shows change
curves of shear stress and crack number with shear displacement under 4MPa normal stress for the
typical description. Figure 13(a) to (d) show the 1th joint, the 4th joint, the 7th joint and the 10th joint
respectively.

In the initial stage of shear process, the shear stress increased fastest, but there was no crack in the
sample. With the gradual increase of shear displacement, cracks began to appear in the specimen, and
the crack generation speed was accelerating. Then the change curve of crack number entered the high-
speed propagation stage, in which the crack number of the sample increased the fastest. In contrast, the
growth rate of shear stress decreased sharply until it reaches zero, and then the shear stress reached the
peak state. Then, the shear stress curve decreased continuously, and the decreasing speed increases with
the increase of JRC. Finally, the change curve of crack number entered the low-speed propagation stage,
and the shear stress curve also entered the residual stage one after another.

For rough joints, there were obvious in�ection points between the change curve of crack number and the
shear stress curve, but not for smooth joints. On the whole, the shear stress will decrease after the failure
of the sample, this indicates the crack development in the specimen can inhibit the growth of shear
stress. When the shear stress rose rapidly, the crack in the sample had not developed obviously. When the
growth rate of shear stress decreased rapidly, the number of cracks increased rapidly. This showed that
the failure of the specimen had an obvious lag effect compared with the change of shear stress.

5. Distribution Law Of Average Stress In Joint Segment
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In Section 3.1, we propose the progressive failure mechanism of joint samples in the shear process.
However, there were no quantitative results to evaluate the contribution of different joint protrusions to
resist shear stress. With the help of the measuring circle function embedded in PFC2D, we had monitored
the variation law of the mechanical indexes of the joint segment during the shear process.

5.1 Layout of measuring circle

The measuring circle cannot move after being arranged, and the horizontal and normal displacement will
occur in the shear process of the upper test. This makes it impossible for the measuring circle to
approximately monitor the data in the same area. Therefore, in this section, the layout of the measuring
circle on the joint specimen is based on the �xed lower sample, and the monitoring scheme is shown in
Fig. 14 (taking joint 10 as an example). Among them, the joint pro�le was divided into 10 segments,
which were numbered from segment 1 to segment 10. A measuring circle was set on each joint segment.
The center of the measuring circle was located on the joint pro�le, and the diameter was 10mm.

5.2 Average stress variation curve of different joint segments

By measuring circle function, we can measure the data of porosity, stress, strain rate, particle size
distribution and coordination number in a speci�c area. In this section, the stress monitoring results are
selected for corresponding analysis. As a variable in the continuous medium model, the stress can be
approximately obtained only by averaging in the discrete medium37. The speci�c calculation formula is
as follows:

  (9)

Where, v is the volume of the measuring circle, which is the area in the two-dimensional model; Nc is the

number of active contacts in the measurement circle; F(c) is the vector for measuring the contact force in
the circle; L(c) is the branch vector connecting the centroids of two particles; represents the vector
product37. According to the direction, the average stress monitored by the measuring circle is mainly
divided into horizontal stress (stress xx), vertical stress (stress yy) and tangential stress (stress xy or
stress yx). The �rst two were selected for representative description in this paper. After preliminary
calculation, we found that the average stresses in the horizontal and vertical directions monitored by the
measuring circle under all schemes are compressive stresses. Therefore, the subsequent analysis would
no longer distinguish the stress attribute, but only analyze the stress value.

Figure 15 shows the variation curve of horizontal and vertical stress for different joint segments under
2MPa normal stress. The �gure on the left shows the horizontal stress and the �gure on the right shows
the vertical stress. The 1th, 4th, 7th and 10th joints specimens were selected for representative
description.
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It could be seen that the horizontal stress of each joint section was small at the beginning of shear
process, and the value of vertical stress was kept around 2MPa, which was basically consistent with the
external normal stress. During the shear process, the horizontal stress of each joint segment gradually
increased, then decreased, and �nally remained stable. In addition, the stress in different joint segment
was different, and the rough the joint was, the more obvious the difference was. Taking the 10th joint as
an example, the horizontal stress of the 3th joint segment was much greater than that of another joint
segment. Combined with the geometric morphology of the joint, the 3th joint segment corresponded to
the position of maximum protrusion. It could be veri�ed that there was a strong correlation between the
stress distribution of each joint segment and its surface morphology.

With the increase of shear displacement, the vertical stress at some joint segments gradually decreased
to 0 MPa as a whole. This indicated that these joint segments were no longer in contact. As the external
normal stress was always constant in the shear process, the joint segments bearing the external normal
stress were signi�cantly reduced. On the right side of Fig. 15, we could see that the vertical stress at some
joint sections had increased signi�cantly, which indicated that there was stress concentration here.
Besides, the shear displacement nodes corresponding to the signi�cant increase of vertical stress in the
joint section were different. This showed that the position of the joint segment mainly bearing the normal
stress would change during the shear process.

5.3 Distribution law of maximum stress in different joint segment

As an important index to evaluate the mechanical properties of joint surface, shear strength is most
widely used in practical engineering. In order to discuss the contribution of different protrusions to the
overall roughness of the joint surface, the distribution law of the maximum stress of each protrusion in
the pre peak stage of shear stress are further analyzed in this section.

 Based on the test data in section 4.1, the shear displacement range corresponding to the pre peak stage
of the shear stress curve of each scheme was �rstly obtained. Then, the maximum value of stress curve
in the corresponding shear displacement range was obtained, and the results are shown in Fig. 16. Where,
Fig. 16(a) to (e) are the analysis results of the 6th to 10th joint specimens respectively. The left side is
horizontal stress and the right side is vertical stress. Each �gure contains four cases of different normal
stresses. 

As shown in Fig. 16, the distribution law of the maximum horizontal stress and the maximum horizontal
stress of the joint segment under each scheme was very similar, especially the 6th, 8th and 10th joint
specimens. With the increase of normal stress, the stress in the joint section increased, but the overall
distribution law was basically unchanged. This shows that the proportion of shear force shared by
different joint segments was basically constant when the joint segments are subjected to the dual action
of shear stress and normal stress.

In addition, the maximum values of horizontal and vertical stresses that different joint segments bear in
the pre peak stage of shear stress are different. For the 8th joint, the maximum horizontal and vertical
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stresses at the joint segment 5 were greater than those in other joint segments. By comparing the
geometric pro�le of the 8th joint in Fig. 3, it could be seen that the joint segment 5 coincided with the
position of largest protrusion of the joint surface. For the 10th joint, the maximum horizontal and vertical
stresses of joint segment 3 were also greater than those of other joint segments, and the joint segment 3
was also at the largest protrusion of the joint surface. In short, the stress bearing capacity of joint
segments at different positions on the joint surface was closely related to the morphological
characteristics of the joint itself. This was consistent with the results shown in the macro failure diagram
of joint specimen in section 4.2.

5.4 Relationship between JRC and upper limit of maximum stress in different joint segment

In order to further reveal the relationship between the joint roughness and the stress of the joint segment,
the upper limit of the maximum stress of the joint segment under each scheme were calculated in this
section, as shown in Fig. 17. Where, the left side is the case of horizontal stress and the right side is the
case of vertical stress.

It could be seen that, with the increase of joint JRC, the upper limit of the maximum horizontal stress in
the joint segment kept increasing as a whole. This meant that the ability of the joint segment to bear
horizontal stress were becoming stronger as the JRC increased. However, the joint JRC had no regular
effect on the upper limit of the maximum vertical stress of the joint section. In addition, with the increase
of the external normal stress, the upper limit of the maximum horizontal stress and the maximum vertical
stress of the joint segment increased as a whole. Moreover, the regularity of the former was obviously
better than that of the latter.

5.5 Relationship between JRC and distribution range of maximum stress in different joint segments

In order to analyze the distribution characteristics of stress bearing capacity of joint segments, the upper
limit of the maximum stress of the joint segment under each scheme were calculated in this section, as
shown in Fig. 18. Where, the left side is the case of horizontal stress and the right side is the case of
vertical stress.

It could be seen that with the increase of joint JRC, the distribution range of the maximum horizontal
stress in each joint section showed an increasing trend, but there was no obvious law in the distribution
range of the maximum vertical stress. In addition, with the increase of normal stress from 2MPa to 8MPa,
the range of the maximum value of horizontal stress and vertical stress in each joint section had been
signi�cantly expanded as a whole. Similarly, the distribution range of the maximum horizontal stress was
more affected by JRC and normal stress than that of vertical stress.

Conclusion
In order to reveal the local shear failure mechanism of rough joints during the shear process, the
numerical direct shear tests of Barton's 10 typical joints under different normal stresses were carried out
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using PFC2D in the DEM. The MSJM was introduced to simulate the mechanical properties of joints, and
the servo mechanism was set to keep the normal stress constant. According to the test results, the
variation of shear stress, overall failure law and local shear mechanism of rough joints were discussed in
detail. The results showed that there were strong differences in the shear stresses borne by the local
segments of rough joints and it was closely related to the geometric morphology of the joint segments.
The main conclusions are as follows:

Barton's 10 typical joints were digitized by image processing software and the accuracy of the data is
veri�ed by the correlation between the statistical parameters (Z2 and RP-1) and JRC. In the direct shear

test of joint samples implemented by PFC2D, the microscopic parameters of intact rock and joint were
calibrated by comparing numerical test with physical test and the normal stress was constantly applied
through the servo mechanism. This showed that the research results of this paper are reliable.

With the increase of JRC and normal stress, the shear stress and shear strength of joints showed an
obvious increasing trend. This law was consistent with physical experiments. During the shearing
process, the specimen failure and contact force mainly started and concentrated at the largest protrusion,
and gradually turned to other protrusions positions in the later stage of shear process. With the increase
of shear displacement, the change of shear stress had a good corresponding relationship with the failure
speed of the sample. Crack propagation can signi�cantly inhibit the growth of shear stress, which made
the change of crack number lag behind the shear stress as a whole.

Based on the measuring circle function, the variation law of average stress in different 10 joint segments
during shear process were tracked. The 3 stress indexes including maximum stress, upper limit of
maximum stress and distribution range of maximum stress were selected to describe the contribution of
local joint segments in resisting shear stress. The above 3 stress indexes were con�rmed to have a good
regularity with JRC of joint. Among them, as the JRC increased, the stress parameters in the horizontal
direction increased. For local joint segments, the external shear stress bore a good corresponding
relationship with its protrusion size, which well veri�ed the difference in the contribution of joint geometry
to the overall roughness.

In this paper, the local shear mechanism of joint segments was qualitatively and quantitatively presented
separately and veri�ed to be completely different. In the subsequent studies, the different contributions of
joint segments are suggested to be noticed according to their protrusion size.
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Figures

Figure 1
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Method of using a comb to get roughness pro�le from joint surface31,32. (a) 10 typical joint surfaces; (b)
pro�le comb.

Figure 2

The diagram used to show digitization of a joint pro�le.

Figure 3
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The modi�ed 10 standard roughness joint pro�les (Unit: mm). (a) Pro�le 1; (b) Pro�le 2; (c) Pro�le 3; (d)
Pro�le 4; (e) Pro�le 5; (f) Pro�le 6; (g) Pro�le 7; (h) Pro�le 8; (i) Pro�le 9; (j) Pro�le 10.

Figure 4

Fitting curves between statistical parameters and JRC. (a) Z2; (b) RP-1.

Figure 5

Numerical joint model established by the smooth joint model.
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Figure 6

Results of uniaxial compression tests of intact rock.

Figure 7

Numerical direct shear test results of plane joints.
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Figure 8

The scheme of numerical direct shear test.

Figure 9

Comparison between actual normal stress and expected normal stress.
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Figure 10

Shear stresses-shear displacement curves of joint specimens with different roughness. (a) 2MPa  (b)
6MPa.

Figure 11

The in�uence of JRC and normal stress on the shear strength of joint specimens. (a) the in�uence of JRC;
(b) the in�uence of normal stress.
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Figure 12

Contrast diagram of crack propagation and contact force distribution of joint specimen during shear
process. (a) 0mm; (b) 0.5mm; (c) 0.75mm; (d) 1mm; (e) 2mm; (f) 3mm.
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Figure 13

Change curves of shear stress and crack number with shear displacement. (a) the 1th joint; (b) the 4th
joint; (c) the 7th joint; (d) the 10th joint.

Figure 14

Layout of measuring circles. (a) layout scheme; (b) actual simulation.
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Figure 15

Change curves of horizontal and vertical stress of different joint segments during shear process. (a) the
1th joint; (b) the 4th joint; (c) the 7th joint; (d) the 10th joint.
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Figure 16

Maximum stress distribution of joint segments under different normal stresses. (a) the 6th joint; (b) the
7th joint; (c) the 8th joint; (d) the 9th joint; (e) the 10th joint.
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Figure 17

In�uence of joint JRC on the upper limit of maximum stress of joint segments. (a) Horizontal stress; (b)
Vertical stress.

Figure 18

In�uence of joint JRC on the distribution range of maximum stress of joint segments. (a) the horizontal
stress; (b) the vertical stress.


