
ORIGINAL PAPER

Exploring micromechanical behaviors of soft rock joints
through physical and DEM modeling

Hoang-Khanh Le1
& Wen-Chao Huang1

& Chih-Chun Chien1,2

Received: 6 May 2020 /Accepted: 16 December 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
The joint surface of a rock mass is one of the most important factors that strongly affect its shear strength, which is critical in rock
engineering. Specifically, the joint roughness coefficient (JRC) is a parameter that represents the profile characteristic of the joint.
In the authors’ earlier investigation, any joint profile with a given JRCmight be generated randomly for engineering purposes. In
this study, a series of direct shear tests in both laboratory and numerical modeling (through discrete element method (DEM)) was
conducted for soft rock joints to elucidate the mechanical properties of a randomly-generated JRC profile. A 2D-DEMmodel was
adopted to simulate the joint specimen under the same direct shear conditions as in the laboratory tests. A reasonable agreement is
found between the experimental direct shear tests performed on an artificial gypsum plaster model and the numerical modeling
that was carried out, showing that the numerical model can be used in the interpretation of the direct shear tests of joint surfaces.
Besides, the peak shear strength of the gypsummodel also compares well with that predicted by Barton’s equation. Based on the
lab test results and numerical simulation, the failure mechanism of the joint specimen is correlated with the normal stress applied.
From a microscopic viewpoint, the distribution of contact forces is most concentrated at the early stage during shearing,
especially at the time of the peak shear stress. The distribution of shear stresses along the shear plane is not uniform, depending
on the degree of joint undulation. The peak shear strength of the soft rock joints mostly comes from the roughness along the joint
surface. However, the residual strength is mobilized from reduced roughness and the shearing-off of the joints.

Keywords Joint roughness coefficient (JRC) . Joint shear strength . Direct shear simulation .Micromechanics . Discrete element
method (DEM)

Introduction

The shear strength of rock mass containing discontinuities,
such as joints and bedding planes, plays an essential role in
estimating the stability of a rock slope and tunnels in rock
engineering. For practical purposes, Barton (1973) developed
an empirical equation (Eq. 1) for the peak shear strength of a
joint, which has been commonly used for several decades. In
Eq. 1, τ denotes the shear strength of the rock joint; σn denotes

the normal stress. JRC denotes the joint roughness coefficient,
which was one of the most critical factors that influenced the
shear strength of such a joint, JCS means the joint compres-
sive strength, and ϕb denotes the basic friction angle.

τ=σ;
n ¼ tan JRCð Þ:log10

JCS
σ;
n

� �
þ φb

� �
ð1Þ

In Barton’s equation, the evaluation of the JRC might be
subjective because the joint profile had to be visually com-
pared with the standard profiles. Subsequently, more highly
accurate approaches such as the root mean square (Myers
1962), the fractal dimension (Lee et al. 1990; Wakabayashi
and Fukushige 1992), and the inclination fitting (Tatone and
Grasselli 2010) for evaluating the JRC have been proposed.
Each method for estimating the JRC showed different criteria
and parameters which needed to be assessed. Various choices
of approaches made the practitioner face with difficulty to
decide which criterion was the most suitable amongst the
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existing ones. Therefore, a more straightforward method in
assessing the roughness of a joint may be required for practical
use.

Lê et al. (2018) proposed the use of the Profile Height
Variation (PHV) method for generating any artificial joint
profile with given JRC value. A series of direct shear (DS)
simulations were then performed on models containing the
artificial joint profile with JRC = 19.6. However, no laborato-
ry test was conducted to compare with the numerical results.
Besides, the smooth joint model, which was an advanced
model for simulating the mechanical behavior of rock joint,
was also not applied in their PFC-2D simulations. Therefore,
the generation of an artificial specimen under a given JRC
value may be required for laboratory testing. Le et al. (2019)
applied the PHV method for printing out a joint block with
JRC = 19.6 using 3D-printing technology. Conversely, their
results were only based on the observation in the laboratory.
A more detailed discussion about the mechanical behaviors
may be required with the numerical simulation from the
micromechanical point of view.

Therefore, this study focused on the comparison between
physical and numerical modeling by performing a series of
DS tests or simulations. The artificial rock joint profile with a
given JRC = 19.6 was constructed using the PHV method (Lê
et al. 2018). The same joint profile (JRC = 19.6) is used for
casting the artificial gypsum specimen and for numerical sim-
ulation. In the laboratory, the joint block with JRC = 19.6 was
produced indirectly using 3D-printing technology. The artifi-
cial joint specimen (gypsum plaster with quartz sands) was
replicated based on the printed block. When the casting pro-
cess was completed, artificial joint specimens were laser-
scanned to determine the actual JRC of the joint, which was
later used in a numerical model. The shear strength of the
gypsum specimen obtained from the laboratory tests may be
reexamined with that predicted by Barton’s equation. The DS
tests with the specified joint profile were modeled using a 2D
circular rigid particle model (PFC-2D by Itasca Inc. 2017)
based on the 2D discrete element method (2D-DEM), under
the same conditions that applied in the laboratory. Once 2D-
DEMmodels are validated with that of the laboratory tests, the
micro-mechanical behaviors of the rock joint can be analyzed
and discussed. The discussion of micromechanical behaviors
includes the analysis of the contact force distribution between
the particles, the percentage, and locations of the broken
bonds between the particles. A more detailed discussion of
the micromechanical behaviors is shown in a later section.

Literature review

The estimation on the shear strength and the JRC of a rock
joint has been made by many researchers (Bandis et al. 1983;
Jing et al. 1992; Klinkenberg 1994; Kana et al. 1996; Belem

et al. 2000; Pickering and Aydin 2016). Liu et al. (2017a, b)
evaluated the JRC of a joint rock profile by estimating both
first-order and second-order asperity of such a joint under DS
conditions. Their test result on sandstone joints showed that
the JRC, the normal stress level, and the thickness of an inter-
layer rock significantly affected the shear strength of the rock
joint; however, the failure mechanism of the interlayer rock
was not investigated in their study. Liu et al. 2017a, b) pro-
posed a new peak shear strength model using many DS tests
on jointed specimens with different surface morphologies.
The authors also introduced a new functional relationship be-
tween the dip angle and the contact area of the joint surface,
which correlated with the JRC. The equation in their study
was constructed based on ten standard profiles, which might
need to be checked with more realistic joint profiles. Besides,
the failure mechanism of granite rock joints was also investi-
gated based on many DS tests (Meng et al. 2018). The results
indicated that the roughness of the discontinuity plane and the
micro-texture of host rock both affected the stability of fault
slip.

Besides, the characteristic of rock joints was also evaluated
using numerical modeling comprising the finite element meth-
od (FEM), the finite difference method (FDM), and the dis-
crete element method (DEM). Liu et al. (2014) investigated
the influence of the model parameters, including the JRC and
the JCS on the shear strength of rock joints. A series of un-
confined compression strength (UCS) tests and DS tests were
simulated using FLAC3D coupling with Mohr-Coulomb
models. The results indicated that the increase of the cohesion,
internal friction angle, and the shear strength of the joint
surface was associated with the rise of the JRC. The authors
emphasized that the JRC and JCS both contributed to the
shear strength of a rock joint. However, the influence of the
JRC was more significant than that of the JCS. Fan et al.
(2015) proposed the use of a 3D rigid spherical particle model
based on the 3D discrete element method (PFC-3D by Itasca
Inc.) for estimating the mechanical properties of multi-non-
persistent rock joints under uniaxial loading. Their results pre-
sented that the UCS of the joint specimen strongly depended
on the joint inclination angle and the joint continuity factor.
Huang et al. (2015) used the 2D-DEM model to explore the
micromechanical behavior of particle assembly under direct
shear conditions. The numerical results showed that the stress
path variations and the orientation of the major principal stress
plane were highly influenced by compaction states of the
granular materials. Cheng et al. (2016) also adopted the
DEM for evaluating the mechanical behaviors of the rock
mass, such as strength mobilization, the mechanism of
damage, and the joint geometry under uniaxial compression
conditions. Wang et al. (2017) carried out a large number of
DS tests using different discrete fracture network (DFN)
models, which aimed to estimate the complex geometry and
the directionality of the fractured rock masses. Their results
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showed that the shear strength of simulated rock was associ-
ated with the orientations of the fracture relative to the loading
direction. The abovementioned research works have shown
that DEM can be successfully used to study the mechanical
behavior of a jointed rock mass or geotechnical materials.
Conversely, most of the previous studies did not compare
the results between laboratory tests and numerical simula-
tions, especially the micromechanical behavior of a joint sur-
face during shearing has not been investigated.

Additionally, Le et Lê et al. (2018) collected 86 actual joint
profiles from published studies for evaluating the properties of
the JRC. The results from statistical analysis proved that the
JRC value of any rock joint profile could be determined based
on the relationship between the JRC and the standard devia-
tion (σPHV) of the profile height variation (PHV) of such a
joint (Eq. 2). PHVwas defined as the profile height difference
for the adjacent sampling points on the joint profiles. A new
method, which based on the zero mean value and the standard
deviation of the PHV, was then presented to produce a joint
profile with a particular JRC. Subsequently, any number of
PHV following the above statistical parameters with an as-
sumption of the normal distribution could be created for fur-
ther applications. For example, a rock joint profile with a
length of 10 cm could be constructed by adding up 400 data
points (399 PHVs) one after the other with a fixed segment
length of 0.25 mm along the horizontal axis and a starting
point at zero elevation. Figure 1 illustrates three randomly
generated profiles with JRC = 10, JRC = 19.6, and JRC = 20
as examples. One could see a distinct variation of the profiles
for small and large JRCs. Therefore, any artificial JRC profile
with a given JRC value could be artificially generated using
the above approach. Lê et al. (2018) also produced and calcu-
lated 1000 randomly generated JRC profiles using existing

estimation approaches. They found that each estimation meth-
od yielded different comparison results, and JRC values esti-
mated by the root mean square method (Myers 1962) com-
pared well with the given JRC values. Subsequently, they
adopted PFC-2D to simulate the rock joint with the above
JRC profile (JRC = 19.6) under DS conditions. Their results
indicated that normal stress levels strongly influenced the
peak shear strength of the joint model. However, this conclu-
sion may need to be compared with the lab test result to check
the validity of the above PHV method.

σPHV ¼ 0:0277exp 0:0687JRCð Þ ð2Þ

Le et al. (2019) applied the above PHV method of the JRC
profile to print out a joint block with JRC = 19.6 using 3D-
printing technology. The joint blocks, including the lower and
upper parts, were then used to replicate an artificially-jointed
specimen with the same JRC using a gypsum mixture for
direct shear tests. All specimens were sheared under different
normal stresses of 0.4 MPa, 1 MPa, and 2MPa. The test result
indicated that the shear strength of the artificial joint specimen
and the failure mechanism of the joint profile strongly
depended on the normal stress applied to the specimen, which
was based on the stress-strain curve and the observation of the
joint surface after the test. Under low normal stress, the shear
strength of the gypsum specimen mostly came from the fric-
tional property along the joint surface. On the other hand, both
friction and cohesion contributed to the shear strength of the
specimen under intermediate normal stresses. Under high nor-
mal stress, the shear strength mostly arose from the cohesion.
These findings provide us more understandings of the com-
plex mechanical behavior of rock mass containing joints.
However, in their study, the comparison in the peak shear

Fig. 1 Randomly generated joint
profiles: (a) JRC = 10, (b) JRC =
19.6, and (c) JRC = 20
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strength of the artificial joint specimens between the laborato-
ry tests and Barton’s equation still needs to be revisited. The
gypsum specimen under the normal stress of 2 MPa was bro-
ken into two pieces during shearing. The reason might be due
to the non-uniformity of artificial gypsum specimens during
the replicating process and the inadequate quality in the curing
environment. Besides, visual observations on the characteris-
tic of the joint may need to be checked with the numerical
simulation from a micromechanical viewpoint.

Methodology

Laboratory test and the results

In this study, three unconfined compression strength (UCS)
tests were performed to determine the average compressive
strength of the gypsum mixture, which was the same mixing
ratio of the jointed specimen. The mixture ratio of gypsum,
quartz sand, and water was 1:0.75:1 by weight. The height (H)
and diameter (D) of three cylindrical specimens were 125 mm
and 50 mm, respectively. The H/D ratio of the specimen was
about 2.5:1, which satisfied the requirement suggested by
ASTM (2~2.5) and ISRM (2.5~3). The average UCS of the
gypsum mixture was approximately 4.42 MPa, and this value
was later used to calculate the peak shear strength of the joint-
ed specimen using Barton’s formula. Besides, the UCS of the
gypsum specimen also indicates that the specimen is a soft
artificial rock specimen. The UCS was equivalent to the JCS

because the rockmass was assumed to be un-weathered. In the
DS test, the 3D-printed jointed block with JRC = 19.6 was
employed to replicate the lower and upper parts of an artificial
joint specimen, which based on the PHV method and 3D-
printing technology. With an identical profile property of
JRC = 19.6, the improvement of test results in the current
study can be observed and compare with the result of Lê
et al. 2018, Le et al. 2019). In the laboratory, the joint speci-
men with a particular JRC value was replicated as the follow-
ing steps (Fig. 2). Firstly, the 3D-printed jointed block (Fig.
2a) was located in the acrylic box (Fig. 2b), with dimensions
10 cm by 10 cm by 15 cm. The box was used as a mold for
casting an artificial specimen. The connection between the
printed block and the walls of the acrylic box should be tight
enough to avoid the leaking of gypsum mixture from the box.
Secondly, the artificially jointed specimen was replicated by
gradually pouring the raw material with three layers into the
mold; the thickness of each layer was about 1.2 cm. Once each
layer had been poured, the acrylic box was then shaken at a
given frequency for 1 min to expel all bubbles from the gyp-
sum mixture. When the pouring process of three layers was
completed, a waiting time of 1 h was required to solidify the
mixture. Afterward, the complete casting specimen (Fig. 2c)
was detached from the acrylic box and was cured in a
moisture-controlled cabinet for 7 days before testing. The
moisture and the temperature inside the cabinet were con-
trolled as 50% and 26 °C. A similar procedure was applied
to cast the lower and upper parts of an artificial joint specimen
for direct shear tests. As a result, the lower part could be fully

Fig. 2 The casting process of an
artificial specimen: (a) the 3D-
printed block with JRC = 19.6;
(b) the acrylic box; (c) the com-
plete artificial joint specimen

Table 1 Comparisons on the peak shear strength amongst lab tests, Barton’s formula, and 2D-DEM simulation

Normal stress
(MPa)

Peak shear strength

Laboratory test
(MPa)

Barton’s
equation
(1973) (MPa)

Percentage difference
between the lab test
and Barton’s equation
(%)

2D-DEM simulation
(MPa)

Percentage difference
between
the lab test and 2D-DEM
simulation (%)

0.400 0.560 0.572 − 2.075 0.650 − 13.846

1.000 1.135 1.124 0.972 1.125 0.889

2.000 1.820 1.884 − 3.385 1.867 − 2.517
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combined with the upper part to form a joint specimen with
the given JRC value.

The joint profiles of all gypsum specimens after replicating
were also laser-scanned and recalculated to determine the ac-
tual JRC value. The scanning result of the artificial joint sur-
face was plotted and compared with the originally given JRC
profile, as illustrated in Fig. 3. The JRC value of the joint
profile with JRC = 19.6 (original value) was recalculated
using root mean square method (Myers 1962) and normal
distribution method (Le et al. 2018) as 16.8. The calculation
result indicated that the JRC value of the artificial specimen
was slightly reduced after replicating from the printed joint
block. The reason for this reduction might be due to the cast-
ing process, and the printing quality of the joint blocks such as
the heating temperatures, the printing direction, and the thick-
ness of the printing layer (Fereshtenejad and Song 2016). The
length, the width, and the height of the DS specimen were
100 mm, 100 mm, and 70 mm, respectively. The DS test
was conducted under the normal stresses of 0.4 MPa,
1 MPa, and 2 MPa at a constant velocity of 0.5 mm/min.
The test was terminated when the total shear displacement of
10 mm or peak strength was reached. As mentioned previous-
ly, the actual JRC value of the joint profile was determined as
16.8. The basic friction angle of gypsum specimens was ob-
tained as 37.5°, which was based on the DS test of flat jointed
gypsum specimens in this study. Figure 4 shows the test result
of the flat surface model and the determination of the basic
friction angle. With a known UCS of the material and known
normal stress, the peak shear strength of a particular joint

specimen could be calculated using Barton’s formula. The
calculation result of the peak shear strength of gypsum spec-
imens under different normal stresses was shown and com-
pared with the result of the lab test (Table 1). The difference in
the peak shear strength between the lab test and Barton’s for-
mula was evaluated by calculating the value of the percentage
difference. The positive value of the percentage difference
indicates that the shear strength obtained from the lab test is
higher than that calculated from Barton’s formula. In contrast,
the negative value shows a reverse trend. The results of shear
stress versus shear displacement for gypsum specimens are
also plotted in Fig. 5. The peak shear strengths of three artifi-
cial specimens (0.56 MPa, 1.135 MPa, and 1.82 MPa) under
different normal stresses (0.4 MPa, 1 MPa, and 2 MPa) were
reached at the shear displacements of 1.8 mm, 3 mm, and
2.8 mm, respectively. After the peak, the residual strength
continued developing with the increase of the shear displace-
ment until the test was finished. The peak shear strength ob-
tained from the lab tests generally shows a good agreement
with that predicted by Barton’s formula. Under 1 MPa normal
stress, the maximum difference between the lab test and
Barton’s formula is only 0.97%, while under the normal
stresses of 0.4 MPa and 2 MPa, the differences are around
2.08% and 3.39%, respectively. The comparison shows a
slight difference between the lab test results and Barton’s
equation. The possible source of difference may be due to
the reproduction of the artificial joint with a given JRC. The
above results also indicate that the artificially generated joint-
ed specimen may be applied further in other physical model

Fig. 3 The scanned profile of
gypsum specimen with JRC =
16.8 and the comparison with the
given initially profile (JRC =
19.6)

Fig. 4 The flat surface model: (a) the stress versus displacement curves under different normal stresses; (b) the determination of basic friction angle
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tests that need actual joint profiles incorporated into the
simulation.

Figures 6, 7, and 8 show the variation of the joint profiles
with the JRC = 16.8 under various normal stresses after shear-
ing. The value of the scanned JRC = 16.8 would be used in the
following sections. In the laboratory, the damaged area of the
joint profile, which was marked as the red-dashed line with a
rectangular shape, was determined by visually comparing two
joint profiles (one was before the test, and another was after
the test). To investigate the influence of normal stress on the
failure mechanism of a joint, a damage ratio, which was de-
fined as the sheared area divided by the total area of the joint
profile, was calculated. In Fig. 6, the damage ratio is about
15.85%, while the remaining parts almost retain the shape of
the joint surface (84.15%). The result indicates that the resid-
ual shearing resistancemostly comes from the sliding between
the lower and upper parts of the specimen. Therefore, under
low normal stress (0.4 MPa), most of the shear strength of the
rock joint may arise from the frictional resistance along the
joint surface. The contribution of cohesion to the shear

strength of the joint is small. However, under high normal
stresses (1 MPa and 2 MPa), the damage ratios increase con-
siderably to 53.8% and 69.4% (Fig. 7 and Fig. 8), which
implies that the joint profiles are damaged more severely than
that under low normal stress. Hence, the frictional character-
istics of the joint surface and part of the cohesion of the gyp-
sum model may both partially contribute to the peak or resid-
ual shear strength of the specimen. The above findings prove
that the failure mechanism of the joint profile strongly de-
pends on the normal stress applied to the artificial gypsum
specimen. However, this conclusion, which is based on the
lab observation, only indicates the residual stage of the spec-
imen. The source of the peak shear strength still cannot be
clarified based on the final stage of the specimen. The result
of lab tests may need to be checked with a result of the nu-
merical simulation to figure out the source of the peak shear
strength from a microscopic point of view.

Fig. 5 DS test results for the gypsum model with the given JRC = 19.6
(scanned JRC: 16.8) under various normal stresses

Fig. 6 Lower and upper sections of a gypsum plaster specimen under the
normal stress of 0.4 MPa after shearing

Fig. 7 Lower and upper sections of a gypsum plaster specimen under the
normal stress of 1 MPa after shearing

Fig. 8 Lower and upper sections of a gypsum plaster specimen under the
normal stress of 2 MPa after shearing
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Formulation of the DEM model

DEM simulation was conducted for two types of tests, com-
prising the UCS test and DS test. The UCS of the gypsum
specimen in the laboratory was determined as 4.42 MPa. The
UCS model in 2D-DEM was then established by generating
112,045 connected particles with a uniform diameter of
0.25 mm using the linear model (Cundall 1979) and linear
parallel bond model (Potyondy 2011). In the linear model,
linear and dashpot components are established to simulate
the behavior of an infinitesimal interface without resisting
relative rotation or the zero contact moment. The linear com-
ponent is used to present the linear elastic frictional behavior,
while the dashpot component simulates viscous behavior. In
the UCS simulation, the linear parallel bond model simulates
the behavior of two interfaces. The first interface, which pro-
vides an infinitesimal (linear elastic and frictional interface),
does not resist relative rotation and acts as the linear model.
The second bonded interface, which provides a finite-size
with the linear elastic, acts in parallel with the first interface
and can resist relative rotation. The behavior of the second
interface is linear elastic until the strength reaches the limit.
When the bonding is broken, it makes the interface unbonded
and carries no load. The unbonded linear parallel bond model
now acts as the linear model. (Itasca Inc. 2017) The diameter

and the height of a UCS specimen, which was the same in
both laboratory and numerical models, were 50 mm and
125mm, respectively. The UCS test was simulated bymoving
the upper wall (upper plate) downward with a constant veloc-
ity of 0.021 mm/s (1% of the total height of specimen per
minute), while the lower wall (lower plate) played a stationary
role. The zero friction was installed between the particle as-
sembly and walls during the test, while the critical damping
ratio was set as 0.05. The nine micro-parameters in the DEM
model were adjusted by performing trial and error in the UCS
simulation. Once the UCS and the failure condition of the 2D-
DEM model compared well with the result of the lab test,
these micro-parameters (Table 2) could be chosen as the most
suitable values for further simulation with the DS test.

Afterward, three DSmodels with the same particle bonding
parameters as in the UCS ones were created following the
dimension of the actual DS specimen in the laboratory
(Fig. 9a). The length and height of the direct shear box, which
was chosen to fit the artificial JRC profile length of 100 mm,
were 100mm and 70mm, respectively. The particle size in the
UCS model should be similar to that in the DS model because
the samemicro-mechanical properties of particle assembly are
required. However, if the particle size of 0.25 mm (used in the
UCS model) is adopted in the DS model, then the simulation
may be terminated because it exceeds the computational lim-
itations of the hardware. Therefore, three layers with two dif-
ferent particle diameters (0.5 mm and 0.25 mm) were gener-
ated, which was also proposed and suggested by Lê et al. 2018
A total of 31,084 particles with a diameter of 0.25 mm were
generated at the middle layer; the lower and upper layers
contained 23,845 particles with a diameter of 0.5 mm. The
DS box consisted of a lower part (black walls), and an upper
part (pink walls) was constructed as in Fig. 9b. The top wall
with a servo-control function was applied to simulate the giv-
en normal stress on the top surface of the model. With a
known coordinate of the joint profile (the dip angle of the joint
orientation), the joint surface with JRC = 16.8 (the red line in
the middle of the model in Fig. 9b) was formed using a smooth
joint model, and its properties are also listed in Table 2. In this
model, contacts between all particles along with two sides of
the joint are assigned as built-in smooth-joint un-bonded with
the normal stiffness, shear stiffness, and friction coefficient.

Table 2 Parameters in the 2D-DEM model

Model Particle property Values

Linear contact Effective modulus (N/m2) 0.8×108

Normal to shear stiffness ratio (−) 2.5

Friction coefficient 0.7

Linear parallel bond Bond effective modulus (N/m2) 1.5×107

Normal to shear stiffness ratio (−) 2.5

Critical damping ratio (−) 0.05

Tensile strength (Pa) 4.3×106

Cohesion (Pa) 7.2×107

Friction angle (°) 0

Smooth joint Normal stiffness per unit area (N/m3) 2×108

Shear stiffness per unit area (N/m3) 2×108

Friction coefficient (−) 0.7

Fig. 9 The dimension of DS
specimens with JRC = 16.8: (a)
laboratory; (b) 2D-DEM model
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Therefore, the smooth-joint model can be used to simulate the
relative sliding with dilation (or contraction) along with the
joint interface. The influence of the particle shape can be
neglected. The joint geometry, which can be fixed with re-
spect to the global axes, contains a planar interface separating
the two surfaces. The two contacting entities at the planar
interface, which are defined as piece 1 and piece 2, will be
related to the joint orientation change. The contact unit-normal
vector is defined as the connection from the center of piece 1
to the center of piece 2. The smooth joint model (PFC-2D by
Itasca Inc. 2017) can be modeled using force-displacement
law. The accumulated normal and shear displacement can be
continuously updated based on the gap value between the two
pieces. Besides, the contact forces (including normal and
shear forces), slip state, and bonding strength are updated
based on the bonding status (if the model is bonded). In this
study, the un-bonded smooth joint model is used. Therefore,
when the shear force is updated, the slip state is also updated.
If the slip state occurs, then the contact will be sliding. While
slipping, shear displacements will cause an increase in normal
force because of dilation. The increase of normal force strong-
ly depends on the friction coefficient (μ), dilation angle (ψ),
normal stiffness (kn), and shear stiffness (ks) of the joint.
During shearing, if the shear stress exceeds the bonding

strength of the particle assembly, the parallel or normal bonds
(linear parallel bond model) of particles, which are adjacent to
the joint surface, are sheared to form the linear contacts (linear
model). The input parameters for the smooth joint model were
estimated based on a series of trials and errors in comparing
the stress-strain curves between the 2D-DEM models and the
lab tests under the same DS conditions.

The DS models were then analyzed by moving the lower
part from left to right at a constant velocity of 0.5 mm/min.
During the DS simulation, the built-in function measurement
circles in 2D-DEM were installed along with the joint profile
in the middle of a specimen to observe the change of shear
stresses under various normal stresses (0.4 MPa, 1 MPa,
2 MPa), and at different shear displacements. Similarly, the
distribution of contact forces amongst the particles was also
plotted to compare with results obtained from the measure-
ment circles. Besides, the number of broken bonds was con-
tinuously recorded to estimate the development of fractures
during shearing. In 2D-DEM simulation, the distribution of
contact forces can be visualized as the concentration of forces
between particles, which is related to the variations of joint
profiles and the direct shear micro-mechanical behaviors. The
simulated direct shear specimen is to duplicate the mechanical
behaviors of the jointed gypsum specimen. The mechanical

Fig. 10 Results of UCS test: (a)
gypsum plaster specimen at fail-
ure, (b) simulated specimen at
failure, (c) the stress-strain curve
of UCS simulation

Fig. 11 Comparison of DS test results for the gypsum model and 2D-
DEM model under normal stress of 0.4 MPa

Fig. 12 Comparison of DS test results for the gypsum model and 2D-
DEM model under normal stress of 1 MPa
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behavior of the gypsum specimen is characterized by its co-
hesion and the friction angle. Therefore, the bonding and the
frictional properties are given to the simulated specimen in
2D-DEMmodels. The bonding properties are further featured
by tension and shear bonding. In the current study, we ana-
lyzed the percentage of broken bonds to explore how the shear
strength was developing throughout the shearing process.

Direct shear simulation

Comparison between laboratory test and numerical
simulation (including model validation)

In this study, a series of UCS tests in the laboratory and 2D-
DEM simulation was conducted under stress-controlled con-
ditions. The average UCS of the gypsum specimen was about
4.42 MPa. With given input parameters, the UCS of the 2D-
DEMmodel was approximately 4.45 MPa, which was similar
to the lab results. The failure condition of the gypsum speci-
men and 2D-DEMmodel after the test is also depicted in Fig.
10. One can observe that the same inclined cracks were
formed in both two cases, with some slight differences.
Figure 10c shows the typical axial stress-axial strain curve
of the UCS in 2D-DEM simulation. In the laboratory, the
stress-controlled equipment was used to obtain the UCS of

the gypsum mixture. Therefore, only the axial stress at failure
was obtained with no stress-strain curve for comparing with
the result of numerical simulation. However, the above results
prove that the use of 2D-DEM to simulate the behavior of a
gypsum plaster model is potential and acceptable. Hence, the
same settings of input parameters were also applied to the DS
models for further analyses.

Figures 11, 12, and 13 compare the DS results of the lab
test and the numerical simulation under different shear dis-
placements. The peak shear stresses obtained from the 2D-
DEM models under the normal stresses of 0.4 MPa, 1 MPa,
and 2 MPa are 0.65MPa, 1.125 MPa, and 1.867 MPa, respec-
tively. The difference in the peak shear strength between lab
tests and numerical simulation is also presented in Table 1.
The result shows that the peak shear strength of 2D-DEM
models is almost similar to that in the laboratory, especially
under the normal stresses of 1MPa and 2MPa, the differences
were only 0.89% and 2.52%.Although the peak shear strength
of the 2D-DEM model under the normal stress of 0.4 MPa is
slightly higher than that of the lab test (the difference was
about 13.85%), the slope of stress-strain curves (before the
peak was reached) implies a similar trend in both two cases.
The peak shear strengths of the two models (under the normal
stress of 0.4 MPa and 1 MPa) are reached at the shear dis-
placements of 1.3 mm, 2 mm, which is slightly different from
the lab test. Conversely, the shear displacement (2.8 mm),
where the peak strength is obtained, is almost similar to the
lab test under the normal stress of 2 MPa. These slight differ-
ences may be due to the influence of two-dimensional models
in 2D-DEM. From the observation of the joint surface in
Figs. 6, 7, and 8, the damage is non-uniform along with the
joint profile (in the horizontal direction perpendicular to the
shearing direction), especially the specimen under the normal
stress of 0.4 MPa. On the other hand, this behavior can not
appear in 2D-DEM models because if the joint is damaged, it
is then completely sheared. In this study, we performed a 2D
analysis in both laboratory and numerical simulation. We ex-
pected that the artificially jointed gypsum specimen would be
sheared and damaged in 2D condition, which was similar to
the 2D-DEM model. However, after shearing, we found that
some local parts of the joint profile were damaged in an

Fig. 13 Comparison of DS test results for the gypsum model and 2D-
DEM model under normal stress of 2 MPa

Fig. 14 Distribution of contact forces under the normal stress of 0.4 MPa at various shear displacements: (a) 1.3 mm; (b) 5 mm; (c) 10 mm. The
maximum contact force was scaled to 6 kN
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inconsistent way (3D behaviors). Therefore, for future re-
search, the use of a 3D numerical model may need to be
conducted to have a better comparison with the lab test results.
Nonetheless, the residual shear strength of all 2D-DEM
models shows a good agreement with the test data in the
laboratory, which both exhibit slight strain-softening behav-
ior. Therefore, the above outcomes indicate that the 2D-DEM
simulation compares reasonably well with that from the lab
test. Once the 2D-DEM model is validated, micromechanical
behaviors of the joint profile during shearing can be discussed
in more detail. In this study, we would like to discuss the so-
called micromechanical behaviors in a DS specimen.
However, the actual scale of mechanical behaviors that we
explored falls in the grain-scale range because we are analyz-
ing the forces and bonds between the particles and grains. In
the DS test, we typically obtain shear strength parameters such
as the cohesion and friction, which can be deemed as macro-
mechanical parameters. Therefore, the exploration of the
sources of the mechanical behaviors inside the jointed speci-
men may be termed as micro-mechanical behaviors.

Distribution of contact forces of DS models during
shearing

The development of contact forces during shearing plays a
vital role in understanding the micromechanical behavior of
the joint rock profile. Figures 14, 15, and 16 illustrate the
distribution of contact forces within the joint specimens at
different shear displacements. Each chain of contact force is
represented by a solid line between two adjacent particles. The

thickness of the line illustrates the magnitude of the normal
contact force. In this study, the maximum value of the contact
force inside the specimen under different normal stresses was
scaled to the same amount of 6 kN for easier comparison.
Under this setting, the influence of normal stresses on the
distribution of contact forces can be observed and compared.
The results indicate that the most extensive distribution of
contact forces is observed at the shear displacement, where
the peak shear strength is reached. This outcome is reasonable
because, at this stage, the peak shear strength of the rock joint
is completely mobilized. The distribution of contact force is
non-uniform for various normal stress levels and at various
shear displacements. At the stage of peak stress, most of the
contact forces concentrate on the shear plane, and along with
the joint profile. However, at 5-mm and 10-mm displace-
ments, the distribution of contact force is smaller and concen-
trates locally at some parts of the joint profile where the local
JRC is large.

Figures 17, 18, and 19 show the shear stress measured from
six measurement circles at different locations along with the
joint profile. The solid line, which connected the average
shear strength measured from measurement circles, was
drawn as a function of shear displacement. The dashed line
illustrated a standard deviation of shear stress amongst mea-
surement circles at different shear displacements. Before the
peak shear strength is reached, the shear stress in all measure-
ment circles shows a slight variation along with the joint pro-
file. The standard deviations of shear stress under different
normal stresses (0.4MPa, 1MPa, and 2MPa) are smaller than
0.03 MPa, 0.05 MPa, and 0.1 MPa, respectively. However, at

Fig. 15 Distribution of contact forces under the normal stress of 1MPa at various shear displacements: (a) 2.16mm; (b) 5mm; (c) 10mm. Themaximum
contact force was scaled to 6 kN

Fig. 16 Distribution of contact forces under the normal stress of 2MPa at various shear displacements: (a) 2.81mm; (b) 5mm; (c) 10mm. Themaximum
contact force was scaled to 6 kN
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the residual stage, the shear stress significantly fluctuates
amongst measurement circles; the standard deviation of shear
stress shows a substantial increase in value. The variation of
contact forces and shear stress may be attributed to the influ-
ence of the shearing process of the joint surface. After the peak
shear stress is obtained, some local parts of the joint surface
with large JRC values are sheared first and continue being
sheared until the end of the test. The damage of a local joint
may lead to the change of shear stress and contact forces at
that location. The above results indicate that the distribution of
contact forces and shear stress strongly depends on the local
roughness of the joint profile and the applied normal stresses.

Development of fractures of DS models during
shearing

Figure 20 shows the accumulation of fractures of the joint
profile at different shear displacements. In the 2D-DEMmod-
el, the measurement circle is used to analyze the coordination
number, porosity, stress, strain rate, and sizes of the particle
assembly. However, the computation of the number of broken
contacts is not provided within the measurement circles, see

PFC-2D (Itasca Inc. 2017). In this figure, the primary purpose
of showing measurement circles is to illustrate their relative
locations to the change of fracture development along with the
joint profile. For the model under the normal stress of
0.4 MPa, the number of fractures is small and concentrates
locally until the peak shear strength is reached. This result
reveals that the peak shear strength of the joint model is mostly
mobilized from the roughness of the upper and lower parts of
the joint profile. However, at larger shear displacement (5 mm
and 10 mm), more fractures are accumulated until the test is
terminated. At this residual stage, some parts of the joint pro-
file are completely sheared while the rest parts are still sliding
to each other. This behavior was also observed on gypsum
specimens after shearing in the laboratory (Figs. 6, 7, and 8).
The above result indicates that the residual shear strength of
the model may arise from both the reduced friction of the joint
profile and the cohesion of the material (bonding strength of
particles). The development of fractures for higher normal
stresses (1 MPa and 2 MPa) shows a similar trend as in the
0.4 MPa case. The influenced zone of fractures was discussed
by evaluating the width of such fractures. The maximum
thicknesses of fractures at the end of the test (the shear

Fig. 17 Shear stress variations of
six measurement circles under the
normal stress of 0.4 MPa at
various shear displacements

Fig. 18 Shear stress variations of
six measurement circles under the
normal stress of 1 MPa at various
shear displacements
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displacement of 10 mm) under various normal stresses of
0.4 MPa, 1 MPa, and 2 MPa are 1.13 mm, 1.18 mm, and
1.74 mm, respectively (Fig. 21). These results imply that the
degree of normal stress has a significant impact on the devel-
opment of fractures when the joint surface is sheared. The
joint profile under high normal stress (2 MPa) is damaged
more severely than that under low normal stresses (0.4 MPa
and 1 MPa).

The development of fractures was also estimated by record-
ing the number of broken bonds of the connected particles
during shearing. Figure 22 illustrates the percentage of broken
bonds as a function of shear displacement. Before the peak
shear strength is reached, the number of broken bonds is close
to 0% for the model with the normal stress of 0.4 MPa.
Similarly, before the peak, the percentages of broken bonds
for other normal stresses (1 MPa and 2 MPa) are recorded as
small as 2.5% and 1.5%, respectively. The result from the
number of broken bonds compares well with what analyzed
in the development of fractures as aforementioned. The speed
of developing fractures may also be evaluated using the slope
of the curve in Fig. 22. The results reveal that at the same shear
displacement, the bonds of particle assembly in the model

under high normal stress are broken much faster than that
under intermediate and low normal stresses. Especially after
the peak strength is obtained, the percentage of broken bond-
ing increases sharply until the test is terminated. The maxi-
mum broken bonds for different normal stresses (0.4 MPa,
1 MPa, and 2 MPa) are 5.6%, 10.57%, and 13.89%, respec-
tively; the highest value is observed under 2 MPa. The above
discussion indicates that the failure mechanism of a joint dur-
ing shearing is associated with normal stress applied to the
model.

Conclusions

In this study, a series of DS tests with a given JRC were
performed in both laboratory and 2D-DEM simulation. The
joint profile with a JRC of 19.6 was generated using the PHV
approach proposed by Lê et al. (2018). After the artificial
gypsum specimen was replicated from the 3D-printed joint
block, the actual JRC of the joint specimen was laser-
scanned and determined as 16.8. Afterward, 2D-DEM was
employed to simulate the joint model with the same actual

Fig. 19 Shear stress variations of
six measurement circles under the
normal stress of 2 MPa at various
shear displacements

Fig. 20 Accumulation of broken bonds along with the joint profile under
the normal stress of 0.4 MPa at various shear displacements: (a) 1.3 mm;
(b) 5 mm; (c) 10 mm

Fig. 21 Accumulation of broken bonds along with the joint profile at the
end of the test under various normal stresses: (a) 0.4 MPa; (b) 1 MPa; (c)
2 MPa
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JRC as in the laboratory. The direct shear results from numer-
ical simulation compared well with what were observed in the
laboratory tests on gypsum plaster jointed specimens. The
following conclusions could be drawn.

(1) The peak shear strength of the simulated joint model with
JRC = 16.8 compared well with that of the physical test
under the same normal stress conditions, which indicated
that 2D-DEM could be used to elucidate the micro-
mechanical behaviors of the joint profile under the direct
shear condition. Consistent results were also obtained by
comparing laboratory test results and Barton’s shear
strength equation.

(2) From a microscopic viewpoint, the distribution of con-
tact forces was most concentrated at the early stage when
the peak shear strength was reached. The distribution of
shear stress along the shear plane was not uniform, de-
pending on the degree of joint undulation and shear
displacement.

(3) In the laboratory, from the sheared surface of specimens
after the test, we concluded that the friction and cohesion
both contributed to the peak shear strength of gypsum
specimen under intermediate and high normal stresses.
However, this mechanical behavior might only be appli-
cable in the residual stage of the shearing process be-
cause of the following observations from the microscop-
ic point of view. The development of fractures in the 2D-
DEM model showed that before the peak shear strength
was reached, a few cracks were formed within the rock
mass. However, as the shear displacement increased (at
the residual stage), the number of cracks increased sharp-
ly and propagated into the rock mass. The degree of
crack development was related to the normal stress level
applied to the model; the higher the normal stress, the
broader the influence zone of the fracture was observed.

The above results indicate that with a particular JCS
(4.42 MPa in this study, i.e., a soft rock mass), the peak shear

strength of the jointed model (under different normal stresses)
comes from the roughness along the joints with minimum
damages of the joint surface. However, the residual strength
arises from the reduced roughness and the shearing-off of the
joints. The failure mechanism of the artificial joint model is
correlated with the roughness of the joint (JRC), and the nor-
mal stress level applied.

(4) Although the peak shear strength obtained in 2D-DEM
was slightly different from that in lab test under the nor-
mal stress of 0.4MPa (about 13.85% difference), most of
the cases showed a good comparison in stress-strain
curves and failure type. The results of this study demon-
strate that the randomly generated profile can be applied
to develop numerical and physical models for engineer-
ing purposes.
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