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Abstract
The shear behaviours of rock joints with and without rock bolt support are numerically studied using the discrete element code
PFC2D. A cohesive contact model was employed to reproduce the damage response of the synthetic intact rock (i.e. asperity
degradation). We used the smooth-joint model to simulate the micro-scale roughness of the joint surface. We calibrated and
validated the proposed numerical framework against the experimental results. A series of numerical constant normal stiffness
(CNS) direct shear tests were conducted on idealised and natural rock joints to investigate the influence of the boundary condition
on the shear behaviour of rock joints. In particular, the importance of CNS condition, surface roughness, asperity angle, and the
initial normal stress were studied. Additionally, the shear and damage mechanism of bolted rock joints under constant normal
load (CNL) and CNS condition was numerically investigated. The results presented show that the shear resistance of the joint
increases under both CNL and CNS conditions, but at a high degree of roughness, no significant enhancement was observed on
the value of peak shear stress.

Keywords DEM simulation . Constant normal stiffness . Asperity damage . Bolted rock joint . Roughness

Introduction

The natural discontinuities around orebodies can have a pro-
found impact on the stability and safety of mining excavations
(Taheri and Tani 2010; Tang et al. 2016; Wang et al. 2019;
Wang et al. 2018). Any damage due to roof collapse or rock
slope failure can hinder the mining activities and impose pen-
alties to mining companies (Saadat and Taheri 2019b). In this
regard, an accurate estimation of rock joint shear response is
essential when designing the surface and underground mining
structures. Conducting direct shear test is a standard experi-
mental methodology to evaluate the shear behaviour of rock
joints. Constant normal load/stress (CNL) and constant nor-
mal stiffness (CNS) conditions are two different types of
boundary condition that are widely used in direct shear testing
of rock joints (Indraratna et al. 2015; Park et al. 2013;
Shrivastava and Rao 2018). In the slope stability analysis

where the unstable rock block is sliding along the surface of
discontinuity without any restriction, CNL boundary condi-
tion should be used. In contrast, in undergroundmining where
neighbouring rock blocks restrict the unstable rock block, the
applied normal stress is not constant and the analysis of the
rock joint requires CNS condition (Bewick et al. 2014;
Indraratna and Welideniya 2003; Shang et al. 2018c;
Thirukumaran et al. 2016).

In order to reinforce the unstable blocks, the common
stabilisation method is to install grouted rock bolts. In general,
bolted rock joints are subjected to pull-out and shear loading
(Chen and Li 2015b; Srivastava and Singh 2015; Wu et al.
2018). Dey (2001) conducted a series of experimental CNS
direct shear tests on bolted rock joints and studied the
influence of rock bolt profile on the shear resistance of rock
joints. The recent experimental observations of Wu et al.
(2018) and Chen et al. (2018) revealed that the surface rough-
ness has a significant contribution to the overall shear perfor-
mance of bolted rock joints. Previous researchers highlighted
the importance of other parameters on shear behaviour of
bolted rock joints, including rock strength (Chen and Li
2015a; Jalalifar et al. 2006), rock bolt properties (Chen and
Li 2015b; Jalalifar and Aziz 2010; Spang and Egger 1990),
and pre-existing flaws (Li et al. 2016c; Zhang et al. 2016).
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Although laboratory testing is the most common approach
for investigating the shear mechanism of bolted as well as
unbolted rock joints, setting up experiments is expensive
and time-consuming. Experimental investigations require re-
searchers to generate a wide range of specimens using various
materials, using advanced laboratory equipment.
Consequently, some researchers have made their effort to de-
velop numerical models to investigate the shear mechanism of
bolted rock joints. Numerical simulations are more efficient
and repeatable. Finite element method (FEM) has been used to
simulate the shear behaviour of different types of rock bolts
and their rupture behaviour (e.g. Grasselli (2005); Jalalifar
et al. (2006)), and Li et al. (2016a) used finite difference
codes and examined the influence of rock strength, bolt
inclination angle, and diameter of rock bolt on the level of
bolt resistance. Influence of surface roughness, however, is
overlooked in most of the studies. Using finite difference
codes, Lin et al. (2014) constructed an idealised saw-tooth
rock joint reinforced by rock bolt and conducted a numerical
study to investigate the influence of bolt inclination angle on
the overall shear strength of bolted rock joints. However, due
to the linear elastic nature of their numerical model, the effects
of asperity degradation and fracturing in rock specimens were
neglected. Liu et al. (2017) and Ghadimi et al. (2015) pro-
posed an analytical model to evaluate the load transfer mech-
anism of bolted rock joints. However, their study was limited
to smooth rock joints without taking into account the influence
of surface roughness and CNS condition.

The previous experimental and numerical studies have iden-
tified some of the key characteristics of bolted rock joints.
However, the evaluation of the shear mechanism of bolted rock
joints still requires more quantifications. The rapid growth of
numerical modelling has provided an alternative tool for re-
searchers to study the shear behaviour of rock joints by simulat-
ing CNL and CNS direct shear tests. Discrete element method
(DEM) is proven to be a promising numerical technique to in-
vestigate rock and rock joint behaviours (Asadi et al. 2012; Asadi
et al. 2013; Bi et al. 2019; Cao et al. 2018a; Cao et al. 2018b;
Ghazvinian et al. 2012; Kazerani et al. 2012; Marczewska et al.
2016; Park and Song 2009; Shang et al. 2018b). In this regard,
the explicit DEM code, PFC2D (Itasca 2016), has been used to
simulate the asperity damage and failure behaviour of rock joints
(Bahaaddini et al. 2015; Bahaaddini et al. 2013; Gutiérrez-Ch
et al. 2018). In PFC, a dense assembly of DEM particles bonded
together at their contact level represents the intact rock. The
force-displacement relationships of the contacts are defined at
themicroscopic scale that canmimic the contact behaviour under
mode I, II, and mixed mode loading. The initiation and coales-
cence of micro-cracks due to bond-break (contact failure) result
in the evolution ofmacroscopic fractures (i.e. asperity damage) in
the synthetic rock. The collective response of the particle assem-
bly can be monitored as macroscopic behaviour of the synthetic
specimen (i.e. stress-displacement curve).

In the present study, the DEM code available in PFC2D
software (Itasca 2016) is employed to investigate the shear
behaviour of bolted and unbolted rock joints under CNS
condition. A new cohesive model proposed by Saadat and
Taheri (2019d) is implemented in the DEM codes to mimic
the micro-cracking behaviour of intact rock. We successfully
employed the cohesive model in our previous rock joint and
rock bolt investigations (Saadat and Taheri 2019a, 2019b).
The smooth-joint model (Itasca 2016) is adapted to model
the rock joint interface. The potential of the proposed DEM
framework is investigated by calibrating and comparing the
results of CNL direct shear test on saw-tooth rock joints with
experimental counterparts. A series of numerical CNS direct
shear tests are conducted on unbolted and bolted rock joints to
investigate the influence of CNS boundary condition on as-
perity damage and shear mechanism of rock joints.

Constitutive relationships

The proposed cohesive model

In the present study, a new cohesive, contact model (CCM)
developed by Saadat and Taheri (2019e) was employed for
simulating the failure behaviour of rock-like specimens (i.e.
asperity damage). There are different DEM contact models
available in the literature (e.g. Le et al. (2017); Nguyen et al.
(2017a); Nguyen et al. (2017b); and Le et al. (2018)).
However, in the CCM the number of micro-mechanical prop-
erties was reduced to simplify the calibration procedure and
enhance the numerical efficiency. The details of the proposed
cohesive contact model can be found in (Saadat and Taheri
2019e). Here, we briefly introduce the formulation of the
model:

In the proposed cohesive model, the relative displacement
u(un, us) of the DEM contacts is decomposed into elastic and
plastic displacements, which represent the reversible and irre-
versible displacements:

u ¼ ue þ up ð1Þ

Considering k0n as k0s as normal and shear stiffness of the
DEM contacts, the corresponding contact stresses can be cal-
culated as:

σn ¼ k0n un−upn
� � ð2Þ

σs ¼ k0s us−ups
� � ð3Þ

where σn and σs are normal and shear stresses in the DEM
contacts; un and upn are the total and plastic normal displace-
ments; us and ups are the total and plastic shear displacements.

In order to take into account the mixed-mode failure re-
sponse of DEM contacts, the following yield function was
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proposed:

F σn;σs;Cð Þ ¼ σs þ μσn−C ¼ 0 ð4Þ

This yield function allows us to identify the yield point at
which the DEM contact enters its softening stage. μ is the
friction coefficient of the contact and C is defined as:

C ¼ C0e−κu
p ð5Þ

C0 is the initial cohesion of DEM contact, κ is a micro-
mechanical parameter that accounts for softening response of
the contact after yield, and up is the accumulative plastic dis-
placement of the contact, which can be determined from nor-
mal and shear increments as:

dup ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dupn
� �2 þ dups

� �2q
ð6Þ

The degree of damage in the cohesive contacts is simply
measured using the following equation:

D ¼ C0−C
C0 ¼ 1−e−κu

p ð7Þ

When the DEM contact is bonded and experience no fail-
ure D = 0.0, when the DEM contact is completely damaged
D = 1.0, and when the DEM contact is in its softening stage
0.0 ≤D ≤ 1.0. The details of the stress-return algorithm can be
found in our previous studies (Saadat and Taheri 2019a,
2019d).

Figure 1 illustrates the behaviour of DEM contact inmode I
and II. The linear elastic portion of stress-displacement curves
defines the contact behaviour before failure (D = 0.0), follow-
ed by a non-linear stage that represents contact softening due
to the progressive degradation of cohesion (0.0 <D < 1.0).
The details of updating the force-displacement law are

provided in Saadat and Taheri (2019e). In Fig. 1 C0 is the
cohesion of contacts and μ is the friction coefficient of the
contacts. In tension, when the normal stress of the DEM con-

tacts reaches C0

μ , they enter to their softening stage until com-

plete cohesion degradation (D = 1.0). Similarly, during contact
shear behaviour, when the maximum shear stress of the con-
tacts is achieved (C0) their softening response begins until
complete cohesion degradation (D = 1.0).

Potyondy and Cundall (2004) proposed a deformability

method, in which the normal stiffness of the bonds (k0n ) can
be linked to their elastic modulus (E0) as follows (Itasca
2016):

k0n ¼
E0

L
ð8Þ

where L can be determined as follows:

L ¼ R1 þ R2; ball−ball
R1 ; ball−facet

�
ð9Þ

During the calibration process, normal to shear stiffness

ratio (k
0
n

.
k0s

) was chosen to approximate the shear stiffness

of the contacts (k
s
) (Hofmann et al. 2015; Liu et al. 2018). For

calibration purposes, the user can alter the contact stiffnesses
after assigningE0 (Itasca 2016).We successfully followed this
approach in our previous studies (Saadat and Taheri 2019a,
2019b, 2019c, 2019d, 2020).

The smooth-joint model

The smooth-joint model (SJM) simulates the micro-cracking
behaviour of an interface in PFC software (Itasca 2016). The
smooth-joint model is an interface model that can be used both

Fig. 1 Stress-displacement behaviour of the proposed cohesive model (a) mode I, and (b) mode II (Saadat and Taheri 2019e)
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for small displacement such as simulating grain boundaries in
grain-based approach (Saadat and Taheri 2019c, 2019d,
2020), and large displacement such as rock joint interface
(Bahaaddini et al. 2013). The SJM is assigned to the DEM
contacts representing the interface between two particles. The
particles can overlap and pass through each other in this mod-
el. Figure 2 illustrates the performance of the SJM installed on
the contacts between two DEM particles. In 2D, the orienta-
tion of the interface is defined as:

n̂̂j ¼ sinθp; cosθp
� � ð10Þ

In Eq. 8, θp is the dip angle of the interface. n̂c in Fig. 2
represents the unit normal vector between two bonded DEM
particles. The SJM interface consists of two surfaces (shown
as surface 1 and 2 in Fig. 2). If and only if n̂ j:n̂c≥0, then
particle 2 lies in surface 2. Once the SJM is installed on the
interface contacts, the existing bond between DEM particles
will be removed and a set of elastic springs will be assigned
over a rectangular shapes cross-section. According to Itasca
(2016), the cross-sectional area of an interface contact is:

A ¼ 2Rt ð11Þ

where t and R are the thickness (t = 1.0) and radius of smooth-
joint model crass-section, respectively. Note that

R ¼ λmin R1;R2
� �

, where R1 and R2 are particles radii, and
λ is radius multiplier which is usually taken as 1.0.

The force-displacement law of the SJM is briefly described
here:

F ¼ −Fnn̂̂j þ Fs ð12Þ

The normal force is updated as follows:

Fn ¼ Fnð Þ0 þ knAΔδen ð13Þ

(Fn)0 is the SJM normal force at the beginning of the

timestep, kn is the normal stiffness, A is the contact cross-
sectional area, and Δδen is the normal displacement increment.
The trial shear force is calculated as:

F*
s ¼ Fsð Þ0−ksAΔδes ð14Þ

where (Fs)0 is the shear force at the beginning of the numerical

timestep, ks is the shear stiffness, and Δδes is the shear displace-
ment increment. The shear strength of the SJM contact is
assumed as Fμ

s ¼ −μsj Fn, where μ
sj is the friction coefficient

of the bond (particle interface). The micro-mechanical param-
eters that simulate the contact strength are tensile strength (σc)
and cohesion (c). The shear strength of the contact is deter-
mined from simple Mohr-Coulomb (τc = σc tan(φ) + c). The
force-displacement law for a bonded contact is illustrated in
Fig. 3. When the bond is not in tension, the shear force is
limited by:

Fs ¼
F*
s ; F*

s

�� �� < Fμ
s

Fμ
s

F*
s

.
F*
sk k

� �
; otherwise

8<
: ð15Þ

If Fn ≥ σcA, then the contact failure occurs in tension mode

(Fig. 3a) and Fn = |Fs| = 0.0; otherwise if F*
s

		 		≥τ cA the bond

breaks in shear mode, and its shear force of is updated by Eq.
13 (Figure 3b).

Calibration and validation of the proposed
DEM framework

The micro-mechanical parameters of the proposed cohesive
model and the smooth-joint model were calibrated against the
experimental data. The details of the calibration procedure and
the list of micro-mechanical parameters are provided in our
previous research (Saadat and Taheri 2019b). Here, we briefly
introduce the calibration results and the list of calibrated mi-
cro-properties.

Calibration of the CCM

The micro-mechanical parameters of the CCM were calibrat-
ed against the experimental data from UCS test. A numerical

Fig. 2 The smooth-joint model application in PFC2D (modified from Itasca (2016))
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specimen with a height of 100 mm and a width of 40 mm was
produced and inverse calibration procedure was adopted to
achieve the micro-properties. The minimum particle radius
(Rmin) was chosen to be 0.25 mm, and the ratio of the maxi-
mum particle radius to minimum particle radius (Rmax=Rmin ) was
set as 1.66. The density of DEM particles was 2500 kg



m3 . In

the present study, we adopted global damping of 0.7 suggested
by Potyondy and Cundall (2004) for dissipating the kinetic
energy. The details of kinetic energy dissipation and damping
mechanism can be found in Potyondy and Cundall (2004).
Figure 4 illustrates the comparison between the results of the
proposed cohesive model and laboratory counterparts. You
can see that a good agreement was achieved between numer-
ical and laboratory results. The calibrated micro-properties of
the CCM are given in Table 1, and the comparison between
macroscopic parameters of the numerical and physical speci-
mens is provided in Table 2. The numerical simulation results
are in an excellent agreement with the laboratory data, which
demonstrates the capability of the proposed cohesive DEM

framework in reproducing the mechanical behaviour of the
physical specimen.

Calibration of the smooth-joint model

The calibration of the smooth-joint (SJ) model involves
conducting normal deformability and direct shear tests on pla-
nar rock joints and comparing the numerical results with ex-
perimental counterparts. According to Bahaaddini et al.

(2013), the normal stiffness (ksjn ) of the SJ model can be
calibrated against the normal deformability test; and the shear

stiffness (ksjs ) and friction coefficient (μsj) of the SJ model can
be calibrated against the laboratory observations of direct
shear test. We used the laboratory data obtained by Oh et al.
(2017) for calibrating the SJ model, and the details of the
calibration procedure are provided in our previous research
(Saadat and Taheri 2019b). Figure 5a illustrates the compari-
son between DEM simulations and laboratory results of nor-
mal deformability test. Figure 5b shows the results of numer-
ical direct shear tests carried out on planar rock joint under
various normal stress magnitudes. The plots of the corre-
sponding peak shear stresses against the normal stress magni-
tudes are illustrated in Fig. 5c, and a macroscopic friction
angle of 41° (friction coefficient of 0.86) was resulted which
is very close to the experimental counterpart (i.e. friction co-
efficient of 0.9) (Oh et al. 2017). The micro-mechanical

Fig. 4 Calibration of the proposed cohesive model to the laboratory
specimen under UCS test

Table 1 The calibrated micro-mechanical properties (Saadat and Taheri
2019b)

E0 (GPa) k∗ C0 (MPa) κ (m−1) μ β

9.2 1.82 23.2 2.5 × 106 0.58 0.2

Fig. 3 Force-displacement law in the SJM. (a) Tension mode: normal force versus normal displacement; (b) Shear mode: shear force versus shear
displacement (modified from Itasca (2016))
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properties obtained during calibration of the SJ model are
given in Table 3.

Validation

The ability of the proposed cohesive DEM framework in re-
producing the macroscopic shear behaviour of rock joints (i.e.
dilative response and asperity degradation) was assessed. We
demonstrated the details of the validation process in our pre-
vious research (Saadat and Taheri 2019b), and we briefly in-
troduce the results here. The experimental observations of Oh
et al. (2017) were used for validation purpose. To do so, we
generated DEM specimens containing idealised rock joints
with asperity angle of 20° and 30°. Then, we conducted a
series of direct shear tests under CNL condition and compared
the results with the experimental data to ensure that the cali-
brated DEM model is able to mimic the shear behaviour of
physical specimens. Figure 6 illustrates the shear stress-
displacement and normal-shear displacement curves obtained
from numerical simulations. The comparison between asperi-
ty degradation of numerical specimens and experimental tests
is shown in Fig. 7, and the comparison between macroscopic
dilation response of the numerical specimens and laboratory
counterparts is illustrated in Fig. 8.

DEM modelling results under CNS condition

It has been repeatedly reported in the previous laboratory in-
vestigations (Asadi et al. 2013; Indraratna et al. 1998, 1999;

Indraratna et al. 2015; Park et al. 2013) that the surface rough-
ness and the boundary condition (CNL and CNS) play a key
role in the shear behaviour of rock joints. In this study, numer-
ical specimens with idealised saw-tooth asperities and natural
rock joint profiles were generated and tested under both CNL
and CNS conditions. The numerical set-up under CNS bound-
ary condition is illustrated in Fig. 9. Under CNS condition the
increment of normal stress is expressed as:

dσn ¼ kcns � dδn ð16Þ
where kcns is the constant normal stiffness at an external
boundary and dδn is the increment of normal displacement
(Indraratna et al. 2015). We adopted the servo-controlled
mechanism developed by Itasca (2016) to control normal load
on the top wall. As suggested by Bahaaddini et al. (2013), we
calculated the shear displacement of the top-left wall to deter-
mine the shear displacement of the DEM model. In the CNS
numerical models, the displacement of the top wall in the
normal direction was measured at each time-step to produce
the normal displacement of the rock joint. The reaction force
induced on the top wall was also measured and divided by the
length of rock joints to calculate the normal stress. In order to
implement CNS condition in PFC 2D, the following steps
were taken:

1. A relatively small velocity was applied on the top wall,
and the model was solved to reach to an equilibrium. The
target normal stress must be assigned at this stage. The
servo-controlledmechanismwas used and when the target
normal stress was achieved the next steps were followed.

2. Horizontal velocity of 0.01 m/s was applied on the top left
wall to simulate the shearing procedure. The increment of
normal displacement was measured at each step and based
on Eq. 16 the increment of normal stress was calculated.
Before entering the next time step (ti + 1), the applied nor-
mal stress was modified by adding the increment of nor-
mal stress to the target normal stress.

Fig. 5 The results of the smooth-joint model calibration (Saadat and Taheri 2019b). (a) Numerical and experimental normal deformability test; (b)
numerical direct shear test under various constant normal stresses; (c) the friction angle of the rock joint obtained from the numerical tests

Table 2 The macroscopic properties of numerical and experimental
specimens (Saadat and Taheri 2019b)

UCS (MPa) E (GPa)

Lab test (Oh et al. 2017) 46.3 14.9 0.2

Numerical modelling 46.1 14.8 0.2
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3. The shearing procedure was continued with the updated
value of applied normal stress. In order to verify the ac-
curacy of CNS algorithm performance, the measured and
calculated normal stresses were constantly compared.

In Fig. 9 the numerical simulation set-up and boundary
condition required for conducting a direct shear test on rock
joints is illustrated. Under CNL condition a constant normal
load is required to be applied on the top plate (Figure 9a),
whereas under CNS condition the normal stress increases with
an increase in the normal displacement (Fig. 9b). An example
of normal displacement and applied normal stress as a func-
tion of numerical time steps under CNS condition is illustrated
in Fig. 9c. The initial normal stress is 0.5MPa and the stiffness
is 1.5 GPa/m. You can see that the above algorithm was suc-
cessful in applying the calculated normal stress during the
direct shear test (Fig. 9c).

In the following sub-sections the results of direct shear tests
carried out on saw-tooth, and natural rock joints are provided,
and different shear mechanisms observed in each rock joint
are discussed.

Numerical direct shear test of saw-tooth asperities
under CNS condition

In the previous section, a series of CNL direct shear tests on
saw-tooth joints under a range of normal stress magnitude

were conducted and the simulation outcomes were compared
with the experimental counterparts. In this section, the influ-
ence of CNS condition on the shear behaviour of saw-tooth
asperities is investigated. Specifically, the asperity degradation
is visualised by monitoring the evolution of DEM micro-
cracks. Notice that, for CNS testing, the identical sample size
and the same calibrated micro-parameters were adopted. In
total, eighteen CNS direct shear tests were carried out on
saw-tooth asperities, and for each initial normal stress, σ0

n,
magnitude, three different values of kcns: 0.5, 1, and
1.5 GPa/m were considered. The simulated shear stress and
normal displacement as a function of shear displacement for
saw-tooth asperities are shown in Fig. 10. The asperity dam-
age of numerical specimens after 2.5 mm of shear displace-
ment for both asperity angle, i, values of 20° and 30° is illus-
trated in Fig. 11. In order to facilitate the comparison of nu-
merical results, in each graph, kcns was kept constant and as-
perity base angle as well as the σ0

n were varied.

At low σ0
n, by increasing the constant stiffness, the shear

mechanism of specimens with i = 20° was gradually trans-
ferred from asperity sliding to a combination of asperity slid-
ing and wear. You can see this in both shear stress-
displacement graphs (Fig. 10), and macroscopic cracking be-
haviour of the specimens (Fig. 11). In contrast, at low initial
normal stress, specimens with i = 30° showed a remarkable
shift from asperity sliding to asperity shear-off and severe
asperity degradation (Fig. 11; σ0

n ¼ 0:5MPa and i = 30°).

Increase of constant stiffness (kcns) under σ0
n of 2 and 4 MPa

Fig. 6 The numerical shear
behaviour of idealised saw-
toothed rock joints under various
normal stress magnitudes: (a) i =
20°, and (b) i = 30° (modified
from Saadat and Taheri (2019b))

Table 3 The calibrated micro-mechanical parameters of the smooth-joint model (Saadat and Taheri 2019b)

ksjn (GPa/m) ksjs (GPa/m) μsj

480 55 0.9

A numerical study to investigate the influence of surface roughness and boundary condition on the shear... 2489



results in an increase in the peak shear strength when the base
angle is equal to 30 ° . This influence, however, found to be
negligible when the base angle is equal to 20° (Fig. 10). This
may be attributed to the fact that rock joints with steeper as-
perity angle require more shear force to mobilise the asperities
resulting in a considerable peak shear stress of rock joints. The
results also revealed that at greater levels of σ0

n with low kcns,
the increase in the shear resistance of rock joints was less
significant, as a result of severe asperity damage. In contrast,
at low confining stress level, the influence of CNS condition
on the macroscopic shear response of the joints was much
more pronounced especially when i = 30°. These results re-
veal that to design underground structures, CNS condition

needs to be taken into account when dealing with low initial
normal stress magnitudes (i.e. σn=σc ≤1% ). This conclusion
will be further discussed later on.

Monitoring the normal displacement of the rock joints (Fig.
10) showed that the dilation of numerical specimens with i of
30° was higher than i = 20° in all the cases. For both speci-
mens, the value of normal displacement decreased with an
increase in the constant stiffness, which is attributed to the
relative increase of applied normal stress rate. In the speci-
mens with 20° of asperity angle, the joint returned almost
the same normal displacement response under different initial
normal stress magnitudes and this behaviour was more con-
spicuous for a specimen with 1.5 GPa/m of constant normal
stiffness. It can also be seen that at 1.5 GPa/m of constant
stiffness, in the specimens with i = 30°, after approximately
1.5 mm of shear displacement, the rock joint maintained its
normal displacement at a level close to 0.4 mm. This exhibi-
tion of frictional sliding response was due to considerable
asperity degradation caused by a higher degree of σ0

n.

Numerical direct shear test of natural rock joint
profiles under CNS condition

Three different natural rock joint profiles with joint roughness
coefficient (JRC) values of 4.6 (smooth), 10.2 (rough), and
17.5 (very rough) obtained from joints in Hawkesbury sand-
stone were digitised and imported into PFC 2D. Figure 12
illustrates these natural rock joints. The average values of
JRC for each profile were previously determined by
Bahaaddini (Bahaaddini 2014). We digitised the rock joint
interfaces in AutoCAD software and imported the files into
PFC2D to construct the geometry of rock joint. We developed
a series of FISH functions to group the DEM particles into

Fig. 7 The asperity damage
response obtained from numerical
simulations under low and high
confinement. The experimental
tests carried out by Oh et al. (Oh
et al. 2017) and the numerical
results are modified from Saadat
and Taheri (2019b)

Fig. 8 Numerical and experimental comparison for peak dilation angle of
idealised rock joints under various normal stress magnitudes. The
experimental tests carried out by Oh et al. (Oh et al. 2017). The
numerical data are from Saadat and Taheri (2019b)
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upper and lower blocks. Hereafter, the numerical specimens
with JRC values of 4.6, 10.2, and 17.5 are called JP1, JP2, and
JP3, respectively. kcns of 0.5, 1, and 1.5 GPa/m were consid-
ered in numerical CNS direct shear tests to examine the influ-
ence of CNS condition on the macroscopic behaviour of rock
joints.

In Fig. 13, CNL and CNS direct shear test results of JP2
(kcns = 1 GPa/m) under different initial normal stress magni-
tudes are presented as representative results. The results show
that the slope of linear-elastic portion of the shear stress-
displacement curves (Fig. 13a) for each CNS increases with
an increase in the initial normal stress magnitude. All the

Fig. 9 Direct shear test simulation of rock joint under different loading conditions. (a) CNL condition, (b) CNS condition, (c) normal displacement
versus mechanical time step, (b) calculated and applied normal stress under CNS condition during the shearing process

Fig. 10 Numerical direct shear test results of idealised rock joints under CNS condition
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numerical specimens exhibited a slight strain-hardening be-
haviour before reaching their peak shear strength (Fig. 13a).
It is important to note that the shear stress-displacement curves
do not present a distinct peak shear strength for the specimen
with 0.5 MPa of initial normal stress. The reason for
exhibiting such behaviour is due to the progressive increment
of normal stress magnitude throughout the shearing process
(Indraratna et al. 2015). It can be seen that when the magni-
tude of initial normal stress increased, the numerical speci-
mens returned very few hardening responses (Fig. 13a). This
may be due to the transition from asperity sliding mode to
asperity wear and shear-off modes that cause progressive as-
perity degradation in these specimens. In fact, severe bond-
break in the cohesive contacts, under high initial normal stress,
means that the shear resistance of the asperities is proportion-
ately ineffective during the residual stage. We observed this
mechanism by monitoring the initiation of micro-cracks dur-
ing the shearing process (Fig. 13b). You can see that after a
relative shear displacement of approximately 0.3 mm, the
propagation rate of cohesive micro-crack experienced a sig-
nificant rise in the synthetic specimens with high initial nor-
mal stress magnitude.

The dilation response of the numerical specimens is illus-
trated in Fig. 13c. You can observe that the dilation of rock
joint was strongly influenced by the magnitude of the initial
normal stress. As the initial normal stress increased, the nor-
mal displacement of the rock joint reduced significantly that
was the result of the transition from asperity sliding mode to
asperity wear and shear-off modes.

The asperity degradation pattern that was the results of
initiation and coalescence of micro-cracks was monitored for
both CNL and CNS experiments, and the results are illustrated
for JP2 in Fig. 13 as representative results. Under CNL con-
dition, by increasing the magnitude of normal stress, the num-
ber of micro-cracks significantly increased, especially around
the critical asperities. You can see from Fig. 13c and Fig. 14
that the CNS specimens tended to produce moremicro-cracks.
The results show that severe asperity damage occurred at high
normal stress magnitudes, while a combination of slight as-
perity wear-off, as well as sliding mode, controlled the shear
mechanism of the joint at low confining pressure.

The influence of joint roughness on the shear behaviour of
rock joints under CNS condition is illustrated in Fig. 15. The
macroscopic asperity damage responses of the specimens are
illustrated in Fig. 16. The initial normal stress and kcns in all
the specimens were 0.5 MPa and 1.0 GPa/m, respectively. As
shown in Fig. 14a, the JP3, with the highest amount of JRC
(i.e. JRC = 17.5), shows a higher peak shear strength. It can be
observed that JP1 and JP2 exhibit asperity sliding behaviour
while JP3 during shearing demonstrates a remarkable asperity
shear-off (Figs. 15a and 16). This mechanism was verified by
monitoring the number of micro-crack initiated during the
shearing procedure (Fig. 15b). It can be quantitatively ob-
served that a relatively few numbers of micro-cracks propa-
gated during shearing of JP1, whereas the number significant-
ly increased with an increase in JRC.

Experimental observations of Yang and Chiang (Yang and
Chiang 2000) and Li et al. (Li et al. 2016b) showed that as-
perities mainly controlled the shear resistance and dilative
response of rock joints with higher inclination angle. Li
et al. (Li et al. 2016b) defined critical asperity angle as the

Fig. 11 Numerical asperity damage of idealised rock joints under CNS condition

Fig. 12 Natural rock joint profiles considered in the parametric study
approach. (modified from (Bahaaddini 2014))
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steepest waviness facing the shear direction. The PFC-DEM
approach allowed us to visually observe the location of critical
asperities where the density of micro-cracks is relatively high
due to asperity failure (Fig. 16). It can be seen from Fig. 16
that JP1 experienced a sliding mode with minor micro-cracks
propagated on the joint surface, while higher JRC values
returned severe asperity wear (JP2), and asperity shear-off
(JP3). Previous numerical results (Fig. 10) also showed that
an idealised rock joint with higher asperity angle exhibit the
highest value of normal stress during shearing (both under
CNL and CNS conditions).We can confirm from Fig. 15b that
the rock joints with higher value of JRC (or higher critical
asperity angle) displayed a greater dilation during the shearing
process (Fig. 15b). Figure 15c illustrates the cumulative num-
ber of micro-cracks during shear process. It can be seen that

very rough rock joint profile (JP3) exhibited severe asperity
damage. Its high number of micro-cracks also indicates this
behaviour compared with other profiles.

Numerical shear behaviour of bolted rock joints
under CNS condition

In order to investigate the influence of CNS condition on the
overall shear performance of bolted rock joints using the new
cohesive model, a series of numerical CNS direct shear tests
were carried out on different rock joint profiles: JP1, JP2, and
JP3. To avoid making this paper overly long, a simplification
is made by only considering single values for normal stress
and kcns. Notice that the performance of fully grouted rock
bolts can only be simulated in 3D. However, in 2D a section

Fig. 13 Numerical direct shear test results of natural rock joint profile (JP2) under CNL and CNS (kcns = 1 GPa/m) conditions: (a) and (b) shear stress-
displacement and normal-shear displacement curves, respectively; (c) cumulative number of micro-cracks developed in the rock joint profile

Fig. 14 Numerical asperity degradation for natural rock joint (JP2) under CNS (kcns = 1 GPa/m) condition
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of the 3D model can be simulated (as rock panel) to evaluate
the mechanical behaviour of bolted rock joints. We compared
the simulation results with those obtained for unbolted rock
joints under CNL and CNS conditions. The rock bolts were
considered to be fully grouted. Furthermore, it was assumed
that the rock bolts only deform elastically along the shear
direction without producing any rupture behaviour. This
assumption was also considered in the experimental
investigations of Wu et al. (2018) and Chen et al. (2018) to

investigate the influence of surface roughness.We assumed no
damage on rock bolt element and only the grout material fails
during the test. Thus, a high value of bond strength was suf-
ficient to prevent bond failure in the rock bolt element. We
selected the micro-mechanical properties of rock bolt based on
the previous literature (Shang et al. 2018a). We also adopted
the same approach in our previous rock bolt investigation
(Saadat and Taheri 2019b). Notice that no particular rock bolt
was considered in the current study as the aim was investigat-
ing the influence of boundary condition and surface roughness
on the shear behaviour of reinforced joints. Accordingly, it is
justified to consider the rock bolt element without experienc-
ing failure during shear testing.

The cohesive model was used as the constitutive model of
the grout material. The micro-mechanical parameters of the
grout were calibrated against the properties of grouting mate-
rial experimentally obtained by (Kılıc et al. 2002). The cali-
brated micro-mechanical parameters, as well as macroscopic
properties of experimental and numerical specimens, are giv-
en in Table 4. The thickness of grout material around the rock
bolt was 2 mm, and the diameter of the rock bolt was 4 mm. In
order to generate the numerical specimens for the CNL and
CNS direct shear tests, the particles were grouped in three
different categories: rock, rock bolt, and grout. The micro-
mechanical parameters for each group were assigned accord-
ing to their contact group. Apart from rock joint interface
particles, two more interfaces were generated in bolt models,
namely bolt-grout and grout-rock interfaces. The micro-

Fig. 15 Numerical direct shear test results carried out on three different
natural rock joints with various JRC values under CNS (kcns = 1 GPa/m)
condition: (a) and (b) shear stress-displacement and normal-shear

displacement curves, respectively; (c) the cumulative number of micro-
cracks developed in the rock joint profile

Fig. 16 Numerical asperity damage observed in various natural rock
joints under CNS (kcns = 1 GPa/m) condition
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parameters calibrated for grout material was assigned to the
contacts forming theses interfaces. The smooth-joint model
with previously calibrated micro-parameters was adopted to
simulate the shear behaviour of rock joints. The CNS condi-
tion was applied to the numerical specimens based on the
procedure described before.

The shear stress and normal displacement as a function of
the shear displacement of three numerical specimens with dif-
ferent roughness profiles is illustrated in Fig. 17. The failure
state of the bolted and unbolted specimens at the final stage of
the shearing procedure is depicted in Fig. 18. It can be ob-
served that, for all numerical specimens, the peak shear
strength of the rock joint under CNS condition was higher
than those under CNL condition. The results also indicate that
the JRC values highly influenced the shear behaviour of rock
joints. A closer assessment of the results presented in Fig. 17
indicates that for JP3, the increase in the value of shear resis-
tance was not highly significant, especially under CNL con-
dition. This was attributed to considerable asperity damage

because of greater JRC value. For bolted rock joints during
the post-peak stage, significant volatility was observed in the
shear stress-displacement curves that were the results of an
increase in the resistance of the rock joints against shearing,
generated by the rock bolt.

The results presented in Fig. 17 show that the shear
strengths of rock joints with low JRC (JP1) and medium
(JP2) JRC values exhibit considerable sensitivity to rock bolt
installation as well as CNS condition. In contrast, at high JRC
values in bolted condition, severe asperity degradation (due to
higher roughness) under CNS condition prevented the rock
joints from returning a considerably higher peak shear stress
(Fig. 18). Consequently, the CNS results, in terms of elastic
response and peak shear stress, were not highly comparable to
those of CNL. During the post-peak stage, however, the CNL
specimen maintained the shear resistance while CNS speci-
men returned a hardening behaviour as a result of an increase
in the applied normal stress. It should be noted that in JP2 and
JP3 specimens, as a result of rock bolt installation, fractures

Table 4 The calibrated micro-
mechanical parameters and
macroscopic parameters of the
grout material

Micro-mechanical parameters

E0 (GPa) k∗ C0 (MPa) κ (m−1) μ β

4.2 1.45 18.0 14.0×106 0.50 0.22

Macroscopic parameters

E (GPa) UCS (MPa)
Experiment (Kılıc et al. 2002) 7.4 32.0 –

Numerical 7.3 32.0 0.18

Fig. 17 The direct shear test results of unbolted and bolted rock joints under CNL and CNS (kcns = 1 GPa/m) conditions
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were developed in some areas of the specimen (particularly
the bottom rock block was fractured for JP3-CNS, Fig. 18). It
is desirable in a direct shear test of unbolted rock joints to have
only asperity degradation along the surface of rock joints.
However, according to previous studies related to rock bolt
direct shear testing, such fracturing of the specimens is inev-
itable (Chen et al. 2018).

The normal-shear displacement curves revealed that under
CNS condition, both bolted and unbolted specimens produced
the same dilation behaviour. Under CNL condition, however,
bolted specimens with JP1 and JP2 showed significantly
higher normal displacement. By increasing the roughness of
the profiles to JP3, the normal displacement of the bolted and
unbolted rock joints were approximately identical under both
CNL and CNS conditions. It is believed that for JP1 and JP2,
the high resistance of the joint against shearing due to instal-
lation of rock bolt caused the top block to move upward dur-
ing shearing process, leading to a relatively higher value of
normal displacement. In comparison, when the roughness of
the rock joint was high (JP3), the severe asperity damage in
the rock joint allowed the specimen to move down even under
CNL condition. As a result, the JP3 profile returned identical
normal displacement under both CNL and CNS conditions.

Conclusion

In this study, a cohesive contact model implemented in DEM
code was employed to numerically study the shear behaviour
of bolted and unbolted rock joints under CNL and CNS con-
ditions. The numerical results were compared with the labo-
ratory observations of rock joint asperity degradation. This
was to ensure that the model worked properly and was able
to mimic the mechanical behaviour of rock joints. After vali-
dating the model, we performed a parametric study on rock
joint characteristics (JRC) and boundary condition (CNL and
CNS) to investigate more the shear behaviour of rock joints. A
parametric study was carried on bolted rock joints to assess the
shear behaviour of rock joints reinforced by fully grouted rock

bolts. In the present study, the effect of asperity angle, surface
roughness, and boundary condition (i.e. CNL and CNS con-
dition) on shear behaviour of both bolted and unbolted rock
joints were investigated. The following concluding remarks
can be drawn:

& For idealised saw-tooth asperities, when the initial normal
stress was low, specimens with steeper asperity angle
showed a higher degree of asperity damage by increasing
the constant stiffness. The CNS numerical results also
showed that at low asperity angle the shear resistance of
the rock joint could not be enhanced, while the steeper
asperities experienced a considerable improvement in
peak shear stress. The normal displacement of steeper as-
perities was higher than low asperity angle specimens.
Under the CNS condition, the normal-shear displacement
curves for higher asperity angles showed more distinct
differences than low asperity angle.

& Apart from the idealised rock joint, three natural rock joint
profiles representing smooth, rough, and very rough rock
joints were tested. The CNS numerical results revealed
that the asperity degradation profoundly influenced the
shear behaviour of specimens including natural rock joint
profiles, the extent of which increased with increasing the
value of JRC and initial applied normal stress. The shear
stress was profoundly influenced by the CNS condition at
low initial confining pressure, while the negligible effect
was observed at the medium and high level of initial nor-
mal stress. This is mainly because of the serious asperity
damage under high confining pressure, which prevents the
CNS condition to affect the rock joint’s shear and dilation
responses. By increasing the roughness, the shear mecha-
nism transformed from asperity sliding to asperity shear-
off and significant asperity damage. Compared with lower
roughness values, the joint with the highest JRC showed
the highest dilation.

& A rock bolting system was also generated to investigate
the shear mechanism of bolted rock joints containing nat-
ural profiles. It was observed that rock bolt installation

Fig. 18 The asperity damage of unbolted and bolted natural rock joint profiles under CNL and CNS (kcns = 1 GPa/m) conditions

2496 M. Saadat, A. Taheri



significantly improved the peak shear strength of the rock
joints under both CNL and CNS conditions. When the
asperity is damaged significantly under CNS condition,
the normal displacements of the both bolted and unbolted
rock joints were identical. The peak shear strength of
bolted rock joint under CNS condition was higher than
those under CNL condition. Under CNS condition, the
specimens with the highest JRC value returned approxi-
mately an identical peak shear strength for the both bolted
and unbolted rock joints that were the result of remarkable
asperity degradation of the highly rough interface.
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