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Abstract. The pre-peak cyclic shear mechanism of two-order asperity degradation of rock joints in the direct shear tests with static
constant normal loads (CNL) are investigated using experimental and numerical methods. The laboratory testing rock specimens
contains the idealized and regular two-order triangular-shaped asperities, which represent the specific geometrical conditions of
natural and irregular waviness and unevenness of rock joint surfaces, in the pre-peak cyclic shear tests. Three different shear failure
patterns of two-order triangular-shaped rock joints can be found in the experiments at constant horizontal shear velocity and various
static constant normal loads in the direct and pre-peak cyclic shear tests. The discrete element method is adopted to simulate the pre-
peak shear failure behaviors of rock joints with two-order triangular-shaped asperities. The rock joint interfaces are simulated using
a modified smooth joint model, where microscopic scale slip surfaces are applied at contacts between discrete particles in the upper
and lower rock blocks. Comparing the discrete numerical results with the experimental results, the microscopic bond particle model
parameters are calibrated. Effects of cyclic shear loading amplitude, static constant normal loads and initial waviness asperity angles
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on the pre-peak cyclic shear failure behaviors of triangular-shaped rock joints are also numerically investigated.
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1. Introduction

The discontinuous structures, for instance joints, faults
and flaws, often occur in the rock masses (Liu et al. 2017,
Ma et al. 2016, 2019a, b, Zhou et al. 20193, b, Kou et al.
2020). The surfaces of rock joints are rough at multiple
scales. The surface roughness of rock joints in rock masses,
which is one of the most critical factors, significantly
affects the mechanical properties and behaviors of joints
and jointed rocks (Zheng and Qi 2012, Dang et al. 2016).
The surface roughness of rock joints has important
implications for estimating true contact areas and modeling
the hydro-mechanical response of joint asperities during
contact between wall surfaces (Belem et al. 2007). The
contact conditions between two rough rock surfaces
strongly influence the shear mechanical behaviors, i.e.,
shear strength, deformation characteristics and shear failure
modes (Huang and Yang 2019, Cai et al. 2019). The shear
mechanical behaviors of rock joints under complicated
loading conditions play a vital role in evaluating the
stability of underground rock engineering projects, such as
tunnels, underground storages and nuclear waste repositories.
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In the past decades, several studies on the shear
mechanical behaviors of rock joints were carried out by
scholars to understand the shear mechanism of rock joints
under constant normal load (CNL) conditions (Bandis et al.
1981, 1983, Yang et al. 2001, Huang et al. 2002, Moradian
et al. 2010, Dang et al. 2018, 2019), where the normal load
remains unchanged during shearing, and constant normal
stiffness (CNS) conditions (Ooi and Carter 1987, Johnston
et al. 1987, Benmokrane et al. 1994, Seidel and Haberfield
2002, Jiang et al. 2004, Zhou et al. 2016), in which stiffness
of the surrounding rock mass is imitated. To study the effect
of surface roughness on shear mechanical behaviors of rock
joints in shear tests, the surfaces of rock joints can be
classified into the natural rock joints, in which the surface
morphology is described as a concept of joint roughness
coefficient (JRC) (Barton 1973, 1976, Barton and Choubey
1977), and artificial saw-tooth rock joints, where the surface
morphology is designed as periodically triangular and
sinusoidal shapes (Zhou et al. 2016). Moreover, the surface
morphology of rock joints can be considered as multiscale
asperities, which can be divided into waviness (i.e., primary
asperity) and unevenness (i.e., subordinated asperity) (Jafari
et al. 2003, 2004). Although the shear mechanical behaviors
of natural rock joints and artificial rock joints with waviness
have been widely studied, effects of multiscale asperities,
including waviness and unevenness, at the surface of rock
joints on the shear mechanical behaviors require to be
deeply investigated.

On the other hand, according to the actual stress field
conditions in rock engineering projects, the loading
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conditions to be taken into consideration in the investigation
on failure characteristics of rock masses and mechanical
behaviors of discontinuities fall into two main categories,
i.e., direct and cyclic types. Some scholars have conducted
experiments about the direct shear mechanism of natural
and artificial rock joints (Moradian et al. 2010, 2012, Meng
et al. 2016, 2018a, b). However, the cyclic loadings are
likely to be encountered in different rock structures in
geotechnical earthquake engineering (Bagde and Petros$
2005, Liu et al. 2017). Cyclic loading can cause shear
failure of the joints (e.g. strong earthquakes) or cause some
degradation in pre-peak behavior of joints (e.g. weak
earthquakes) (Fathi et al. 2016, Song et al. 2019, 2020).
Some experimental studies on the cyclic shear mechanical
behaviors of natural rock joints have been carried out, and
they found that the shear mechanical behaviors, such as
shear failure modes, normal dilations, shear peak and
residual strength, are influenced by the cyclic loading
parameters, including shear cyclic number, shear cyclic
frequency, shear cyclic amplitude, etc (Lee et al. 2001,
Jafari et al. 2003, 2004, Belem et al. 2007, Ferrero et al.
2010, Mirzaghorbanali et al. 2014a, Fathi et al. 2016).
Although some cyclic shear mechanical of natural rock
joints were successfully investigated, the aforementioned
experimental studies are mainly concerned on the peak and
post-peak cyclic shear loading conditions, which mainly
correspond to the strong earthquakes (Mirzaghorbanali et
al. 2014a, b, Fathi et al. 2016 Yang et al. 2018). However,
the number of experimental studies on the pre-peak cyclic
shear mechanism of rock joints in the weak earthquakes is
rare (Seidel and Haberfield 2002, Jafari et al. 2003, 2004,
Fathi et al. 2016). In addition, as stated by Jafari et al.
(2003, 2004), the failure behaviors of unevenness at the
surface of rock joints play significant roles in weak
earthquakes, where rock joints containing two-order
asperities are subjected to the cyclic shear loads at the pre-
peak stage. Thus, it is interesting and necessary to study the
pre-peak cyclic mechanical behaviors of artificial rock
joints with two-order triangular-shaped asperities.

With development of computer techniques, numerical
methodology becomes an efficient tool to study failure
characteristics of solids under different loading conditions.
Numerical simulations are less expensive than experimental
tests and can provide physical insights of different solid
failure problems, which are difficult to obtain through pure
experimental tests due to the limited monitoring
technologies. Numerical methodologies can be categorized
into two different approaches: continuous approach and
discontinuous approach. For the continuum approach, the
finite element method with efficient remeshing technicques
(Amiri et al. 2014, Areias et al. 2013, 2017, Nowruzpour
Mehrian et al. 2013, Mehrian et al. 2016), extended finite
element method (Moés and Belytschko 2002, Nanthakumar
et al. 2016, Xie et al. 2016) and peridynamics (Nowruzpour
et al. 2019, Nowruzpour and Reddy 2018, Zhou and Wang
2016, Zhou et al. 2018, 2019c, Wang et al. 2016, 2017,
2018a, b, c, d, 20194, b, c, d) are developed to study the
fracture mechanics in solids. For the discontinuous
approach, the algorithm in bond particle methodology
(Potyondy and Cundall 1998, 2004, Fakhimi 2004, PFC2D

2004, Mohammed et al. 2015, Sarfarazi and Haeri 2018,
Haeri et al. 20183, b, ¢, d, e), which is suitable to study the
failure behaviors of geomaterials and has been widely
applied to geotechnical engineering projects (Zhang and
Wong 2012, Cao et al. 2016, 2018, Kou et al. 2019a, b, ¢),
is normally constituted to generate a homogenous assemble
of regular-shaped (spherical) or irregular-shaped (clumps)
particles. The bond particle methodology is a microscale-
based numerical method formulated on the premise of the
element state of solid materials at the microscopic level
(Cao et al. 2016). Compared with finite element method,
the bond particle methodology has ability to obtain
initiation and propagation of the fracturing processes, which
allows an improved appraisal of geomechanical processes at
the microscale. In order to simulate the mechanical
behaviors of rock joints, a smooth joint model that has been
specifically calibrated to represent an unbonded rock joint.
(Eshiet and Shen 2014, 2017, Li and Chen 2017, Li et al.
2019) The smooth joint contact model (Asadi et al. 2012,
2013, Bahaaddini et al. 2013, 2014, 2016) is specially
adopted to simulate the shear mechanical behaviors of rock
joints in the direct and cyclic shear tests.

In this article, a series of direct and pre-peak cyclic
shear tests are performed on the artificial sandstone joints
with two-order triangular-shaped asperities to investigate
the direct and pre-peak cyclic shear mechanisms of rock
joints using the experimental and numerical approaches.
The two-order triangular-shaped asperities at artificial rock
joints can be divided into two different orders, i.e., primary
asperity and subordinate asperity, which represent the
waviness and unevenness of rock joint surface roughness,
respectively. Three different shear failure modes of rock
joints can first be observed in the direct shear tests under
different static constant normal loads. Then, the pre-peak
cyclic shear mechanism of rock joints is investigated under
these three different shear failure modes through a series of
pre-peak cyclic shear tests. To thoroughly understand the
pre-peak cyclic shear failure behaviors and mechanism of
rock joints with two-order triangular-shaped asperities, a
bond particle methodology with modified smooth joint
model, where the micro-scale slip surfaces are applied at
contacts between particles of upper and lower rock blocks.
The direct shear numerical results are in good agreement
with the experimental results in the direct shear tests of rock
joints in terms of qualitative and quantitative fields, which
illustrate the correctness of microscopic parameters in the
bond particle methodology with smooth joint contact
model. The experimental observations are reproduced by
the bond particle methodology with smooth joint contact
model in numerical simulations, which improve the
understanding of shear failure characteristics of rock joints
in the pre-peak cyclic shear tests. Moreover, the effects of
pre-peak cyclic shear amplitudes, static constant normal
loads and initial waviness asperity angle on the pre-peak
cyclic shear mechanism of artificial rock joints with two-
order triangular-shaped asperities are investigated using the
bond particle methodology with smooth joint contact
model.

This paper is organized as follows: the experimental
preparations and facilities are described in Section 2. The
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Fig. 1 Geometrical conditions of rock joints in the pre-
peak cyclic shear tests

experimental results of rock joints with two-order
triangular-shaped asperities under direct and cyclic shear
loading conditions are performed in Section 3. The bond
particle model and the associated numerical results are
stated in Section 4. Discussions about the numerical results
are presented in Section 5. Conclusions are drawn in
Section 6.

2. Experimental preparations and facilities
2.1 Specimens preparations

In the present study, the rock material is one type of
sandstone taken from the Three Gorges Reservoir Region of
Chongging City in China. The average uniaxial
compressive strength (UCS) of sandstones is 60.34 MPa
respectively, which is measured on the RMT150C testing
machine using ®50 x 100 standard cylinder specimens
loaded at 0.002 mm/s. The average values of mechanical
parameters for Chongging sandstone are listed as follows:
mass density 2,780 kg/m?; Young’s modulus 13.63 GPa;
Poisson’s ratio 0.23; cohesive strength 6.25 MPa; and
frictional angle 41.29°. The Chongging sandstones are first
cut into cubic blocks with the dimension 160 mm x 120
mm x 60 mm, as shown in Figure 1(a). Then, the cubic
specimens are cut into upper and lower blocks based on the
designing two-order asperities by the water cutting
apparatus, as shown in Fig. 1(a). It can be found from Fig. 1
that the primary and subordinate asperities are triangular-
shaped. For the primary asperity, the length of waviness is
equal to 4,, = 40 mm and initial asperity angle equates to
i, , where i, = 15°30°45° for three different rock
joints. For the subordinate asperity, the initial unevenness
angle is kept as a constant, i.e., 45°, and five subordinate
triangular-shaped asperities are uniformly distributed at
every slope of the primary triangular-shaped asperity, as
shown in Fig. 1. To prevent the non-uniform distribution of
shear loads in the shear tests, the lateral confinements of
jointed sandstone specimens are smoothed and polished. In
addition, for sake of investigating the pre-peak shear
mechanism of artificial rock joints, a total thirty jointed
sandstone specimens are prepared in this study.

2.2 Testing facilities

All the direct and pre-peak cyclic shear tests of the
artificial rock joints under static constant normal loads

Static constant normal loads

L0000

Horizontal

\ shear loads

Fig. 2. Loading scheme of the pre-peak cyclic shear tests.

Table 1 Shear testing scheme of artificial rock joints with
two-order triangular-shaped asperities
Shear  Shear Amplitud

a d
Type Angle Stress Rate® Rate® o N
15° 1.0
Direct ~ 15° 2.0 0.5 - - -
15° 4.0
15° 1.0
Cyclic  15° 2.0 0.5 1.0 50%  20-500
15° 4.0

a Normal stress (MPa); P Direct shear loading rate
(mm/mim); ¢ Cyclic shear loading rate (mm/mim); ¢ Shear
cyclic number

Shear stress

Jrnax

Y A U Y P A W A N T
Tave i i
i ‘

i ‘
Ominf-F-----r----Meempe- M T
! |

Time

Fig. 3. The pre-peak cyclic shear loading scheme

(CNL) are conducted utilizing the WDAJ-600 type
microcomputer controlled electro-hydraulic servorock shear
rheological testing machine, as shown in Fig. 2. The
maximum normal and shear load capacities for shear tests
under CNL conditions of this loading system are 600 kN
and 600 kN, respectively. During the present tests, normal
loads are applied at a rate of 1 kN/s, and then are held
constant. The initial normal loads is vertically applied on
the top surfaces of sandstone specimens with artificial two-
order triangular-shaped asperities utilizing the hydraulic
jack in WDAJ-600 shear rheological machine. The applied
normal loads are measured using a calibrated load cell. For
the horizontal shear loads, there exist two different loading
schemes, including load-controlled scheme and
displacement-controlled scheme. The horizontal shear loads
are applied using the shear block utilizing hydraulic
actuator, as shown in Fig. 2. In the direct and cyclic shear
tests, the normal and shear displacements of artificial rock
joints are monitored using Linear Variable Differential
Transformers (LVDTSs) and extensometer.

In the direct shear tests, the displacement-controlled
scheme with loading rate of 0.5 mm/min is applied as the
horizontal shear loads. In the pre-peak cyclic shear tests, the
load-controlled scheme with loading rate of 1.0 kN/s is
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employed to achieve the pre-peak cyclic loads at the pre-
peak cyclic loading stage, and the displacement-controlled
scheme with rate of 0.5 mm/min are applied. In addition,
the maximum shear displacement is set as 10.0 mm in the
pre-peak cyclic shear tests.

It should be noted from Fig. 1 and Fig. 2 that the
geometrical conditions of the artificial rock joints with two-
order triangular-shaped asperities are not symmetrical due
to the surface roughness of artificial rock joints. However,
the loading conditions, i.e., boundary conditions, applied to
the artificial rock joints with two-order triangular-shaped
asperities are symmetrical, as shown in Fig. 2.

2.3 Loading scheme

To obtain the direct peak strength and the typical shear
failure modes, fifteen tests of the artificial rock joints
containing two-order triangular-shaped asperities. In the
direct shear tests, three types of artificial rock joints are
conducted to determine the peak shear strength and three
different typical shear failure modes, i.e., climbing shear
failure mode, combined climbing-gnawing shear failure
mode, and gnawing shear failure mode, which are
commonly observed in the rock slopes and other rock
engineering projects (Huang et al. 2015, Gu et al. 2017),
under different static constant normal loads. In addition, to
investigate the pre-peak cyclic shear mechanism of artificial
rock joints with two-order triangular-shaped asperities for
three different direct shear failure modes, fifteen tests are
performed for the artificial rock joints under the pre-peak
cyclic loading conditions in two consecutive steps. First,
load-controlled and then displacement-controlled for the
artificial rock joints under the pre-peak cyclic loading
conditions. In the load-controlled step, loading cycles with
frequency of 0.2 Hz and amplitude of 50% of the peak shear
strength of artificial rock joints were applied, as shown in
Fig. 3. Pre-peak (i.e., shear load-controlled) cyclic loading
shear tests are conducted under different number of shear
cycles (20, 50, 100, 200, and 500). The details about direct
and pre-peak cyclic shear loading programs of the artificial
rock joints with two-order triangular-shaped asperities are
listed in Table 1.

unevenness asperity

Shear fracture at
unevenness asperity

Shear fracture at
waviness asperity

Shear fracture at
waviness asperity

-,

(©
Fig. 4. Three direct shear failure modes: (a) climbing shear failure mode; (b) combined climbing-gnawing shear failure
mode; (c) gnawing shear failure mode.

3. Experimental results
3.1 Direct shear testing results

To investigate the mechanical behaviors of the artificial
rock joints with two-order triangular-shaped asperities,
fifteen tests were conducted based on the loading conditions
listed in Table 1. Three typical shear failure modes,
including climbing shear failure mode, combined climbing-
gnawing shear failure mode and gnawing shear failure
mode, can be captured in the direct shear tests of the
artificial rock joints with two-order triangular-shaped
asperities under static constant normal loads.

The three type ultimate shear failure modes of artificial
rock joints with two-order asperities in the direct shear tests
are performed in Fig. 4. It can be found from Fig. 4(a) that
when the initial waviness asperity angle is equal to 15° and
the static normal stress equates to 1.0 MPa, the climbing
shear failure mode occurs in the direct shear tests. In the
climbing shear failure mode, shear abrasion occurs at the
unevenness (i.e., subordinate asperities) and shear fracture
happens at the waviness (i.e., primary asperities), as shown
in Fig. 4(a). When the initial waviness asperity angle is 30°
and the static normal stress is 2.0 MPa, the combined
climbing-gnawing shear failure mode of the artificial rock
joints with two-order triangular-shaped asperities is
presented in the direct shear tests, as shown in Fig. 4(b). It
can be found from Fig. 4(b) that shear fracture happens not
only at the waviness (i.e., primary asperities) but also at the
unevenness (i.e., subordinate asperities) in the combined
climbing-gnawing shear failure mode. Simultaneously, the
shear abrasion also occur at the unevenness (i.e.,
subordinate asperities) in the combined climbing-gnawing
shear failure mode, as shown in Fig. 4(b). When the initial
waviness asperity angle is 45° and the static normal stress is
4.0 MPa, the gnawing shear failure mode of the artificial
rock joints with two-order triangular-shaped asperities can
be observed in the direct shear tests, as shown in Fig. 4(c).
The shear fracture occurs at both waviness (i.e., primary
asperities) and unevenness (i.e., subordinate asperities) in
the gnawing shear failure mode, as shown in Fig. 4(c).
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Fig. 5 Mechanical curves for three different direct shear failure modes: (a) shear stress-shear displacement curves and (b)

normal dilation-shear

Table 2 Average direct shear strength of rock joints in three
shear failure modes

F.?;Ig;e Direct peak shear strength (MPa)  Average (MPa)
|8 118 097 105 113 1.10 1.09
e 423 376 396 368 4.21 3.97
e 545 492 514 507 522 5.16

a Climbing failure; ® Combined climbing-gnawing failure; ¢
Gnawing failure

The corresponding typical shear stress versus shear
displacement curves of the artificial rock joints with two-
order triangular-shaped asperities in the direct shear tests
are plotted in Fig. 5(a). Meanwhile, the associated normal
dilations curves of rock joints in the shear tests are also
presented in Fig. 5(b). It can be found from Fig. 5(a) and
Fig. 5(b) that the consolidation of rock joints occurs at the
beginning stage of direct shear tests. Then, the degradation
and failure of artificial rock joints with two-order
triangular-shaped asperities happen with increasing the
direct shear displacements, as shown in Fig. 5. The
phenomenon of oscillations in the mechanical curves (Fig.
5(a)) can be illustrated by the transition between stick states
and slip states of rock joints during direct shearing
processes. When the shear failure modes transform from
climbing failure mode to gnawing failure mode, more stick
states of rock joints occur in the processes of direct shear
tests, which demonstrate the less oscillations in the shear
stress-displacement curves, as shown in Fig. 5. In addition,
the peak shear strength of three different rock joints listed in
Table 2. It can be found from Table 2 that the average direct
peak shear strength increases when the direct shear failure
mode transform from the climbing shear failure mode to the
gnawing shear failure mode.

3.2 Pre-peak cyclic shear testing results

To study pre-peak cyclic shear mechanism of artificial
rock joints with two-order triangular-shaped asperities,
fifteen tests were conducted based on the loading conditions
listed in Table 1.

Figure 6(a) shows the shear stress-displacement curves
and dilation-shear displacement curves of rock samples
containing rock joints with waviness (i.e., primary

°
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°
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°
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](650,; Zp
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(c) shear gnawing failure mode
Fig. 6 The pre-peak cyclic shear tests subjected to 500
shear cycles with amplitude of 50% for three different
shear failure modes

asperities) inclined at 15° at 500 cyclic shear cycles in the
pre-peak cyclic shear loading tests. Figure 6(b) shows the
shear stress-displacement curves and dilation-shear
displacement curves of rock samples containing rock joints
with waviness (i.e., primary asperities) inclined at 30° under
at 500 cyclic shear cycles in the pre-peak cyclic shear
loading tests. Figure 6(c) shows the shear stress-
displacement curves and dilation-shear displacement curves
of rock samples containing rock joints with waviness (i.e.,
primary asperities) inclined at 45° at 500 cyclic shear cycles
in the pre-peak shear loading tests. As shown in Figs. 6, the
blue solid lines represent the shear strength in the left
vertical axes, and the red solid lines are designated as the
values of dilation in rock samples in the right vertical axes.
The ultimate shear failure modes of rock joints surfaces at
the end of pre-peak cyclic shear loading tests are also
plotted in Fig. 6.
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Fig. 7. (a)-(c) Peak and (d)-(f) residual shear strength versus number of pre-peak cycles with amplitude of 50% for three

different shear failure modes

When the initial waviness asperity angle of artificial
rock joints is equal to 15° the shear abrasion at the
unevenness (i.e., subordinate asperities) induces the slight
shear stress drop at around 0.2 mm, as shown in Fig. 6(a). It
can be found from Fig. 6(a) that once the shear
displacement increases to about 0.5 mm, the shear
amplitude of 50% of the average maximum direct shear
strength reaches. Slightly shear stress drops indicates that
the shear fatigue abrasions at the waviness (i.e., primary
asperities) and unevenness (i.e., subordinate asperities)
maintains the climbing shear failure mode, as shown in Fig.
6(a).

When the initial waviness asperity angle of artificial
rock joints is equal to 30° the mixed climbing-gnawing
shear failure mode occurs at the rock joints. It also can be
found from Fig. 6(b) that when the shear displacement
attains 0.4 mm, drop of shealr stress occurs due to the shear
abrasions at the unevenness (i.e., subordinate asperities). As
the shear displacement increases to about 1.5 mm, the shear
amplitude of 50% of the average maximum direct shear
strength reaches, as shown in Fig. 6(b). The increasing
shear stress drops illustrate that the shear fatigue fracture at
the waviness (i.e., primary asperities) and the shear fatigue
abrasion at unevenness (i.e., subordinate asperities) both
control the shear failure behaviors of the mixed climbing-
gnawing shear failure mode of rock joints with two-order
triangular-shaped asperities.

When the initial waviness asperity angle of artificial
rock joints is equal to 45°, it can be observed from Fig. 6(c)
that drop of shear stress occurs due to the shear fatigue
fracture at the unevenness (i.e., subordinate asperities) if the
shear displacement attains 0.5 mm. As the shear
displacement increases to about 1.0mm, the shear amplitude
of 50% of the average maximum direct shear strength
reaches, as shown in Fig. 6(c). The intensively shear stress
drops indicates the gnawing fracture at the waviness (i.e.,
primary asperities) controlled the shear failure behaviors of
the gnawing failure mode, as shown in Fig. 6(c). It may be
caused by the various sequence and degree of contacts
between the unevenness (i.e., subordinate asperities) in rock
joint.

It can be found from the aforementioned analysis that
when the shear failure mode transforms from climbing
shear failure mode to gnawing shear failure mode in the
pre-peak cyclic shear tests, degradation of the waviness
(i.e., primary asperities) and unevenness (i.e., subordinate
asperities) changes from shear fatigue abrasion to shear
fatigue fracture. Meanwhile, the degree of stress drops
becomes larger and the frequency of stress drop becomes
higher during the transformation of shear failure modes
from climbing shear failure mode to gnawing shear failure
mode at the direct loading stage before the application of
shear cyclic loads. These phenomena illustrate that the
degree of slip states at unevenness (i.e., subordinate
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asperities) converts the presence of shear fracture at the pre-
peak stage before pre-peak shear cyclic loading conditions.

The effect of pre-peak shear cycles on the peak shear
strength and residual peak shear strength are shown in Fig.
7(a)-7(c) and Fig. 7(d)-7(f) in three different shear failure
modes of artificial rock joints, respectively.

For the shear failure mode-I (i.e., climbing shear failure
mode), the peak shear strength first increases when the pre-
peak shear cycles increase from 0 to 20, as shown in Fig.
7(a). Then, Fig. 7(a) shows a clear reduction in the peak
shear strength with an increase of pre-peak shear cycle.
However, it can be found from Fig. 7(d) that the residual
shear strength first decreases as the pre-peak shear cycle
changes from 0 to 20. Then, a clear increase of the residual
shear strength with increasing the pre-peak shear cycle can
be observed from Fig. 7(d).

For the shear failure mode-II (i.e., combined climbing-
gnawing shear failure mode), the peak shear strength first
increases when the pre-peak shear cycles increase from 0 to
50, as shown in Fig. 7(b). Then, Fig. 7(b) shows a clear
reduction in the peak shear strength with an increase of pre-
peak shear cycle. However, it can be found from Fig. 7(e)
that the residual shear strength first decreases as the pre-
peak shear cycle changes from 0 to 20. Then, it can be
found from Fig. 7(e) that the residual shear strength of
artificial rock joints increases as the pre-peak cycle
increases from 20 to 50. Next, a clear reduction of the
residual shear strength can be observed after 50 pre-peak
shear cycles, as shown in Fig. 7(e).

For the shear failure mode-Ill (i.e., gnawing shear
failure mode), the peak shear strength first increases when
the pre-peak shear cycles increase from 0 to 200, as shown
in Fig. 7(c). Then, a clear reduction in the peak shear
strength with an increase of pre-peak shear cycle, as shown
in Fig. 7(c). However, it can be found from Fig. 7(f) that the
residual shear strength first increases as the pre-peak shear
cycle changes from 0 to 50. Then, it can be found from Fig.
7(f) that the residual shear strength of artificial rock joints
decreases as the pre-peak cycle increases from 50 to 100.
Next, a clear increase of the residual shear strength can be
observed after 100 pre-peak shear cycles, as shown in Fig.
7(f).

Experimental results indicate the shear abrasion of
unevenness (i.e., subordinate asperities) leads to the
increase of contact area between rock joints under low pre-
peak shear cycles in the shear failure modes. The increase
of contact area between rock joints result in the increase of
shear strengths. With increasing the pre-peak shear cycles,
shear fracture at both waviness (i.e., primary asperities) and
unevenness (i.e., subordinate asperities) results in the
decrease of shear strength.

4. Numerical methods and results
4.1 Bond particle methodology
As an alternative approach based discrete element

method, the bond particle methodology (BPM) introduced
by Potyondy and Cundall (1998, 2004) show the successful

simulations of rock failure behaviors, including tensile and
shear cracks. The major advantage of BPM is that the
complex empirical constitutive behavior can be replaced by
simple particle contact logic (Zhang and Wong 2012,
Huang et al. 2016, 2017, 2019). In the framework of bond
particle methodology, two basic bond models, namely the
contact bond (CB) and the parallel bond (PB) models, are
provided to simulate the physical behaviors of solids
(Bahaaddini et al. 2013). In the previous numerical
simulation of shear tests in BPM, the CB model was
predominately employed since it reduces the number of
micro-parameters compared to the PB model (Park and
Song 2009, Asadi et al. 2012, 2013). However, it is well
understood that the PB model produces a more realistic
representation of rock or rock-like materials (Cho et al.
2007, Zhang and Wong 2012, Bahaaddini et al. 2013, Liu et
al. 2017). Thus, in the current study, the parallel BPM is
utilized to study the pre-peak cyclic shear mechanism of
artificial rock joints.

In the parallel bond particle model (PBPM), the intact
rock material is represented by a composite of separate
particles bonded together. There are two different contact
interactions named as normal bonds and tangential bonds
based on the deformation characteristics of separate
particles. The two different bonds provide the normal and
shear stiffness between adjacent interacting particles. In
addition, there are two different sets of contact springs
bonded among particles. The PBPM approximates the
mechanical behaviors of brittle and quasi-brittle connecting
the two adjacent particles, which acts like a beam resisting
the moment induced by the particle rotation or shearing
within the bonded region (Zhang and Wong 2012).
According to the remarks by Cho et al. (2007), the PBPM is
a more realistic bond model for rock-like or rock materials
whereby the bonds may break in either tension or shearing
with an associated reduction in stiffness (Bahaaddini et al.
2013). Based on the previous studies (Zhang and Wong
2012, Huang et al. 2015, Bahaaddini et al. 2013), the first
set of springs between two adjacent particles belongs to
grain behaviors providing normal and shear stiffness k.,
and kg, respectively. While, the second set of springs
between two adjacent particles belongs to bond behaviors

providing the parallel bond normal and shear stiffness En
and kg, which are uniformly distributed over a disc shaped
cross section lying on the contact plane.

The normal and shear stiffness representing the grain
behaviors between two adjacent particles can be expressed
as

k, = 2tE, 1)
ke
“ " lk, @

where t =1 is the thickness for two-dimensional cases,
E. denotes Young’s modulus of the particle; k,/k is
designated as the ratio of normal to shear stiffness of the
particle.

The normal and shear stiffness of parallel bond between
two interacting material particles are assigned as
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in which E, denotes the Young’s modulus of the parallel
bond; R“ and R®  are the radii of any two
neighbouring particles; and k,/k, represents the ratio of
normal to shear stiffness of the parallel bond.

The average radius of parallel bond between two
interacting adjacent particles is given by

R = Amin(R@W,R®) (5)

where A is the radius multiplier, which is used to set the
parallel bond radius R.

A parallel bond between two interacting adjacent
particle actives over a finite area and can resist the rotation
of particles. The tensile and shear stresses acting on the
parallel bond periphery can be calculated from the beam
theory. When the maximum tensile stress exceeds the
tensile strength of the parallel bond, i.e., 4. or the
maximum shear stress exceeds the shear strength of the
parallel bond, i.e., T,. Once the parallel bond is broken
under shear stress, the shear strength of the parallel bond
falls into its residual value. Whereas, when the breakage of
a bond occurs induced by the tensile stress, the tensile
strength of a parallel bond is set as zero. The residual shear
strength is dependent on the normal force and the
coefficient of friction of particles, i.e., u, at the contacts,
which can be referred to literatures (Potyondy and Cundall
2004, PFC2D 2004, Zhang and Wong 2012) for details.

4.2 Smooth joint model

The smooth joint model is a developed method for
simulation of rock discontinuities in PBPM (Potyondy and
Cundall 2004, PFC2D 2004, Cho et al. 2007, Bahaaddini et
al. 2013), which is proposed to simulate the direct shear
tests (Bahaaddini et al. 2013, 2016). In the smooth joint
model, the rectangular slip surfaces are assigned to all
contacts between two interacting particles lying on the
opposite sides of the joint planes. The joint plane are
composed of two coincident planar surface. The orientation
of these surfaces is defined by the joint unit normal and
tangential vectors, i.e., #; and ;. The unit normal vector
n; of the joint surface can be described by the joint dip
angle 6, using the following relationships

n; = (sin 0, ,cos Qp) (6)

The smooth joint is assigned at a contact between
particles their centers lying on opposite sides of the joint
plane. In order to determine in which surface each particle
lies, the dot product of unit normal vector #; and the
contact unit normal vector 7, is used. The contact unit
normal vector n. is along the direction the line connected
the centers of two interacting particles. If the #; - fi, > 0,
the smooth joint lies on the lower surface. The smooth joint
is applied in the direction parallel to the joint plane and

physical analog
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Fig. 8 Illustration of smooth joint contact model in
discrete element method (PFC2D 2004)

remains active while there is a nonzero overlap between
particles, as shown in Fig. 8.

When we create the smooth joint, the bond connecting
two particles is removed and a set of elastic spring is
applied uniformly over a rectangular cross section. The area
of smooth joint cross section A in a two-dimensional case
can be given by

A =2Rt (7)

The force vector F and the displacement vector U can
be expressed in the local coordinate system of the joint
plane. In the local coordinate system of the joint plane, the
force and displacement can be expressed as

F=Fn +F, ®)
U = U,A; + U, 9)

in which F, is the normal force and U, is the normal
displacement, and F,; and U denote the shear force and
the relative shear displacement vectors, respectively.

It should be noted that the positive values of F, and U,
respectively represents the compression and overlap. At
each time step, the relative displacement increment between
two interacting adjacent particles intersected by the smooth
joint can be decomposed into normal and tangential
components to the joint surface, which can be described as

Fy & F, + k,,jAAUE (10)

F; & F, — ks jAAUE (11)

The greatest possible value of shear force F is
dependent on the smooth joint coefficient of friction u;,
which is given by

F = wF, (12)

At the end of each time step, if ||Fi|| < F, the |||l =
||F:|l. Otherwise, the sliding happens at the joint surface,
and ||Fsll = K.

4.3 Simulation of direct shear tests
In order to calibrate the PBPM micro-parameters, the

direct shear tests of artificial rock joints with two-order
triangular-shaped asperity with width 160 mm and height
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Table 3 Microscopic parameters of the spherical particles
and bonds in numerical model

Particle parameters

Parallel bond parameters

E, 13.5 GPa E. 13.5 GPa
kn/ks 2.6 kn/ks 2.0
Rinax 0.51 mm a, 22.5+5 MPa
Rmin 0.35 mm Tc 36.5%=5 MPa

Romax/ Rmin 1.457 1 1.1

u 0.5

p 2,700 kg/m?

Table 4 Microscopic parameters of smooth joints

Property knj kg uj o c 7]

100 GPa/m 100 GPa/m 0.3 0.0 MPa0.0 MPa 0

Value

120 mm are generated in the Particle Flow Code (PFC)
(PFC2D 2004). The numerical artificial rock joints with
two-order triangular-shaped  asperities involve the
productions of dense packing of non-uniform and well
connected spherical particles, and the installation of parallel
bonds at contact particles. In the computational domain,
there exist 20,316 rock material particles with mass density
of 2,700 kg/m3. The maximum and minimum raddi (R4,
and R,,;,) of spherical particles are equal to 0.51 mm and
0.35 mm, respectively, which satisfies a uniform particle-
size distribution. The porosity of spherical rock material
particles is equal to 0.14 and is uniformly distributed. The
smooth joint surfaces are set in the numerical specimen
based on the geometrical conditions of artificial rock joints,
which separate the rock specimens into upper and lower
rock blocks. The microscale parameters in the artificial rock
joints with two-order triangular-shaped asperities are listed
in Table 3. Moreover, the microscopic parameters of
smooth joints are listed in Table 4.

The normal loads is applied vertically to the upper block
and this load is kept constant during the numerical tests
based on Table 1. The lower blocks are kept stationary
during the direct shear tests. The horizontal velocity of 0.2
m/s is applied to the upper rock blocks. The explicit time
stepping algorithm is employed in the numerical
simulations by PFC. The time step (At) in each
calculation has small value of At = 4.0 x 1078 s, which
means that the upper blocks move horizontally at the rate of
4.0 X 107° m/time step. The small displacement rate is
slow enough to ensure the numerical specimens remains in
the quasi-static equilibrium. In the numerical simulations,
the shear displacement is measured by tracing the horizontal
displacement of the upper block and the shear stress is
calculated by dividing the recorded the reaction force on the
left wall. In this study, three different artificial rock joints
with two-order triangular-shaped asperities are simulated in
the PBPM.

Three types of saw tooth-shaped joint profiles with
waviness angle i, of 15° 30° and 45° and the same
wavelengths 4,, = 40 mm are numerically simulated. The
direct shear tests of the artificial rock joints with initial
waviness angles of 15° 30° and 45° under various constant

(@) (b) (©

Fig. 9 Comparison of direct shear failure patterns obtained
from numerical simulations and experimental observations:
(@) climbing shear failure mode, (b) combined shear
climbing-gnawing failure mode and (c) gnawing shear
failure mode

normal loads, i.e.,, 1.0 MPa, 2.0 MPa and 4.0 MPa, are
simulated using the PBPM. Figure 10 shows three different
ultimate shear failure modes for the three types of artificial
rock joints with two-order triangular-shaped asperities. The
numerical results are in good agreement with the
experimental observations, as shown in Fig. 9.

When the static constant normal loads is equal to 1 MPa
for the artificial rock joints with initial waviness angles of
15°, the primary asperities remains nearly intact, where the
surface roughness slid up the opposite one, thereby
resulting in a few cracks of contact, as shown in Fig. 9(a).
Meanwhile, the damage and some cracks occur at the
subordinate asperities in the direct shear tests, which
belongs to the climbing shear failure mode. When the static
constant normal loads is equal to 2.0 MPa for the artificial
rock joints with initial waviness angles of 30°, some cracks
happen at both primary and subordinate asperities in the
direct shear tests, which is named as the combined shear
climbing-gnawing failure mode, as shown in Fig. 9(b).
When the static constant normal loads is equal to 4.0 MPa
for the artificial rock joints with initial waviness angles of
45°, several cracks and damage occurs at the both primary
and subordinate asperities in the direct shear tests and the
phenomenon of failure at the primary asperities can be
obtained in the numerical simulations, as shown in Fig.
9(c). The degradation of both primary and subordinate
asperities reduces the shear resistance to nearly the residual
value. The shear failure mode of the artificial rock joints
with initial waviness angles of 45°can be attributed into the
gnawing shear failure mode.

The shear stress versus shear displacement graphs for
three different types of artificial rock joints with two-order
triangular-shaped asperities obtained by the experimental
and numerical approaches are shown in Fig. 10. Compared
with the experimental data, the present numerical results
obtained by the PBPM show good agreement, as shown in
Fig. 9. From the qualitative and quantitative analysis of
direct shear tests for the artificial rock joints with two-order
triangular-shaped asperities, the microscopic parameters in
the parallel bond particle model are suitable to simulate the
shear tests of artificial rock joints.
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Experimental results
—— Numerical results
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Fig. 10 Comparison of stress-displacement curves for
different direct shear tests with different initial waviness
asperity angles of (2) 15°, (b) 30° and (c) 45°

4.4 Results for pre-peak cyclic shear tests

To simulate the pre-peak cyclic shear tests of three
different types of artificial rock joints with two-order
triangular-shaped asperities, two loading schemes are
applied in the numerical simulations. For the shear load-
controlled loading scheme, the horizontal velocity of 0.2
m/s is applied to the upper rock blocks along the direction
from left to right. When the reactive stress on the upper
rock blocks is equal to the 50% amplitude of the direct peak
shear strength of the artificial rock joints, the horizontal
velocity of -0.2 m/s is applied to the upper rock blocks
along the direction from right to left. After the shear cyclic
number is equal to 500, the direct horizontal velocity of 0.2
m/s is then applied to the upper rock blocks until the shear
displacement reaches 10 mm.

For the artificial rock joints with initial waviness
asperity angle of 15° in the pre-peak cyclic shear tests, the
shear failure processes are presented in Fig. 11. When the
pre-peak cyclic number is 20, a few of tensile cracks occurs

(b) t re-peak shear
ccle »

cycles

) a 200 pre—peak shear
cycles

(c a 100 pre-peak shear
cycles

(e) at 500 pre-peak shear (f) after 500 pre-peak shear
cycles cycles to ultimate failure
Fig. 11 Shear failure process of rock joints with initial
waviness asperity angle of 15° in the pre-peak cyclic
shear test with amplitude of 50% (red color represents
shear crack and green color represents tensile crack)

at the end of the subordinate asperities and little shear
cracks happens at the primary asperities, as shown in Fig.
11(a). When the shear cycle is equal to 50, the number of
tensile crack at the subordinate asperities increases, as
shown in Fig. 11(b). When the shear cycle increases to 100
times, the number of tensile cracks continues to increase,
and some tensile cracks propagate towards the upper and
lower blocks, as shown in Fig. 11(c). When the shear cycle
is equal to 200 times, some phenomenon of failure occurs at
the subordinate asperities induced by the tensile cracks, as
shown in Fig. 11(d). When the number of shear cycles is
500 times, the tensile cracks initiated at the subordinate
asperities coalesce with other tensile cracks, and the some
shear cracks initiated at the end of primary asperities link
with the tensile cracks emanating from the subordinate
asperities, which leads to the degradation of the primary
asperities, as shown in Fig. 11(e). After 500 shear cycle, the
climbing shear failure mode are presented in the artificial
rock joints with initial waviness angle of 15° under static
constant normal loads of 1MPa, as shown in Fig. 11(f).
Numerical results mean that the climbing shear failure
mode of artificial rock joints is mainly dominated by the
tensile microscopic cracks, which belongs to the tensile
failure type.

For the artificial rock joints with initial waviness
asperity angle of 30° in the pre-peak cyclic shear tests, the
shear failure processes are presented in Fig. 12. When the
pre-peak cyclic number is 20, some shear and tensile cracks
are initiated at the end of subordinate asperities, as shown in
Fig. 12(a). When the shear cycle is equal to 50, the number
of shear crack at the subordinate asperities increases, and
shear cracks initiated at the subordinate asperities coalesce
with each other, as shown in Fig. 12(b). When the shear
cycle increases to 100 times, the number of shear cracks
continues to increase, and some shear cracks propagate
towards the upper and lower rock blocks, as shown in Fig.
12(c). Meanwhile, it can be observed from Fig.12(c) that
the tensile cracks do not propagate. When the shear cycle is
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@) at 20 pre-peak shear
cycles

(b) at 50 pre-peak shear
cycles

(c) at 100 pre-peak shear
cycles

(d) at 200 pre-peak shear
cycles

(e) at 500 pre-peak shear (f) after 500 pre-peak shear
cycles cycles to ultimate failure
Fig. 12. Shear failure process of rock joints with initial
waviness asperity angle of 30° in the pre-peak cyclic
shear test with amplitude of 50% (red color represents
shear crack and green color represents tensile crack)

equal to 200 times, the shear cracks initiated at the
subordinate asperities coalesce with some tensile cracks and
some shear cracks at the subordinate asperities, as shown in
Fig. 12(d). When the number of shear cycles is 500 times,
the crack coalescence of shear cracks and tensile cracks
leads to the failure of the primary asperities, as shown in
Fig. 12(e). After 500 shear cycle, the climbing shear failure
mode are presented in the artificial rock joints with initial
waviness angle of 30° under static constant normal loads of
2.0 MPa, as shown in Fig. 12(f). It can be found from Fig.
12(f) that the phenomena of failure at the primary asperities
are induced by the shear cracks. Numerical results indicate
that the combine climbing-gnawing shear failure mode of
artificial rock joints is mainly controlled by coalescences of
shear cracks at both the primary and subordinate asperities,
which belongs to the combined shear failure type.

For the artificial rock joints with initial waviness
asperity angle of 45° in the pre-peak cyclic shear tests, the
shear failure processes are presented in Fig. 13. When the
pre-peak cyclic number is 20, some shear cracks are
initiated at end of the subordinate asperities and some
tensile cracks occurs at the primary asperities, which is near
the end of the subordinate asperities, as shown in Fig. 13(a).
When the shear cycle is equal to 50, the shear cracks
initiated at the subordinate asperities coalesce with each
other, which leads to the failure of subordinate asperities, as
shown in Fig. 13(b). Meanwhile, the tensile cracks
emanating from the subordinate asperities propagate
towards the upper and lower blocks, as shown in Fig. 13(b).
When the shear cycle increases to 100 times, the number of
tensile cracks increases, and crack coalescence of shear
cracks also increases, as shown in Fig. 13(c). When the
shear cycle is equal to 200 times, both tensile and shear
cracks initiated at the subordinate asperities propagates
towards the upper and lower blocks, as shown in Fig. 13(d).
When the number of shear cycles is 500 times, the tensile
cracks initiated at the subordinate asperities coalesce with
shear cracks initiated at other subordinate asperities, which

(@) at 20 pre-peak shear
cycles

(b) at 50 pre-peak shear
cycles

(d) at 200 pre-peak shear
cycles

(c) at 100 pre-peak shear
cycles

(e) at 500 pre-peak shear (f) after 500 pre-peak shear
cycles cycles to ultimate failure
Fig. 13 Shear failure process of rock joints with initial
waviness asperity angle of 45° in the pre-peak cyclic
shear test with amplitude of 50% (red color represents
shear crack and green color represents tensile crack)
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(d) 30% (e) 50% (f) 80%
amplitude amplitude amplitude
Fig. 14. Pre-peak cyclic shear failure modes of rock
joints initial waviness asperity angle of 30° after (a)-(c)
100 shear cycles and (d)-(f) 500 shear cycles with

different amplitudes

results in the failure of the primary asperities, as shown in
Fig. 13(e). After 500 shear cycle, the climbing shear failure
mode are presented in the artificial rock joints with initial
waviness angle of 45° under static constant normal loads of
4.0 MPa, as shown in Fig. 13(f). Numerical results
demonstrate that the gnawing shear failure mode of
artificial rock joints is mainly controlled by coalescences of
tensile cracks and shear cracks at both the primary and
subordinate asperities, which belongs to the combined
tensile-shear failure type.

5. Discussions

5.1 Effect of pre-peak cyclic shear amplitude

To investigate the effect of pre-peak cyclic shear
amplitude on the shear mechanical behaviors of artificial

rock joints with two-order triangular-shaped asperities,
three numerical rock joints with initial waviness angle of
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Fig. 15. Microscopic crack evolutions of rock joints
containing initial waviness asperity angle of 30° under
pre-peak cyclic shear loads with different amplitudes

30° are numerical simulated under the static constant
normal loads of 2.0 MPa. The pre-peak cyclic loading
amplitudes for three numerical rock joints with initial
waviness angle of 30° are employed as 30%, 50% and 80%
in the bond particle numerical simulations.

Fig. 14 shows the failure crack patterns of three
different numerical rock joints under the pre-peak cyclic
shear loading conditions. When the number of shear cycles
is equal to 100, some shear cracks occurs at the subordinate
asperities in the artificial rock joints under pre-peak cyclic
loading amplitude of 30%, as shown in Fig. 14(a). When
the pre-peak cyclic loading amplitude increases to 50%, the
number of shear cracks initiated at the subordinate
asperities increases in the shear cycle of 100 times, as
shown in Fig. 14(b). For the pre-peak cyclic loading
amplitude of 80%, when the shear cycle equates to 100
times, the number of shear cracks initiated at the
subordinate asperities increases and the coalescence of
shear cracks occurs at the subordinate asperities, as shown
in Fig. 134(c). At the end of 500 times pre-peak shear
cycles, it can be found from Fig. 14(d)-Fig. 14(f) that the
number of shear cracks initiated at the subordinate
asperities increases with increasing the pre-peak cyclic
shear amplitude. In addition, it can be found from Fig. 14(e)
that the coalescence of shear crack occurs at the subordinate
asperities when the pre-peak cyclic shear amplitude is 50%
at the end of 500 times pre-peak shear cycles.
Simultaneously, crack coalescence induced by the shear
cracks at the primary asperities in the numerical artificial
rock joints under the pre-peak cyclic shear loading with
amplitude of 80% at the end of 500 times pre-peak shear
cycles, as shown in Fig. 14(f). Fig. 15 shows the
microscopic crack evolutions of rock joints containing
initial waviness asperity angle of 30° under pre-peak cyclic
shear loads with different amplitude. It can be found from
Fig. 15 that the number of microscopic cracks increases as
the pre-peak cyclic shear loading amplitude increases
during the pre-peak shear cyclic tests.

5.2. Effect of static constant normal loads

To investigate the effect of static constant normal loads
on the shear mechanical behaviors of artificial rock joints

(c) 3.0 MPa (d) 4.0 MPa
Fig. 16. Pre-peak cyclic shear failure modes of rock
joints containing initial waviness asperity angle of 30°
after 500 shear cycles with 50% amplitude

(d) 4.0 MPa

(c) 3.0 MPa
Fig. 17 Discrete fracture network rose diagram of rock
joints under different static constant normal loads in the
pre-peak cyclic shear tests

with two-order triangular-shaped asperities, four numerical
rock joints with initial waviness angle of 30° are numerical
simulated under the different static constant normal loads
and the same pre-peak cyclic shear loading amplitude of
50%. The static constant normal loads for four numerical
rock joints with initial waviness angle of 30° are adopted as
1.0 MPa, 2.0 MPa, 3.0MPa and 4.0 MPa in the bond
particle numerical simulations.

Fig. 16 shows four failure patterns of numerical rock
joints initial waviness angle of 30° under pre-peak cyclic
shear loading amplitude of 50% and different static constant
normal loads at the end of 500 time pre-peak shear cycles. It
can be found from Fig. 16(a) that some tensile and shear
cracks are initiated at the subordinate asperities, and the
tensile and shear cracks propagate towards the upper rock
blocks in the rock joints under the static constant normal
load of 1.0 MPa. When the static constant normal loads
increase to 2.0 MPa, the number of shear cracks increases
and the number of tensile cracks decreases, as shown in Fig.
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Fig. 18. Effect of static constant normal loads on (a) shear strengths and (b) shear displacements of rock joints after 500

shear cycles in the pre-peak cyclic shear tests

16(b). When the static constant normal load is equal to 3.0
MPa, the number of shear cracks continue to increase, and
the number of tensile cracks continue to decreases, as
shown in Fig. 16(c). Meanwhile, it can be found from Fig.
16(c) that the coalescence of shear crack occurs at the
subordinate asperities as the static constant normal load
increases to 3.0 MPa at the end of 500 times pre-peak shear
cycle. As the static constant normal load increases to 4.0
MPa, crack coalescence of shear cracks happens not only at
the subordinate asperities, but also at the primary asperities,
as shown in Fig. 16(d).

Fig. 17 shows the discrete fracture network (DFN) rose
diagram of rock joints under different static constant normal
loads in the pre-peak cyclic shear tests. It can be found from
Fig. 17 that the initiated locations and propagation of cracks
are mainly at the shear loading directions, which are around
the 90° in DFN rose diagram. As the static constant normal
loads increase, the number of cracks increases and the
number of cracks located around 40°~70° increases, as
shown in Fig. 17. Meanwhile, it can be found from Fig. 17
that the inclination angles of tensile and shear cracks with
respect to the horizontal direction also increases as the static
constant normal load increases. This phenomenon indicates
the failure modes of rock joints transform from the climbing
shear failure mode to the gnawing shear failure mode.

Fig. 18 shows the effect of static constant normal loads
on the shear strengths and shear displacements of the rock
joints with initial waviness angle of 30° subjected to the
pre-peak cyclic shear loading amplitude of 50% after 500
shear cycles in the pre-peak cyclic shear tests. It can be
found from Fig. 18(a) that the peak shear strength and
residual shear strength increase as the static constant normal
load increases, which illustrates that the increase of static
normal loads leads to the increase of shear resistance
induced by the increase of contact areas between rock
joints. In addition, the shear displacements before the pre-
peak shear cycle with amplitude of 50% decrease as the
static constant normal loads increase, as shown in Fig.
18(b). Meanwhile, it can be observed from Fig. 18(b) that
the shear displacement after 500 pre-peak shear cycles also
decreases with increasing the static constant normal loads.

Fig. 19 shows the influence of static constant normal
loads on normal dilations for rock joints containing initial
waviness asperity angle of 30° after 500 shear cycles with

r o iMpa

Normal dilations (mm)
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Shear displacements (mm)

Fig. 19. Effects of static constant normal loads on normal
dilations for rock joints containing initial waviness
asperity angle of 30° after 500 shear cycles with 50%
amplitude

50% amplitude. It can be found from Fig. 19 that the
normal consolidation of rock joints increases as the static
constant normal loads increases when the rock joints
subjected to the low number of pre-peak shear cycles. This
phenomenon demonstrates that the contact area of rock
joints increases as the static constant normal loads increases
under low number of pre-peak shear cycles. Meanwhile, the
normal dilations of rock joints decrease with increasing the
static constant normal loads, as shown in Fig. 19.

5.3 Effect of initial waviness asperity angle

To investigate the effect of initial waviness asperity
angle on the shear mechanical behaviors of artificial rock
joints with two-order triangular-shaped asperities, five
numerical rock joints with different initial waviness asperity
angle under static constant normal load of 2.0 MPa and pre-
peak cyclic shear loading amplitude of 50% are numerical
simulated in the bond particle numerical simulations. The
initial waviness asperity angles for the five numerical rock
joints are set as 5°, 15°, 30°, 45° and 60°, respectively.

Fig. 20 shows the failure patterns of five different rock
joints with two-order triangular-shaped asperities under
static constant normal load of 2.0 MPa and pre-peak cyclic
shear loading amplitude of 50% after 500 shear cycles. It
can be observed from Fig. 20(a) that the tensile cracks are
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Fig. 20. Ultimate shear failure modes of rock joints with different initial waviness asperity angles after 500 shear cycles in

the pre-peak cyclic shear tests

initiated and tensile crack coalescence occurs at the
subordinate asperities when the initial waviness asperity
angle equates to 5°. Meanwhile, a few of shear and tensile
cracks initiated at the subordinate asperities propagate
toward the upper and lower rock blocks as shown in Fig
19(a). As the number of shear cracks initiated at the
subordinate asperities increases with increasing the initial
waviness asperity angle. For the initial waviness asperity
angle of 15°, it can be found from Fig. 20(b) that not only
the tensile crack coalescence occurs, but also the shear
crack coalescence happens at the subordinated asperities.
Meanwhile, both shear and tensile cracks initiated at the
subordinate asperities propagate towards the upper and
lower rock blocks, as shown in Fig. 20(b). For the initial
waviness asperity angle of 30° the combined crack
coalescence of shear and tensile cracks occurs at the both
primary and subordinate asperities, as shown in Fig. 20(c).
For the initial waviness asperity angles of 45° and 60°, the
numbers of tensile and shear cracks initiated at the
subordinate asperities decreases, as shown in Fig. 20(d) and
Fig. 20(e). Meanwhile, it can be found from Fig. 20(d) and
Fig. 20(e) that the shear crack coalescence, tensile crack
coalescence and mixed tensile-shear crack coalescence
mainly occur at the primary asperities when the initial
waviness asperity angles are relative high, such as 45° and
60°. Numerical results indicate that the degradations of rock
joints transform from the subordinate asperity degradation
to the primary asperity degradation as the initial waviness
asperity angle increases. The failure types of rock joints
transform tensile crack coalescence to the mixed tensile-
shear crack coalescence with increasing the initial waviness
asperity angle in the pre-peak cyclic shear tests.

6. Conclusions

In this study, experimental and numerical approaches
are applied to investigate the pre-peak cyclic shear

mechanism of artificial rock joints. The effects of cyclic
shear loading amplitude, static constant normal loads and
initial waviness asperity angles on the pre-peak cyclic shear
failure behaviors of triangular-shaped rock joints in direct
shear tests are investigated. Some role can be concluded as
follows:

e In the pre-peak cyclic shear tests, when the shear
failure mode transforms from climbing shear failure mode
to gnawing shear failure mode in the pre-peak cyclic shear
tests, degradation of the primary and subordinate asperities
changes from the shear fatigue abrasions to shear fatigue
fracture.

e The shear fatigue abrasions at subordinate asperities
in rock joints under low number of pre-peak shear cycles
lead to the increases of contact areas between rock joints,
which results in the increase of shear strength. Moreover,
the shear fatigue fracture at both primary and subordinate
asperities in rock joints leads to the decrease of shear
strength.

e The climbing shear failure mode of artificial rock
joints is mainly dominated by the tensile microscopic
cracks, which belongs to the tensile failure type. The
combine climbing-gnawing shear failure mode of artificial
rock joints is mainly controlled by coalescences of shear
cracks at both the primary and subordinate asperities, which
belongs to the combined shear failure type. The gnawing
shear failure mode of artificial rock joints is mainly
controlled by coalescences of tensile cracks and shear
cracks at both the primary and subordinate asperities, which
belongs to the combined tensile-shear failure type.

e The number of microscopic cracks increases as the
pre-peak cyclic shear loading amplitude increases during
the pre-peak shear cyclic tests.

e The degradations of rock joints transform from the
subordinate asperity degradation to the primary asperity
degradation as the initial waviness asperity angle increases.
The failure types of rock joints transform tensile crack
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coalescence to the mixed tensile-shear crack coalescence
with increasing the initial waviness asperity angle in the
pre-peak cyclic shear tests.
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