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a b s t r a c t

Jointed rock specimens with a natural replicated joint surface oriented at a mean dip angle of 60� were
prepared, and a series of cyclic triaxial tests was performed at different confining pressures and cyclic
deviatoric stress amplitudes. The samples were subjected to 10,000 loading-unloading cycles with a
frequency of 8 Hz. At each level of confining pressure, the applied cyclic deviatoric stress amplitude was
increased incrementally until excessive deformation of the jointed rock specimen was observed. Analysis
of the test results indicated that there existed a critical cyclic deviatoric stress amplitude (i.e. critical
dynamic deviatoric stress) beyond which the jointed rock specimens yielded. The measured critical
dynamic deviatoric stress was less than the corresponding static deviatoric stress. At cyclic deviatoric
stress amplitudes less than the critical dynamic deviatoric stress, minor cumulative residual axial strains
were observed, resulting in hysteretic damping. However, for cyclic deviatoric stresses beyond the critical
dynamic deviatoric stress, the plastic strains increased promptly, and the resilient moduli degraded
rapidly during the initial loading cycles. Cyclic triaxial test results showed that at higher confining
pressures, the ultimate residual axial strain attained by the jointed rock specimen decreased, the steady-
state dissipated energy density and steady-state damping ratio per load cycle decreased, while steady-
state resilient moduli increased.
� 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

In foundation design, avoiding excessive deformation under the
applied loads is one of the key performance requirements evalu-
ated by engineers (Craig, 2004). The Leaning Tower of Pisa is a
classic example that points out the significance of evaluating
deformation characteristics of the ground precisely at the design
phase. The deformation response of the ground under static
loading conditions has been extensively studied and reported in the
literature. However, soil and rock formations are often subjected to
cyclic loads generated through natural causes such as earthquakes,
wave actions, landslides and volcanic eruptions and human activ-
ities such as construction and demolition activities, traffic loads and
machine vibrations (Sheng et al., 2006; Huang et al., 2007). It is well
established that the material behaviour under cyclic loading is
highly different from that under static loading. Under extreme
i).
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conditions, cyclic loading may induce instantaneous settlements,
leading to instability, damage and even disastrous failure in struc-
tures (Prakash, 1981; Yasuhara et al., 2001; Das and Ramana, 2011).

According to Ng et al. (2013), cyclic loading due to running trains
was considered as one of the possible causes of excessive long-term
tunnel settlements observed along several metro lines in Shanghai.
Shi et al. (2014) reported that a large number of rail tracks had been
built on or across soft rocks in China, which had resulted in prob-
lems such as accumulated deformation and settlements in the
tracks jeopardising the safety and efficiency of train operations.
Rainer (1982) reported that foundation settlements were observed
even in buildings far from railway lines inducing continuous vi-
brations over extended periods of loading. Lacy and Gould (1985)
analysed cases of damage to nearby structures caused by settle-
ment from pile driving and concluded that increasing cyclic loading
induced by pile driving could lead to damaging levels of settle-
ments. According to Yasuhara et al. (2001), extreme destruction
was experienced in the 1957 and 1985 earthquakes in Mexico and
the 1964 earthquake in Alaska due to seismically induced differ-
ential settlements. Massive land and rock slides triggered by the
1999 earthquake in central Taiwan (Chen et al., 2004), the 2002
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Alaska earthquake (Jibson et al., 2006) and the 2008 Wenchuan
earthquake (Qi et al., 2011) can be considered as well documented
case histories for catastrophic events due to seismically induced
deformation of fractured and weak rock blocks.

Therefore, it is of utmost significance to evaluate the deforma-
tion behaviour of grounds subjected to dynamic loads during the
design phase of structures rigorously. Yet, research studies on
deformation characteristics and the evolution process of defor-
mation of rock masses, particularly jointed rock masses subjected
to cyclic loading, are scarce. Rock masses present in nature gener-
ally consist of discontinuities such as joints, fractures, and other
planes of weakness. The presence of such discontinuities signifi-
cantly influences the strength and deformability of rock masses
(Huang et al., 1993; Xie et al., 1997; Belem et al., 2007). According to
Hungr and Coates (1978), settlement predictions are of paramount
importance for structures founded on the jointed rock since joint
deformation can constitute a major part of the settlement of the
rock stratum. Huang et al. (1993) stated that during excavations and
constructions at shallow depths of rock masses, the deformation of
the rock mass is primarily controlled by the joint behaviour.
Therefore, it is important to study the deformation behaviour of
jointed rocks subjected to cyclic loading.

In the past few decades, many researchers have carried out
experimental and theoretical studies to investigate the deforma-
tion response of various intact rock types subjected to cyclic loading
under uniaxial or triaxial conditions. The effect of cyclic loading on
the dynamic strength and deformation characteristics of various
intact rocks and their evolution in terms of loading amplitude
(Attewel and Farmer, 1973; Tao and Mo, 1990; Bagde and Petros,
2005a; Bagde and Petros, 2009; Ma et al., 2013; Momeni et al.,
2015), frequency (Attewel and Farmer, 1973; Bagde and Petros,
2005a; Bagde and Petros, 2009; Liu et al., 2012; Ma et al., 2013)
and waveform (Tao and Mo, 1990; Bagde and Petros, 2005b) were
also studied. Apart from the studies mentioned above, which were
carried out under constant cyclic loading amplitude, some experi-
mental investigations were also conducted with variable cyclic
loading amplitudes (i.e. stepwise increasing amplitudes, multi-
level cyclic loading and random cyclic loading) (Liang et al., 2012;
Jia et al., 2018; Vaneghi et al., 2018; Peng et al., 2019; Liu et al.,
2021a). Researchers also defined numerous damage parameters
to describe the dynamic damage evolution and failure of various
intact rocks under cyclic loading conditions (Xiao et al., 2009, 2010;
Liu et al., 2011; Liu and He, 2012; Li et al., 2019). In addition, re-
searchers employed energy theories and principles to analyse the
energy dissipation mechanism that governs the deformation and
failure of different intact rocks under cyclic loading (Bagde and
Petros, 2009; Yang et al., 2016; Zhang et al., 2017; Song et al.,
2020; He et al., 2021).

Moreover, several researchers executed systematic experi-
mental and theoretical studies to investigate the jointed rock
behaviour under cyclic loading conditions. Most of these scholars
conducted cyclic direct shear tests to investigate the shearing
mechanism, dilation and asperity degradation behaviour under
cyclic shearing. They also analysed the influence of joint asperity
characteristics, loading rate, number of cycles and normal stress on
the jointed rock behaviour under cyclic direct shear loading
(Hutson and Dowding, 1990; Huang et al., 1993; Lee et al., 2001;
Jafari et al., 2003; Belem et al., 2007; Zheng and Qi, 2016; Fathi et al.,
2016; Niktabar et al., 2017; Kou et al., 2019).

In addition, a few researchers carried out experimental and
theoretical investigations to study the response of jointed rocks
subjected to cyclic uniaxial or triaxial loading conditions. Early
studies on intermittently jointed rock samples conducted by Brown
and Hudson (1973) and Li et al. (2001a, b) under cyclic uniaxial
loading conditions and Prost (1988) under cyclic triaxial loading
conditions assessed the effect of cyclic loading on the dynamic
strength and deformation of intermittent joints. Later, Liu et al.
(2017, 2018a, b) conducted cyclic uniaxial compression tests on
intermittently jointed rock samples and further analysed defor-
mation characteristics, energy evolution, fatigue damage and fail-
ure modes of intermittent joints under cyclic uniaxial compression.
Jafari et al. (2003, 2004) investigated the effect of cyclic loading (i.e.
number of cycles and cyclic stress amplitude) on the shear strength
of saw-toothed rock joint samples under triaxial conditions. Ding
et al. (2014) studied the effect of contact condition of joints on
the deformation behaviour of rocks under cyclic triaxial loading.
Studies by Liu and Liu (2017) and Zheng et al. (2020a, b) investi-
gated the deformation characteristics, dynamic damage and failure
mechanism of prefabricated jointed rock with a planar joint surface
under cyclic triaxial conditions. They also defined damage variables
capturing the dynamic damage evolution of the jointed rock sam-
ples. Later, Peellage et al. (2022) explored the deformation behav-
iour and energy characteristics of jointed rocks with planar,
sawtooth and natural replicated joint surfaces by performing cyclic
triaxial tests under train loading conditions.

Indeed, most of the previous research studies on rocks under
cyclic loading conditions had focused on the deformation response
and dynamic properties of intact rocks. However, only a few
research studies are available related to the jointed rock behaviour
under cyclic loading conditions. Among the available studies on the
cyclic behaviour of jointed rocks, most studies have utilised cyclic
direct shear apparatus for continuous penetrating joints and used
cyclic triaxial or uniaxial apparatus for prefabricated intermittent
joints. Experimental studies on jointed rocks with continuous
penetrating joints replicating a natural rough joint surface under
cyclic triaxial conditions are rather scarce. In the meantime, the
deformation behaviour and dynamic characteristics of jointed rocks
under cyclic loadings in terms of deformation characteristics and
yielding, energy and damage evolution and damping characteristics
were not investigated rigorously in the past. Therefore, this study
experimentally investigates the deformation response and dy-
namic mechanical characteristics of jointed rock specimens with a
natural joint surface subjected to cyclic triaxial test conditions.
Indeed, this study provides an important reference and quantifies
variations of parameters such as permanent deformation, yielding
stress, stiffness and damping ratio with field conditions. Design
engineers can use results of this study for more reliable predictions
of response of jointed rock subjected to cyclic loading and efficient
and cost-effective solutions to curtail excessive deformation of
structures built on or near jointed rock foundations subjected to
cyclic loading frommachine foundations, railway, road traffic loads
and rock cutting. The cyclic triaxial tests were conducted on
replicated jointed rock samples with a natural joint surface ori-
ented at a mean dip angle of 60� under different confining pres-
sures and cyclic deviatoric stress amplitudes. The cyclic stress-
strain response, yield stress, residual axial deformation evolution,
stiffness degradation, dissipated energy evolution, and damping
characteristics were analysed and discussed in detail.

2. Laboratory investigation

2.1. Sample preparation

The deformation behaviour of jointed rock was studied through
a comprehensive laboratory test series conducted on a set of
modelled rock joints having a natural joint surface. Due to the
difficulty of obtaining a set of natural rock joints with the same
morphology, replicas of jointed rock specimens can be cast with
natural and synthetic materials. Stimpson (1970) provided a
comprehensive summary of different types of model material used
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to simulate rock for a variety of investigations. Gypsum plaster is
one such material most commonly used to model different rock
types, including sedimentary rocks (Hobbs, 1966; Rosenblad, 1971;
Indraratna, 1990; Waltham and Swift, 2004; Atapour and Moosavi,
2014; Jahanian and Sadaghiani, 2015; Gong et al., 2018). It can also
be moulded into various shapes and dries quickly with minimum
apparent long-term changes in strength. In this study, gypsum
plaster (CaSO4$H2O hemihydrates, 98%) was used to make replicas
of rock joints with a natural joint surface.

The cylindrical jointed rock specimens had a diameter of 50 mm
and an overall height of 100 mm when the two halves of the
specimen were fully mated. Hence, the jointed rock specimen
maintained a height to diameter ratio of two as required for triaxial
testing. According to Goodman (1989), when the joint is oriented at
an angle 50�e65� with the direction of minor principal stress, the
joint will slip before fracturing the rock, allowing determination of
the joint characteristics. According to Jafari et al. (2004) and
Abdellah et al. (2016), the critical orientation of the joint can also be
determined from the Mohr-Coulomb criterion given by 45� þ f=2,
where f is the friction angle of the joint. Accordingly, in this study,
the joint surface was oriented at 60� with the direction of minor
principal stress.

Each side of the joint surface was cast separately to ensure that
the joint was fully mated after assembly. To cast replicas of cylin-
drical jointed rock specimen, a cylindrical hollow mould and cy-
lindrical moulds with each side of the natural joint surface were
required. As reported by Peellage et al. (2022), cylindrical hollow
moulds, 50 mm in diameter and 100 mm in height (see Fig. 1a),
were created using acetal plastic since this material could be
machined to obtain the desired shape. An actual block of sandstone
taken from Kangaroo Valley, New South Wales, Australia, was split
Fig. 1. (a) The transverse view of the cylindrical hollow mould, (b) Rubber moulds of
the two opposite sides of the natural replicated joint surface, (c) The top view of the
cylindrical hollow mould with one half of the joint mould inside it, and (d) The two
opposite surfaces of a natural replicated jointed sample.
to obtain a naturally rough rock surface, and Dlachem SRT30mould
making silicon rubber (in the liquid form) was used to copy the split
sandstone rough surface to prepare moulds of each side of the joint
surface (see Fig. 1b). This material consisted of a base component
and a catalyst which were mixed in the ratio of 20:1 and poured
over the split sandstone surface and allowed to harden. The rubber
moulds were taken out after a setting time of 72 h and were used to
cast the 50 mm diameter jointed cylindrical specimen. Then, the
rubber moulds of the joint profiles were placed separately in cy-
lindrical hollow moulds (Fig. 1c), and a silicon-based lubricant was
sprayed on the joint surface and the interior wall of the hollow
moulds to prevent the gypsum plaster mixture from adhering to
the moulds. Gypsum cement was then mixed with water in the
ratio of 3.5:1 by weight and stirred until it became a uniform
mixture. The uniform mixture was then poured into the hollow
moulds, and a mild vibration was applied to the moulds externally
to release any air bubbles trapped in the gypsum mixture. After
completion of the initial setting time of 30 min, the specimens
(Fig. 1d) were removed from the moulds and cured for 2 weeks at a
controlled temperature of 40 �C. After the completion of curing
time, the jointed specimens were used for testing after reaching
room temperature. A comparable sample preparation procedure
was reported by Peellage et al. (2022). Furthermore, three addi-
tional samples without a joint having 50mmdiameter and 100mm
height as reference samples were also prepared to determine the
unconfined compressive and tensile strengths and the relevant
values are summarised in Table 1.
2.2. Testing procedure

In this study, the triaxial setup was selected to perform all the
tests since it is possible to model jointed rock specimens in a state
similar to their real underground conditions during cyclic loading
(Jafari et al., 2004; Peellage et al., 2022). In order to carry out the
experimental work, the GDS ELDYN triaxial apparatus, as shown in
Fig. 2a, was used when testing jointed rock samples under lower
cyclic deviatoric stress amplitudes (qcyc < 400 kPa) and a triaxial
condition setup using the CMA electro-hydraulic actuator (Fig. 2b)
was used when testing jointed rock samples subjected to higher
cyclic deviatoric stress amplitudes (qcyc > 400 kPa). In the ELDYN
triaxial apparatus, the axial load was applied via the electro-
mechanical actuator, which had a load capacity of 10 kN and a
maximum frequency of 10 Hz could be applied, whereas the CMA
electro-hydraulic actuator had a load capacity of 40 kN and a
maximum frequency of 40 Hz could be applied. In both setups, the
confining pressure was applied by pressurising the cell with de-
aired water, which was controlled by air through the air pressure
controller. After thorough checks and calibrations of the apparatus,
the jointed rock specimen was placed on the triaxial base and then
covered with a membrane and O-rings to seal the sample.

The tested samples had a natural replicated joint surface with a
joint roughness coefficient (JRC) of 11.51. It should be noted that the
JRC value of the joint surface was calculated using the relationships
proposed by Tse and Cruden (1979) as follows:
Table 1
Mechanical properties of the hardened gypsum plaster mixture utilised to prepare
natural replicated jointed specimens.

Property Unit Value

Basic friction angle, fb
� 30

Uniaxial comprpessive strength, sc MPa 62
Young’s modulus, Er GPa 19
Tensile strength, st MPa 15



Fig. 2. (a) GDS 10 Hz cyclic triaxial equipment used in this study, and (b) Triaxial condition set up using the CMA electro-hydraulic actuator.
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JRC ¼ 32:2þ 32:47 log10Z2 (1)

where Z2 is the rootmean square of the first derivative of the profile
which is given by

Z2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
Ln

XNp�1

i¼1

ðZiþ1 � ZiÞ2
xiþ1 � xi

vuut (2)

where the values ðxi; ziÞ and ðxiþ1; ziþ1Þ represent the adjacent
digitised coordinates of the profile separated by the sampling in-
terval Dx, Np is the number of digitised points along the profile, and
Ln is the nominal length of the digitised joint profile. A non-contact
three-dimensional (3D) digitiser (MINOLTAVIVID 910) was used for
digitising the joint surface (Fig. 3). The digitised coordinates of 10
joint profiles along the shear direction of the joint surface were
used to determine the weighted average JRC based on the coverage
area to describe the roughness of the joint surface. Moreover,
conventional static triaxial tests were conducted with a shearing
rate of 0.05 mm/min to measure the friction angle of the joint
(f ¼ 51�).

Six levels of confining pressures (i.e. 15 kPa, 20 kPa, 25 kPa,
90 kPa, 120 kPa and 150 kPa) were selected for the testing, in line
with previous research studies by other researchers for laboratory
testing, field measurements and numerical simulations of shallow
rock formations for various applications. For examples, Sinha and
Singh (2000) used an effective confining pressure of 125 kPa
when simulating rock joints filled along the surface of the discon-
tinuity in a rock mass prone to landslides. Liu and Liu (2017)
simulated jointed rock masses subjected to cyclic loads such as
seismic loads, train loads and blasting loads, using confining pres-
sures in the range of 100e400 kPa. Ding et al. (2014) conducted
cyclic triaxial tests with confining pressure of 200 kPa when ana-
lysing the stability of tunnel bed under high-speed train operation.
Nie et al. (2020), Wang and Zhuang (2021) and Peellage et al. (2022)
used confining pressures in the range of 20e150 kPa when simu-
lating railway subgrades under train loads. In line with previous
research studies, different cyclic deviatoric stress amplitudes were
used for each confining pressure in order to clearly identify the
critical dynamic deviatoric stress. It should be noted that for each
case with different cyclic deviatoric stress amplitude, a new jointed
rock sample was used to ensure that micro-cracking from the
previous loading amplitudes would not accumulate and impact the
accurate determination of the critical dynamic stress.

In this study, the tests were terminated when 10,000 cycles of
loading were applied. The minimum deviatoric stress was main-
tained, and the maximum deviatoric stress was adjusted to apply
the target cyclic deviatoric stress amplitudes. The sinusoidal
waveform was utilised to apply the cyclic load on the jointed rock
samples. Frequencies in the range of 0.1e20 Hz were utilised in the
past by previous researchers for cyclic tests simulating rock for-
mations under dynamic loads such as earthquakes, construction
and demolition activities, traffic loads and machine vibrations (Liu
and Dai, 2021). For examples, Attewell and Farmer (1973) simulated
rock engineering operations such as drilling for explosive blasting
and cutting during tunnel boring, using frequencies in the range of
0.3e20 Hz. Bagde and Petros (2005a) used frequencies in the range
of 0.1e10 Hz stimulating rockbursts. Liu et al. (2018a, b) simulated
earthquake, quarrying and rockbursts using frequencies in the
range 1e10 Hz. Referring to previous studies (Bian et al., 2014;
Zhang et al., 2018; Peellage et al., 2022), frequencies in the range of
1e12 Hz have been utilised for subgrades of heavy haul or rather
high-speed train lines. Therefore, a loading frequency of 8 Hz was
used for the experiments in this study.
3. Results and discussion

3.1. Static stress-strain response

The conventional triaxial compression tests were performed
under different confining pressures to obtain the peak deviatoric
stresses and the corresponding shear strength values of the jointed
rock samples under static loading. Fig. 4 shows the static deviatoric
stress versus axial strain curves obtained from the static triaxial
tests, and the corresponding peak deviatoric stress and shear
strength values are reported in Table 2. The normal and shear stress



Fig. 3. (a) The non-contact 3D laser scanner (MINOLTA VIVID 910), and (b) Scanned 3D opposite surfaces of the jointed rock specimen.
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components along the joint surface were determined from the
principal stresses and the inclination angle of the joint as per the
stress state on the joint surface as shown in Fig. 5 and using Eqs.
(3a) and (3b).

ss ¼ ðs1 � s3Þsinð2qÞ
2

(3a)

sn ¼ s1 þ s3
2

þ ðs1 � s3Þcosð2qÞ
2

(3b)

where s1 is the major principal stress, s3 is the minor principal
stress, ss is the shear stress on the joint plane, sn is the normal
stress on the joint plane, and q is the joint inclination angle.

The stress-strain plots in Fig. 4 indicate stick-slip behaviour
possibly due to local sliding, over-riding and degradation of as-
perities accompanied by relocking of the broken and/or unbroken
asperities during shearing (Byerlee, 1970). As shown in Fig. 4, with
increased confining pressure, the jointed rock samples showed an
increase in peak deviatoric stress as expected, and the axial strain
required to achieve peak deviatoric stress was higher at low
confining pressures (i.e. 15 kPa, 20 kPa and 25 kPa) than corre-
sponding values at higher confining pressures (i.e. 90 kPa, 120 kPa
and 150 kPa). The peak deviatoric stress and confining stress are
used in Mohr-Coulomb analysis to obtain the corresponding shear
strength, and the friction angle of the joint was determined to be
51� and comparable results were reported by other researchers (e.g.
Premadasa 2013).
Fig. 4. The static stress-strain curves for jointed rock samples under confining pres-
sures (s3) of 15 kPa, 20 kPa, 25 kPa, 90 kPa, 120 kPa and 150 kPa.
3.2. Cyclic stress-strain response

Figs. 6e8 present samples of cyclic stress-strain curves of the
jointed rock samples, which are under the confining pressures of
20 kPa, 90 kPa and 150 kPa, respectively. According to Figs. 6e8, the
stress-strain curve in the loading-unloading processes formed a
hysteresis loop in each loading cycle. Under all the tested confining
pressures, the hysteresis loops tended to change from sparse to
dense with increasing number of cycles. This transition from sparse
to dense hysteresis loops were more evident at lower confining
pressures such as 20 kPa (Fig. 6) and higher cyclic deviatoric stress
amplitudes (Figs. 7c and 8c).

Referring to the results, it is evident that the axial strain in each
hysteresis loop consists of two portions, i.e. the elastic axial strain
and plastic axial strain (residual axial strain). The elastic portion of
the axial strain is recovered during the unloading process, while the



Table 2
Test conditions and results of jointed rock samples at static and dynamic failure.

Confining
pressure,
s3 (kPa)

Static peak
deviator
stress, qsp
(kPa)

Static
shear
strength,
ss (kPa)

Critical
dynamic
stress, qc
(kPa)

Critical
dynamic
shear
strength, scs
(kPa)

Ratio
between
qc and
qsp

Ultimate
residual
axial
strain (%)

15 601 260 400 173 0.66 9.48
20 687 298 450 195 0.65 8.96
25 801 347 500 217 0.62 8.39
90 1276 553 900 390 0.7 5.29
120 1439 623 1000 433 0.69 4.76
150 1627 705 1100 476 0.67 4.04

Fig. 5. Schematic diagram of the stress state at the joint surface.

Fig. 6. The cyclic stress-strain curves for jointed rock samples under confining pres-
sure (s3) of 20 kPa and cyclic deviatoric stress amplitudes (qcyc) of (a) 350 kPa, (b)
400 kPa, and (c) 450 kPa.
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plastic portion is irreversible. The elastic axial strain (ε1;e), residual
axial strain (ε1;p) and hysteresis loop in a loading cycle are illus-
trated in Fig. 9.

Fig. 10 shows samples of the hysteresis loops formed at different
test conditions and different numbers of cycles and demonstrates
the evolution of hysteresis loops under different loading conditions.
Referring toFigs. 6e8 and 10, during the lower cyclic deviatoric
stress amplitudes (i.e. qcyc < qc), the hysteresis loops nearly over-
lapped, and the loopswere almost closedwith a small residual axial
strain, and only slight variations in the shape and area of the loops
were observed. However, as the cyclic deviatoric stress amplitude
exceeded the critical dynamic deviatoric stress (i.e. qcyc � qc) as
evident in Figs. 6c, 7c and 8c, significant changes in the hysteresis
loops accompanied by an increase in the height, breadth and the
area of the loops were observed. During the initial loading cycles,
the loops hardly overlapped, and the loading-unloading curves
were no longer closed, indicating significant accumulation of
plastic strains and energy dissipation. However, during the later
stages of loading cycles, the loops gradually overlapped, and closed
loops were formed with the indication of no further notable
accumulation of residual axial strain until the end of the test. This
observation is also evident from Figs. 6e8 and 10, where the
accumulated residual axial strain increased with number of loading
cycles and then stabilised.

It should be noted that the amplitude of residual axial strain
increment in each cycle became progressively lower. Accordingly,
during the initial portion of the cyclic loading, the jointed rock
samples exhibited viscoelastic plastic behaviour with increasing
irreversible axial strains, which is also reflected in the sparse hys-
teresis loops, while during the subsequent loading cycles, nearly
viscoelastic behaviour was illustrated.

Moreover, a numerical analysis was conducted using the finite
element software PLAXIS 3D to compare the experimental results



Fig. 7. The cyclic stress-strain curves for jointed rock samples under confining pressure
(s3) of 90 kPa and cyclic deviatoric stress amplitudes (qcyc) of (a) 500 kPa, (b) 800 kPa,
and (c) 950 kPa.

Fig. 8. The cyclic stress-strain curves for jointed rock samples under confining pres-
sure (s3) of 150 kPa and cyclic deviatoric stress amplitudes (qcyc) of (a) 600 kPa, (b)
950 kPa, and (c) 1100 kPa.
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with the numerical predictions. A 3D model of the jointed rock
specimen with a diameter of 50 mm and height of 100 mm was
created. The JR (jointed rock) model, which is available in PLAXIS
3D software capturing the joint direction and plasticity, was used as
the constitutive model (PLAXIS, 2022). Shear strength parameters
obtained from the stress-strain plots were used for the numerical
analysis, while a unit weight of 24 kN/m3 and a Poisson’s ratio of 0.2
were adopted. Young’s modulus in the range of 80e120 MPa was
used in the numerical analysis. It should be noted that since
continuum-based modelling was used in this study, the elastic
response of the jointed rock is governed by the elastic properties of
the joint used in this study, which is more deformable than the



Fig. 9. Schematic diagram of a typical hysteresis loop in a loading cycle showing elastic
axial strain (ε1;e) and residual axial strain (ε1;p) (after Zhang et al., 2017).

Fig. 10. Stress-strain hysteresis loops at various number of cycles at confining pressures (s3)
s3 ¼ 120 kPa and qcyc ¼ 700 kPa; (c) s3 ¼ 25 kPa and qcyc ¼ 500 kPa; and (d) s3 ¼ 120 k
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intact rock due to absence of cementation in the joint and reduced
stiffness. With respect to displacement boundary conditions, the
bottom boundary was fixed in the normal direction, while the side
and top boundaries were kept free to simulate the cylindrical
triaxial test. Dynamic analysis was conducted, allowing the appli-
cation of cyclic loading with a cyclic deviatoric stress amplitude
(qcyc) of 400 kPa, and a confining pressure (s3) of 20 kPa. Fig. 11
shows the overview of the 3D finite element model and its
characteristics.

Fig. 12 presents the comparisons of the dynamic stress-strain
response of the rock in numerical modelling and experimental
results for the first loading cycle. As evident in Fig.12, the numerical
predictions show when the sample was loaded to a certain stress
level, the unloading curve was below the original loading curve,
forming plastic hysteresis cycles, as also observed in the experi-
mental results. Moreover, in both numerical and experimental re-
sults, the axial strain produced during the loading process did not
recover completely during the unloading process, resulting in a
residual axial strain at the end of the cycle.

3.3. Critical dynamic deviatoric stress

The critical dynamic deviatoric stress (qc) reported here is the
cyclic deviatoric stress amplitude at which the yielding of the
jointed rock samples initiated under cyclic loading. Fig. 13 presents
and cyclic deviatoric stress amplitudes (qcyc) of (a) s3 ¼ 25 kPa and qcyc ¼ 400 kPa; (b)
Pa and qcyc ¼ 1000 kPa.



Fig. 11. Overview of the 3D finite element model.

Fig. 12. Comparison of numerical predictions and laboratory measurements of cyclic
stress-strain relationship for qcyc ¼ 400 kPa and s3 ¼ 20 kPa.

Fig. 13. Variations of critical dynamic stress and peak deviatoric stress under static
loading with confining pressure.
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how critical dynamic deviatoric stress and the corresponding peak
deviatoric stress under static loading (qs) varied with confining
pressure. Table 2 reports the critical dynamic deviatoric stress
values and the corresponding critical dynamic shear strength value
calculated along the joint plane using Eqs. (3a) and (3b). As shown
in Table 2 and Fig. 13, the critical dynamic deviatoric stress was
always below the corresponding peak static deviatoric stress. Ac-
cording to Xiao et al. (2009), Momeni et al. (2015) and Jia et al.
(2018), cyclic loading often causes rock masses to fail prema-
turely, i.e. at stress levels lower than the peak strength determined
under static loading conditions. According to Table 2, the ratio be-
tween critical dynamic deviatoric stress and the corresponding
peak deviatoric stress under static loading was in the range of 0.6e
0.7. It should be noted that the failure of intact rock samples under
reduced dynamic stresses with the reduction factor in the range of
0.7e0.9 to be applied to static parameters was reported in the past
by Bieniawski (1967) and Ma et al. (2013). Moreover, as evident in
Fig. 13, the determined critical dynamic deviatoric stresses showed
an increasing trend with the confining pressure. This behaviour
could be due to the slower damage evolution of the jointed rock
samples under higher confining pressures.

The critical number of cycles (Nc), defined as the cycle number at
which the maximum residual axial strain per cycle would occur,
were obtained from the results of cyclic triaxial tests with stress
levels in excess of the critical dynamic deviatoric stress amplitude.
The variation of critical number of cycles with cyclic stress ratio
(CSR) (i.e. the ratio between cyclic deviatoric stress amplitude and
two times applied confining pressure) is presented in Fig. 14. It is
evident that the critical number of cycles was in the range of
Nc ¼ 10e20. Yet, with increasing CSR, the critical number of cycles
showed a slight reduction. This behaviour could be due to rapid
damage evolution of the jointed rock samples under higher applied
cyclic deviatoric stress or lower confining pressure, leading to a
higher CSR.
3.4. Residual axial strain and damage evolution

Residual axial strain is defined as the axial strain at which the
axial dynamic stress reaches the minimal value (Liu and He, 2012).
In fact, when the axial dynamic stress reduces to the minimal value
after a loading-unloading cycle, a portion of the axial strain will be
recovered, and the remaining irreversible portion of the axial strain
is the residual axial strain.

Fig. 15 illustrates how cumulative residual axial strain varied
with number of cycles with increasing cyclic deviatoric stress am-
plitudes and subjected to different confining pressures (i.e. 15 kPa,
25 kPa, 90 kPa and 120 kPa). According to Fig. 15, at lower cyclic
deviatoric stress amplitudes (i.e. qcyc < qc), as the number of cycles
increased, the cumulative residual axial strain gradually increased
and tended to stabilise. Indeed, in such conditions, the accumulated
axial strains were minor, and they built up very slowly with the
number of cycles, such that even if subjected to thousands of
loading cycles, the growth of residual deformationwas still so slow,
showing no sign of yielding. Nevertheless, when the cyclic devia-
toric stress amplitude exceeded the critical dynamic deviatoric
stress (i.e. qcyc � qc), the residual axial strain rapidly increased
during the initial loading cycles, and then gradually increased for a
few more cycles and tended to stabilise until the end of cyclic



Fig. 14. Variation of critical number of cycles with cyclic stress ratio.
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loading. Under such conditions, yielding of the joint was observed
only after a few cycles, and the accumulated ultimate residual axial
strains increased rapidly (Fig. 15).

Therefore, it can be concluded that this study shows a critical
cyclic deviatoric stress amplitude (i.e. the critical dynamic devia-
toric stress (qc)) beyond which the yielding of the jointed rock
specimens progressed remarkably, and comparable observations
were also reported by Bagde and Petros (2005a) for intact sand-
stone specimens and Liu et al. (2021b) for jointed soft rock
specimens.

The newly cast jointed rock specimens were scanned and digi-
tised to obtain the initial JRC, which was measured to be
JRCo ¼ 11.51. After completion of the cyclic loading, the jointed rock
specimens were dismantled from the apparatus and re-scanned
and digitised again to obtain the final JRC (JRCf ) values as re-
ported in Fig. 16. At lower cyclic deviatoric stress amplitudes (i.e.
qcyc < qc), upon visual inspection of the joint after cyclic loading,
damage to the asperities could not be seen in either halves of the
joint with the naked eye, and thus a considerable difference be-
tween the initial and final JRC values was not expected. However, at
the cyclic deviatoric stress amplitudes in excess of the critical dy-
namic deviatoric stress threshold (i.e. qcyc � qc), a considerable
damage to the asperities of the jointed rock specimen could be
observed visually. Fig. 17 presents samples of the damaged surfaces
of the jointed rock specimens obtained at critical dynamic devia-
toric stresses corresponding to the confining pressures of 25 kPa,
90 kPa and 150 kPa.

According to Brady and Brown (1993), the deformation of a
natural jointed rock mass occurs as a result of combined asperity
sliding and asperity damage. Asperity damage, in its mechanical
sense, refers to a state at which micro-cracks are initiated and
grown in rock masses under the effect of external loading, and the
cracks may emerge as macro-fractures or macroscopically visible
fractures (Martin and Chandler, 1994). Moreover, the deformation
behaviour of a natural jointed rock mass depends mainly on the
strength, size and shape of the asperities, inclination of the joint
and the stresses applied on the jointed rock mass (Lee et al., 2001;
Guo and Qi, 2015; Zhang et al., 2019). Therefore, under the effect of
lower cyclic deviatoric stress amplitudes, micro-cracks would be
formed on the asperities of the joint surface accompanied by slight
sliding of the asperities, and these micro-cracks would barely
amplify into macro-cracks. However, when stresses exceed the
critical dynamic deviatoric stress, micro-cracks would form on the
asperities, which would grow into macro-cracks triggering
macroscopic damage and excessive deformation of the jointed rock
sample as also evident from Figs. 15 and 17.

According to Fig. 17, the damage to the jointed rock specimen
was concentrated to certain areas of the surface, possibly with the
highest asperities. With the application of the cyclic loading, the
micro-cracks developed into macro-cracks, damaging the tips of
the highest asperities of the joint surface, and during this defor-
mation process, the degraded materials formed into gouge and
accumulated on the valleys of the joint surface depending on the
shear direction. According to Huang et al. (1993), this rubblised
degraded material in the valleys of the joint surface usually be-
comes very firmly compacted and reattached to the joint surface, as
also observed in the tested samples. Moreover, the surface of the
rubblised asperity gouge and sheared off asperity heads was
smooth, as in a planar joint surface.

Fig. 16 presents how the final JRC values under the critical
dynamic deviatoric stresses varied with confining pressure. The
ultimate residual axial strain (εpu) reported here is the cumulative
residual axial strain attained by the jointed rock sample at the end
of cyclic loading. Referring to Table 2 and Figs. 15e17, with
increasing confining pressure, the critical dynamic deviatoric
stress increased, the corresponding ultimate residual axial strain
decreased, and the damage to asperities of the joint surface
increased, resulting in a decrease in the final JRC of the joint
surface. Accordingly, under the effect of high confinement,
deformation of the joint is restricted, and the cyclic deviatoric
stress amplitude should be high enough to cause asperity damage
and deformation of the joint. It should be noted that at such
conditions, asperity damage will be dominated over asperity
overriding.
3.5. Prediction of cumulative residual axial strain

Over the years, several empirical and analytical models have
been proposed to predict the cyclic cumulative deformation be-
haviours of different geotechnical materials. Among them, the po-
wer equation proposed by Monismith et al. (1975) has been widely
used with modifications to predict cumulative plastic deformation
of different geomaterials. Referring to Fig. 15, under lower cyclic
deviatoric stress amplitudes (i.e. when qcyc < qcÞ, the ultimate re-
sidual axial strains developed in the jointed rock specimen were
insignificant when compared to the ultimate residual axial strains
developed under higher cyclic deviatoric stress amplitudes (i.e.
when qcyc � qcÞ. Moreover, referring to Fig. 15, the cumulative re-
sidual axial strain curves showed an increasing trend with
increasing cyclic deviatoric stress amplitude and a decreasing trend
with the increasing confining pressure. It should be noted that the
critical dynamic deviatoric stress is a function of joint properties
such as joint roughness, joint strength and joint inclination that
would influence the residual axial strains developed in the jointed
rock specimens. Therefore, number of cycles, applied cyclic devia-
toric stress, confining pressure and critical dynamic deviatoric
stress were considered as independent parameters required for
formulating an empirical relationship to predict residual axial
strain (εp), as in Eqs. (4a)-(4d), based on the experimental results
reported in Fig. 15.

εp ¼

8>>><
>>>:

a
�
Nb

�
tanhðbNÞ

�
Rq

1þ 1=CSR

�l �
qcyc � qc

�

0
�
qcyc < qc

� (4a)

where



Fig. 15. The residual axial strain evolution curves under different cyclic deviatoric stress amplitudes (qcyc) and confining pressures (s3) of (a) 15 kPa, (b) 25 kPa, (c) 90 kPa, and (d)
120 kPa.
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Fig. 16. Variation of final JRC values (JRCf ) of jointed rock samples subjected to critical
dynamic stress (qc) with confining pressure (s3).
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Rq ¼ qcyc
qc

(4b)

CSR ¼ qcyc
2s3

(4c)

qc ¼ Kqsp (4d)

where N is the number of cycles, Rq is the dynamic deviatoric stress
ratio, s3 is the applied confining stress, and qsp is the peak devia-
toric stress under static triaxial loading condition. In this study, the
critical dynamic deviatoric stress determined from the cyclic
triaxial tests was correlated to the peak deviatoric stress under
static loading via Eq. (4d), where K was determined to be 0.68.
Additionally, a, b and l are empirical constants obtained based on
data fitting exercise, which depend on the joint characteristics such
as joint roughness, joint inclination, and joint wall compressive
strength. It should be noted that since the value of cyclic deviatoric
stress amplitude for each loading cycle could slightly deviate from
the target input value particularly when sample experiences large
deformation, a weighted average of cyclic deviatoric stress ampli-
tude was used for each test as recommended by ASTM D5311-13
(2013) and reported in Eq. (5).

�
qcyc

�
avg

¼ 1
Ni

XNi

n¼1

�
qcyc

�
n

(5)

where ðqcycÞavg is the average value of cyclic deviatoric stress
amplitude, ðqcycÞn is the cyclic deviatoric stress amplitude at a given
cycle n, and Ni is the total number of cycles for a particular test.

In this study, the values of the empirical constants were ob-
tained through a nonlinear regression analysis programmed in
MATLAB using the nonlinear least squares method and trust-region
algorithm as a¼ 7.843, b¼ 0.068 and l¼ 5.488. Fig. 18 presents the
predicted residual axial strains from Eqs. (4a)-(4d) versus the lab-
oratory measurements in the 3D space, while Fig. 19 illustrates the
same in the 2D space for the confining pressures of 25 kPa and
90 kPa as examples.
Fig. 17. Samples of damaged surfaces of the jointed rock specimens at peak deviatoric
stress amplitude at confining pressures (s3) of (a) 25 kPa, (b) 90 kPa, and (c) 150 kPa.
3.6. Resilient modulus

As discussed in the previous sections, the axial deformation
during cyclic loading can be divided into two categories; elastic
deformation which is recoverable in the unloading process, and
plastic deformation, which is irreversible and accumulates with
further cyclic loading. The resilient modulus (MR) is a parameter
capturing elastic deformation characteristics during the cyclic
loading-unloading process. In fact, it specifically captures the
unloading characteristics of the tested specimens related to the



Fig. 18. Variation of actual and predicted residual axial strain (εp) in the 3D space.

Fig. 19. The predicted and experimentally obtained residual axial strain evolution curves under cyclic deviatoric stress amplitudes (qcyc) exceeding the critical dynamic stress and
confining pressures (s3) of (a) 25 kPa and (b) 90 kPa.
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reversible axial strains recovered during the unloading process, and
is defined as follows:

MR ¼ Dqcyc
ε1;e

(6)
where Dqcyc is the difference between themaximum andminimum
cyclic deviatoric stresses, i.e. from the beginning point of unloading
to the beginning point of reloading; and ε1;e is the recoverable axial
strain during unloading as schematically shown in Fig. 9. Fig. 20
presents the variation of resilient moduli with number of loading
cycles with increasing cyclic deviatoric stress amplitudes for the



Fig. 20. The resilient modulus evolution curves under different cyclic deviatoric stress amplitudes (qcyc) and confining pressures (s3) of (a) 20 kPa, (b) 90 kPa, and (c) 150 kPa.
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confining pressures of 20 kPa, 90 kPa and 150 kPa for the jointed
rock used in this study. According to Fig. 20, at lower cyclic devia-
toric stress amplitudes (i.e. when qcyc < qc), the resilient moduli
gradually degradedwith number of cycles and tended to stabilise at
later stages. It is evident that for the cyclic deviatoric stress am-
plitudes in excess of critical dynamic deviatoric stress (qc), the
degradation of the resilient moduli with number of cycles was quite
rapid during the initial loading cycles, then gradually slowed down
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and stabilised during the later loading cycles. Comparable trends
for the evolution of resilient moduli with the number of loading
cycles were also reported by Fuenkajorn and Phueakphum (2010),
Ma et al. (2013) and Wang et al. (2013) for intact rock samples and
Liu et al. (2018b) and Zheng et al. (2020a) for jointed rock samples.

Referring to Fig. 20, at cyclic deviatoric stress amplitudes less
than the critical dynamic deviatoric stress, the slight degradation of
resilient moduli during the initial loading cycles and the subse-
quent stabilisation during the rest of the loading cycles could be
due to the formation of micro-fractures and slight sliding of as-
perities, which did not amplify into macroscopic deformation and
insignificant damage of the joint. When cyclic deviatoric stress
amplitude exceeded the critical dynamic deviatoric stress, the
substantial degradation of the resilient moduli could be due to
amplification of micro-cracks intomacro-fractures accompanied by
asperity sliding forming notable damage to the joint surface.
Moreover, Fig. 20 illustrates that the deterioration of the resilient
moduli increased with cyclic deviatoric stress amplitude and
reduced with the confining pressure. Slower deterioration of the
resilient moduli with increased confining pressure could be due to
slower damage evolution and sliding of the asperities of the jointed
rock specimen under higher confining pressures as also reported by
Liu et al. (2011).
4. Dynamic energy evolution and damping response

The deformation and failure mechanism of rock masses can be
explained from the perspective of energy evolution based on en-
ergy theories and principles. According to Song et al. (2020), under
laboratory conditions, the energy evolution of a rock specimen
under external loading can be categorised into four processes, i.e.
energy input, energy accumulation, energy dissipation and energy
release. Under triaxial loading conditions, the loading actuator
applies an axial load on the jointed rock specimen, which is energy
input to the jointed rock specimen. Without considering other
energy losses, a portion of this input energy will be accumulated in
the form of elastic deformation energy which will cause the elastic
deformation of the jointed rock specimen and will be released
when unloading. The other portion of the energy will be dissipated
leaving plastic deformation in the jointed rock specimen. The
relationship among external energy input (DEÞ, elastic energy
stored in the rock (DEe) and dissipated energy by the rock in the
loading-unloading process (DEd) is given by the following
expression:
Fig. 21. Schematic diagrams of a typical hysteresis loop showing (a) dissipated en
DE ¼ DEe þ DEd (7)

In the cyclic triaxial tests, these types of energy can be deter-

mined from the cyclic stress-strain response of the jointed rock
specimen as reported in Figs. 6e8. A schematic diagram of a
loading-unloading cycle at a given stress level representing these
types of energy is shown in Fig. 21. According to Fig. 21a, the area
under the loading curve represents the energy absorbed by the
jointed rock specimen (i.e. input energy) for a given cycle, which
represents the total work done by the actuator of the cyclic triaxial
apparatus. The area under the unloading curve represents the
elastic energy stored by the jointed rock specimen, which is also
released during the unloading. As shown in the cyclic stress-strain
curves in Figs. 6e8, for a given cycle, after loading to a certain stress
level, the unloading curve does not coincide with the loading curve,
forming a hysteresis loop. Referring to Fig. 21a, the area of the
hysteresis loop captures the energy dissipated from the jointed rock
specimen in a given cycle. More precisely, the area of the hysteresis
loops in the cyclic stress-strain curves gives the dissipated energy
density and when it is multiplied by the sample volume, the
dissipated energy during loading-unloading cycles can be deter-
mined. In this study, a MATLAB codewas developed to calculate the
areawithin the hysteresis loop in each cycle adopting data collected
from the cyclic triaxial tests.

Fig. 22 presents how the dissipated energy density per load
cycle varied with number of loading cycles. As evident in Fig. 22, at
lower cyclic deviatoric stress amplitudes (i.e. when qcyc < qc), the
dissipated energy density slightly increased and decreased
promptly during the initial loading cycles and reached a steady
state gradually. Referring to Fig. 22, when the cyclic deviatoric
stress amplitude exceeded the critical dynamic deviatoric stress
(i.e. when qcyc � qc), the dissipated energy density drastically
increased to an exorbitant value and decreased dramatically during
the initial loading cycles and then stabilised gradually. Comparable
trends for the evolution of dissipated energy with the number of
loading cycles when qcyc < qc were also reported by Momeni et al.
(2015) and Yang et al. (2018) for intact rock specimens and Liu et al.
(2017, 2018) for intermittently jointed rock samples. When qcyc �
qc, comparable trends were also reported by Zhang et al. (2017) for
intact red sandstone specimens.

Fig. 23 illustrates how initial dissipated energy density per load
cycle and steady state dissipated energy density per load cycle
values varied with applied cyclic deviatoric stress amplitudes for
the confining pressures of 20 kPa and 120 kPa. The initial dissipated
energy per load cycle (DEdi) and steady-state dissipated energy per
ergy, elastic energy and energy absorbed; and (b) maximum elastic energy.



Fig. 22. The evolution of dissipated energy at different cyclic deviatoric stress amplitudes (qcyc) and under confining pressures (s3) of (a) 20 kPa, (b) 120 kPa, and (c) 150 kPa.
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load cycle (DEds) reported here are the calculated values of dissi-
pated energy densities of the first loading cycle and final loading
cycle, respectively. Here, the weighted average values of cyclic
deviatoric stress amplitudes, calculated using Eq. (5) were used to
plot results in Fig. 23. Referring to Figs. 22 and 23, both initial
dissipated energy per load cycle and steady-state dissipated energy
per load cycle increased with cyclic deviatoric stress amplitude. Yet,
the initial dissipated energy per load cycle values when the cyclic



Fig. 23. Variation of initial dissipated energy density and steady-state dissipated en-
ergy density per load cycle with cyclic deviatoric stress amplitude (qcyc) at confining
pressures (s3) of (a) 20 kPa and (b) 120 kPa.
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deviatoric stress amplitude exceeded the critical dynamic devia-
toric stress threshold (i.e. qcyc � qc) were significantly higher than
the corresponding values at lower cyclic deviatoric stress ampli-
tudes (i.e. qcyc < qc).

As stated by Zhang et al. (2017), Song et al. (2020) and He et al.
(2021), the dissipated energy reflects work done on crack initiation,
propagation and coalescence in a rock mass under loading-
unloading conditions, i.e. dissipated energy causes the irrevers-
ible material deterioration and plastic deformation of the jointed
rock samples. Accordingly, at lower cyclic deviatoric stress ampli-
tudes, a considerably large portion of input energy is dissipated (as
also explained by Liu et al. (2017)) causing some irreversible
deformation during the initial loading cycles. Since the dissipated
energy under the applied cyclic deviatoric stress amplitudewas not
sufficient enough to amplify the micro-cracks into macro-cracks,
dissipated energy density per load cycle progressively decreased
and stabilised (Fig. 22), causing the irreversible deformation of the
joint per load cycle to progressively decrease and stabilise (Fig. 15).

When applied cyclic deviatoric stress amplitude exceeded the
critical dynamic deviatoric stress, a huge portion of the input en-
ergy was dissipated, which increased promptly during the initial
loading cycles (Fig. 22). This dissipation of energy caused amplifi-
cation of the micro-cracks into macro-cracks accompanied with
major asperity sliding, resulting in extensive irreversible degrada-
tion and deformation of the joint (Fig. 15). Since the application of
the cyclic load was continued even after joint reached the ultimate
residual deformation, the dissipated energy per load cycle
promptly decreased and stabilised (Fig. 22) causing the accumu-
lated residual deformation of the joint to reach a steady state
(Fig. 15), i.e. the jointed rock specimens which deformed exten-
sively during the initial loading cycles became stable again and
recovered the ability to accumulate energy causing the dissipated
energy to decrease promptly, as also reported by Zhang et al. (2017).
However, due to the reduction of energy storage capacity of the
jointed rock specimens caused by plastic deformation and damage,
the proportion of dissipated energy could not return to its previous
levels as shown in Fig. 23.

The damping ratio for a given hysteresis loop in cyclic triaxial
testing can be determined as

x ¼ DED
pDEe;max

(8)

where DED is the inner area of the hysteresis loop indicating energy
dissipated in one loading cycle (Fig. 21a), and DEe;max is the
maximum elastic energy stored on one loading cycle approximated
by the area of the shaded triangle as shown in Fig. 21b.

Fig. 24 presents how the damping ratio per load cycle values
evolved with number of cycles for different cyclic deviatoric stress
amplitudes and confining pressures. As shown in Fig. 24, the
damping ratio per load cycle decreased eminently during the initial
loading cycles and then recovered slightly and stabilised eventually.
The descent of the damping ratio per load cycle with increasing
number of cycles was more abrupt when the cyclic deviatoric stress
amplitude exceeded the critical dynamic deviatoric stress (Fig. 24).
The initial damping ratio per load cycle (xi) and steady-state
damping ratio per load cycle (xs) stated here are the calculated
damping ratio values of the first loading cycle and final loading
cycle, respectively. As evident from Fig. 24, the initial damping ratio
per load cycle values increased when cyclic deviatoric stress am-
plitudes increased. Nevertheless, when cyclic deviatoric stress
amplitude values surpassed the critical dynamic deviatoric stress,
the calculated initial damping ratio per load cycle increased
notably. Referring to Fig. 24, the values of initial damping ratio per
load cycle were in the range of 40%e80% under higher cyclic
deviatoric stress amplitudes (i.e. qcyc � qc), whereas under lower
cyclic deviatoric stress amplitudes (i.e. qcyc < qc), the initial
damping ratio per load cycle values were in the range of 5%e35%.
Nevertheless, the steady-state damping ratio per load cycle values
were below 12% under all the tested cyclic deviatoric stress am-
plitudes and confining pressures.

Accordingly, when lower cyclic deviatoric stress amplitudes
were applied (i.e. qcyc < qc), a significant portion of the input en-
ergy was dissipated (Fig. 22) than being stored as elastic energy
during the initial loading cycles, resulting in some residual defor-
mation of the joint and considerably higher damping ratios. Since
the applied load was not sufficient to cause macroscopic damage
and residual deformation, damping ratio per load cycle decreased
and reached a steady state. When the applied cyclic deviatoric
stress amplitude exceeded the critical dynamic deviatoric stress
(i.e. qcyc � qc), a significant portion of the input energy was dissi-
pated (Fig. 22), allowing minimum amount of stored elastic energy,
resulting in macroscopic deformation of the joint and extensive
damping ratios during the initial loading cycles, as illustrated in
Fig. 24. Under these higher cyclic deviatoric stress amplitudes (i.e.
qcyc � qc), as the cyclic load continued, the accumulated residual
axial deformation stabilised (Fig. 15) while the damping ratio per
load cycle decreased and stabilised with further loading.



Fig. 24. The evolution of damping ratio at different cyclic deviatoric stress amplitudes (qcyc) under confining pressures (s3) of (a) 15 kPa, (b) 90 kPa, and (c) 120 kPa.
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5. Conclusions

In this study, a series of cyclic triaxial tests was conducted on
jointed rock specimens with a natural replicated joint surface (with
a JRC¼ 11.51 and f¼ 51�) oriented at a mean dip angle of 60�. Tests
were conducted at different confining pressures and cyclic devia-
toric stress amplitudes. The samples were subjected to 10,000
loading-unloading cycles with a frequency of 8 Hz. At each level of
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confining pressure, the applied cyclic deviatoric stress amplitude
was increased incrementally until excessive deformation of the
jointed rock specimen was observed. Most of the previous studies
on rocks under cyclic loading conditions had focused on the
deformation response and dynamic properties of intact rocks, and
only a few studies are available related to the cyclic response of the
jointed rocks. In comparison to the previous studies on rocks, this
study focuses on the deformation behaviour and dynamic charac-
teristics of jointed rocks with continuous penetrating joints, repli-
cating a natural rough joint surface subjected to cyclic triaxial
loading conditions. Moreover, the deformation behaviour and dy-
namic characteristics of jointed rocks under cyclic loadings in terms
of residual axial deformation, resilient moduli, yielding stress, en-
ergy and damage evolution and damping characteristics were
investigated and the main conclusions are drawn as follows:

(1) For all the test conditions, the cyclic stress-strain hysteresis
loops of the jointed rock specimens changed from sparse to
dense with the increasing number of loading-unloading
cycles.

(2) There existed a critical cyclic deviatoric stress amplitude (i.e.
critical dynamic deviatoric stress) beyond which yielding of
the jointed rock specimens occurred. The ratio between
critical dynamic deviatoric stress and the corresponding
static peak deviatoric stress was in the range of 0.6e0.7.
Moreover, the critical dynamic deviatoric stress showed an
increasing trend with the confining pressure. The critical
number of cycles corresponding to cyclic deviatoric stress
amplitudes exceeding the critical dynamic deviatoric
stresses was in the range of 10e20 under all the tested
confining pressures.

(3) At cyclic deviatoric stress amplitudes in excess of the critical
dynamic deviatoric stress, the accumulated residual axial
strains were extensively higher than those under lesser cyclic
deviatoric stress amplitudes. Furthermore, with increasing
confining pressure, the ultimate residual axial strains
attained by the jointed rock specimens decreased. At cyclic
deviatoric stress amplitudes in excess of the critical dynamic
deviatoric stress threshold, upon inspection of the joint
surface after applying the cyclic load, a considerable damage
to the asperities could be observed, whereas no damage
could be seen under lower cyclic deviatoric stress
amplitudes.

(4) At lower cyclic deviatoric stress amplitudes, the resilient
moduli of the jointed rock specimens gradually degraded
with number of cycles and tended to stabilise, whereas at
cyclic deviatoric stress amplitudes in excess of the critical
dynamic deviatoric stress threshold, the degradation of the
resilient moduli with number of cycles was quite rapid dur-
ing the initial loading cycles and stabilised during the rest of
the loading cycles.

(5) Both the dissipated energy density and damping ratio per
load cycle values dramatically decreased during the initial
loading cycles and then slightly recovered and gradually
stabilised with further loading. A higher cyclic deviatoric
stress amplitude led to higher initial dissipated energy
density and initial damping ratio per load cycle values. Yet,
when cyclic deviatoric stress amplitude exceeded the critical
dynamic deviatoric stress, the initial dissipated energy den-
sity and initial damping ratio per load cycle values were
significantly higher than that at lower cyclic deviatoric stress
amplitudes. Moreover, the steady-state dissipated energy
density and steady-state damping ratio per load cycle values
increased with increasing cyclic deviatoric stress amplitudes
and decreasing confining pressures.

This study provides an important reference and quantifies var-
iations of parameters such as permanent deformation, yielding
stress, stiffness and damping ratio with field conditions. Design
engineers can use the results of this study for more reliable pre-
dictions of the response of jointed rock subjected to cyclic loading
and efficient and cost-effective solutions to curtail excessive
deformation of structures built on or near jointed rock foundations
subjected to cyclic loading frommachine foundations, railway, road
traffic loads and rock cutting.
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