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Abstract
An accurate quantification of the frictional behaviour of joints under cyclic normal load conditions during the cyclic shear 
process is important to characterize the joint and fault interactions during earthquakes and rock bursts. We conducted 
experimental studies and numerical simulations to investigate the cyclic frictional responses of planar joints subjected to 
cyclic changes of normal loads. Experiments were conducted on artificial rock-like planar joints using a large shear box 
device (GS-1000), with different vertical and horizontal impact frequencies, vertical impact load amplitudes, horizontal 
shear displacement amplitudes, and normal load levels. The average normal displacement of the upper block increased with 
decreasing normal load and decreased with increasing normal load during each cycle. The normal displacement decreased 
gradually with increasing number of shear cycles due to damage to the micro-asperities at the contact surface. Shear force 
and the apparent coefficient of friction (k = FShear/FNormal) changed cyclically with a change in shear direction, where k fol-
lowed a square wave curve with the same peak value at the stable shear stage. The cyclic normal load amplitudes, horizontal 
shear displacement amplitudes, cyclic normal load frequencies, cyclic horizontal shear frequencies, and static normal force 
levels had little influence on the peak values of k. Numerical simulations proved that the spatial movement pattern of the 
loading plate and upper block of the specimen rotated clockwise or anti-clockwise at different shear displacements. Due 
to the rotation of the upper block, shear and normal stresses distributed at the contact surface were inhomogeneous, which 
generated a stress gradient along the interface. Consequently, the samples were damaged at the two edges due to the high 
local stresses. Finally, a mathematical equation is proposed, which can be used for predicting the shear strength of planar 
joints under cyclic changes of shear velocity and normal load.
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List of Symbols
FN [kN]  Total normal load
Fs [kN]  Quasi-static normal load
Fd [kN]  Amplitude of superimposed dynamic 

normal load
Fsd [kN]  Impact normal load
σn [MPa]  Normal stress
τ [MPa]  Shear stress
v [mm/min]  Shear velocity
S [m2]  Nominal area of the shear plane
fh [Hz]  Cyclic horizontal shear frequency

fv [Hz]  Cyclic normal load impact frequency
t [s]  Time
Δt [s]  Time shift
k [–]  Apparent coefficient of friction
K [–]  Peak value of the apparent coefficient of 

friction
umax [mm]  Amplitude of shear displacement
us [mm]  Shear displacement
n [–]  Number of Fourier series elements
un(a) [mm]  Normal displacement of the upper block 

at the left side
un(b) [mm]  Normal displacement of the upper block 

at the right side
lSpecimen [mm]  Total length of specimen (= 300 mm)
α [°]  Angle of inclination of the upper block of 

the specimen

 * Wengang Dang 
 dangwg@mail.sysu.edu.cn

1 School of Civil Engineering, Sun Yat-sen University, 
Zhuhai 519082, China

2 Institute of Geotechnics, TU Bergakademie Freiberg, 
Gustav-Zeuner-Straße 1, 09599 Freiberg, Germany

http://orcid.org/0000-0003-0118-8028
http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-019-01910-9&domain=pdf


338 W. Dang et al.

1 3

1 Introduction

Earthquakes or rock bursts are very complex events, with 
dynamic excitations in various directions and with vari-
able loads. Stein (1999) reported that an earthquake can 
alter the shear and normal loads on the surrounding faults. 
Under certain conditions, cyclic movements along joints/
faults under variable normal loads are triggered. There-
fore, understanding the cyclic frictional responses of joints 
under variable normal load conditions is important for the 
design of rock engineering projects and estimating geolog-
ical hazards (Liu et al. 2012b, 2013; Liu and Dang 2014; 
Li et al. 2017; Zhou et al. 2018).

To determine the mechanical responses of joints and rock 
masses under dynamic load conditions, previous investiga-
tions have focused on changes in the normal load on rock 
joints or rock masses without shearing (Bagde and Petros 
2005; Guo et al. 2011; Liu et al. 2011, 2012a; Zhou et al. 
2015, 2017; Song et al. 2018) or cyclic shearing under 
constant normal load conditions (Lee et al. 2001; Ferrero 
et al. 2010; Mirzaghorbanali et al. 2014; Dang et al. 2017a). 
Cyclic loading/unloading tests on intact sandstones were 
performed by Bagde and Petros (2005). They proved that 
the waveform, amplitude, and frequency of the normal load 
had significant effects on the fatigue properties. Square 
waves with a low frequency and amplitude are more likely 
to damage the samples. Guo et al. (2011) studied the fatigue 
life and irreversible deformation of salt rock under uniaxial 
cyclic loading. They found that the fatigue life of salt rock 
is mainly influenced by its structure as well as the cyclic 
normal load amplitude. Liu et al. (2011, 2012a) conducted 
cyclic loading/unloading tests on sandstones and found that 
the number of cracks increased with increasing impact fre-
quency. Lee et al. (2001) conducted cyclic shear tests on 
Hwangdeung granite and Yeosan marble. They observed 
that the peak shear strength and the peak dilation occurred 
in the first shear cycle. Normal loads and changes of shear 
directions were the two most important factors affecting the 
shear strength. Ferrero et al. (2010) conducted cyclic shear 
tests with fh ranging from 0.013 to 3.9 Hz and umax ranging 
from 1.0 to 4.0 mm. The experimental results indicated that 
the shear displacement amplitude had a significant influence 
on the peak shear strength. Fathi et al. (2016) investigated 
the shear mechanism of rock joints under pre-peak cyclic 
loading conditions. They found that the contact area and the 
shear strength slightly increased with an increasing num-
ber of shear cycles due to contraction. Degradation of the 
second-order asperities increased with increasing number 
of shear cycles, while the number of shear cycles had little 
effect on the residual shear strength.

Direct shear tests have been conducted under vari-
able normal loads (Hobbs and Brady 1985; Olsson 1988; 

Linker and Dieterich 1992; Hong and Marone 2005; Kil-
gore et al. 2012, 2017; Molinari and Perfettini 2017; Osei 
Tutu et al. 2017; Tiwari et al. 2017; Dang et al. 2016a, 
2017b, 2018). It is widely accepted that the dynamic nor-
mal load weakens the frictional resistance of faults in natu-
ral systems (Marone 1998; Rice 2006), and the frictional 
pattern in response to the step change in normal loads fol-
lows a multi-stage process even if the specific results are 
not exactly the same. Hobbs and Brady (1985) conducted 
direct shear tests on gabbro under variable normal loads. 
A large instantaneous change in shear stress was initially 
observed, which was followed by an exponential time-
dependent process. Olsson (1988) performed similar tests 
on welded tuff, where an immediate steep linear response 
was initially identified, which was also followed by an 
exponential time-dependent process. Linker and Dieterich 
(1992) investigated the frictional response of the stepwise 
changes of normal loads on Westerly granite using a dou-
ble direct shear device. A three-stage shear stress chang-
ing pattern was observed, with an instantaneous increase, 
followed by an immediate linear increase with time or 
shear displacement, finally reaching a steady state (shear 
stress reached a constant value). Hong and Marone (2005) 
performed similar tests on quartz gouge. The coefficient 
of friction changed with sudden changes in the normal 
load and slip velocity. Kilgore et al. (2012, 2017) studied 
the frictional response under a stepwise increase in nor-
mal loads, stepwise decrease in normal loads, and pulse-
like changes of normal loads on a dry bare rock surface 
of granite, using a double direct shear apparatus. They 
found that rapid changes in normal loads lead to gradual, 
nearly exponential changes in shear forces. Changes in 
the normal load can either strengthen or weaken frictional 
resistance, depending on joint asperity, slip velocity, and 
the pattern of normal load. Dang et al. (2016a, 2017b, 
2018) performed detailed investigations of the continu-
ous changes of normal load during direct shear tests. The 
influencing factors of Fs, Fd, fv, and v were studied in cases 
where planar joints were made of artificial rock-like mate-
rial. A time shift between the peak normal load and peak 
shear force was observed, with a delay in the peak shear 
force. The minimum coefficient of friction decreased with 
an increasing amplitude in the normal load oscillation, and 
increased with increasing shear velocity.

Due to the limitations of the existing shear box devices, 
there have been few studies on the changes of normal load 
during cyclic shear. In this paper, we report the results from 
a wide range of laboratory investigations using our own 
design of large shear box device (GS-1000), which can apply 
dynamic loads in the vertical and horizontal directions. The 
influencing factors Fs, Fd, fv, fh, and umax were analysed. 
Based on the experimental results, a conceptual model was 
developed for predicting the cyclic shear strength of planar 
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joints under variable normal loads. In parallel, numerical 
simulations were conducted on the basis of the laboratory 
tests. These simulations enabled a better understanding 
of the cyclic frictional response under cyclic normal load 
conditions.

2  Laboratory Investigations

2.1  Test Apparatus

Laboratory cyclic shear tests were performed using a 
large shear box device (GS-1000, Fig. 1a), which is a 

servo-controlled testing apparatus developed by Konietzky 
et al. (2012). The GS-1000 shear box consists of verti-
cal and horizontal hydraulic loading systems. The verti-
cal piston provides a constant and superimposed dynamic 
normal load. The horizontal piston drives the lower shear 
box, with a cyclic shear rate in the displacement feedback 
mode. Displacements and forces are measured by linear 
variable differential transformers (LVDTs), with 1 μm 
resolution and load cells, with 0.1 kN resolution, respec-
tively. Normal force, shear force, normal displacement, 
and shear displacement were recorded continuously, with 
a frequency of 100 Hz. The main technical details of the 
device are provided in Table 1.

Fig. 1  Testing apparatus and the experimental configuration: a main components of the GS-1000 shear box device (Konietzky et al. 2012), b 
artificial rock-like sample with a planar surface, and c sketch of the cyclic shear test under a cyclic normal load

Table 1  Main technical data of 
the device

Item Value

Maximum normal load 1000 kN
Maximum shear load in the forward shear direction 800 kN
Maximum shear load in the backward shear direction 300 kN
Maximum shear displacement 50 mm
Maximum shear velocity 70 mm/s
Maximum normal impact frequency 40 Hz
Maximum horizontal shear frequency 40 Hz
Dynamic load − 500 to + 500 kN superim-

posed on static force level
Maximum sampling rate 400 Hz (400 data per second)
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2.2  Specimen Preparation

A series of artificial rock-like specimens, consisting of 
CEM I 32.5 R cement (33.3%) and Hohenpockaer glass 
sand (66.6%), with a block dimension of 30 × 20 × 15 cm 
(length × width × height) were prepared. As shown in 
Fig. 1b, the surface was smooth when viewed with the naked 
eye. The maximum particle size of the components of the 
specimen was < 1.0 mm (glass sand). The smooth planar 
joint separated the intact block into two equal halves with 
a height of 7.5 cm (see Fig. 1b). After 28 days of curing 
at room temperature (approximately 20 °C), the samples 
had a uniaxial compressive strength of 19.1 ± 2.4 MPa, a 
tensile strength of 2.5 ± 0.64 MPa, a Young’s modulus of 
30 ± 6.4 GPa, and a Poisson’s ratio of 0.2 ± 0.03 based on 
29 uniaxial compressive tests and 30 Brazilian disc splitting 
tests.

2.3  Test Procedure

A number of cyclic shear tests under cyclic changes of nor-
mal load were conducted as shown in Fig. 1c. Before the 
cyclic shear tests were conducted, two cycles of normal 
compression with a loading/unloading rate of 10 kN/min 
were performed, which re-seated the flat joint and reduced 
the interspace between the specimen and the shear box. Then 
the specimen was sheared cyclically under a constant and 
superimposed dynamic normal load. The dynamic normal 
load is defined by Eq. 1 and the cyclic shear displacement 
is defined by Eq. 2

The cyclic shear behaviour was investigated under dif-
ferent Fs, Fd, fv, fh and umax. Fs changed from 30 to 360 kN; 
Fd changed from ± 10 to ± 180 kN; fv and fh changed from 
0.25 to 5.0 Hz; and umax changed from ± 2.0 to ± 8.0 mm. 
The detailed input parameters of the cyclic shear tests are 
documented in Table 2. A total of 57 tests, arranged in 9 
groups, were conducted.

3  Test Results and Discussion

In this section, some representative observations of shear 
forces, normal forces, shear displacements, normal displace-
ments, and k are presented and compared. Additional fig-
ures are provided at the end of the paper, which demonstrate 
the changing pattern of shear force, normal force, and k in 
each cyclic shear test. In the next chapters, the following 
definitions are used: forward shear means shear velocity is 

(1)Fsd = Fd sin
(
2�fvt

)

(2)us = umax sin
(
2�fht

)
.

positive, i.e., the lower specimen moves in the push direc-
tion; backward shear means shear velocity is negative, i.e., 
a lower specimen moves in the pull direction; CCNL means 
cyclic shear test under constant normal load conditions; 
DDNL means direct shear test under dynamic normal load 
conditions.

3.1  Frictional Response

3.1.1  Effects of Constant and Superimposed Normal Loads 
(CDNL_1)

Figure 2 shows the experimental results for different values 
of Fs and Fd, but with the same fh, fv, and umax. Five cyclic 
shear tests were conducted: from low Fs (30 kN) and Fd 
(± 15 kN) to large Fs (360 kN) and Fd (± 180 kN). Shear 
force and coefficient of friction displayed cyclic variations 
along with the cyclic variations in normal load and shear 
direction. Loading led to a contraction of the joint inter-
face and more micro-asperities became interlocked. With 
increasing static normal load and a superimposed dynamic 
normal load, the peak shear forces increased, while the peak 
apparent coefficient of friction k was constant. Under normal 
loads of 180 ± 90 kN and 360 ± 180 kN (Fig. 2b), the vari-
ation in shear forces was different in each shear cycle. The 
increasing rate of shear force decreased with an increasing 
number of shear cycles under the normal load conditions 
described above, which was caused by the progressive dam-
age of the sample under large normal load conditions. As 
shown in Fig. 2, the apparent coefficient of friction k was 
followed a square wave curve, with approximately the same 
peak value. It should be noted that the stable phase of k (i.e., 
after k reached the peak value) was shorter under a larger 
normal load. There are two reasons for this: (1) progressive 
damage of the sample under a large normal load, and (2) 
increasing shear stiffness of the interface with increasing 
normal load. Dang et al. (2016b, 2017c) reported that joint 
stiffness increases with increasing normal load. Therefore, 
a large shear displacement is needed to reach the peak shear 
force under a large normal load.

3.1.2  Effects of Amplitudes of Horizontal Shear 
Displacement (CDNL_2)

To investigate cyclic shear behaviour under the effect of 
shear displacement amplitude umax, a set of cyclic shear tests 
similar to CDNL_1 were performed for fv of 0.5 Hz, fh of 
0.5 Hz, Fs of 90 and 180 kN, Fd of ± 45 and ± 90 kN, and 
umax of 2, 4, and 8 mm, respectively. Figures 3 and 4 show 
that the variations in shear force, normal force, and k were 
similar to CDNL_1. Shear force increased with increas-
ing normal load and k followed a square wave curve, with 
approximately the same peak value. Under a normal load of 
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Table 2  Test parameters for 
cyclic shear tests under DNL 
conditions

Sample Stage Fs fh fv Fd umax Cyclesh Cyclesv

(kN) (Hz) (Hz) (kN) (mm) (–) (–)

CDNL_1 1 30 0.5 0.5 ± 15 5 10 10
2 60 0.5 0.5 ± 30 5 10 10
3 90 0.5 0.5 ± 45 5 10 10
4 180 0.5 0.5 ± 90 5 10 10
5 360 0.5 0.5 ± 180 5 10 10

CDNL_2 1 90 0.5 0.5 ± 45 2 10 10
2 90 0.5 0.5 ± 45 4 10 10
3 90 0.5 0.5 ± 45 8 10 10
4 180 0.5 0.5 ± 90 2 10 10
5 180 0.5 0.5 ± 90 4 10 10
6 180 0.5 0.5 ± 90 8 10 10

CDNL_3 1 90 0.25 1 ± 45 5 10 40
2 90 0.5 1 ± 45 5 10 20
3 90 1 1 ± 45 5 10 10
4 90 2 1 ± 45 5 20 10
5 90 3 1 ± 45 5 30 10
6 90 4 1 ± 45 5 40 10
7 90 5 1 ± 45 5 50 10

CDNL_4 1 180 0.25 1 ± 90 5 10 40
2 180 0.5 1 ± 90 5 10 20
3 180 1 1 ± 90 5 10 10
4 180 2 1 ± 90 5 20 10
5 180 3 1 ± 90 5 30 10
6 180 4 1 ± 90 5 40 10
7 180 5 1 ± 90 5 50 10

CDNL_5 1 90 1 0.25 ± 45 5 40 10
2 90 1 0.5 ± 45 5 20 10
3 90 1 1 ± 45 5 10 10
4 90 1 2 ± 45 5 10 20
5 90 1 3 ± 45 5 10 30
6 90 1 4 ± 45 5 10 40
7 90 1 5 ± 45 5 10 50

CDNL_6 1 180 1 0.25 ± 90 5 40 10
2 180 1 0.5 ± 90 5 20 10
3 180 1 1 ± 90 5 10 10
4 180 1 2 ± 90 5 10 20
5 180 1 3 ± 90 5 10 30
6 180 1 4 ± 90 5 10 40
7 180 1 5 ± 90 5 10 50

CDNL_7 1 90 0.25 0.25 ± 45 5 10 10
2 90 0.5 0.5 ± 45 5 10 10
3 90 1 1 ± 45 5 10 10
4 90 2 2 ± 45 5 10 10
5 90 3 3 ± 45 5 10 10
6 90 4 4 ± 45 5 10 10
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90 ± 45 kN, the peak shear force was approximately 95 kN 
for all shear displacement amplitudes in the forward shear 
direction, while it was different with different umax in the 
backward shear direction. For umax of 2, 4, and 8 mm, the 
absolute values of the peak shear forces were 60, 70, and 
80 kN, respectively, which indicates that the absolute value 
of the peak shear force increased with increasing umax in 
the backward shear direction. Additionally, the stable phase 
of k was longer under a larger umax (Fig. 3c). As shown in 
Fig. 4, the absolute value of the peak shear force increased 
with increasing umax in the backward shear direction under 
a normal load of 180 ± 90 kN. Under the same values of fv, 
fh, Fs, and Fd, a smaller umax indicated a smaller shear rate 
in one shear cycle. At smaller shear rates, a longer time is 
needed to reach a stable shearing stage (Dang et al. 2018). 
Therefore, in the forward shearing stage, the shear force was 
larger under a larger umax than under a smaller umax in the 
early shearing stage. A longer shearing time in the back-
ward shear direction resulted in a larger reduction of nor-
mal load according to Eq. 1. Consequently, the peak shear 
force reduced with decreasing umax in the backward shear 
direction.

3.1.3  Effects of Normal Load Impact Frequencies and Cyclic 
Horizontal Shear Frequencies (CDNL_3 to CDNL_8)

Forty cyclic shear tests, with different values of fh and fv, 
under normal loads of 90 ± 45 kN and 180 ± 90 kN were 
performed. The shear displacement amplitude was set to 
5 mm. As shown in Figs. 5 and 6, the variations in shear 
force were different compared with CDNL_1 and CDNL_2. 
The variations in shear force became more complex under 
different values of fh and fv. The following three patterns 
were identified:

• When fh was larger than fv The shear force changed cycli-
cally with changing shear direction. The peak shear force 
in the forward shear direction was almost identical to that 
in the backward shear direction for all test cases. The 
peak shear force was observed when the maximum nor-
mal load was reached. Variations in the shear force gener-
ated square waves, with different amplitudes (Fig. 5a).

• When fh was equal to fv The peak shear force in the for-
ward shear direction was almost the same in each cycle, 
and occurred at the point when the maximum normal 
load was reached. The absolute value of the peak shear 
force in the backward shear direction was smaller than 
that in the forward shear direction (only by about 70% 
of the peak value in the forward shear direction—see 
Fig. 6c), which was caused by the smaller normal loads 
in the backward shear direction. For example, at the point 
of the peak shear force, the maximum normal load was 
only about 100 kN in the backward shear direction. How-
ever, in the forward shear direction, the maximum normal 
load was 145 kN. The absolute value of the peak shear 
force decreased with the increasing value of fh and fv in 
the backward shear direction.

• When fv was larger than fh The variations in the shear 
force were mainly controlled by the changes in normal 
load. The peak value of the shear force was similar to 
the case where fh >  fv for both the forward and backward 
shear directions. As shown in Fig. 5d, the variations in 
the shear force were in phase with the changes in the 
normal load for a shear displacement ranging from − 4 
to 4 mm.

Even under complex changes of fh and fv, the variations 
in k were nearly identical to CDNL_1 and CDNL_2, where 
k followed a square wave curve with the same peak values.

Table 2  (continued) Sample Stage Fs fh fv Fd umax Cyclesh Cyclesv

(kN) (Hz) (Hz) (kN) (mm) (–) (–)

CDNL_8 1 180 0.25 0.25 ± 90 5 10 10

2 180 0.5 0.5 ± 90 5 10 10

3 180 1 1 ± 90 5 10 10

4 180 2 2 ± 90 5 10 10

5 180 3 3 ± 90 5 10 10

6 180 4 4 ± 90 5 10 10
CDNL_9 1 90 0.5 0.5 ± 10 5 10 10

2 90 0.5 0.5 ± 20 5 10 10
3 90 0.5 0.5 ± 30 5 10 10
4 90 0.5 0.5 ± 45 5 10 10
5 90 0.5 0.5 ± 60 5 10 10
6 90 0.5 0.5 ± 90 5 10 10
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3.1.4  Effects of Normal Impact Force Amplitudes (CDNL_9)

To investigate the effects of impact load amplitude (i.e., Fd) 
on cyclic shear behaviour, five cyclic shear tests were per-
formed under fv of 0.5 Hz, fh of 0.5 Hz, Fs of 90 kN, and Fd 
of ± 10, ± 20, ± 30, ± 45, and ± 60 kN, respectively. The vari-
ations in shear force, normal force, and k are shown in Fig. 7. 
It was found that the peak shear force increased with increas-
ing Fd in the forward shear direction. However, the peak 
shear forces in the backward shear direction were constant, 
and the time in the stable stage (plateau value) decreased 
with increasing impact load amplitude. Variations in k also 
generated square wave curves that were nearly identical to 
each other. This demonstrated that impact load amplitude 
had little influence on the apparent coefficient of friction k.

3.2  Dilation Response and Damage Pattern

3.2.1  Dilation Response

The cyclic changes of normal displacement were in phase 
with the cyclic changes of normal load. Taking CDNL_1 for 
example, in the loading stage, dilation was inhibited, while in 
the unloading stage, dilation was promoted (Fig. 8a). If the 
normal displacement at different points of the upper block of 
the specimen was considered (Fig. 8b), a rotation was observed 
during each cycle and the inclination angle could be calculated 
by Eq. 3. The normal displacement went down at one side and 
went up at the other side of the upper block of the specimen. 
The corresponding angle of inclination increased until a peak 
value was reached. Moreover, the inclination angle increased 

Fig. 2  CDNL_1: experimental results of the cyclic shear test under an 
fv of 0.5 Hz, fh of 0.5 Hz, umax of 5.0 mm, and different Fs and Fd: a 
shear force, normal force, and the ratio between shear force and nor-

mal force as a function of time, b shear force and normal force as a 
function of shear displacement
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Fig. 3  CDNL_2: experimental results of the cyclic shear test under 
an fv of 0.5 Hz, fh of 0.5 Hz, Fs of 90 kN, Fd of ± 45 kN, and umax of 
2.0, 4.0 and 8.0 mm, respectively. a normal force and shear force as 
a function of shear displacement, b the ratio between shear force and 

normal force as a function of shear displacement, and c shear force, 
normal force, and the ratio between shear force and normal force as a 
function of time

Fig. 4  CDNL_2: peak shear force as a function of the number of shear cycles under an fv of 0.5 Hz, fh of 0.5 Hz, Fs of 90 and 180 kN, Fd 
of ± 45 and ± 90 kN, and shear displacement amplitude umax of 2, 4, and 8 mm, respectively
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with increasing normal load. The number of shear cycles had 
a significant effect on the normal displacement but had lit-
tle effect on the angle of inclination. Figures 8c–f show that 
normal displacement (settlement) increased with an increas-
ing number of shear cycles, which was mainly caused by the 
fatigue of the sample under the cyclic normal load (Song et al. 
2018). Moreover, the settlement also increased with increasing 
normal load level.

(3)� = arctan

⎛⎜⎜⎝

���un(a)
��� +

���un(b)
���

lSpecimen

⎞⎟⎟⎠

3.2.2  Damage Pattern

Figure 9 shows a typical damage pattern of the samples after 
the cyclic shear test. The damaged area was mainly located 
at the two edges of the joint surface. Furthermore, a large 
quasi-static normal load and large superimposed dynamic 
normal load resulted in serious damage to the sample.

3.3  Comparison with the CCNL and DDNL Tests

A series of CCNL and DDNL tests were performed using the 
same material and testing device as in our previous studies 

Fig. 5  Shear force, normal force, and the ratio between shear force and normal force as a function of time and shear displacement under an Fs of 
90 kN, Fd of ± 45 kN, umax of 5.0 mm: a and c fv of 1.0 Hz and fh of 5.0 Hz, b and d fv of 5.0 Hz and fh of 1.0 Hz
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Fig. 6  CDNL_3 to CDNL_8: experimental results of the peak shear forces under an Fs of 90 and 180 kN, Fd of ± 45 and, ± 90 kN, and umax of 
5.0 mm: a fh of 1.0 Hz, different values of fv, b fv of 1.0 Hz, different values of fh, and c fh = fv

Fig. 7  CDNL_9: experimental results for the shear force, nor-
mal force, and the ratio between shear force and normal force as a 
function of time and shear displacement under an fv of 0.5 Hz, fh of 

0.5 Hz, Fs of 90 kN, umax of 5.0 mm, and Fd of ± 10, ± 20, ± 30, ± 45, 
and ± 60 kN, respectively
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Fig. 8  CDNL_1: experimental results of the cyclic shear test under an 
fv of 0.5 Hz, fh of 0.5 Hz, umax of 5.0 mm, and different Fs and Fd: a 
normal displacement as a function of time, b angle of inclination as a 

function of time, c–f normal displacement as a function of shear dis-
placement under a normal load of 30 ± 15 kN, 60 ± 30 kN, 90 ± 45 kN 
and 180 ± 90 kN, respectively
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(Dang et al. 2017c, 2018). The general changing pattern of k 
in this study was similar to that in CCNL tests, during which k 
also displayed cyclic variations along with cyclic variations in 
shear direction, and k was nearly constant at the stable shearing 
stage (Dang et al. 2017c). However, the changing pattern of k 
was very different compared with the DDNL tests (Dang et al. 
2018). The apparent coefficient of friction k displayed cyclic 
variations along with the cyclic variations in normal load when 
the shear process reached the stable stage. But in this study, k 
was nearly constant even with the cyclic variations in normal 
load at the stable stage (see Fig. 5a and b), which indicated that 
changes in shear direction met changes in normal load generat-
ing a distinct changing pattern of k. Dang et al. (2018) reported 
that changes in shear velocity encounters changes in normal 
forces leading to a special changing pattern of k. Because the 
shear velocity was controlled by Eq. 2 during cyclic shearing, 
the shear velocity changed along with the changes in shear 
displacement. The special changing pattern of k might be 
caused by the changes in shear velocity encountering changes 

of normal load. The physical reason of this behaviour needs 
further investigation.

4  Numerical Simulation

4.1  Setup of the Numerical Model

The numerical code  FLAC3D was used to simulate the cyclic 
frictional behaviour of the planar joints under a cyclic nor-
mal load. The numerical model consisted of five parts (see 
Fig. 10): the loading plate, upper shear box, upper block of the 
specimen, lower shear box, and lower block of the specimen. 
Interface elements were defined between the loading plate and 
upper block of the specimen; upper shear box and upper block 
of the specimen; upper shear box and lower shear box; upper 
block of the specimen and lower block of the specimen; and 
lower shear box and lower block of the specimen. The size of 
the specimen considered in the numerical model was identi-
cal to that used in the laboratory test. The numerical model 
consisted of 34,403 grid points, 27,600 zones, 3417 interface 
nodes, and 6312 interface elements. The upper shear box was 
fixed in the X and Y directions, and the lower shear box was 
fixed in the Y and Z directions. In the simulation process, a 
constant normal load was applied to the loading plate. When 
the whole model had reached equilibrium, a cyclic normal 
load controlled by Eq. 1 was applied at the loading plate. At 

Fig. 9  Typical damage pattern of the sample after the shear test

Fig. 10  General model setup used for simulating the cyclic shear test 
with Fast Lagrangian Analysis of Continua in Three-Dimensions 
 (FLAC3D) software

Table 3  Parameters of the interface

ID Kn/[Pa/m] Ks/[Pa/m] Friction/[°] Cohesion/
[MPa]

Tension/
[MPa]

Dilation/[°] Position

1 3.0e10 3.0e10 15 0 0 0 Between testing sample and shear box
2 6.0e10 6.0e10 15 0 0 0 Between bottom shear box and top shear box
3 (0.4–6.2)e10 (0.4–6.2)e10 39.5 0 0 0 Between bottom specimen and top specimen
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Fig. 11  Displacement vec-
tors, normal force, shear force, 
angle of inclination, and shear 
displacement as a function of 
time under an Fs of 90 kN, Fd 
of ± 45 kN, umax of 5.0 mm: a fv 
of 1.0 Hz and fh of 1.0 Hz, b fv 
of 1.0 Hz and fh of 5.0 Hz, c fv 
of 5.0 Hz and fh of 1.0 Hz
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Fig. 11  (continued)

Fig. 12  Interface normal stress under an Fs of 90 kN, Fd of ± 45 kN, umax of 5.0 mm, fv of 1.0 Hz, and fh of 1.0 Hz at different shear cycles: a 
0.25 cycles, b 0.5 cycles, c 0.75 cycles, and d 1 cycle
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the same time, a cyclic shear velocity controlled by Eq. 2 was 
applied at the lower shear box. The mechanical parameters of 
the interfaces are shown in Table 3 and the mechanical param-
eters of the specimen are shown in Sect. 2.2. Young’s modulus 
and Poisson’s ratio of the shear box were 200 GPa and 0.3, 
respectively. The elastic constitutive model was used for the 
calculation of the loading plate, upper shear box, and lower 
shear box. Mohr–Coulomb constitutive models were used for 
the calculation of the specimen and interfaces. In the calcula-
tion process, several useful data were recorded, which reflected 
the changes in normal stress and shear stress of the interface 
between the upper and lower blocks of the specimen.

4.2  Numerical Simulation Results

4.2.1  Movement of the Upper Block of the Specimen 
and the Loading Plate

Figure 11 shows the typical movement pattern of load-
ing plate and upper block of the specimen, indicating a 
rotational pattern during cyclic shearing. The rotation was 
caused by uneven force distribution and the rotational pat-
terns were governed by changes in the normal load and 
shear direction. As with the laboratory tests, the cyclic 
changes of normal displacement were in phase with the 

cyclic changes of normal load. The shear displacement 
amplitude, umax, and impact normal load amplitude (i.e., 
Fd) only affected the scale of the rotation, with little effect 
on the rotation orientation. Only the frequency (i.e., fv and 
fh) effects are presented here.

As demonstrated in Fig. 11a, when fv was equal to fh, 
i.e., from 0 to 0.25 s, as controlled by the cyclic shear load, 
the lower shear box and the lower block of the specimen 
moved in the forward direction, finally reaching the maxi-
mum displacement. The normal load increased with ongo-
ing shear displacement. The peak normal load coincided 
with the point of the maximum shear displacement in the 
forward shear direction. An inclination at the left side of 
the loading plate and the upper block of the specimen was 
observed. The inclination angle reached its peak value at 
the point of the maximum shear displacement. From 0.25 
to 0.75 s, the shear direction was reversed, and the lower 
shear box and the lower block of the specimen moved in 
the backward shear direction. Simultaneously, the normal 
load started to decrease with ongoing shear displacement. 
Due to the reversal of shear direction and unloading of 
the normal load, the left side inclination of loading plate 
and upper block of the specimen diminished step by step. 
Eventually, the left side inclination became inclined to the 
right side, i.e., a clockwise rotation. From 0.75 to 1.0 s, 
the shear direction reversed again. At the same time, the 
normal load started to increase with increasing shear dis-
placement and the normal load and shear displacement 
reached the initial value at 1.0 s, i.e., both the superim-
posed cyclic load and the shear displacement were zero. 
The right side inclination of the loading plate and upper 
block of the specimen gradually diminished. Eventually, 
the right side inclination turned into a left side inclination, 
i.e., an anti-clockwise rotation.

The movement patterns of the upper block of the speci-
men became more complicated when fv was not equal to 
fh. As shown in Fig. 11b, when fh was larger than fv, the 
rotation orientation changed cyclically with a change in 
shear direction. From 0 to 0.25 s, as controlled by Eq. 1, 
the normal load gradually increased. The plateau level of 
the inclination angle increased with the ongoing number of 
cyclic shear cycles. From 0.25 to 0.75 s, the normal load 
steadily decreased. The plateau level of the inclination angle 
decreased with ongoing number of cyclic shear cycles. 
This indicates that the inclination angle increased with an 
increase in normal load. As shown in Fig. 11c, when fv was 
larger than fh, the absolute value of the inclination angle 
was also in phase with the normal force, which increased 
with an increase in normal load. The cyclic changes in the 
normal load resulted in fluctuations in the plateau level of 
the inclination angle.

Fig. 13  Shear stress at the interface as a function of time under an Fs 
of 90 kN, Fd of ± 45 kN, umax of 5.0 mm, fv of 1.0 Hz, and fh of 1.0 Hz
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4.2.2  Stress Distribution Pattern at the Interface

Due to the inclination of the upper block of the specimen, 
the stress distributed at the interface became very inhomoge-
neous (see Figs. 12, 13 and 14), which resulted in a distinct 
stress gradient along the contact surface. The stress gradient 

pattern was controlled by the shear displacement and nor-
mal load levels. The stress gradient decreased from left to 
right when the shear displacement occurred in the forward 
shear direction, and decreased from right to left when the 
shear displacement occurred in the backward shear direc-
tion. In addition, the inhomogeneous stress deviation (i.e., 

Fig. 14  Normal stress and shear stress at the interface as a function of time under an Fs of 90 kN, Fd of ± 45 kN, and umax of 5.0 mm with differ-
ent fv and fh: a and b fv of 5.0 Hz and fh of 1.0 Hz, c and d fv of 1.0 Hz and fh of 5.0 Hz
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the scale of the stress gradient) along the interface increased 
with increasing normal load and increasing shear displace-
ment. Changes in the shear direction altered the interface 

Fig. 15  Zone plasticity state under an Fs of 90 kN, Fd of ± 45 kN, umax of 5.0 mm, fv of 1.0 Hz, and fh of 1.0 Hz: a 1.0 cycle, b 10.0 cycles

Fig. 16  Comparison between the laboratory test results and numeri-
cal simulation results: a fv of 1.0 Hz and fh of 1.0 Hz, b fv of 1.0 Hz 
and fh of 5.0 Hz, c and d fv of 5.0 Hz and fh of 1.0 Hz

Fig. 17  Synthesized apparent coefficient of friction (k) as a function 
of time

Fig. 18  Comparison between the numerical simulation of the shear 
stress, laboratory test shear stress, and predicted shear stress under an 
Fs of 90 kN, Fd of ± 45 kN, umax of 5.0 mm, fv of 1.0 Hz, and fh of 
1.0 Hz
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stress gradient orientation and the maximum stress was 
concentrated at the two edges of the interface regardless of 
changes in the normal load or shear direction. The inhomo-
geneous stress at the interface was caused by the unbalanced 
force distribution inside the sample during shearing, with a 
detailed explanation reported previously (Dang et al. 2016b).

It should also be noted that there was a time shift in the 
reversal points between the shear displacement and interface 
shear stress, i.e., the interface stress reversal happened shortly 
after the reversal of shear direction (see Fig. 13), which was 
mainly caused by the shear stiffness of the interface. Further-
more, the reversal points of the normal and shear stress along 
the interface also followed the time sequence.

4.3  Comparison Between the Simulated 
and Measured Data

High stresses were concentrated locally at the two edges of the 
interface, which resulted in damage at the two edges of the speci-
men (see Fig. 15). The damage accumulated as the number of 
cyclic shear cycles increased. The simulated damage of the speci-
men agreed well with the experimental results, as shown in Fig. 9. 
Test data from three tests (as shown in Fig. 16) were selected 
to calibrate the numerical model. It was found that laboratory 
test results and numerical simulations showed a good agreement, 
which proved that the proposed numerical model was capable 
of reproducing the mechanical behaviour of planar joints under 
cyclic normal load conditions during cyclic shearing.

5  Shear Strength Prediction

As explained in Sect. 3 and the appendix, the variations in 
k followed a square wave curve, with nearly identical peak 
values in all the laboratory tests. The period of k was in 
agreement with the changes in fh. Square wave curves can be 
synthesized by sinusoidal waves by applying a Fourier trans-
formation (Bochner and Chandrasekharan 1949). Therefore, 
k can be described by Eq. 4, in which a larger n generates a 
better approximation of the square wave curve of k (shown in 
Fig. 17). The apparent normal load can be obtained by sum-
ming the constant normal load and the superimposed cyclic 
normal load. The apparent normal stress can be described 
by Eq. 5. An expression for predicting cyclic shear strength 
under cyclic normal load conditions is given by Eq. 6.

(4)

f (t) = ABS

(
K

nmax∑
n=0

(
1

2n + 1
sin ((2n + 1)t)

))

…(n ∈ (0, 1, 2, 3,…))

(5)�n =
Fs + Fd sin (2�ft)

S

Figure  18 shows a comparison between the numeri-
cally simulated shear strength, analytically predicted shear 
strength, and experimentally obtained shear strength. The 
experimental shear strength result was in close agreement 
with the numerical and analytical values. This indicates that 
the derived expression could predict the cyclic shear strength 
of the planar joints under cyclic normal load conditions. 
It should be noted that due to the limited number of tests, 
limited specimen material, and tiny joint roughness, Eq. 6 
is a preliminary equation at this stage. The confirmation of 
the proposed mathematical equation needs further investi-
gation, with attention given to the fatigue phenomenon of 
the material.

6  Conclusions

The cyclic frictional behaviour of planar joints under cyclic 
normal load conditions was investigated through laboratory 
tests and numerical simulations. The main findings of the 
research are the following:

• The apparent coefficient of friction k changes cycli-
cally with changes in shear direction, where k follows 
a square wave curve with nearly identical peak values.

• The variations in k are only slightly influenced by 
changes in Fs, Fd, fv, fh, and umax.

• There is a clockwise or anti-clockwise rotation of the 
upper block of the specimen during cyclic shearing.

• Numerical simulations document the inhomogeneous 
stress distribution along the interface during cyclic 
shearing. Maximum and minimum stresses are located 
at the two edges of the interface.

• The numerical simulations also proved a distinct time 
shift in the reversal points between the shear displace-
ment and interface shear stress. The reversal points of the 
shear stress along the interface follow the time sequence.

• A mathematical equation that is proposed could be the 
baseline for the development of a further shear strength 
criterion.

In this study, the roughness of the surface and the lifetime 
of the specimen due to cyclic fatigue (e.g., Song et al. 2018), 
which could significantly influence the frictional behaviour 
of joints, were not taken into account. Moreover, water pres-
sure variation (e.g., Dang et al. 2019) during cyclic shear is 

(6)

� = f (t)�n = ABS

(
K

nmax∑
n=0

(
1

2n + 1
sin ((2n + 1)t)

))

⋅

Fs + Fd sin (2�ft)

S
…(n ∈ (0, 1, 2, 3,…)).
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often encountered in nature. Further investigations focusing 
on the cyclic frictional behaviour influenced by joint asperi-
ties and water pressure variations are required.
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Appendix

See Fig. 19.

Fig. 19  Shear force, normal force and shear force/normal force vs. time
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Fig. 19  (continued)
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Fig. 19  (continued)
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Fig. 19  (continued)
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Fig. 19  (continued)
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Fig. 19  (continued)
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Fig. 19  (continued)
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Fig. 19  (continued)
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