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ABSTRACT: The friction strength evolution of rock joints subjected to cyclic dynamic loads is very
vital to the safety and stability assessment of rock engineering during earthquakes and rock bursts.
In this paper, cyclic shear experiments under different normal stress were carried out for granite
joints based on a shaking table apparatus. The frictional behavior under cyclic shear, especially the
dynamic evolution of friction strength, was investigated and the effect of normal stress on friction
strength weakening was quantified. Based on experimental results, a hysteresis model is used to
characterize the dynamic friction behavior of planar joints under cyclic shear. This model relates the
evolution of friction strength to the number of cycles of cyclic shear. As the normal stress increases,
the strength weakening ratio increases correspondingly, while the critical number of cycles (at which
the residual strength is reached) remains essentially unchanged.
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1 INTRODUCTION

The safety of many rock engineering projects is strongly affected by complex geological formations,
especially joints and faults. Due to the excitation of seismic waves, the rock joints bear dynamic
loads in addition to static loads, which will lead to cyclic fatigue damages (e.g. Liu et al. 2018 and
He et al. 2021). Hence, it is crucial to develop a fundamental understanding of the strength evolution
behavior of rock discontinuities under dynamic cyclic loading, which can be simulated as cyclic
shear along the rock joint (Niktabar et al. 2017).

Many researchers have studied the frictional strength under dynamic cyclic loading conditions.
The effect of frequency on the shear strength under dynamic cyclic loading was analysed by Ahola
et al. (1996) and Ferrero et al. (2010). They found that the shear strength decreases as the number of
cycles increases. Dang et al. (2020) conducted dynamic cyclic experiments on planar joints and
revealed that the coefficient of friction changed cyclically with a change in the shear direction. Zhang
et al. (2023) experimentally investigated the effect of cyclic shear loading on the frictional properties
of a typical granite specimens and proposed a phenomenological model to describe the influence of
loading frequency on the frictional strength weakening.
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These previous studies provided important insights into the dynamic friction behavior of rock
discontinuities under cyclic loads. However, it is worth noting that the observations and conclusions
so far were mostly focused on the influence of loading frequency. The effect of the normal stress was
not investigated and how this parameter would influence the friction behavior and frictional strength
was still not clear.

Our research aims to advance the current knowledge about the frictional strength evolution of
rock joints under dynamic cyclic loading, especially the effect of the normal stress. A series of cyclic
friction tests is performed on planar granite joints under different normal stress, so that the friction
behavior and the evolution of frictional strength under dynamic cyclic loading are investigated.

2  EXPERIMENT SETUP AND METHOD

2.1 The Experimental Apparatus

Cyclic shear experiments were conducted on a self-designed cyclic shear apparatus based on a
shaking table (Zhang et al. 2023). As shown in Figure 1, the upper host rock is fixed and the lower
slider rock is driven by a shear actuator with a sufficiently high stiffness (> 1 GN/m). The shear load
is measured by a shear load cell with a resolution of 0.01 kN. A jack is used to apply normal forces
through the reaction frame with a pressure sensor attached to the jack to monitor the normal stress
level. The cyclic displacement is measured by a displacement sensor with a resolution of 0.001 mm.
The data acquisition device can continuously record the shear force and shear displacement at a
sampling frequency of 1000 Hz.
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Normal jack — Loading platen

% Host rock (80 x20x40mm)
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= Shaking table
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Figure 1. The cyclic shear loading test apparatus.

2.2 Sample Preparation

Saw-cut granite samples were prepared for the dynamic cyclic friction experiments. The planar joint
separated each block into two parts: the upper fixed block is 80 mm % 20 mm % 40 mm, and the lower
sliding block is 120 mm x 40 mm x 40 mm, such that their nominal contact area is 1600 mm?. The
intact granite samples show a uniaxial compressive strength of 83.58 MPa, a uniaxial tensile strength
of 7.49 MPa, a density of 2.75 g/cm?, and a Young's modulus of 12.55 GPa.

2.3 Experimental Procedure

The upper block was fixed and the lower mobile block was sheared repeatedly with the shear
displacement governed by a sinusoidal function as:

u=A-sin2nft ()
where A is the displacement amplitude and f'is the loading frequency. In this study, cyclic shear

experiments were conducted at a loading frequency of 3 Hz, a displacement amplitude of 2 mm and
under various normal stress of 1 MPa, 2.5 MPa, and 5 MPa. The experiment was stopped when it
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was clearly observed that the friction strength tended to stabilize. The temperature and humidity were
at laboratory room conditions with little fluctuation (i.e., around 18°C temperature and 45%
humidity). As shown in Figure 2, a typical loading cycle can be divided into four stages: forward
advance (stage I) when the lower mobile block moves from the center to +2 mm, associated with a
positive friction coefficient; forward return (stage II) when the lower block returns from +2 mm to
the center , associated with a negative friction coefficient; backward advance (stage III) when the
lower block moves from the center to -2 mm, associated with a negative friction coefficient;
backward return (stage IV) when the specimen returns from -2 mm to the center , associated with a
positive friction coefficient.

Stage IV >

Stage 1II L Stage 11

-
1

Figure 2. Schematic of the dynamic cyclic loading test procedures.

2.4 Calculation of Friction Coefficient

The coefficient of friction u is calculated as the ratio of the driving shear force Fi to the normal force
F, with F, equal to the normal stress o, multiplied by the nominal contact area S of rock samples. In
order to eliminate the impact of dynamic loading on the measured driving force, we adopt an
approach taking into account the inertial force Finertia as:

_ Fs — Finertia

P @)

U

where Fineriia 1S €qual to the global mass m (the shear box and the specimen) driven by the shear load
cell multiplied by the acceleration a derived as the second time derivatives of the displacement .

3  RESULTS AND ANALYSIS

3.1 Dynamic Friction Behavior of Rock Joints under Cyclic Loads

Typical friction coefficient-displacement curves under different normal stress are shown in Figure 3.
The curves exhibit typical hysteresis behavior, and continuously converges inward as the number of
cycles n increases. Furthermore, the hysteresis loop shows a concave pattern, especially after a large
number of cycles, suggesting that the frictional strength is not a constant during each loop.

The frictional behavior of the tested planar joints under different normal stress seems to be in
general described by a dynamic friction characteristic model as shown in Figure 4. The friction
coefficient-displacement curves under cyclic loading show typical hysteresis loops, with two
concave curves on the top and bottom. OA, AB, BC, CO’ are the pre-peak, softening, hardening, and
unloading stages, respectively. The lower half of the hysteresis loop is anti-symmetric with respect
to the upper half. Three characteristic parameters are then proposed to represent the features of the
friction coefficient in a loop: (i) the friction coefficient at point A denoted as ppeax; (ii) the friction
coefficient at point B denoted as gsofiening, Which represents the friction coefficient with the highest
softening degree; (iii) the friction coefficient at point C denoted as pthardening, Which corresponds to the
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high friction coefficient at the end of the hardening stage. They are subjected to a relationship of
Mhardening = MUpeak = Usoftening-
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Figure 3. Hysteresis loops of the friction coefficient versus shear displacement for rock joints under cyclic
loadings of different normal stress.

fuhardcning
/upeak

:usoﬂening C

Ov

Figure 4. The dynamic friction characteristic model.

3.2 Evolution of the Coelfficient of Dynamic Friction

A typical evolution curve of friction coefficient ypcak With the number of cycles is shown in Figure 5.
As the number of cycles increases, the friction coefficient decreases from the initial peak value (u; =
0.71) to a steady-state value (uss = 0.41), exhibiting a clear frictional weakening behavior. An
exponential function is used to fit the evolution of the friction coefficient with the number of cycles
as:

-1
B() = fiss + (s = iss)exp c—Ina) 3

where u is the coefficient of friction for the nth cycle, uss is the steady-state coefficient of friction, u;
is the initial coefficient of friction, and n. is the critical number of cycles at which the frictional
strength decreases to a stable value. Here, following the suggestions by Mizoguchi et al. (2007), the
constant a is defined to be 5%, which means that yu—uss reduces to 5% of the total friction drop pti—gtss
when the critical number of cycles 7. is reached. To quantify the frictional weakening, we also define
the weakening ratio uoss of dynamic frictional strength as:

Hi—H
Hioss = 1 1 = )
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Figure 5. A typical evolution curve of the friction coefficient of rock joints under cyclic loads.

3.3 Effects of Normal Stress on Cyclic Friction

Variations of the friction coefficients (gpeak, tsoftening, aNd fhardening) With the number of cycles under
different normal stress are shown in Figure 6. The friction parameters ftpeak, Hsoftening, AN Lhardening
decrease synchronously with the increasing number of cycles. The exponential law, i.e., Equation 3,
can in general well capture the evolution of these three friction parameters with n. For all experiments
of different normal stress performed, planar granitic joints exhibited a pronounced drop of the friction
coefficient from the peak to the steady-state value.
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Figure 6. Frictional strength evolution as a function of the number of cycles for gpeak, Ksofiening, a0d fnardening
under different normal stress.

In order to qualify the influence of normal stress on cyclic friction, We compare the critical number
of cycles n. and weakening ratio ui.ss under different normal stress. As shown in Table 1, the critical
number of cycles 7 . shows no big difference with the varying normal stress, which indicates that the
critical number of cycles nc may be a parameter independent of normal stress. As the normal stress
increases, the weakening ratio uiess increases to different extent. This indicates that higher normal
stress can induce stronger wear of the rock surface during cyclic shear, thus leads to a lower residual
friction coefficient. However, this difference in the weakening ratio is not achieved by increasing the
number of cycles. It can be assumed that although a higher normal stress may result in a greater
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weakening radio in the rock surface, the weakening degree accumulated in each cycle also increases
with the increased normal stress.

Table 1. Summary of critical number of cycles and weakening radio under different normal stress.

Conditions Mpeak Msoftening Mhardening

H¢ Mloss N¢ Mloss N¢ Mloss
1 MPa 364 37.3% 344 39.1% 347 20.7%
2.5 MPa 398 42.2% 378 47.1% 360 26.0%
5 MPa 356 45.9% 361 51.1% 345 27.3%

4 CONCLUSION

In this study, a series of cyclic friction tests was conducted on planar granite joints under different
normal stress. The friction behavior especially the dynamic evolution of the frictional strength under
cyclic loading was investigated, with the influence of normal stress on the frictional strength
weakening analyzed. Based on the experimental results, a hysteresis model is successfully used to
characterize the dynamic friction behavior of planar joints under cyclic shear under different normal
stress. The study also found that cyclic motions of rock joints will cause significant weakening in
frictional strength with the number of cycles, and this weakening behavior is highly related to normal
stress, which should be taken into consideration in current codes of practice and numerical simulation.
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