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Permeability experiments on saw-cut fractured rock subjected to cyclic axial load conditions were conducted on the MTS815 rock
mechanics testing system. The influence of the frequency and amplitude of cyclic axial forces on axial displacement and
permeability evolution of fractured rock was experimentally investigated. Results show that the increasing frequency under the
same amplitude of axial load leads to a reduction in axial displacement, but a drop followed by an increase in permeability,
while the permeability values oscillated sharply under high amplitude of cyclic loads, which can be attributed to the production
of gouge materials. Besides, the increase in axial displacement roughly contributed to the permeability reduction, and excessive
amplitude of cyclic load posed limited boost to the permeability enhancement. By comparing with the quasistatic function, we
found that it did not completely correspond to the trend of the permeability evolution subjected to cyclic axial forces, and
sensitivity coefficients evolving with frequency and amplitude should be considered. A new function of the permeability
evolution subjected to the amplitude and frequency of cyclic axial forces was derived and verified by the experimental data. This
study suggests that small amplitude and high frequency of dynamic forces have the potential for enhancing the permeability of
fracture and triggering the disaster of fractured rock.

1. Introduction

The permeability of fractured rock has received ample atten-
tion at different scales. At the crustal scale, the permeability
of rock governs key geologic processes such as advective
transport of heat and solutes and the generation of elevated
fluid pressures [1], which has been recognized to relate to
the plate motion, earthquakes, and large catastrophic slip
[2–7]. In engineering practice, the permeability of fractured
rock affects rock mass stability and its evolution triggers
various engineering disasters [8, 9]. For example, landslides
usually happen after heavy rains, especially along with earth-
quakes [10–12].

A wide range of investigations on the permeability evolu-
tion of fractured rock mass subjected to normal stress has

been conducted since the 1970s [13]. Iwai first tested the per-
meability of a fracture with a constant normal stress and
found that the permeability of fracture decreases with the
increase in normal stress [14]. Tsang and Witherspoon [15]
and Raven and Gale [16] studied the effect of sample sizes
on the normal stress-permeability properties of natural frac-
tures and obtained empirical equations between the perme-
ability of rock fractures and normal stress. Durham and
Bonner [17] explored the impact of fracture migration on
the permeability of fractured rock under normal stress and
stated that, under the same normal stress, rocks with fracture
migration possess a higher order of magnitude of permeabil-
ity than those of a normal fracture. Lee and Cho [18] con-
ducted laboratory hydraulic tests in linear flow on a rough
rock fracture. The permeability of rough rock fractures
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decays exponentially with respect to the normal stress.
Researchers have paid much attention to the permeability
of rock fractures considering the deformation behavior of
rock fractures. Li et al. [19] conducted a series of shear-flow
coupling experiments. Their results indicated that the perme-
ability increases fast at the beginning of shear deformation,
and then the growth continues at a lower rate until to the
limit value. Olsson and Barton [20], Shi et al. [21], and Zhao
et al. [22] adopted osmotic pressure to conduct shear-flow
coupling test on rock fracture, and empirical formulas
regarding the effect of contact area and surface roughness
on fluid flow behavior were established. Zhang et al. [23]
investigated the shear-induced permeability evolution in
saw-cut sandstone fractures under triaxial stress condition.
They suggested that the permeability decreases sharply with
a minor increase in shear displacement at the stress growing
stage. Wu et al. [24] examined the impacts of effective stress
on the permeability evolution of slowly slipping fractures in
Eagle Ford shale samples. Their results showed that the per-
meability of a fracture abates with the slip at high effective
stress but goes up at low effective stress. Aforementioned
studies of permeability evolution of fractured rock are limited
in the quasistatic condition. Actually, rocks or rock masses
are usually subject to cyclic disturbances, which probably
come from earthquake, mining, and tunneling [25–34]. A
large amount of studies suggested that cyclic loading can lead
to severe fatigue damage or failure of rock even when the
stress level is significantly lower than the static strength
[35–47]. However, these studies only focus on the mechani-
cal behavior of intact rock samples; whether cyclic loads
affect the permeability of fractured rock is unknown. Hence,
there is a need to understand the permeability characteristics
of fractured rock under cyclic loads.

In this paper, the experiments of permeability evolution
of saw-cut fractured rock subjected to cyclic axial loads were

conducted on the MTS815 rock mechanics testing system.
The permeability characteristics of fractured rock under dif-
ferent amplitudes and frequencies of dynamic axial load were
investigated. In addition, a new formula on the permeability
of fractured rock considering amplitudes and frequencies of
cyclic axial load conditions was established.

2. Methods

2.1. Material Characterization and Sample Preparation. The
rock material used in this study is a fine-grained sandstone
collected from the northwest of Kunming, Yunnan province
of China. A series of preliminary tests have been conducted
on standard rock samples to determine the crucial mechani-
cal parameters of the sandstone, such as Young’s modulus
(34GPa), Poisson’s ratio (0.3), and uniaxial compressive
strength (86MPa).

All samples were extracted from one single sandstone
slab to minimize the variations in properties across the sam-
ple set [48]. Cylindrical samples 50mm in diameter and
100mm in length were first manufactured. Then, the samples
were cut into two identical halves with an inclination of 30° to
the axial direction to simulate the fault plane, as shown in
Figure 1(a). Subsequently, one borehole 3mm in diameter
was drilled parallel to the axial direction, at the corner of each
half to facilitate fluid flow from core holders into the fracture
(Figure 1(b)). After that, samples were saturated by soaking
in water for more than 12 hours and then by water injection
at a low pressure.

2.2. Experimental Setup and Procedure. All experiments were
conducted on a servocontrolled rock mechanics testing sys-
tem (MTS815) housed at the Advanced Research Center in
Central South University. The system consists of five main
units: a triaxial cell, a loading unit, a water supply unit, a
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Figure 1: (a) Sketch of fractured rock sample; (b) a saw-cut fracture with boreholes for fluid flow; (c) sketch of fracture deformation
during tests.
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deformation and pressure monitoring unit, and a data-
acquisition unit. The maximum loading capacity of the sys-
tem is up to 4600 kN. The maximum confining pressure
and pore water pressure are 140MPa. The axial deformation
of the sample is measured by a pair of linear variable dis-
placement transducers (LVDTs). The system is configured
with a transient pulse apparatus for the permeability test of
a cylinder rock specimen. The permeability was measured
with a pressure pulse-decay technique testing method as
shown in Figure 2. The experimental procedure includes
the following steps:

(1) Each sample was wrapped in a Teflon tape to avoid
the slippage in the opening fracture when exerting
the confining stress and preaxial static load. Then,
the sample was circumferentially sealed in a thermo-
shrinking plastic membrane to separate the sample
from the confining fluid. After that, the rock sample
was placed at the triaxial cell filled with hydraulic oil

(2) The confining stress (σ3) and static axial load (FSm)
were successively increased to the designed levels at
a constant loading rate of 0.1MPa/s. They were,
respectively, set at 15MPa and 5 kN in all tests and
kept constant during the whole test

(3) Five minutes later, the sample and the loading system
became stable. The successive axial sine wave was
applied to the top of the sample by a rigid loading
bar. The actual axial load is the superposition of the
static preload and the cyclic load as

FSd = FSm + Fd 1 + sin 2πf tð Þð Þ, ð1Þ

where FSd is the superimposed axial force, FSm is the
static axial load, Fd is the amplitude of dynamic axial
force, f is the frequency, and t is the time. Prelimi-
nary compression tests on the fractured rock sample
suggested that the critical axial load for the slippage
of the sample under the confining pressure of
15MPa is 80.5 kN. Hence, the superimposed axial
force should be limited below the critical load. In this
study, the amplitude and the frequency of the cyclic
load were independent variables as listed in Table 1.
Four groups of tests were designed according to the
amplitude of dynamic load, i.e., 10, 20, 30, and
40 kN. In each group, seven frequencies were set from
0.25Hz to 1.75Hz. The loading paths with a fre-
quency of 1Hz were plotted in Figure 3
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Figure 2: Schematic of transient permeability system.
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(4) After the sample was subjected to 100 cycles of
dynamic disturbance, the cyclic loading stopped,
and then the confining pressure and static axial load
were still maintained at 15MPa and 5 kN. Then, an
initial water pressure was applied to both the
upstream and downstream reservoirs, at a loading
rate of 0.2MPa/min. Next, the water pressure in the
upstream reservoir suddenly increased to form a dif-
ferential pressure (i.e., an initial pulse pressure)
which makes the water flow from the top to the bot-
tom through the fracture, as shown in Figure 2. The
time pulse pressure (ΔP) decreased over time until
equilibrium was attained. It was automatically moni-
tored and recorded by two pressure gages in the water
tank. Accordingly, the permeability of the fractured
sample can be obtained (see Section 2.3.2)

2.3. Data Reduction

2.3.1. Axial Stress on Rock Sample and Normal Stress on
Fracture Plane. As shown in Figure 1(c), the axial stress of
the sample can be expressed as

σ1 =
FSm + Fd 1 + sin 2πf tð Þð Þ

A1
, ð2Þ

where A1 is the cross-sectional area of the sandstone sample.
The effective normal stress of the fracture plane is

σn = σ3 − Pmð Þ + σ1 − σ3ð Þ sin2θ
= σ3 − Pmð Þ + FSm + Fd 1 + sin 2πf tð Þð Þ

A1
− σ3

� �
sin2θ,

ð3Þ

where σn is the effective normal stress and shear stress on
the facture plane; θ is the fracture inclination angle with
respect to the vertical axis of the sample (30° in this exper-
iment); σ1 and σ3 are the effective normal stress and con-
fining pressure of the sandstone sample, respectively; and
Pm is the average value of the upstream pressure and down-
stream pressure.

2.3.2. Permeability. Rock permeability can be measured using
a steady state method, in which the flow rate of a fluid
through a sample is measured for a known hydraulic pressure
gradient. When permeability is low, however, a long time
may be required to establish a steady state. Therefore, the
pressure pulse-decay technique which was pioneered by
Brace et al. [49] has been widely used to measure the perme-
ability of relatively low-permeability saw-cut fractured rocks
[50]. This method is based on the analysis of the decay of a
small-step change of the pressure imposed at one end of a
specimen. In this study, the differential pressure along the
fault plane after achieving a pressure step is measured, then
the permeability is calculated as [24]

k = cLμ
A2Pm 1/V1 + 1/V2ð Þ , ð4Þ

Table 1: Test parameter for cyclic axial load conditions.

Sample Subset σ3 (MPa) FSm (kN) Fd (kN) Cycles f (Hz)
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Figure 3: Schematic of loading paths with a frequency at 1Hz.
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where Pm is the average value of PV1
and PV2

; PV1
and PV2

are
the upstreampressure anddownstreampressure, respectively;
μ is the water viscosity (1:01 × 10−3 Pa·s); L is the distance
between the two drilled boreholes along the fault plane; A2 is
the cross-sectional area of the fracture; V1 and V2 are the
upstream and downstream reservoir volumes, respectively
(V1 =V2 = 3:32 × 10−7m3 for the MTS experimental setup
as shown in Figure 2); and c is the rate of the variation rate
of the time pulse pressure with time, which can be determined
according to the evolution of the time pulse pressure (ΔP).
Brace et al. [49] and Jang et al. [51] suggested that the time
pulse pressure exponentially attenuates with time as

ΔP tð Þ = P0 e−ct
� �

+ c0, ð5Þ

whereP0 is the initial pulse pressure at time t = 0 and c0 is a fit-
ting constant. Figure 4 presents the variation of the time pulse
pressure versus time. It can be seen that the decaymodel of the
time pulse pressure (Equation (5)) matches the trend of test
data well. Clearly, the coefficient c is 0.0021.

3. Results and Discussion

3.1. Effects of Loading Frequency on the Permeability of
Fractured Rock. Figure 5 shows that the permeability and
the axial displacement vary with frequencies. Figure 5(a) pre-
sents that the permeability value at 0.25Hz is greater than the
one at 0.5Hz, and the other three groups of different ampli-
tudes of axial dynamic forces (shown in Figures 5(b)–5(d))
show the same trend. Under a given amplitude of cyclic load,
the permeability first falls sharply to the minimum value
and then rises gradually with the increase in frequency.
The frequency at which the lowest permeability appears
in each group varies, and it seems that the high amplitude

of dynamic forces (30 kN and 40 kN) intensifies the reduction
of permeability. By contrast, the largest increment of perme-
ability in each group appears when the highest frequency is
reached, except for the one under the axial dynamic force
of ±40 kN, at the frequency of 0.25Hz. It can be interpreted
as that the additional fluid flow pathways being created by
the damage of fracture contacts under high amplitude give
rise to the permeability enhancement [24].

It is clear that low frequencies of axial dynamic force
contribute to the deformation of rock fractures. The axial
displacement shows a steady decline with the increase in fre-
quency in different groups. While under the axial dynamic
force of 30 kN (shown in Figure 6(c)), it surges in the vicinity
of 0.75Hz followed by a fluctuation. The other three groups
see the largest axial displacement at the frequency of
0.25Hz. This irregular variation may be attributed to the pro-
duction of gouge materials. Figure 6 shows that during the
fracture slippage, fracture surfaces are ground down, and
the coarse grains on surfaces are crushed into fine powder
and produce gouge materials [23]. The gouge material trans-
port tends to occur during increasing frequencies when the
rock material is crushed under a more intensive multiple
dynamic impact and becomes easy to transport. This
observed gouge material production could potentially cause
the hysteretic behavior by subsequently clogging flow paths,
thus adding or lowering the fracture permeability and bring-
ing about the irregular permeability values [52].

From Figure 7, the permeability of the fractured rock also
varies with the axial deformation. The highest permeability is
recorded at the smallest axial displacement of 1:3 × 10−2mm,
which roughly accords with the conception that the perme-
ability generally decreases with increasing axial displace-
ment. However, this trend fluctuates abnormally during
which the permeability rises rapidly from the deformation
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of 3 × 10−2mm to 4 × 10−2mm in the amplitude of 10 kN,
and the permeability fluctuates greatly from the deformation
of 4 × 10−2mm to 5 × 10−2mm in the amplitude of 30 kN. A
rational explanation is that the accumulation of gouge mate-
rials in the sliding of the fracture causes a large change in
permeability.

Generally, the change in axial displacement counteracts
that in permeability. The reason may be that the reduction
in the axial deformation with decreasing axial displacement
broadens the fracture apertures, creating more flowing path-
ways. The other reason is that the permeability of fractured
rock falls with varying slip displacement that rubs down the
bumped edge of the fracture surface [53]. It produces the
gouge production that can strongly counteract the perme-
ability growth caused by slip displacement [52]. Similar
observations were obtained by Fang et al. [7], who found that
against such a background, the fractured rock permeability

steadily decreases with increasing slip distance. An upward
step of sliding velocity could provoke a transient but small
increment of permeability that is quickly quenched by the
downward permeability trend. However, the trend that the
slip displacement changes with frequency is opposite to the
experimental result in [54]. This is because axial stresses
varying with time instead of axial strain varying with time
as applied by Liu and Manga [54] are adopted in the current
study, whereas the permeability changes with displacements
match well with the results reported by them. Therefore, it
is worth stating that the permeability drops with the growth
of axial displacement in a saw-cut fracture. Similarly, our
results show that overall, the axial displacement decreases
with the increase in frequencies, while the permeability rises
after each group of frequencies, and the increment of perme-
ability is progressively smaller with each additional applica-
tion of frequencies.
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Figure 5: Permeability evolution of fracture and variation of axial displacement under different frequencies in amplitudes of dynamic axial
force of 10 kN, 20 kN, 30 kN, and 40 kN: (a) 10 kN in amplitude of dynamic axial force; (b) 20 kN in amplitude of dynamic axial force; (c)
30 kN in amplitude of dynamic axial force; (d) 40 kN in amplitude of dynamic axial force. (In these figures, the red lines represent axial
displacement and the black lines show permeability versus frequency. Permeability after periodic slip (kf ) normalized by the permeability
prior to any cyclic axial forces (k0)).
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3.2. Effects of Cyclic Amplitude on the Permeability of
Fractured Rock. The permeability of fractured rock is
strongly correlative with the amplitude of dynamic axial
forces. As shown in Figure 8, overall, most of the groups
show an apparent reduction in the permeability with the ris-
ing amplitude of cyclic forces. An exception is the state at the
frequency of 0.25Hz, in which the permeability of fracture
decreases sharply by 30% with the growth of dynamic axial
forces from ±10 kN to 30 kN but followed by an almost dou-
ble surge. Because there is a strong sliding behavior at the
frequency of 0.25Hz under dynamic axial forces of 40 kN,
the permeability is lifted greatly. The similar phenomenon
occurs at the frequency of 0.75Hz. It should be noted that
the drop of permeability does not completely correspond
to the descending series of frequency, in particular the fre-
quency of 0.25Hz in which the enhancement of permeability
is even higher than 1Hz. This is probably due to the exis-
tence of gravel particles in rough fractures before test, and
then the first periodic slip greatly enhances the permeability
of fracture at 0.25Hz. However, excessive amplitude poses a
limited boost to the permeability, unless raising the frequen-
cies up to 1.25Hz. The permeability under low frequencies
(0.25Hz, 0.5Hz, and 0.75Hz) is increased less than 10%
when the amplitude is over ±30 kN. The fractured rock
probably is easily compressed under low frequencies with
the increase of amplitude, which leads to a lower increase
in permeability.

The variation of axial displacement with different
amplitudes of dynamic loads is depicted in Figure 9. Larger
amplitudes of axial force have larger reduction in axial
displacement. Given that the compressive deformation of
fractured rock increases as the amplitude of dynamic axial
forces increases, meanwhile, the decrease in the fracture
width of fractured rock weakens the permeability. These
results match those observed in earlier studies that perme-

ability decreases sharply with increasing slip displacement
at the stage of stress growth [18]. This suggests that small
amplitudes of dynamic forces can reduce slipping deforma-
tion and enhance the permeability. That could explain the
fact that small dynamic strains are able to seriously destabi-
lize loaded faults by increasing the permeability in
earthquake-triggered stress waves [55], and the permeability
in a fractured rock system is increased significantly by the small
stresses in seismic waves from regional earthquakes [56]. The
permeability changes are similar to those found by Liu and
Manga, and it is deemed that the permeability decreases with
each additional application of transient stress [54].

3.3. Prediction Model for the Permeability of Fractured Rock
Subjected to Cyclic Loads. The stress-dependent evolution of
permeability is one of the dominant attributes of fractured
rock [23, 57]. The equation of permeability with normal
stress has been widely used in some literature. However,
the equation of permeability with dynamic stress is rarely
reported. In this paper, the equation of permeability under
cyclic axial load is established by considering the coefficients
of frequency and amplitude, and the accuracy of the equation
is verified by fitting the experimental data.

Previous studies show that the change in permeability
depends on the effective stress, which could be described as
an exponential function [16]:

k = k0e
−βσαð Þ, ð6Þ

where σ is the effective stress, k0 is the intrinsic permeability,
and α and β are the stress sensitivity coefficients.

However, the abovementioned model is limited to the
static condition; the amplitude and frequency of dynamic
disturbance are not considered. Here, we substitute Equation

(a) Before test (b) After test

Figure 6: Comparison of untested fracture surfaces and tested fracture surfaces of SC-5.
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(3) into Equation (6) to characterize the permeability of frac-
tured rock under cyclic loads as

kf = k0e
−βσnαð Þ = k0e

−β σ3−Pmð Þ+ FSm+Fd 1+sin 2π f tð Þð Þ
A1

−σ3
� �

sin2θ
� �α� �

:

ð7Þ

For comparison, the fitting curves of permeability evolu-
tion with the frequency and amplitude of cyclic axial loads
using the traditional model Equation (6) and improved
model Equation (7) are shown in Figures 10 and 11. Appar-

ently, the correlation coefficients between the permeability
evolution with the frequency of dynamic axial forces by tra-
ditional model and by improved model have little difference
(Figure 10). By contrast, the correlation coefficients of the
permeability evolution with amplitude of dynamic axial
forces by the traditional model are greater than that by
the improved model (Figure 10). From Figure 11, it can
be seen that the fitting curves by the traditional model show
large deviations with the tested data. The determination
coefficients are very low. These indicate that the traditional
model is not suitable for describing the relation between the

1.6

1.8

1.4

1.2

1.0

0 2 4 6 8 10 12
Axial displacement (10−2 mm)

k
/k

0

Fd ± 10 kN
Fd ± 20 kN

Fd ± 30 kN
Fd ± 40 kN

Figure 7: Permeability evolution of fracture with axial displacement in different amplitudes of dynamic axial force.

10 20 30 40

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

k
/k

0

Amplitude of dynamic force (kN)

0.25 Hz
0.5 Hz
0.75 Hz
1 Hz

1.25 Hz
1.5 Hz
1.75 Hz

Figure 8: Permeability evolution of fracture in different amplitudes of dynamic normal force under frequencies.

8 Geofluids



permeability and the amplitude of the cyclic load. The
improved model Equation (7), however, can obtain the
average correlation coefficients greater than 0.87. Therefore,
the change in permeability with cyclic axial load fits in the
improved model Equation (7) rather than the traditional
model Equation (6). Figures 10 and 11 show that the perme-
ability increases with frequency and declines with increasing
amplitude. This indicates that smaller amplitude and higher
frequency of dynamic forces have more potential to enhance

the permeability of fracture accordingly and increase the risk
of disaster in rock engineering.

4. Conclusions

The permeability evolution of saw-cut rock fractures was
investigated before and after the periodic slip caused by cyclic
axial loads, so as to simulate the permeability evolution of
preexisting fractures under dynamic loads in fractured rock
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engineering. Based on a series of experiments under different
dynamic frequencies, different amplitudes of cyclic axial
forces were conducted, by which the slip behavior of rock
fractures was analyzed. The main findings of this paper can
be summarized as follows:

(1) Increasing the frequency of cyclic loads under the
same amplitude leads to an increase in axial displace-
ment. The initial application of the cyclic load greatly
boosted the slip behavior, followed by a gradual
decrease in axial displacement after applying each
group of frequencies. While this trend may fluctuate
due to the production of gouge materials during
fracture slippage, in which the crushed rock mate-
rials were transported and thus creating more flow
channels. This behavior also explains the hysteretic
permeability drop as successive cyclic loads were
conducted. However, the permeability of rock frac-
ture first fell down and then rose to the highest value
under the same amplitude (except for the status in
amplitude of ±40 kN). It can be attributed to the
transport of rock debris that introduced the irregular
clogging during experiments afterwards

(2) The permeability of fractured rock roughly decreased
with the growth of axial displacement. Besides, the
fluctuated permeability proved the accumulation of
gouge materials in fracture sliding

(3) The quasistatic function did not completely corre-
spond to the permeability evolution subjected to
cyclic axial forces, and sensitivity coefficients evolv-

ing with frequency and amplitude should be con-
sidered. The equation of permeability under cyclic
axial loads was established by considering the coef-
ficients of frequency and amplitude, and the accu-
racy of the equation was verified by fitting the
experimental data. Our results reveal that the small
amplitude and high frequency of dynamic forces
have the potential to enhance the permeability of
fracture and increase the risk of disaster in rock
engineering
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