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Excavation in rock masses always encounters safety problems from rock fracture seepage in water-rich areas, which needs to be paid
much attention, especially for fractured rocks under complicated stress state. For this reason, the permeability of fractured
sandstone and granite is experimentally investigated under cyclic loading-unloading confining stress and axial stress. The
variation of permeability coefficient and seepage flow with increasing and decreasing the confining stress and axial stress are
comprehensively analyzed. Results show that the changing patterns of permeability with loading-unloading cycles of confining
stress for both fractured sandstone and granite are similar. The permeability is most sensitive to the initial loading-unloading
stages. After several loading-unloading cycles, the confining stress has little effect on permeability. The seepage flow decreases as
the confining stress is unloaded to the same level in the loading process, indicating a hysteresis effect on the recovery of seepage
capacity. The seepage properties under cyclic loading-unloading the axial stress are quite different from those under the
confining stress. The permeability of fractured sandstone is most sensitive to the first cycle of loading-unloading of axial stress.
The irrecoverable shear slide between fractures under the axial stress causes dilatancy or contraction, which makes the
permeability coefficient to consecutively decrease at the subsequent cycles. The permeability of granite first decreases during the
first loading of axial stress, while this trend is disordered at the subsequent stages no matter loading or unloading the axial
stress. This is because of the accumulation of breakage fragments between fractures, which further disturbs the seepage flow.
These findings may be useful for further understanding the seepage properties of fractured granite and sandstone under
complex loading-unloading history.

1. Introduction

In the underground rock engineering, the continuous excavat-
ing inevitably breaks the original mechanical equilibrium state
of rock masses, and the stress redistribution occurs in the sur-
rounding rocks adjacent to the excavation [1, 2]. During exca-
vation, the underground rockmass is often in a complex stress
state that one direction is under loading while other directions
may be under unloading [3, 4]. However, in order to maintain
a self-equilibrium state, the stress field may be redistributed
repeatedly in the rock masses under cyclic loading and
unloading [5–9]. This usually results in the initiation, propa-

gation, and coalescence of fractures within rocks subjected to
postpeak failure. These fractures act as main seepage channels
and significantly influence the permeability of the rockmass in
water-rich regions [10, 11]. The seepage property of rock
masses under loading and unloading stress conditions is sig-
nificantly different from that under a simple loading state.
Since fractures inside rock masses play a great role in seepage
behavior, the change of seepage properties of fractured rock
under a complex stress state is the key factor affecting rock
engineering safety [12, 13]. Therefore, it is of practical signifi-
cance to consider the effects of cyclic loading and unloading
on the seepage properties of fractured rocks.
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Considering different rock types and different stress
paths, several researchers have studied the seepage properties
of fractured rocks. Wang and Park analyzed the permeability
of sedimentary rocks during the full stress-strain process of
the triaxial stress test and found that the permeability was
not constant, but varied with the stress and strain states in
the rocks [14]. Davy et al. conducted a six-month dynamic
permeability study on the macrocracked Callovo-Oxfordian
argillaceous rock, aiming at distinguishing the contribution
to rock permeability of mechanical loading [15]. Wang
et al. studied the evolution of the permeability of three differ-
ent fractured coal specimens under monotonically increasing
pore pressure and monotonically increasing confining stress
[16]. Zhang et al. carried out triaxial stress tests on sand-
stones under different loading and unloading rates of confin-
ing stress and analyzed the strength, deformation, and
permeability characteristics of the specimens [17]. Yin et al.
studied the stress-strain-permeability relationship of Chong-
qing coal specimens under complex stress paths during min-
ing [18]. Zou et al. studied the effects of effective stress on
coal permeability under cyclic loading and unloading axial
stress [19]. Zhao et al. carried out cyclic loading and unload-
ing tests on sandstone by thermal fluid-solid coupling test
system and studied the effects of loading and unloading rates
on permeability, deformation, and mechanics of sandstone
[20]. Jiang et al. studied the seepage properties of coal speci-
mens under tiered cyclic loading and unloading axial stresses
and investigated the recovery of permeability during the
loading and unloading process [21]. Zhang et al. performed
seepage tests on broken coal samples (BCS) under cyclic
loading and unloading to analyze the influence of BCS
parameters on stress sensitivity for permeability [22]. The
surfaces of natural rock fractures are generally rough, and
many researchers have studied the effects of rough-walled
feature on the seepage properties of fractured rocks [23–
25]. Ni et al. used 3D printing technology to establish a rough
fracture model, and its seepage test results show that the For-
chheimer coefficient is affected to some extent by roughness
and pore size [26]. Javadi et al. studied the effects of shearing
on the critical Reynolds number and nonlinear flow of
rough-walled rock fractures [27]. Chen et al. focused on the
experimental evaluation of the Forchheimer equation coeffi-
cient for non-Darcy flow in deformable rough fractures and
proposed a new criterion for evaluating the applicability of
Darcy’s law [28]. The aforementioned studies mainly paid
attention to the effects of monotonically loading or unloading
stress on the seepage properties of fractured rocks or rock-
like materials, while there are few studies that have been
reported on the seepage evolution of postpeak fractured
rocks subjected to cyclic loading and unloading the confining
stress and the axial stress. Generally, only the seepage proper-
ties under the monotonic loading or monotonic unloading
the axial stress or the confining stress are considered. There-
fore, it is essential to consider the influence of cyclic loading-
unloading on the seepage properties of fractured rocks.

This study is aimed at experimentally studying the seep-
age property of cyclic loading and unloading the confining
stress and the axial stress on postpeak fractured sandstone
and granite. The variations of permeability with confining

stress and axial stress in cyclic loading and unloading path
are separately analyzed. The mechanism behind the differ-
ence in seepage behavior before and after each loading and
unloading cycle and the whole stress cycle path is investi-
gated. The results are helpful to understand the effects of
cyclic loading and unloading the confining stress and the
axial stress on the seepage properties of fractured granites
and sandstones.

2. Test Scheme

2.1. Specimen Preparation. In order to study the effects of
loading and unloading the confining stress or the axial stress
on seepage properties of postpeak fractured rocks with differ-
ent lithologic, tight red sandstone and coarse-grained granite
collected from construction sites of a hydraulic tunnel were
used in the present study. According to the method recom-
mended by the International Society of Rock Mechanics
[29], the rocks were processed as standard rock specimens
with a size of φ50mm × 100mm. Figure 1 shows the two
groups of prepared specimens.

2.2. Test System. The experiments in this study were carried
out in a temperature-stress-seepage multifield coupled rock
triaxial test system codeveloped by the Wuhan Institute of
Rock and Soil Mechanics of the Chinese Academy of Sciences
and Nanchang University. The system consists of an auto-
matic servo-controlled device for confining stress, axial
stress, and pore pressure (as shown in Figure 2). The device
has a capacity for axial stress of up to 500MPa and a capacity
for confining stress of up to 100MPa. The system uses high-
precision axial LVDT (linear variable differential transduc-
ers), stress data sensor, special toroidal strain sensor, and
high-performance data control device for data acquisition.
Data such as axial stress, confining stress, displacement,
strain, and pore pressure can be recorded during the test in
real-time. The system adopts a special hydraulic pressure
press device, and the flow pump can output water pressure
up to 100MPa and flow rate up to 60ml/min, which meets
the requirements of the seepage tests carried herein.

2.3. Test Procedure. In order to study the seepage properties
under the cyclic loading and unloading the confining stress
on postpeak fractured rocks, according to the ISRM test
standards [29], the seepage test procedures of this study are
as follows:

(1) Each specimen was tightly encapsulated with a fluori-
nated rubber sleeve using a hot air blower to prevent
the oil in the triaxial cell from permeating into the
rocks. The specimen was then placed in the multifield
coupled rock triaxial confining cylinder (as shown in
Figure 2)

(2) A confining stress of 10MPa was applied at a rate of
0.05MPa/s. Then, the axial stress was applied at a
rate of 0.1KN/s until the specimen was fractured.
Two specimens after the test are shown in Figure 3.
As can be seen, the sandstone specimen formed a
throughout shear fracture accompanied by two
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tensile fractures, while the granite specimen formed a
single shear fracture connecting the top and bottom
end faces. These shear fractures will act as the main
seepage channel during the seepage tests

(3) A confining stress of 4MPa at a rate of 0.05MPa/s
was applied to the fractured specimen generated in
step (2). After the confining stress was stabilized,
the water flow was subjected into the inlet of the spec-
imen and the seepage pressure was applied to 3MPa.
Once the seepage flow was steady, the seepage flow
rate under the confining stress was measured

(4) The confining stress was increased to 6, 8, 10, and
12MPa, and the seepage test procedure was repeated
as in step (3) at each confining stress. The seepage
flow under each confining stress level was measured

(5) After the seepage test under the confining stress of
12MPa was completed, the confining stress was
sequentially unloaded to 10, 8, 6, and 4MPa. A seep-
age test was done following step (3) for each confin-
ing stress. Note that the seepage pressure of 3MPa
was maintained at each loading and unloading stage

(6) After completing steps (4) and (5), the first stage of
the seepage test was completed. The same procedure
was used to carry out all seepage tests for subsequent
cycles of loading-unloading of the confining stress

The loading and unloading paths of the confining stress
during the seepage test are illustrated in Figure 4. In order
to study the influence of cycles of confining stress on the per-
meability of granite fractures, the cycle number of confining
stress of granite specimens was twice more than that of sand-
stone specimens. The water temperature during the seepage
test was approximately kept at 25°C. The density and kine-

matic viscosity of the water at this temperature are ρ =
0:997 × 103kg/m3 and v = 8:999 × 10−7kPa/s, respectively.

In order to investigate the effect of cyclic of loading-
unloading of the axial stress on the permeability of post-
peak fractured rocks, seepage tests on fractured sandstone
and granite specimens were carried out under cyclic
loading-unloading axial stress according to the test proce-
dure of the abovementioned cyclic loading-unloading con-
fining stress. It should be noted that the specimens used in
this test were not the same specimens used in previous seep-
age tests. In this test, the confining stress was maintained at
3MPa, and the seepage pressure was kept steady at 2MPa.
The axial stress was loaded and unloaded to 0, 1, 3, 5, 7,
and 9MPa in the seepage test. The specific loading and
unloading paths of the axial stress are presented in Figure 5.

During the test, it is assumed that the water flow through
the rock fracture conforms to Darcy’s law. The permeability
coefficient of the specimen can be obtained according to the
pressure difference between the two end faces and the seep-
age flow rates recorded. The permeability coefficient can be
calculated with the following formula:

k = qLγw
ΔPA

, ð1Þ

where k is the permeability coefficient, m/s; q is the seepage
flow through the specimen, m3/s; L is the length along the
flow direction, m; γw is the unit weight of the fluid, N/m3;
A is the flow area, m2; ΔP is the seepage pressure difference
between both ends of the specimen, Pa.

3. Seepage Properties under Cyclic Loading-
Unloading Confining Stress

3.1. Permeability Variation with Confining Stress. Known by
Eq. (1), the permeability coefficient can reflect the seepage
capacity of water flow through the fracture. Figure 6 shows
the variation of the permeability coefficient with the confin-
ing stress during different loading and unloading processes
of fractured sandstone and granite specimens.

From Figure 6, it can be found that the permeability
coefficients of sandstone specimens under three cycles
and granite specimens under five cycles of loading-
unloading confining stress show a similar variation trend
with changing the confining stress. In the loading stage
of confining stress, the permeability of both sandstone
and granite specimens decreases with increasing confining
stress. The reason for that result is that increasing the
confining stress causes closure of the fractures. The
decreased aperture restrained the water seepage and
thereby reduced the flow capacity. In the unloading stage
of confining stress, the permeability of both sandstone
and granite specimens increased. The reason for that result
is that the fracture surfaces in the rock reopen. The
increased aperture increases the water seepage.

In order to study the evolution of seepage properties of
fractured rocks under the influence of cyclic loading and
unloading the confining stress, Figure 7 shows the varia-
tion of the permeability coefficient under the full-path of

Red sandstone Granite

Figure 1: Sandstone and granite specimens.

Sealing hoop

AxialLVDT

Fluorinated
rubber sleeve

Drainage

Figure 2: Multifield coupled rock triaxial test system of
temperature-stress-seepage.
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loading-unloading the confining stress. As can be seen
from Figure 7, the first loading-unloading cycle of confin-
ing stress has the greatest influence on the permeability of
both fractured sandstone and granite specimens, which
indicates that the permeability of fractured sandstone and
granite is most sensitive to the initial confining stress his-
tory. After several loading-unloading cycles of confining
stress, the permeability coefficients of both sandstone and
granite specimens are remarkably reduced compared with
those of the first cycle. The overall trend in the permeabil-
ity coefficient is a decrease of magnitude with increasing
the cycles of loading–unloading of the confining stress.

By comparing Figures 7(a) and 7(b), it can be found
that although the permeability coefficients of granite are
an order of magnitude larger than those of sandstone,
the variation of the permeability coefficient with the
loading-unloading cycles of confining stress for both sand-
stone and granite specimens is in the same change pattern.
The permeability coefficients approached a constant level

Shear fracture

Tensile fracture

(a)
Shear fracture

(b)

Figure 3: Fractured (a) sandstone and (b) granite specimens.
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Figure 4: Cyclic loading-unloading path of confining stress for (a) sandstone and (b) granite specimens.
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Figure 5: Cyclic loading-unloading path of axial stress for both
sandstone and granite specimens.
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Figure 6: Relationship between the permeability coefficient and the confining stress under different loading and unloading cycles for
fractured (a) sandstone and (b) granite specimens.
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Figure 7: Variation of permeability coefficient under the full-path of loading-unloading the confining stress for fractured (a) sandstone and
(b) granite specimens.
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Figure 8: Permeability variation index for fractured sandstone specimens in all cycles of confining stress.
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after three cycles for sandstone specimens and five cycles
for granite specimens. After that increasing or decreasing
the confining stress has little effect on permeability.

As can be seen in Figure 7, the variation of permeability
coefficients is different in different loading-unloading cycles

of confining stress for both sandstone and granite specimens.
Therefore, to characterize the variation of permeability dur-
ing different cycles of loading-unloading of the confining
stress, two dimensionless indexes are proposed. The perme-
ability variation (increase and decrease) indexes are defined
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Figure 9: Permeability variation index for fractured granite specimens in all cycles of confining stress.
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by normalizing the difference of the permeability coefficient
at the minimum and maximum confining stress by the initial
permeability coefficient in every loading or unloading stages
of confining stress, which are expressed as:

Ikl = ki − kp
� �

/ki, ð2Þ

Iku = ks − kp
� �

/kp, ð3Þ
where Ikl is the permeability decrease index at the loading
confining stage; Iku is the permeability increase index at the
unloading confining stage; ki and kp are, respectively, the
permeability coefficient at the minimum and maximum con-

fining stress at the loading stage; ks is the permeability coeffi-
cient at the minimum confining stress at the unloading stage.

Figures 8 and 9 show the permeability variation (increase
and decrease) indexes at different loading and unloading
confining stress stages for fractured sandstone and granite,
respectively. As can be seen, both the permeability increase
index at loading stages and the permeability decrease index
at unloading stages decrease with the increase of loading
and unloading cycles. This further indicates that the perme-
ability variations of fractured specimens are most sensitive
to the initial loading-unloading history of confining stress.
At the first loading stage of confining stress, the fracture
within rock specimens was subjected to compression at the
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maximum extent, which significantly restrained the seepage
and resulted in the largest permeability decrease index; while
at the first unloading stage, the fracture was reopened to at
the maximum extent due to the stress release, which enlarged
the seepage channel and resulted in the largest permeability
increase index. As increasing the loading and unloading
times, the amount of deformation within the fractured spec-
imens decreased gradually, and the variation of permeability
of the specimen decreases gradually.

3.2. Characteristics of Seepage Flow Loss. From Figures 8 and
9, the permeability decrease index during each loading cycle
is larger than the permeability increase index at the corre-
sponding unloading cycle. This indicates that the closure
amount caused by loading was larger than the opening dur-
ing unloading. The closure and opening of fractures within

the specimen significantly influence the flow rate in the seep-
age channel. The seepage flow lose is important to represent
the energy change of the water flow through fractures [30,
31]. Therefore, to further characterize the change of seepage
flow loss in postpeak fractured sandstone, Figures 10 and
11, respectively, show the seepage flow during the loading
and unloading of the confining stress for the postpeak frac-
tured sandstone and granite in the same stage. As can be seen
from Figures 10 and 11, when the confining stress is
unloaded to the same level as the loading process, the seepage
flow through the fracture surface of the specimen decreased
significantly, which indicates that there is a significant hyster-
esis effect on the recovery of seepage capacity on the fracture
surface. This is because there was a residual closure after a
loading process of confining stress that could not be recov-
ered in the subsequent unloading process, which narrowed
the seepage channel and thus decreased the flow through
rock fractures.

From Figures 10 and 11, it seems that the hysteresis effect
on the recovery of seepage capacity was more evident in frac-
tured sandstone. In order to quantify the magnitude and var-
iation of the seepage flow loss under the same confining stress
during loading and unloading cycles, the seepage flow loss of
the fractured specimens was calculated by the following
formula:

ΔFi = Fli − Fui, ð4Þ

where ΔFi is the seepage flow loss at the i-th confining stress
level; Fli and Fui are the seepage flow at the i-th confining
stress during the loading and unloading, respectively.

Figure 12 illustrates the seepage flow loss of postpeak
fractured sandstone and granite with cyclic loading and
unloading the confining stress. It can be found from
Figure 12 that the amount of seepage flow loss showed a
decreasing trend as the confining stress increased for each
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Figure 12: Curve of seepage flow loss with confining stress for fractured (a) sandstone and (b) granite specimens.

0 1 3 5 7 9 7 5 3 1 0 1 3 5 7 9 7 5 3 1 0 1 3 5 7 9 7 5 3 1 0
2

4

6

8

10

12

14

16

3r
d 

un
lo

ad
in

g

2n
d 

un
lo

ad
in

g

3r
d 

lo
ad

in
g

2n
d 

lo
ad

in
g

1s
t u

nl
oa

di
ng

Axial pressure (MPa)

1s
t l

oa
di

ng

Pe
rm

ea
bi

lit
y 

co
effi

ci
en

t (
10

–1
0 m

·s–1
)

Figure 13: Variation of permeability coefficient under the full-path
of loading-unloading the axial stress for fractured sandstone.

8 Geofluids



loading-unloading stage of confining stress. The effect of
confining stress on the amount of seepage flow loss was
remarkable at the first stage of cyclic loading-unloading
confining stress. For example, under the confining stress of
4MPa, the seepage flow losses by loading-unloading confin-
ing stress were 0.113ml/min and 0.913ml/min for sandstone
and granite, respectively; while as the confining stress
increased to 10MPa, the seepage flow losses were
0.007ml/min and 0.088ml/min for sandstone and granite,
respectively. At the subsequent cyclic stage of loading-
unloading confining stress, however, the amount of seepage
flow losses was significantly reduced. For example, the
amount of seepage flow loss at the subsequent cyclic stage
ranged from 0.006 to 0.014ml/min and 0.003 to
0.276ml/min, receptively, for sandstone and granite. This is
because the seepage was not so sensitive to the cyclic of
loading-unloading confining stress since the fractures within
the specimen yielded irreversible deformation during the ini-
tial loading process. In the process of loading and unloading
confining stress, the seepage flow loss of the specimen was
much smaller than that of the former process.

4. Seepage Properties under Cyclic Loading-
Unloading Axial Stress

4.1. Permeability Variation for Fractured Sandstone. Accord-
ing to the experimental results, the variation of the perme-
ability coefficient under the full-path of loading-unloading
the axial stress of postpeak fractured sandstone is plotted in
Figure 13. From Figure 13, it can be found that the perme-
ability coefficient of postpeak fractured sandstone has a peak
at the first loading-unloading cycle of axial stress. The perme-
ability coefficient dramatically increases as increasing the
axial stress at the first loading stage, reaching its peak of
14:95 × 10−10 m · s−1 at the 7MPa axial stress level. At this
stage, as the axial stress being loaded to 9MPa, the perme-
ability coefficient sharply decreased to 11:95 × 10−10 m · s−1.
This decreasing trend in permeability coefficient continued
at the first unloading stage as the axial stress being unloaded.
At the subsequent two stages of cyclic loading-unloading the
axial stress, the permeability coefficient showed a continuous
downward trend no matter the axial stress is loaded or
unloaded. It is clear that the permeability variation of frac-
tured sandstone is most sensitive to the first stage of cyclic
loading-unloading axial stress. As the axial stress cycle
increases, the permeability variation is not so sensitive to
cyclic loading-unloading axial stress, and the permeability
coefficient gradually decreases to a stable level of 4:15 ×
10−10 m · s−1 finally.

By observing the specimen after the test (Figure 14(a)), it
is found that the right half of the sandstone specimen was
lifted up along the shear fracture induced by the triaxial com-
pression prior to the seepage test. This is because under the
action of axial stress, there is sliding behavior between the
two halves of the fractured specimen. Since the axial stress
was applied approximately along the fracture, the two halves
of the fractured specimen were subjected to shearing. As can
be seen in Figure 14(b), the two fracture surfaces of the spec-
imen are rough, which probably caused the dilatancy or con-
traction in the seepage test under the axial stress. The two
halves of the specimen separated with sliding due to the dilat-
ancy, which confirms the tendency of the permeability coef-
ficient to increase rapidly at the first loading stage of axial
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Figure 14: Picture of (a) fractured sandstone after seepage test and (b) rupture characteristics of fractures inside the specimen.
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Figure 15: Variation of permeability coefficient under the full-path
of loading-unloading the axial stress for fractured granite.
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stress in Figure 13. The main reason is that the dilatancy
increases the aperture of the fracture, thereby improving
the seepage capacity and of course increasing the permeabil-
ity coefficient. The 7MPa may be a key level of axial stress at
the first loading stage, which indicates that the shear dilat-
ancy and shear contraction occur under an axial stress less
than 7MPa and more than 7MPa, respectively. The shear
contraction makes the aperture being reduced and results
in a smaller permeability coefficient. Because the shear slide
between the two halves of the fractured specimen is irrecov-
erable, at the subsequent stages of cyclic loading-unloading
axial stress, the shear slide gradually develops to a residual
state that remains a minimum dilatancy or a maximum
contraction under the combined action of cyclic loading-
unloading axial stress and constant confining stress. There-
fore, at the subsequent stages of cyclic loading-unloading
axial stress, the permeability coefficient consecutively
decreases as shown in Figure 13.

4.2. Permeability Variation for Fractured Granite. The
permeability variation for postpeak fractured granite under
cyclic loading-unloading axial stress is presented in
Figure 15. As can be seen, in contrast to the results of
sandstone, the permeability coefficient of granite firstly
decreases at the initial loading of axial stress at the first
loading stage, while this trend changes to be disordered
at the subsequent stages no matter loading or unloading
the axial stress.

Debris cumulated between the two halves of fracture due
to the continuous shear action. As a result, the permeability
variation of the specimen becomes relatively random, and
there is great uncertainty in predicting the permeability var-
iation of the fractured granite. Therefore, because of the com-
plex crystalline structure of granites and complicated failure
characteristics under triaxial compression, the variation of
permeability of fractured granite is more complex, especially
under cyclic loading-unloading axial stress.

By observing the specimen after the test (Figure 16(a)), it
is found that the right half of the granite specimen was also
lifted up along the shear fracture induced by the triaxial com-
pression prior to the seepage test. This is also because under
the action of axial stress, there is sliding behavior between the
two halves of the fractured specimen. Because the granite

used in the test contains coarse grain, which is easy to be
sheared off, the fracture within the granite was possibly
surfed severe shear rupture and debris could be generated
between two fracture surfaces at the initial loading stage. As
can be seen in Figure 16(b), there are a number of breakage
fragments between the fracture surfaces. The existence of
these fragments in granite specimen makes its seepage chan-
nel far more complicated than the single seepage channel of
sandstone as discussed in Figure 14. The subsequent stages
of loading-unloading axial stress generate more debris, and
the big debris is possibly broken and is further crushed.
Under the constant confining stress, the generated debris
blocks the seepage channel, and the constant seepage pres-
sure cannot wash away the accumulated debris. All the effect
makes the axial stress no longer the main factor affecting the
permeability of the fractured granite under cyclic loading-
unloading axial stress. Therefore, the permeability variation
of fractured granite herein shows up as no predictable with
the cyclic loading-unloading axial stress as shown in
Figure 15.

5. Conclusions

Postpeak fractured sandstone and granite specimens were
generated through triaxial tests, which were then subjected
to seepage tests under cyclic loading-unloading the confining
stress and axial stress, respectively. The main conclusions are
summarized as follows:

(1) The permeability coefficients of sandstone and gran-
ite under cyclic loading-unloading confining stress
show a similar variation trend with changing the con-
fining stress. Loading the confining stress decreases
the permeability coefficient due to the compression
closure of fracture surfaces. Unloading the confining
stress increases the permeability coefficient because
of the reopening of fractures that increases the
hydraulic aperture. The first loading-unloading cycle
of confining stress has the greatest influence on the
permeability. After several loading-unloading cycles
of confining stress, the permeability coefficients are
remarkably reduced
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Figure 16: Picture of (a) fractured granite after seepage test and (b) rupture characteristics of fractures inside the specimen.
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(2) There is a significant hysteresis effect on the recovery
of seepage capacity of fractures. The residual closure
after a loading process of confining stress could not
be recovered in the subsequent unloading process,
narrowing the seepage channel and thus decreases
the flow through rock fractures. The amount of seep-
age flow loss showed a decreasing trend as the confin-
ing stress increases for each loading-unloading stage.
The effect of confining stress on the amount of seep-
age flow loss is remarkable at the first stage of cyclic
loading-unloading confining stress; while at the
subsequent cyclic stages, this effect is remarkably
reduced

(3) The permeability coefficient of fractured sandstone
has a peak under the 7MPa axial stress at the first
stage of loading-unloading the axial stress. In this
stage, the permeability coefficient firstly increases to
the peak and then sharply decreases as increasing
the axial stress. At the subsequent stages, the perme-
ability coefficient continuously decreases no matter
loading or unloading the axial stress. This is because
there is shear sliding behavior between fractures
under the action of axial stress. The rough fracture
probably causes dilatancy or contraction in the seep-
age test. At the subsequent stages of cyclic loading-
unloading axial stress, the irrecoverable shear slide
gradually develops to a residual state, leading to the
permeability coefficient consecutively decreases

(4) The permeability coefficient of granite firstly
decreases at the initial loading of axial stress, while
this trend changes to be disordered at the subsequent
stages no matter loading or unloading the axial stress.
Since the granite contains coarse grains, breakage
fragments are found to cumulate between the two
halves of fracture due to the continuous shear action
by the axial stress. As a result, the permeability varia-
tion becomes relatively random and there is great
uncertainty in predicting the permeability variation.
The complicated failure characteristics of granite
make the permeability of fractured granite to be more
complex especially under cyclic loading-unloading
axial stress
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