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Oil and gas are the main reserves in the fractures of rocks. Under different pressure conditions,
fracture permeability of reservoir rock directly affects the flow of oil and gas, which is an
important object of oil and gas exploration and development. The permeability of single fractured
rock and double fractured rock under different pressure conditions was studied by using high-
precision hydro-mechanics coupled triaxial experimental equipment. The experimental scheme is
as follows: (i) permeability test under increasing confining pressure, (ii) permeability test under
increasing liquid pressure, (iii) permeability test under cyclic loading and unloading deviatoric
stress and (iv) permeability test under synchronously increasing confining pressure and deviatoric
stress. Results show that the entire change of permeability is irreversibly reduced. This is due to
the presence of residual factors in permeability after the dilation cycle and the recompaction cycle
ends. On the basis of the dual medium model of fracture, the permeability model of fractured rock
is proposed considering the interaction among fracture system, matrix system and expansion
deformation of fracture under external stress. The simulation results of the model are in good
agreement with the experimental results. These results can provide an important basis for the

prediction of permeability of fractured rock and efficient oil and gas exploitation.

1. INTRODUCTION

Knowledge of changes in the hydraulic
behaviour of rock fractures that result from the
redistribution of stresses around oil and gas projects is
crucial. As the main reservoir space and flow channel
of oil and gas reservoirs, the permeability change
of fractured rocks is an important indicator of
reservoir evaluation (Liang et al., 2021; Alexandra et
al., 2018; Huo and Benson, 2016; Zhu and Wong,
1997). Hydraulic fracturing and acidification are
important methods to enhance their permeability by
fracturing deep geological rock formations and
improve oil and gas production efficiency (Zhang et
al., 2019; Wanniarachchi et al., 2018; Durant et al.,
2016; Estrada and Bhamidimarri, 2016). These
methods can improve the conductivity of reservoirs by
changing the fracture characteristics, thereby
accelerating oil and gas flow and increasing oil and gas
production (Wang et al., 2018; Liu et al., 2010).
Fractured rocks in deep reservoirs under different
geological environment of high geo-stress and high
liquid pressure significantly affect the mechanical
behaviour of deep oil and gas reservoirs, especially for
the permeability of reservoir fractured rocks (Katsuki
et al., 2019; Zhao et al., 2019). Given that fractures

generally have crack-like shapes, they are more
susceptible to stress than porous rocks, causing liquid
behaviour in fractures to be strongly pressure
dependent. The fractures in the rock are easy to close,
open and develop under the effect of geo-stress and
tectonic stress. Moreover, the fracture permeability is
much larger than the pore permeability and is
dominant in reservoir rock permeability. Therefore,
the permeability of fractures in different pressure
conditions remarkably influences production values
(Yang et al., 2019; Wan et al., 2013; Abass et al.,
2009).

Permeability behaviour is more a “process” than
a “material” property (e.g. stress and deformation)
(Heiland and Raab, 2001; Heiland, 2003; Liu et al.,
2015). Thus, rock permeability depends strongly on
the geometry and distribution of fracture within the
rock material and on external boundary conditions
(e.g. prevailing stress environment) (David et al.,
2001; Souley et al., 2001; Gutierrez and Lewis, 2002;
Zhang et al., 2007). In addition, the effect of liquid
flow reduces the bonding strength of mineral particles
and causes fracture to expand and propagate. Thus, the
width and quantity of fracture are changed, forming
a dynamic flow channel. Laboratory tests have been
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conducted to estimate the permeability behaviour of
a fractured rock under triaxial loading conditions. The
permeability increases with increasing inelastic strain
in low-porosity granite (Brace, 1978; Mitchell and
Faulkner, 2008) and volcanic rock (Farquharson et al.,
2016). The change of permeability with differential
pressure can reflect the compression, weakening and
failure characteristics of fractured rocks in
a compressive state (Wang et al., 2014). However,
these reports focus on the permeability change during
single loading process. Few studies have investigated
permeability change during unloading process and in
different pressure conditions; such works investigated
the effect of cyclic loading and confining pressure on
permeability and heat transfer properties, and the flow
and heat transfer characteristics of water flow in rock
fractures at high temperature under different pressure
conditions are determined (Ma et al., 2019; Shu et al.,
2020). The permeability variations of fractured rock in
different pressure conditions need to be further
studied.

Generally, reservoir rock has a complex internal
structure and contains many fractures. Deep reservoirs
are prone to stress concentration, which evidently
modifies the fracture surface and pore structures of

rock. However, accurately describing changes in the
permeability of rock fractures is an issue that has not
been completely resolved, especially in different
pressure conditions. This study aims to quantify the
permeability of fractured rock samples in different
pressure conditions (e.g. geo-stress, liquid pressure,
cyclic loading and unloading deviatoric stress).
A permeability model which considers the interaction
among fracture system, matrix system and expansion
deformation of fracture is proposed.

2. SAMPLE PREPARATION AND
EXPERIMENTAL PROCEDURES

2.1. FRACTURED ROCK SAMPLE PREPARATION

The rock sample was cored from outcrop intact
rock blocks of an oil and gas project in southwestern
China (Fig. 1). The sample was a brittle sedimentary
rock with a reddish colour. Cylinder samples, with an
average sample size of 25 mm (diameter) X 50 mm
(height), were used. The samples were characterized
by a good uniformity and cemented contacts and
a dense texture without obvious bedding. Physical
property tests indicated that the average natural
density and porosity were 2.54 g/cm® and 3.5 %,
respectively. The sample consisted of quartz (87 %),
feldspar (5 %), debris (3 %), clay (3 %), and a small
amount of iron minerals (2 %). The morphology of
fractures plays a key role in governing fractured rocks
permeability. The fractured rock samples, namely,
single-fractured sandstone sample (S1) and double-
fractured rock sample (S2), were created using
a water-jet cutting system (Fig. 1). The influence of
fracture roughness on permeability is neglected in the
present paper and will be discussed in a future study.

2.2. EXPERIMENTAL PROCEDURE

All  permeability tests were performed in
different pressure conditions by using an auto-
compensated and auto-equilibrium triaxial cell system
(Fig. 2). The system was composed of a conventional
triaxial cell, which can control the confining pressure
and the deviatoric stress, and a liquid injection pump
which can generate liquid flow pressures on the lower
and upper sides of the sample. The maximum
confining pressure and axial stress were 60 MPa and
600 MPa, respectively. The maximum liquid flow
pressure can reach 30 MPa. Two permeable panels,
which were steel plates with evenly distributed holes,
were installed respectively on the upper and lower
extremities of the sample. Before being placed in the
testing cell, the fractured rock samples were sealed
using plastic insulation tape and thermal shrinkage
plastic top wraps.

Permeability test was conducted in a manner
similar to a normal triaxial compression test under
drained conditions at room temperature (25+1.5 °C)
(Zhang et al., 2015; Zhang et al., 2016). The confining
pressure and axial stress were imposed at a constant
rate of 0.75 MPa/min and the liquid medium used was



EXPERIMENTAL INVESTIGATION ON PERMEABILITY IN FRACTURED ROCK UNDER ...

417

P1-Axial deviatoric pressure

P2-Confining pressure
P3-Liquid pressure

Temperature
control system

P3 Pump

Upstream

Fig. 2
1.4
1.2 OFlow velocity
1.0
0.8

0.6

Flow velocity (X 10-5cm/s)

0.4

0.2

0.0

External LVDT

P1 Pump

P2 Pump

Axial loading
Pressure sensor

2
Liquid pressure (MPa)
a. S1 sample

Fig. 3

distilled water. All samples were pre-tested under fully
saturated conditions with water in vacuum. The liquid
flow pressure gap between the two ends of the sample
was supplied by the injection pump. The water flow in
the sample could be recorded when the stress state was
stable. In general, the rock fracture has strong water-
conducting ability, and the liquid flow of fractured
rock samples remain in the fracture. The relationship
between the flow pressure and flow velocity of S1 and
S2 are basically linear when the tests reach stability
(Fig. 3). Moreover, the steady state flow method is
highly precise and acceptable for permeability values
larger than 101° m? (Yang et al., 2010; Heap et al.,
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2018). Therefore, the steady-state method was
employed to measure the permeability of fractured
rock samples during triaxial compression.

The permeability test of a single sample in
different pressure conditions was performed on single-
fractured rock (S1) and double-fractured rock (S2).
The test scheme of the pressure condition includes:
(i) permeability test under increasing confining
pressure, (ii) permeability test under increasing liquid
pressure, (iii) permeability test under cyclic loading
and unloading deviatoric stress and (iv) permeability
test under synchronously increasing confining
pressure and deviatoric stress.
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3. RESULTS OF PERMEABILITY TESTS ON
FRACTURED ROCKS IN DIFFERENT
PRESSURE CONDITIONS

3.1. PERMEABILITY TEST UNDER INCREASING
CONFINING PRESSURE

Permeability measurement during increasing
confining pressure was first performed (Fig. 4). The
confining pressure increased from 18.5 MPa to
36 MPa with an increment of 2.5 MPa. The liquid
pressure of 0.4 MPa was constant during increasing
confining pressure. In general, the existing fracture
significantly affects the permeability. The results
clearly show that the permeability of the double-
fractured rock (S2) sample is higher than that of the
single-fractured rock (S1) sample (Fig. 5).

The fracture is the main channel of liquid flow.
As the confining pressure increases, the width of
fractures decreases, which leads to an exponentially
decrease in permeability and finally the permeability
tends to be stable. At this stage, the initial permeability
values of S1 and S2 are 5.64x10% m? and
10.79x10" 6 m?, respectively (confining pressure:
18.5 MPa, liquid pressure: 0.4 MPa). When the
confining pressure increased to 36 MPa, the
permeability values of S1 and S2 decreased by 25 %
and 28 %, respectively. The permeability reduction in
S2 sample compared with that in S1 sample is
significant. The permeability gap between S1 and S2
is gradually decreasing (Fig. 6). This result indicates
that the effects of fracture type on permeability change
decrease with increasing confining pressure, and the
stress sensitivity of permeability of S2 is higher than
that of S1.

3.2. PERMEABILITY TEST UNDER INCREASING
LIQUID PRESSURE
The second permeability measurement phase is
performed with the increase of liquid pressure from
0.4 MPa to 4.3 MPa while constantly maintaining the
confining pressure at 36 MPa (Fig. 7). The liquid
pressure increase can open and expand the fracture. As
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the liquid pressure increases, the permeability tends to
grow exponentially with the enlarged flow channel
(Fig. 8). The initial permeability values of S1 and S2
at this stage are 4.23x1071® m? and 7.73x10® m?,
respectively (confining pressure: 36.0 MPa, liquid
pressure: 0.4 MPa). When the liquid pressure
increased to 4.3 MPa, the permeability values of S1
and S2 rose by 46 % and 96 %, respectively. The
permeability increase rate of S2 is larger than that of
S1. The permeability gap between S1 and S2 is rapidly
increasing (Fig. 9), indicating that the effect of fracture
type on permeability increase is becoming gradually
evident with increasing liquid pressure.

Effective stress indicates the difference between
confining pressure and liquid pressure. And the liquid
pressure in the fracture is equal to the inlet liquid
pressure. The permeability of the fractured rock is
highly stress dependent, and the effective stress
greatly drives permeability variations (Fig. 10). The
permeability decreases as the fracture aperture is
closed in response to increasing effective stress,
regardless of whether the sample is single-fractured or
double-fractured. The results indicate that the decrease
in permeability is significant when the effective stress

increases due to the increase of confining pressure.
Furthermore, the increase in permeability is obvious
when the effective stress decreases due to the increase
of liquid pressure. The liquid pressure change has
a greater effect on the permeability of fractured rock
than confining pressure change.

3.3. PERMEABILITY TEST UNDER CYCLIC
LOADING AND UNLOADING DEVIATORIC
STRESS

A scheme of the permeability test for cyclic
loading and unloading of deviatoric stress is shown in
Figure 11. The confining pressure of 36 MPa and
liquid pressure of 0.4 MPa were maintained constant
throughout the cyclic tests. For S1, the permeability is
decreased in the first two loading stages and then
increased in the last two loading stages (Fig. 12). The
permeability increases in the first two unloading
stages and decreases in the last two unloading stages.
The permeability of S2 decreases in the first three
loading stage and then stabilises in the last loading
stage. After the first deviatoric stress is loaded,
a general compaction reduces the permeability rapidly
because of the closure of the pre-existing fracture in
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the samples. Partial fracture recovery results in
increased permeability during the unloading process.
In the following loading and unloading process, the
fracture continues to compact under loading condition,
enhancing the permeability reduction, and then
partially recovers under unloading, causing a slow
increase in permeability. However, the permeability is
increased under high deviatoric stress loading because
of fracture propagation and is decreased under
unloading due to the fracture closure.

In general, the loading causes the change rate of
permeability to decrease with the increase in the
number of cycles. At the first loading stage, the
aperture closure is significant and the change rate is
large; as the number of cycles increases, the aperture
continues to be compressed, and the change rate of
permeability decreases and tends to stabilise. In
addition, the increment is significantly smaller than

the decrement during the cyclic tests, and the entire
permeability evolution of the two samples is reduced.
This result is due to the sample being strongly
compacted in the initial loading phase and the closed
crack unable to be reopened after unloading. The
permeability has an evident loss, indicating that
the cyclic loading and unloading causes irreversible
compression of the sample.

3.4. PERMEABILITY TEST UNDER
SYNCHRONOUSLY INCREASING CONFINING
PRESSURE AND DEVIATORIC STRESS

A permeability test under synchronously
increasing confining pressure and deviatoric stress
was finally performed (Fig. 13). The confining
pressure is increased from 38 MPato 42 MPa, whereas
the liquid pressure is kept constant at 0.4 MPa.
Meanwhile, the deviatoric stress is increased from
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144 MPa with an increment of 13 MPa until 196 MPa.
Under different confining pressures, the permeability
of the two samples is decreased with the increase of
deviatoric stress (Fig. 14).

Given that the high deviatoric stress can reduce
the fracture aperture width, the permeability decreases
rapidly with the increase of deviatoric stress under low
confining pressure. The permeability values decrease
by 0.30x107*6 m? for S1 and 0.54x1076 m? for S2 with
the increase of the deviatoric stress under a confining
pressure of 38 MPa. With the increase of confining
pressure, the permeability of the two samples
decreases slowly because of the continuous closure of
the fracture and propagation of partial fracture. The
permeability values decrease by 0.15x107*6 m? for S1
and 0.27x10® m? for S2 with the increase of the
deviatoric stress under a confining pressure of 42 MPa.

The permeability gap between S1 and S2 is
decreasing. The result also indicates that the
permeability change of the S2 sample is sensitive to
the stress loading.

After the permeability test of different pressure
conditions, the fracture propagations of S1 and S2
samples were obtained (Fig. 15). The shape of
the fractures in S1 sample is relatively regular. The
important shear crack and some branch cracks were
observed, which appeared in parallel. The fracture
propagation in S2 sample is more complex. The crack
has obvious generation and propagation. A large
number of tension and shear cracks were found under
different pressure conditions. The dip angle of the
shear fracture is about 45°, and the dip angle of the
tension fracture ranges from 0° to 30°.
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4. PERMEABILITY MODEL OF FRACTURED
ROCK

4.1. MODEL OF SINGLE-FRACTURE
PERMEABILITY

The permeability of fractured rock K consists of
fracture permeability K, and matrix permeability K_

expressed as follows:

K=K, +K, 1)

Given that K, is much larger than K_. And the

porosity of rock sample is 3.5 %, K_ can be
considered constant during the test. The sample
fracture deformation Au,, is the difference between
the rock deformation Au, and matrix deformation
Au

mx *

Aug =Au, —Au, =L-Ag, —(L-b)-Ag,, 2)

where L isthe width of unitrock cell, b is the fracture
width and Ag, and Ag,, are the rock strain and
matrix strain in the horizontal direction. Therefore, the
matrix deformation and fracture deformation can be
obtained as follows:

AU, = —LEi_b(AO'ex —V(AGey +Ao,, )) (3)

m

Au, = —(; — I_E_b](AGex -V (Aaey +Ao,, )) 4)

where E and E, are the elastic moduli of the rock
and matrix, respectively. v is Poisson’s ratio; and

Ao,

- Ao, and Ao, are the effective stresses in
three directions.

The change of fracture deformation directly
affects the permeability of the fracture. The single-
fracture permeability can be obtained by relationship
between fracture permeability and fracture width

(Snow, 1965; Zimmerman and Bodvarsson, 1996).
Ab
dK, = 2K, (b) Q)

where Ab is the fracture deformation, Ab = Au,,; and

the fracture strain in the horizontal direction can be
obtained as follows:

Ab L1 1 1
R .

(6)
The permeability model of the single-fracture
sample can be obtained as follows:

K, =
Kfo.exp{—Z{%(D—Dmﬁ Dm][aex—v(crey+aezﬂ}

U]
where K., is the permeability coefficient, and
b=1/E, D,=1/E,, o,, o,and o, are the

external stresses in three directions, respectively.
During the stage of cyclic loading and unloading
deviatoric stress, the stress-strain curves of S1 shows
a significant volumetric dilatancy (Fig. 16). The
volume change is mainly due to the expansion of the
fracture and plastic behaviour under high deviatoric
stress. EqQ. (7) cannot effectively describe the
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expansion deformation of fractures. Therefore, according to the Coulomb failure criterion, when the stress ratio
y of axial stress o,, to lateral stress o, exceeds a critical value y, , the fracture starts to expand.

_1+sing
Ve =1 sing

®)

where @ is the rock shear angle. The fracture expansion deformation Ad can be described by an exponential
function and is mainly affected by the fracture width b and stress ratio y (Min et al., 2004; Liu et al., 2016).

Ad=b-exp[B(r-7.)] (>7) ©)

where g is the expansion coefficient. Therefore, the fracture strain in the horizontal direction can be rewritten as
follows:

m

O T ES 09

Thus, the permeability model of the single-fracture sample is obtained when y > y,.

K, =K,, exp{—Z{%(D— D, )+ Dm}[Aaex —v(Ao, +Ac, ) |-exp[ B(r-7. )]} 11)

4.2. MODEL OF MULTI-FRACTURE PERMEABILITY
The multi-fracture permeability K, can be derived from dual-medium model (Harpalani and Chen, 1997).

3Ab_A(Lb)j 12)

dK, =K, | —

o ( b (L-b)

where Ab is the fracture deformation, Ab=Au,, ; and A(L-b) is the matrix deformation, A(L-b)=Au,, . Thus,

the strain of fracture and matrix in the horizontal direction can be obtained as follows:

A(L-b) B
L-b

2 aou—v(a0,+00,)] @9

b b

Ab_ 1L L-b
E E,

j[AO'eX - V(AGey +Ao,, )] (14)

The permeability model of the multi-fracture sample is obtained by integrating:
3(L-b
K, =K, .exp{_[[¥+lj(D - Dm)+2D}[aeX —v(o—ey +o, )]} (15)

where K., is the permeability coefficient,and D=1/E , D, =1/E,_.

Similarly, given the expansion of the fracture, the stress strain curves of the S2 sample also show a significant
volumetric dilatancy during cyclic loading and unloading deviatoric stress (Fig. 17). Therefore, the permeability
model of the multi-fracture sample is obtained when y > ..

K, =K, exp{{[¥+lj(D— Dm)+2D}[0'ex ~v(oy +0, ) |-3exp[ B(r-7, )]} (16)

These models show an exponential relationship between permeability and changes in confining pressure,
liquid pressure and deviatoric pressure, which are consistent with the experimental results obtained.
4.3. SIMULATION OF EXPERIMENTAL RESULTS

The model parameters mainly include two permeability parameters, K, and K_ ; two elastic parameters,
E and E,; two fracture parameters, band L, and one expansion parameter, £ . In order to get a better
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Fig. 17  Stress strain curve of S2 during cyclic loading and unloading deviatoric stress.

Table 1 Model parameters of permeability evolution model.

a. S1 sample
L K., K, D D, B
Stress path Model parameters o
P P b m?) M) (MPal)  (MPa?)
Increasing confining pressure 1.03 6.89E-16 0.02 0.21
Increasing liquid pressure 0.29 2.19E-14 0.25 0.04
Cyelic loading Second time loading 3.03 5.48E-16 0.55 0.83 3.52E-9
o Third time loading 1.98 6.55E-16 : 0.06 0.11 3.52E-9
deviatoric stress Fourth time loading 235 esaE-16  OOFY oo 037  3.54E-9
Increasing confining  Confining pressure 38MPa 1.10 4.10E-16 0.01 0.99 3.17E-9
pressure and Confining pressure 40MPa 6.93 3.42E-16 0.01 0.03 3.15E-9
deviatoric stress Confining pressure 42MPa 1.59 3.86E-16 0.20 0.72 3.62E-9
b. S2 sample
L-b K, K, D D, B
Stress path odel parameters 7
b P b m?) m?) (MPa™) (MPa™)
Increasing confining pressure 0.43 1.56E-15 0.03 0.04
Increasing liquid pressure 0.09 8.47E-14 0.25 0.39
cvelic loadin Second time loading 0.14 1.13E-14 0.11 0.27 3.47E-9
deyviatoric strgss Third time loading 046 842615 , ... 006 0.12 3.19E-9
Fourth time loading 0.10 8.28E-15 ' 0.16 0.40 3.10E-9
Increasing confining ~ Confining pressure 38MPa 0.08 5.06E-15 0.10 0.33 3.36E-9
pressure and Confining pressure 40MPa 0.63 5.52E-15 0.07 0.16 3.20E-9
deviatoric stress Confining pressure 42MPa 0.24 3.19E-15 0.22 0.52 3.25E-9

understanding on the performance of the model, the
influence of model parameters on the permeability of
fractured rock are studied. The influence of the
permeability parameter K, and elastic parameter D

are firstly studied (Figs. 18-19). The model results of
single-fracture  permeability and multi-fracture
permeability show that fracture permeability K,

increase when K, and D increase. On the contrary,

L (L-by ;
as the D, A and {, increase, the fracture

permeability K, decreases.

On the basis of the experimental results, the
model parameters are calculated through global
optimization algorithm. According to the nonlinear
least squares method, the parameters obtained by
iteration, and the permeability change of the two
samples is simulated (Table 1). The simulations are



EXPERIMENTAL INVESTIGATION ON PERMEABILITY IN FRACTURED ROCK UNDER ...

o
d

425

IS
o
]

&2 -~
£ £ o
918 | [e) S 40
Si6 | §
X o X35
v14 o ¥ 30 |
12 s |
1.0 | o 20
08 (0]
15
06 o o
04 0 f
02 + © 5t o
0.0 N N N 0 N o) o o ;
0 2 6 3 0.0 0.5 1.0 15 2.0 25
Kio(x10-16m L/b
a. Ky b.L/b
K.E‘l.S r gglA r
S17 2 o
=] o S13 r
x16 | X
¥ Y12 f °
15 | o :
(o]
14 o 11
L o)
13 o 10 L
12 o]
o L
11 f 0.8 (0]
1.0 O 1 1 1 ) 0.8 1 1 1 L QO )
0.00 0.03 0.06 0.09 0.1Z 0.3 0.6 0.9 1.2 15 1.8
D/MPa! D,/MPa'l
c.D d. D,
Fig. 18 Parameter sensitivity analysis of fracture permeability of S1.
&30 r 22
£ °© £ o
z 321 |
o o
22.5 - o) E o
N ° !»—2.0 -
20 F 19 o
o)
15 | o 18 o
o 1.7 (o)
10
16 o
o)
05 L s , , , , O,
1 2 3 4 5 6 7 8 9 0.00 0.03 0.06 0.09 0.12 0.1%
Kio(x10°5m?2) (L-b)/b
a. K b. (L-bYb
<7 <8 ro
E o £
56 | R
5 36
5T o 9‘5
4 o)
4 L
3 L
[e] 3 o)
2 L
o [e] 2 o
1} L o
° o 1 o 4
0 , , , A , , , , , , ,
0.00 0.05 0.10 0.15 0.20 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
D/MPat D,/MPat
c.D d. D,

Fig. 19 Parameter sensitivity analysis of fracture permeability of S2.

performed on the permeability change during
increasing confining pressure, increasing liquid
pressure, cyclic loading deviatoric stress and
synchronously increasing confining pressure and
deviatoric stress. The stage of cyclic unloading
deviatoric stress was not simulated because only a few
measurement points are available. The simulation
results are in good agreement with the experimental
results (Figs. 20-21). The permeability model can

describe the permeability evolution of fractured rock
in different pressure conditions.

5. CONCLUSIONS

Based on the test results, the permeability of
fractured rock samples in different pressure conditions
was analysed in detail. The main conclusions are as
follows:
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e The permeability of fractured rock is strongly
dependent on the change of pressure. The
permeability decreases exponentially with the
increase of confining pressure but increases
exponentially with the increase of liquid pressure.
Moreover, the permeability change under
increasing liquid pressure is significantly higher
than that under increasing confining pressure.

e Under low deviatoric stress, the loading and
unloading causes a decrease and increase in the
permeability. However, under high deviatoric
stress, the permeability increases under loading
and decreases under unloading. The cyclic
loading and unloading irreversibly compress the
sample. Furthermore, the permeability decreases
with the synchronous increase of confining
pressure and deviatoric stress.

e The permeability model of single fracture and
multi-fracture are proposed considering the
interaction among fracture system, matrix system
and expansion deformation of fracture under
external stress. The models can effectively
describe the permeability change of fractured rock
in different pressure conditions.
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