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Abstract

We investigated the permeability of fissured sandstone in the Lao Sangou coal mine to understand how to reduce water
seepage through the mine roof and to provide a scientific basis for how the permeability changes. First, the physical and
mechanical parameters of the sandstone samples were measured in laboratory tests. The discrete element method was used
to establish a corresponding model, which was calibrated using uniaxial compression tests. Then, five calculation models
were established and used to analyse the permeability of fissured sandstone at varied axial pressures, confining pressures,
and water pressures under hydromechanical coupling. A further triaxial seepage experiment was carried out to test the per-
meability of the fissured sandstone samples. The results indicated that a horizontal hydraulic aperture was more sensitive to
axial stress than a vertical hydraulic aperture, and that a vertical hydraulic aperture was more sensitive to confining stress
than a horizontal hydraulic aperture, suggesting that confining stress affects permeability more than axial stress. Changes in
permeability occur in three stages, i.e. slowly declining, sharply declining, and steady state, reacting to water pressure and
stress. There is a cubic polynomial relationship between both the average flow rate and the average hydraulic aperture and
stress, with R?>0.95. After the permeability traverses the slowly declining stage, an exponential relationship exists between
both the average flow rate and the average hydraulic aperture and stress, with R>>0.97. A series of numerical calculation
models were used to suggest a partition scheme, in which water pressure plays a leading role in zone I, the stress and water
pressure work together in zone II, and stress plays a dominant role in zone III.
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Introduction recent years, the permeability evolution of rock during the

stress—strain process has been extensively investigated. Zhu

Many methods have been used to study the permeability
of rock, including field measurements, triaxial seepage
experiments, and numerical simulation. Field measure-
ments of rock permeability are usually reliable. However,
these methods are not widely used due to the complexity of
the geological environment, repeated mining disturbances,
and the expensive testing required. Instead, most rock sam-
ple permeability tests are carried out in a laboratory. In
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and Wong (1997) carried out a triaxial seepage experiment
with porous sandstone to analyse the influence of stress and
failure modes on the axial permeability of sandstone with
confining pressures ranging from 13 to 550 MPa and a pore
pressure of 10 MPa. Their results indicated that permeability
and stress are highly related. Wang and Park (2002) studied
permeability evolution during the entire stress—strain process
for sedimentary rocks, and found that permeability decreases
with increased stress before the peak strength is reached,
and that the permeability also decreases significantly dur-
ing the strain softening stage. Worthington (2008) analysed
the relationship between axial permeability and the effec-
tive stress of a sample, and determined that the relationship
between the two could be described with a cubic polynomial
function. Davies and Davies (1999) studied the permeabil-
ity stress sensitive characteristics of different cores. Their
results indicate that the greater porosity and permeability of
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a sandstone core, and the lesser permeability of a cementi-
tious low-permeability sandstone core, correspond to greater
stress sensitivity. Wu et al. (2005) carried out CT scans and
real-time observations during a seepage-stress coupling test
of sandstone, and studied the relationship between the poros-
ity and permeability of sandstone on a mesoscopic scale.
They found that permeability increased with the occurrence
of micro-cracks, and that it peaked after a macroscopic fail-
ure occurred. Yu et al. (2013) conducted triaxial servo-test-
ing of rock with varied confining and osmotic pressures, and
determined that the permeability change curve demonstrated
three trends: increasing, flat, and decreasing.

Numerical simulation methods are increasingly used for
permeability testing of fissured rocks. Baghbanan and Jing
(2007) used discrete fracture network models of varied sizes
and trace lengths to simulate the effects of fracture aperture
and trace length on the permeability of fractured rock. Li
et al. (2016) established a series of numerical models to
study the permeability of concrete. Indraratna (1995) and
Wang (2000) combined a fracture network model with the
discrete element method to analyse the seepage-stress cou-
pling process and establish a seepage-stress coupling model
that incorporates the seepage flow of the rock mass. Kim
et al. (1999) and Jing et al. (2001) studied the seepage-stress
coupling of a rock mass during excavation with a discon-
tinuous deformation analysis. Blessent et al. (2009) used
geological modelling in combination with numerical mod-
elling to calculate the seepage field of a three-dimensional
fractured rock mass. Cammarata et al. (2007), Cappa et al.
(2004), and Guglielmi et al. (2008) carried out numerical
studies of seepage-stress coupling using boundary element,
discontinuous element, and continuous element methods,
respectively.

A discrete element numerical model of hydromechani-
cal coupling was therefore established. Numerical calcula-
tions for a fractured rock mass were applied to establish a
model based on the naturally occurring complex geometry
of fractures and the contact interactions between rock blocks
(Lemos and Lorig 1990; Min and Jing 2003). A triaxial
seepage-stress coupling test using an automatic three-axis
servo was also carried out to evaluate the effects of varied
stresses and water pressures on the contact hydraulic aper-
ture, seepage channel, and average flow rate.

Sample Extraction

The Lao Sangou coal mine is located in the northeastern part
of Ordos, which is a typical loess plateau. This area is cov-
ered by loess and aeolian sand. It was necessary to determine
the physical and mechanical parameters and permeability
of the sandstone roof of coal mine #6, which is in the Lao-
sangou coal seam. First, geological boreholes were drilled

into the Lao Sangou mine to extract rock samples (see sup-
plemental Fig. 1). This study focused primarily on investi-
gating a 26 m thick gravel sandstone at a depth of 456 m.
Samples were packaged after extraction to reduce the influ-
ence of external factors on their physical and mechanical
properties. Indoor processing and experiments were carried
out in a timely fashion. Physical and mechanical properties
that were measured included tensile strength, compressive
strength, shear strength, internal friction angle, cohesion,
permeability, and porosity, all of which provide the informa-
tion required for further study of the relationship between
the stress, water pressure, and permeability.

Numerical Simulation Using Discrete
Element Modelling

The Universal Distinct Element Code (UDEC) is a tool that
uses a problem-solving program to provide effective and
accurate analyses for geotechnical engineering. It is particu-
larly suitable for analysing the response of a jointed rock
system, as well as for the collection system of a discontinu-
ous block under a static plate or power loading (Zhang et al.
2017). It is widely used in geotechnical fields and has been
successfully used in numerous applications for studies on
rock failure and development of rock fractures.

Contact Constitutive Model

Multiple studies have shown that the 2D Voronoi model in
UDEC can reliably simulate mechanical responses for both
laboratory tests of rock and field observations (Abdolla-
hipour et al. 2016; Damjanac and Fairhurst 2010; Gao 2013;
Kazerani et al. 2012). Both deformable and rigid polygon
blocks can be produced in UDEC; the polygon blocks can-
not be destroyed, and a fracture can only be generated along
the edges of a polygon. The generated polygon blocks are
connected by joints, and the relationship between the force
and displacement at these joints is determined based on
the normal joint stiffness and shear stiffness. The strength
of a joint depends on the cohesion, internal friction angle,
and tensile strength of the joint (Nicksiar 2013). The joints
break when the stress between polygons is greater than
the shear and tensile stress limits the joint can withstand.
Therefore, the initiation, expansion, and closure of the
joints between polygons can be used to simulate the frac-
ture generation processes (see supplemental Fig. 2; Lisjak
and Grasselli 2014).

UDEC can be used to simulate the flow of a fluid in a
rock joint under a static load; the blocks in the model are
impermeable, and the fluid can only flow at the joints (Itasca
2011; Fig. 1). The fluid flow rate between the planar surfaces
during contact is given by:
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a é
Fig. 1 the fluid flow rate of contact
ba*Ap
=5 ey
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where a is the fracture width (aperture), b is an empirical
coefficient,  is the viscosity of the fluid, x is the aperture
exponent, / is the length of the contact between domains, and
Ap is the pressure between the domains. The most widely
used form of this relation is the cubic flow law, i.e. x=3
and b=1.

During the simulation process, mechanical deformation
affects the contact hydraulic aperture. These effects are
modelled in UDEC and are summarised in Fig. 2, where
the contact hydraulic aperture is given by:

a=a;+ Aa )

6}1
Aa=” 3)

where a, is the aperture under zero normal stress, o, is the
normal stress at the contact, k is the contact normal stiff-
ness, and a_ is the residual aperture at high stress. As the
stress increases, the residual aperture width decreases until it
reaches the minimum aperture value, at which point mechan-
ical deformation does not affect contact permeability.

Fig.2 the contact hydraulic aperture

@ Springer

Calibration of Rock Properties

Given the inherent advantages of UDEC for simulating frac-
ture development in rock, the mechanism of internal fracture
development was observed in this study using discrete ele-
ment modelling (DEM; Zhang et al. 2016). A 2D numerical
model was established with UDEC to simulate the response
of rock under uniaxial compression. The model has dimen-
sions of 100 mm X 50 mm (height X width). The model was
divided into polygonal Voronoi cells using the Voronoi tes-
sellation generator command to set the number of seeds,
which usually have a relatively uniform grain size (Li et al.
2006; Nygards and Gudmundson 2002), as shown in Fig. 3.

To ensure that the established numerical model can effec-
tively represent the mechanical behaviour of rock, reason-
able physical mechanics parameters need to be determined
for the model. From Egs. (1)—(3), it can be seen that the con-
tact hydraulic aperture significantly affects the relationship
between fluid flow and stress in the DEM model for coupled
mechanical-hydraulic simulations. The rock’s fracture char-
acteristics not only determine its seepage characteristics, but
also affect its mechanical properties (Ni et al. 2017; Xie and
Chen 1989). A scanning electron microscope (SEM) was
used to analyse the rock samples extracted from the Lao
Sangou mine, and to provide data on the characteristics of
the pores, fracture morphology, and fracture sizes of the rock
mass (see supplemental Fig. 3), which were then applied
to the numerical model. The fracture widths at zero stress
were 6.4, 5.5, 5.1, and 7.2 um. The value for the aperture at
zero normal stress used in the model was the mean of the
four values above, a;=6 um. The mechanical parameters
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Fig.3 Numerical model of uniaxial compression tests
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obtained from the laboratory tests can be used to calculate
the area according to Egs. (1)—(3).

The mechanical parameters used in the model are sum-
marized in Table 1. A previously published method (Bai
et al. 2016; Gao and Stead 2014) was used to fit the uniaxial
compressive strength of the rock in this study and determine
the mechanical parameters for the blocks and contacts in
the model. Figure 4 shows the experimental and numeri-
cal simulation results for the uniaxial compression tests. A
slope failure on the surface occurred throughout the speci-
men when the rock sample was damaged (Fig. 4a). The same
failure mode was also obtained in the numerical simulations
(Fig. 4b, c). Figure 4d shows a stress—strain curve for the
sample. The peak stress for the uniaxial compression was
52.38 MPa. Before reaching the peak, the stress increased
linearly with increasing strain. After the peak, the stress then
decreased rapidly. To ensure that the contacts in the model
were not damaged, the maximum stress applied in the model
did not exceed 40 MPa. The numerical simulation results for
the uniaxial compression fit the experimental results well,
indicating that the mechanical parameters for the blocks and
contacts used in the model were reasonable.

Flow Model Establishment

Five numerical models were used in this study (Fig. 5).
Models 1, 2, and 3 shared some boundary conditions, includ-
ing a fixed lower boundary, impermeable left and right
boundaries, and P1 and P2 of 0 and 2 MPa, respectively. The
differences in the boundary conditions for these three mod-
els include: 5-40 MPa of axial stress applied to the upper
boundary of Model 1; 5-30 MPa of confining stress applied
to the left and right boundaries of Model 2; and 5-40 MPa
of axial stress and 5-30 MPa of confining stress applied to
Model 3. Shared boundary conditions for Models 4 and 5
included a fixed lower boundary, impermeable left and right
boundaries, and P1 and P2 of 1-8 and 0 MPa, respectively.
The boundary condition differences between the two models
included: 5—40 MPa of axial stress and 10 MPa of confining
stress applied to model 4; and 10 MPa of axial stress and
5-30 MPa of confining stress applied to model 5. To reduce
the impact of accidental factors, each model condition was
simulated at least five times.

This study was primarily focused on the effects of stress
and water pressure on permeability after the rock mass
has reached saturation. Therefore, only a steady-state fluid
flow was used in this study. Three methods were used to
determine whether the seepage in the contact had reached
a balance. (a) When entering ‘print Max’ in the UDEC
command window, if ‘inflow’ is equal to ‘outflow’, the
joint seepage is balanced. (b) The pore pressures of all
contacts in the model were monitored (see supplemen-
tal Fig. 4a, c), and when the pore pressure in the joint

Table 1 Calibration mechanical properties of the sample used in the numerical model

Poisson’s ratio

Young’s modulus

UCS

Material properties
53.6 MPa

0.27

8.289 GPa

Joint cohesion

Joint shear stiffness

Joint normal stiffness

Poisson’s ratio

Block Young’s modulus

Calibrated micro-parameters

8.289 GPa
Joint friction

22.4 MPa

2440 GPa
Residual hydraulic aperture

Joint hydraulic aperture at zero normal stress

6100 GPa

0.25

Joint tension

Calibrated micro-parameters

22°

3¢ " m

6e®m

6.9 MPa
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Fig.4 Calibration of numerical model to uniaxial compression tests, a failure pattern of laboratory sample, b failure pattern of numerical model,

¢ xdis of numerical model, d stress—strain curve of numerical model

no longer changed, the joint seepage was determined
to have reached equilibrium. The models with 5, 10,
and 15 MPa of axial stress reached a steady state after
3,250 steps, while the models with 20, 25, 30, 35, and
40 MPa of axial stress reached a steady state after 4500,
12,500, 23,500, 30,450, and 35,500, steps, respectively.
The steps required for the seepage to reach equilibrium
increased with increasing axial stress. The models with 5
and 10 MPa of confining stress reached steady state after
3000 steps, whereas the models with 15, 20, and 25 MPa
of confining stress reached steady state after 5900, 39,000,
and 58,500 steps, respectively, and the model with 30 MPa
of confining stresses had nearly reached a steady state after
73,500 steps. The steps required for the seepage to reach
equilibrium under different stresses were recorded, and the
results provided guidance and reference for the selection

@ Springer

of time steps in subsequent numerical models. (¢) When
the seepage has reached equilibrium, the pore pressure of
the contact presents an evenly distributed layer (see sup-
plemental Fig. 4b, d). The ‘print max’ command was used
in UDEC to list the maximum and average flow rates and
the average contact hydraulic aperture.

Models 1 and 2 were used to study the effects of axial
stress and confining stress on the permeability and seepage
of the channels. In these cases, the axial stress was paral-
lel to the seepage direction, and the confining stress was
perpendicular to the seepage direction, allowing the effects
of stress direction on permeability to also be investigated.
Model 3 was used to analyse the effects of varied stresses
on the permeability. Finally, Models 4 and 5 were used to
study the seepage law under different osmotic pressures.
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contacts, with only a small number of horizontal contacts
(Fig. 7). With increasing confining stress, the vertical
contact hydraulic aperture gradually closes. While there
was no clear change in the horizontal contact hydraulic
aperture, the horizontal contact tends to expand when the

stress is high (Fig. 8). The main seepage channel changes
from mesh-like into a z-shaped channel, and the seepage
channels are primarily composed of horizontal and oblique
contacts, with only a small number of vertical contacts
(Fig. 9).
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When the confining stress is less than 10 MPa, the flow
rate change curves can be divided into three stages: a slowly
declining stage (axial stress of 5-10 MPa), a sharply declin-
ing stage (axial stress of 10-25 MPa), and a steady state
stage (axial stress of 25-40 MPa). When the confining stress
is 1020 MPa, the contact hydraulic aperture decreases
significantly (Fig. 10b), resulting in a sharp decline in the
contact flow rate (Fig. 10a). This creates an interesting phe-
nomenon: the change curves of the flow rate transitions from
having three stages to having only two stages (a sharply
declining stage, with an axial stress of 0—15 MPa, and a
steady stage, with an axial stress of 15-40 MPa (Fig. 10a).
When the confining stress is more than 20 MPa, the change

450

decline slowly decline sharply steady

N

=)

)
L

w
@
o

Confining stress

in the contact flow rate clearly decreases and tends to stabi-
lize. The simulation results for model 4 and model 5 indicate
that there is a linear relationship between the flow rate and
the water pressure (Figs. 11b, 12b). When the axial stress is
0-10 MPa, the osmotic pressure plays a major role, while the
effect of the axial pressure is unclear. When the axial stress
is 10-20 MPa, the flow rate drops sharply because many of
the horizontal contact hydraulic apertures begin to reach
the residual value and some of the seepage channels close
(see supplemental Fig. 5b). When the axial stress exceeds
20 MPa, the effect of the osmotic pressure on the joint seep-
age decreases sharply, and the effect of increasing water
pressure on the change in flow rate is unclear, as shown
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Fig. 10 The simulation results of the model 3 a the flow rate change curves of the model 3, b the flow rate and contact hydraulic aperture change
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Fig. 12 The flow rate change curves of the model 5 a the relationship between flow rate and confining stress, b the relationship between flow

rate and hydraulic pressure

in Fig. 11a. When the confining stress is 0—10 MPa, the
osmotic pressure plays a significant role, while the effect of
the confining pressure is unclear. When the confining stress
is 10-20 MPa, the flow rate decreases sharply because a
large number of vertical hydraulic contact apertures begin
to reach the residual value and a number of seepage channels
are closed (see supplemental Fig. 5d). When the confining
stress is greater than 20 MPa, the effect of the osmotic pres-
sure on the joint seepage decreases sharply, as shown in
Fig. 12a.

An additional 140 numerical models were executed to
examine the average change in flow rate for samples with
axial stresses of 5 and 15-40 MPa, confining stresses of
5 and 15-30 MPa, and osmotic pressures of 1, 3, 5, and
8 MPa. The flow rate change at 1, 3, 5, and 8 MPa is similar
to that at 2 MPa. Three regions (I, I, and III) were obtained,

o )

Confining stress/MPa

)
S

20 15
Axial stress/MPa

(a)

with the average flow rate as the primary index (Fig. 13). In
region I, the average flow rate was approximately constant
with increasing stress, and increased linearly with increas-
ing osmotic pressure at slopes of 178°-192°, indicating that
osmotic pressure plays a major role in determining the con-
tact seepage. In region II, the average flow rate decreased
sharply with increasing stress, and increased linearly with
increasing osmotic pressure at slopes of 42°-93°. Compared
to region I, the linear slopes were reduced, indicating that
the effect of osmotic pressure was also reduced. In region III,
the average flow rate was approximately stable with increas-
ing stress, and increased linearly with increasing osmotic
pressure at slopes of 4°-12°. Compared to regions I and
II, the osmotic pressure showed only a weak effect on joint
seepage because, in this region, almost all of the hydraulic
contact apertures have reached the residual value under the

T Average flow rate/10 s

|

Axial stress/MPa

(b)

Fig. 13 The partition according to the contact flow rate, a the plan, b the stereogram
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action of the stress. For the same osmotic pressure (1, 2, 3,
5, or 8 MPa), when the axial pressure increased from 10 to
15 MPa, the linear slope decreased by 47.7%, from 178.3°
to 93.3°, as shown in Fig. 11b. When the confining pressure
increased from 10 to 15 MPa, the linear slope decreased
by 76%, from 178.3° to 42.8°, as shown in Fig. 12b. These
results indicate that confining stress has a more significant
impact on permeability than axial stress.

Triaxial Seepage Experiment

An experiment was carried out using the MTS 815.02 elec-
tro-hydraulic servo rock mechanics triaxial seepage test sys-
tem at the Central South University Mechanics Laboratory.
This system consists of three separate loading systems (con-
fining pressure, axial pressure, and water pressure), and has
full digital computer control and automatic data collection
functionalities, which allows it to be used for rock mechanics
tests of stress-seepage coupling. An image and a schematic
diagram of the test system are shown in supplemental Fig. 8.
A flow chart of the algorithm representing the experimental
process for the permeability stress test is shown in supple-
mental Fig. 9. The three separate loading systems applied
a designated axial pressure, P1, confining pressure, P2, and
water pressure, P3, to the sample. The water pressure at
one end of the sample was then reduced (P4) to provide
an osmotic pressure difference between the two ends of the
sample, resulting in water flow through the sample to pro-
duce seepage. The above procedure was applied in a loop,
and P2 and P3 were then adjusted to execute the next cycle
until the end of the test.

Rock samples from the Lao Sangou mine were used for
the triaxial seepage experiment. During the experiment, the
osmotic pressure difference in the sample was AP =2 MPa;
the confining pressure was set to 5, 10, or 15 MPa and the
axial pressure was set to 0, 5, 10, 15, 20, 25, 30, 35, or
40 MPa. The results of these tests are shown in Fig. 14. The
change curves for the permeability at 5 and 10 MPa of con-
fining pressure can be divided into three stages: increasing
axial pressure, i.e. a slowly declining stage (0—-15 MPa);
slightly decreased permeability, i.e. a sharply declining stage
(15-25 MPa); and sharply reduced permeability, i.e. a steady
stage (25-40 MPa), where the permeability is nearly sta-
ble. The change curves for the permeability at 15 MPa first
increased and then sharply decreased, before finally stabilis-
ing with respect to increasing axial pressure. When the axial
pressure increased from 10 to 15 MPa, the permeability at 5,
10, and 15 MPa of confining pressure decreased by 9.2E—15,
3.92E—14, and 2.60E—14 cm?, respectively, with an aver-
age decrease in permeability of 2.48E—14 cm® When the
confining pressure increased from 10 to 15 MPa, the perme-
ability at 5, 10, and 15 MPa of axial pressure decreased by
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Fig. 14 The laboratory permeability testing result

9.26E—14, 1.79E—13, and 1.66E—13 cm?, respectively, with
an average decrease in permeability of 1.46E—13 cm?. These
results show that confining pressure has a more significant
influence on permeability than axial pressure. The perme-
ability changed slightly during the early stages, and then it
decreased sharply, before finally stabilising with respect to
increased axial pressure. The numerical results agree well
with the experimental results, and the experimental results
provide a further validation of the numerical simulation.

Discussion

In this study, UDEC models were used to investigate the
effects of stress and water pressure on the contact hydraulic
aperture, seepage channels, and contact flow rate at varied
axial pressures, confining pressures, and water pressures.
The DEM provides insight into how stress and water pres-
sure influence the permeability of the fractured sandstone.
Because the characteristics of fractures affect seepage and a
rock’s mechanical properties, a SEM was used to character-
ize fracture development (see supplemental Fig. 3) in the
rock samples; the results were incorporated into the numeri-
cal model.

Evidence suggests that fracture aperture and pore struc-
ture exert primary control on stress sensitivity, that stress
and the main seepage channel both influence seepage char-
acteristics, and that there are functional relationships (cubic
polynomial, exponential, Gaussian function, etc.) between
permeability and stress (Gale 1982; Jones 1975; McKee
et al. 1988; Min et al. 2004; Worthington 2008). Our work
revealed a cubic polynomial function relationship between
both the average aperture and average flow rate and the stress
(as shown in supplemental Fig. 5a, Fig. 6a).

An interesting phenomenon was found in the analysis,
i.e. when the slowly declining stage is ignored, there is an
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exponential function relationship between both the average
aperture and average flow rate and the stress (see supplemen-
tal Fig. 5b and Fig. 6b). The numerical models suggest a par-
tition into three regions. In region I, the average flow rates
change slightly with increased stress, and the average flow
rate increases linearly with an increase in osmotic pressure.
This is because the contact hydraulic aperture does not sig-
nificantly change in this stress environment. In region II, the
average flow rate decreases sharply with increasing stress,
and the average flow rate increases linearly, with increasing
osmotic pressure. Compared to region I, the slope of the
line was drastically reduced in region II because many of
the contact hydraulic apertures had reached their residual
value, causing the seepage channel to close due to the axial
and confining pressures. In region III, the average flow rate
was relatively stable with increasing stress, and the average
flow rate increases linearly with increasing osmotic pressure.
This is because almost all of the hydraulic contact apertures
had reached their residual values, causing all of the seepage
channels to close. Research results indicate that not only
the size of the contact hydraulic aperture but also the direc-
tion of contact hydraulic aperture has important influence on
the permeability of the fractured sandstone under the action
of stress and water pressure. When the vertical contacts
develop in the sample, the permeability increases. Com-
paratively speaking, when the horizontal contacts develop
in the sample, the measured permeability decreases. This is
important in preparing the samples and evaluating the per-
meability of the fractured rock mass using hydromechanical
coupling tests.

Conclusion

The discrete element method was used to establish a numeri-
cal model of hydromechanical coupling, and a triaxial seep-
age-stress coupling test was carried out to investigate the
effects of stress and water pressure on permeability at varied
axial pressures, confining pressures, and water pressures.
The results indicate that with increasing axial stress, the
horizontal contact hydraulic aperture gradually closes. The
horizontal hydraulic aperture is more sensitive to axial stress
than the vertical hydraulic aperture. The seepage channel
is mainly composed of vertical contacts, with only a small
number of horizontal contacts.

With increasing confining stress, the vertical contact
hydraulic aperture gradually closes. The vertical hydrau-
lic aperture is more sensitive to confining stress than the
horizontal hydraulic aperture, and the seepage channels are
mainly composed of horizontal and oblique contacts, with
a small number of vertical contacts. The change curves for
the flow rate are divided into three regions (slowly declining,
sharply declining, and steady state) with the average flow

@ Springer

as the main index and the average hydraulic aperture as the
auxiliary index. A cubic polynomial function can describe
the relationship between both the average aperture and aver-
age flow rate and both the axial stress and confining stress,
with R?>95%. In the slowly declining and steady stages
of the curves, an exponential relationship occurs between
both the average aperture and the average flow rate and both
the axial stress and the confining stress, with R?>>97%.
Under the action of the same osmotic pressure (1, 2, 3, 5,
or 8 MPa), when the axial pressure increases from 10 to
15 MPa, the linear slope decreases by 47.7%. In addition,
when the confining pressure increases from 10 to 15 MPa,
the linear slope decreases by 76%, indicating that the con-
fining stress has a more significant impact on permeability
than axial stress.

The numerical models suggest a partition into three
regions: in zone I, the contact hydraulic aperture did not
reach the residual value under the action of stress, and the
osmotic pressure played a major role in determining the
contact seepage. In zone II, a large amount of the contact
hydraulic aperture reached the residual value, causing many
of the seepage channels to close in response to the stress.
As a result, the effect of the osmotic pressure was reduced,
and the stress played a major role in determining the con-
tact seepage. Finally, in zone III, almost all of the contact
hydraulic aperture had reached their residual value, causing
all seepage channels to close, and the osmotic pressure only
weakly affected the contact seepage.
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