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Abstract.

In order to study the effect of stress and water pressure on the permeability of fractured rock mass under three-

dimensional stress conditions, a single fracture triaxial stress-seepage coupling model was established; By using the stress-
seepage coupling true triaxial test system, large-scale rock specimens were taken as the research object to carry out the coupling
test of stress and seepage, the fitting formula of permeability coefficient was obtained. The influence of three-dimensional stress
and water pressure on the permeability coefficient of fractured rock mass was discussed. The results show that the three-
dimensional stress and water pressure have a significant effect on the fracture permeability coefficient, showing a negative
exponential relationship. Under certain water pressure conditions, the permeability coefficient decreases with the increase of the
three-dimensional stress, and the normal principal stress plays a dominant role in the permeability. Under certain stress
conditions, the permeability coefficient increases when the water pressure increases. Further analysis shows that when the gob
floor rock mass is changed from high stress to unloading state, the seepage characteristics of the cracked channels will be

evidently strengthened.
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1. Introduction

The seepage problem in rock mass, especially the
seepage problem under the influence of ground stress, water
pressure and mining disturbance, is a key and difficult
problem facing many engineering disciplines (Li et al.
2017, Javadi et al. 2010, Khanh et al. 2018, Miao et al.
2015, Al-Shukur ef al. 2018, Sun and Xue 2018, Kong ef al.
2019). The floor water inrush accident in mining
engineering is a typical fluid solid coupling problem under
high stress (Odintsev and Miletenko 2015, Sun et al. 2019,
Shao et al. 2019). The permeability characteristics of water
inrush channal in floor can be regarded as confined water
permeability characteristics of the floor rock mass
propagating along joints and fissures under three-
dimensional stress, Water pressure and stress conditions are
the main factors affecting the seepage characteristics of
rock mass. (Yang et al. 2014, Konsoer et al. 2015, James et
al. 2018). If macroscopic considering a single water inrush
channel, the seepage characteristics of single fracture
surface should be studied (Nguyen-Thoi et al. 2015, Lv et
al. 2019).
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As a basic topic of seepage research in fractured rock
mass, single fracture stress-seepage coupling has been
studied through a lot of theoretical, numerical simulation
and experimental researches from many aspects by many
research scholars at home and abroad (Di et al. 2017,
Giwelli et al. 2014, Haeri et al. 2014, Wu et al. 2019).
Snow (1968) proposed an empirical model for describing
the variation of permeability with positive strain; Louis
(1987) described the linear relationship between the
permeability coefficient of smooth and parallel fractures
and the square of the fracture aperture, and put forward the
generally accepted square law of the smooth fracture model,
Tsang and Tsang (2004) proposed cubic law for grooved
flow model; However, none of these fractured hydraulic
models can reflect the influence of rock three-dimensional
stress field on permeability. Morrow et al. (2014) and
Yasuhara ef al. (2006) studied the influence of the change of
effective stress on the permeability of single fractured rock
mass during cyclic loading; Pantelis (2006) and Liu (2013)
studied the seepage problem of multi-fissured rock mass.
Chang et al. (2004) experimental studied the coupling
relationship between the fracture permeability and the
triaxial stress, and gave the formula of the permeability
coefficient of the three-dimensional stress response using
100 mm (width) x 100 mm (height) x 200 m (length) rock
specimen; Tao and Liu (2012) used a 50 mm x 50 mm X
100 mm rock mass specimen to carry out seepage
characteristics study by Matlab program, and the
relationship between equivalent seepage resistance,
permeability and stress in fractured rock mass was
obtained ; Yu et al. (2012) studied the seepage
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characteristics under the loading and unloading of fractured
sandstone and siltstone with cylindrical specimens of 45
mm-50 mm in diameter, and numerical simulation was
applied to analyze the change rule of the permeability and
the seepage velocity; Experimental study of shear
displacement effect seepage characteristics of random
surface cracks was carried out through experiment on 200
mm x 100 mm x 100 rock speciment by Lei et al. (2016);
Theoretical ~and  experimental  investigation  of
characteristics of single fracture stress-seepage coupling
considering microroughness was carried out through
experiment on 100 mm x 100 mm X 200 m rock specimen
by Di et al. (2017). In addition, many scholars establish the
relationship between the permeability coefficient and the
stress through seepage tests under different confining
pressures and different hydraulic gradients (Miao et al.
2015, Bandis et al. 1983, Goodman 1976, Develi and
Babadagli 2015, Jaksa 2007, Liu and Chen 2007, Sun et al.
2019).

Most of the above studies are based on small size rock
specimens because it is difficult to study large size rock
specimens, which requires higher requirements for
equipment. However, with the increase of fracture surface
size, the displacement at peak strength increases, and the
shear failure mode changes from brittle failure to ductile
failure. The larger rock size is beneficial to analyze the
seepage evolution of the main fracture system in the stress
field of the seepage area in rock mass with a large
proportion of fissures, and better reflect the actual situation
in the field. In this study, a large number of laboratory tests
have been carried out on large rock specimens (200
mmx200 mmx400 m, at least twice the size of previous
studies) using the stress-seepage coupling true triaxial test
system for high water pressure rock independently
developed by our research group. The effects of three-
dimensional stress and osmotic pressure on fracture
permeability are discussed.

2. Materials and methods

2.1 Fracture seepage and triaxial stress coupling
model

It is assumed that the flow condition of water in the
factures is laminar flow; the water is incompressible and
viscous in the process; the water flow only seeps along
fracture surfaces without other loss of flow; the fissure
water pressure acting on fracture surfaces is regarded as the
average head pressure at the inlet and outlet ends. Fig. 1
shows the calculation model of single fracture under stress-
seepage coupling.

As shown in Fig. 1, owing to the narrow fracture and no
filling, the lateral deformation of the single fracture of
specimen is equal to the lateral strain of the two bedrock
blocks (Cai et al. 2002), then
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Fig. 1 Calculation model of single fracture under stress-
seepage coupling

where o1, 02, 03 are the three direction principal stresses, E,
is the elastic modulus of rocks, v, is the poisson's ratio, &;
and €, are the lateral strain of the two bedrock blocks.

The lateral deformation of the single fracture can be
expressed as
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Then according to Hooke’s law, the normal deformation
of the single fracture can be expressed as
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In formula (3), a is the coefficient of influence
considering pore roughness on pore water pressure, p is the
hydraulic pressure along the side of the fracture, vy is the
Poisson's ratio of the fracture, k, is the normal elastic
modulus of the fracture, k; is the tangential elastic
modulus of the fracture.

Supposing the initial width of the fracture is d,,
therefore, the constitutive equation of fracture deformation
uis
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After deformation, the width of the fracture is d = d, —
u=dye .

Since the seepage of fractured rock masses is only
related to the fracture width or aperture, in order to
overcome the difficulty of determining the width of
fractures and to consider the effect of fracture roughness on
seepage, according to the well-known square law of
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where k, is the initial permeability coefficient of fractured
rock mass.
With Formula (3) introduced into (5)

-2 ﬂ—v—f(o‘1+o‘3 )}
k =ke SO ©)
Since the roughness of the fracture affects both the
normal deformation and the two lateral deformations of the
fracture under three-dimensional stress, however, the
seepage state of the fracture depends only on the normal
deformation of the fracture, the normal deformation of the
fracture is related to the three-dimensional stress suffered
by the fracture and the osmotic pressure, the normal and
tangential elastic modulus of the fracture and the Poisson's
ratio caused by the roughness of the fracture. So formula (6)
can be simplified

k — koefz[b(o'zfap)*c(()l*a:;)] (7)

where b is the coefficient of influence of the roughness of
the fracture on the normal elastic modulus of the fracture, ¢
is the coefficient of influence of the roughness of the
fracture on the ratio of Poisson's ratio and tangential elastic
modulus of the fracture.

Formula (7) is the theoretical mathematical model of
single fracture stress-seepage coupling, According to
formula (7), when the rock mass is subjected to large
normal stress, the width of fracture decreases sharply, and
its seepage rule tends to the law of seepage in quasi
continuum rock mass

2.2 Test conditions and methods

2.2.1 Test condlitions
The experimental equipment uses the stress-seepage
coupling true triaxial test system for high water pressure

rock independently developed by our research group , as

shown in Fig. 2. The test system is made up of three axis
loading frame, three axle loading mechanism, high pressure
water seepage system, test box, numerical control system
and data acquisition system, and other components, the
principle is shown in Fig. 3. Loading test device has
constant triaxial stress, constant triaxial displacement and
constant triaxial stiffness of three controllable conditions.
The test box is open design, replacing the corresponding
indenters and components, and applying osmotic pressure
on the shear direction of parallel fractures, the fracture shear
penetration test of rock, cement, geotechnical and other
specimens, and permeability and mechanical properties test
of fractured rock mass under triaxial unloading can be
carried out

The key technical indicators of the test system are
mainly reflected in the true triaxial loading unit and its
servo control part, seepage loading unit and its servo
regulator system. The three direction load of the test bench
is 1,600 kN, 1,000 kN and 500 kN, respectively. The
deformation is controlled by the mean value of multi branch
displacement sensors, and the measurement accuracy is up
to 1% of the indicating value. In the servo control part, the
minimum and maximum loading rates are 0.01 kN/s and

Fig. 2 Stress-seepage coupling true triaxial test system
for high water pressure rock
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Fig. 3 Schematic diagram of the test system: (a) Water
collection; (b) Osmotic pressure measuring and
controlling device (c) Acoustic measurement system;(d)
Test box device; (e) Joint surface; (f) Acoustic emission
probe;(g) Flow meter; (h) Osmotic pressure stabilizing
device; (i) Multifunction control panel

Table 1 Physico-mechanical properties of the specimen

. Compressive Elastic Poisson’s Tensile . Internal
Density . Cohesion fricti
/kg-m’ strength  modulus  ratio  strength /MPa riction

/MPa /10°MPa u /MPa angle ¢ /°
2506 112.7 52.2 0.22 4.6 18.3 55

100 kN/s, respectively. Loading can be done in two ways,
rigid loading or rigid and flexible mixed loading according
to the experimental purpose. The maximum sealing water
pressure (osmotic pressure) of osmotic pressure servo
control system can reach 5 MPa and the osmotic pressure
stabilizes for 10 days. The minimum and maximum
measuring ranges of water flow are 0.001 mL's! and 2
mL-s™!, the accuracy of the related measurement and control
is up to 1% of the indicating value.

2.2.2 Test methods

The experiment mainly considered the influence of
water pressure and three-dimensional stress on the seepage
characteristics of the structural plane, and ignored the effect
of lithology. Granite rock samples were used for the test.
The physical and mechanical parameters are shown in Table
1. Using large-size rock samples, processed into 200 mm X
200 mm X 400 mm rectangular parallelepiped specimens,
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Fig. 4 Intact rock samples

Fig. 8 Test operation

the current study of rock mass seepage characteristics of the
literature (Lei et al. 2016, Liu and Chen 2007, Zhang and
Zhang 1997, Wu 2010) has not been reported; After
grinding the sides to the required accuracy of the test, the
splitting experimental mode was used to form the
experimental fracture of the rock specimen to simulate the
tensional fissure state, as shown in Fig. 4 and Fig. 5.

After the sample was saturated with water for 7 days, it
was loaded into the pre-made capsule, seal between the
capsule and the sample with a sealant, and smear butter
evenly on the outer side of the capsule and paste thin copper
sheet of the same size as the sample area, then, after smear
large butter on the outside of thin copper sheet, put it into a
test box, and the test box is evenly locked and sealed and
then hoisted into the test machine for test. Fig. 6 is the
sealed capsule. Fig. 7 is the test box, and the test process is
shown in Fig. 8.

3. Results and discussion
3.1 Sample roughness

When the groundwater flows in the fracture, the
roughness of the fracture surface is the key factor affecting
the stress-seepage characteristics of the joint. The roughness
of the fracture surface is defined as the waviness and
undulation of the fracture surface relative to the reference
plane. At present, the methods of describing the roughness
mainly include convex height characterization method, joint
roughness coefficient JRC characterization method and
fractal characterization method. The roughness coefficient
JRC was used to characterize the roughness of the fractured
rock in this test. The laboratory used TR600 contour
roughness measuring instrument to measure the test rock
samples, and a total of 22 feature sampling lengths were
selected. Fig. 9 is the TR600 contour roughness measuring
instrument, Fig. 10 is a distribution map of the length of
each sample on a fracture surface, Fig. 11 shows the H-11
profile roughness measurement test results.

Tse and Cruden (1979) used empirical relationships to
calculate the roughness factor of a typical fracture

M 1/2
JRC =32.2+32.47Ig[1/ MDD (Vi — i )} ®)

i=1

where M is the interval number for measuring the height of
roughness; D, represents the sample interval length of the
roughness measurement; y; and y;,., are rough heights of
the ith and (i+1)th points.

The statistical JRC values of #1 and #2 specimens are
12.7 and 15.1, respectively, with the results of (8) and the
measurement results of contour roughness measuring
instrument.

3.2 Test results

The test box was put in the test machine and made a
good location, and the axial pressure o, lateral pressure o,
and o3 and osmotic pressure were added to the set initial
value. Change the axial pressure, the lateral pressure and
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Fig. 10 Distribution diagram of sample length in fracture
surface
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Fig. 11 H-11 testing results of contour roughness

the seepage water pressure to measure the water yield
within certain period of time.

Testes of specimens #1 and #2 were carried out under
different combinations of three-dimensional principal stress
and osmotic pressure. The test results are shown in Tables 2
and 3.

3.3 Results analysis

The roughness of the fracture affects both the normal
deformation and the two lateral deformations of the fracture
under three-dimensional stress, the seepage state of the
fracture depends only on the normal deformation of the
fracture; The normal deformation of the fracture is related
to three-dimensional stress subjected to the fracture and
seepage water pressure, tangential and normal elastic

Table 2 Test data sheet of permeability coefficient of #1
granite specimen (107 cm's™)

Osmotic pressure P /MPa

oy ) o3
/MPa  /MPa /MPa 1 2 3 4 5
3 3 1.029  1.159
4 3 0.884  0.994
: 5 3 0.751  0.824
5 4 0.686  0.614 0.864
5 4 0.726 ~ 0.828  0.987
5 5 0.728  0.784  0.865 1.027
10 6 5 0.599 0574 0.758 0.852
7 5 0.576  0.532  0.628 0.729
8 5 0.416 0467 0.524 0.586
9 5 0353 0384  0.382 0486
" 10 5 0.283 0318  0.328 0.403
10 6 0.281 0331 0372 0.385 0.450
11 6 0233 0232 0295 0.331 0.373
20 12 6 0.193 0217 0245 0.275 0.309
30 12 6 0.186  0.175 0.197 0.205 0.249

Table 3 Test data sheet of permeability coefficient of #2
granite specimen (107 cm's™)

Osmotic pressure P /MPa

oy 1) o3
/MPa  /MPa  /Mpa 1 P 3 4 5
3 3 2226  2.807
4 3 1.521  1.933
: 5 3 1.026 1292
5 4 0976  1.130  1.150
5 4 0.768  0.859  1.209
5 5 0.755 0913  0.982  1.449
10 6 5 0491 0519 0.781  1.006
7 5 0334 0420 0430 0.668
8 5 0.176 0242 0380 0.353
9 5 0.121  0.119  0.195 0.246
B 10 5 0.081 0.102 0.129  0.163
10 6 0.077  0.097 0.123  0.131  0.195
11 6 0.041  0.055 0.093 0.082 0.103
20 12 6 0.027 0.152 0.044 0.055 0.070
30 12 6 0.016 0.011 0.026 0.037 0.122

modulus of fracture and Poisson’s ratio caused by the
roughness of the fracture. According to the data (Chang et
al. 2004), the seepage coefficient of fractured rock mass
under three dimensional conditions can be obtained

k — koe—z[b(o'z—ap)—c(0'1+0'3)] (9)

where k is the initial permeability coefficient of fractured
rock mass, a is the influence coefficient that takes into
account the effect of fracture roughness on pore water
pressure, b is the influence coefficient of roughness of
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Fig. 12 Change rule of permeability coefficient with o,
increasing under different osmotic pressure

4T e G1=10Mpa 062=5Mpa o3=5Mpa

L —#— g1=15Mpa 62=10Mpa c3=6Mpa

—4— 61=20Mpa 62=10Mpa c3=6Mpa

=
[N}

L 61=30Mpa o2=12Mpa 63=6Mpa

-

e
o
T

Permeability coefficient (10-Scm/s)

02

3 4
Osmotic pressure (MPa)

Fig. 13 Change rule of permeability coefficient with the
osmotic pressure increasing under different stress
conditions

fractures on the normal modulus of elasticity of a fracture, ¢
is the coefficient of influence of the roughness of the
fracture on the ratio of Poisson’s ratio and tangential elastic
modulus of the fracture.

Considering the roughness of specimen and formula (9),
and then fitting the test results of permeability coefficient of
#1 specimen, it can be expressed as

k =k e—ZEb(O'Z—P)—C(UﬁUg))]
i (10)
~0 000017872[0.09365(02—0.627P)+0.00358(01+03)]
Fitting the test results of permeability coefficient of #2
specimen, it can be expressed as

k _ koe—Z[b(az—P)—c(o’1+o‘3 )]

-0 000084e—2[0.1936(crz70.597 P)+0.02485(07+03) | (1

The seepage coefficient changes rule under different

osmotic pressures and stresses can be obtained, as shown in
Figs. 12 and 13.
From the experimental results and the above analysis, it is
found that o, 0, and o3 can inhibit the penetration of a
single fissure, and the permeability coefficient decreases
with the increase of gy, 0, and o3; The influence of o,
on permeability is very evident and plays a leading role, the
permeability coefficient decreases rapidly with the increase
of a,, and the permeability coefficient decreases obviously
when o, is greater than 6 MPa; According to Fig. 13, when
the osmotic pressure is greater than 3 MPa, the permeability
increases more obviously, which is more prominent when
the three-dimensional stress is small.

Based on this analysis, owing to the deep mining coal
seam floor rock is in a high stress state, but after mining, the
load of the floor rock in goaf is changed, and the rock mass
is changed from high stress to unloading state. Research
shows that unloading fracture of rock mass under three axis
high stress condition reduces the mechanical properties of
rock, and the characteristics of tensile fracture are more
prominent, and all kinds of fractured networks develop
while the rock roughness on the fractured surface is
evidently enhanced (Samanta et al. 2018, Alalaimi et al.
2015). Then, after the coal seam is mined, although the
confined water pressure on the goaf floor does not change,
the seepage characteristics of rock will be significantly
enhanced due to the unloading effect, which is conducive to
the formation and evolution of water inrush channels, the
damage degree of water inrush also increased further, and
this change is more pronounced with the increase of the
mining depth. At the same time, the water inrush channels
in the floor are more likely to evolve when the water
pressure is higher than 3 MPa.

4. Conclusions

In this study, the permeability coefficient formula of
single fracture surfaces was theoretically deduced under the
condition of stress-seepage coupling; Large-scale fractured
rock specimens were adopted in the seepage test, under
different osmotic pressures and three-dimensional stresses
to get the permeability coefficient, and the fitting formula of
the permeability coefficient of the fractured rock was
obtained.

For the fractured rock, the joint roughness, three-
dimensional stress and water pressure all affect the seepage
characteristics of the channel, and the water pressure has a
positive correlation with permeability coefficient change;
Under the certain water pressure, the permeability
coefficient decreases when the three-dimensional stress
increases; the influence of normal principal stress on
permeability is obvious and plays a leading role.

Through the stress-seepage coupling test, the change of
fractured seepage flow in mining floor and the favorable
conditions for the water inrush channel evolution were
analyzed, which provides theoretical guidance and
reference for preventing water inrush from floor and similar
research.
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