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Four cylindrical sandstone samples were extracted from the original rectangular sample with a rough-walled fracture. Each drilling
angle (6) of cylindrical sandstone samples is different to consider the anisotropies of rough-walled rock fractures. For each sample,
different flow velocities ranging from 0 m/s to 13 m/s were designed. For a given flow velocity, a series of different confining
pressures (0,), including 1.5 MPa, 2.5 MPa, and 3.5 MPa, were applied on the fractured samples. The hydraulic properties of
each cylindrical sandstone sample were tested under different shear displacements (u,) and o,. The results show that the
hydraulic gradient (J) shows an increasing trend with the increment of o,,. With the increment of the Reynolds number (Re),
the transmissivity (T) decreases in the form of the quadratic function. The normalized transmissivity (T/T,) decreases with the
increment of J. The variations in T/T, with J can be divided into three stages. The first stage is that T/T,, approximately holds
a constant value of 1.0 when J is small indicating that the fluid flow is in the linear regime. The last two stages are that T/T,
decreases with the continuous increase of J, and the reduction rate first increases and then decreases. The critical Reynolds’
number (Re_) of the sample angle with a drilling angle of 90° is different from that of other samples. The corresponding Re_ is
6.52, 28.73, and 32.1 when the shear displacement (1) =2mm, 3 mm, and 4 mm, respectively. The variations in Re_ and ]
along different drilling angles are significantly obvious. When the confining pressure is large, the effect of anisotropy on Re, is

much greater than that of confining pressure.

1. Introduction

Rock fracture network plays a critical role in controlling the
main paths of contaminant migration and fluid flow in tight
rock masses [1-5]. During the past several decades, the
permeability of fractured rock masses has been extensively
studied in many geosciences and geoengineering such as
geothermal energy development, enhanced oil recovery,
and CO, sequestration [6, 7]. The rock fractures are com-
monly assumed to be parallel plate models and obey the cubic
law, in which the flow rate is linearly correlated to the
hydraulic gradient [3, 8]. However, the natural surface of
fractures is rough, in which fluid flows through the nonlinear
flow regime, and the flow rate is nonlinearly proportional to
the hydraulic gradient [9]. Therefore, the estimation of the
hydraulic properties of rough-walled rock fractures contrib-
utes to the accurate assessment of the flow properties of frac-
tured rock masses.

Previous studies have reported that the geometry of
rough-walled fractures significantly influences the flow prop-
erties of the rock masses [2, 10-14]. Zou et al. [14] developed
a two-dimensional (2D) finite volume method (FVM) code to
examine the effects of the original wall surface roughness of
fractures on fluid flow. Liu et al. [2] summarized the mathe-
matical expressions for the effects of aperture distribution
and anisotropy on the equivalent permeability of DFNs.
Huang et al. [11] originally developed a numerical procedure
to effectively calculate fluid flow through 3D discrete fracture
network (DFN) models and systematically investigated the
roughness of fracture surface and anisotropy of aperture dis-
tribution on the permeability of DFN models. Kong and Chen
[12] simulated fluid flow behavior within the three-
dimensional (3D) rough fractures to study the influence of
the properties of the rough fracture surface on the fracture
conductivity. He et al. [10] carried out laboratory triaxial seep-
age tests to study the seepage characteristics of the columnar
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fractured rock masses at the Baihetan hydropower dam sites.
The experimental results showed that the similar material
model samples of columnar fractured rock mass showed obvi-
ous seepage anisotropies. Gong et al. [15, 16] presented a new
heavily parallelized, dynamic pore-network modeling plat-
form that is capable of simulating two-phase flow in rough-
walled fractures with high computational efficiency. Lavrov
[13] performed four finite-difference schemes to numerically
evaluate the fluid flow in rough-walled fractures. However,
underground excavation and/or earthquakes can induce sig-
nificant deformation of preexisting fractures in rock masses.
Due to the slip-along fractures, the flow properties of fractured
rock masses can be influenced. Therefore, considering the
effect of shear displacement on the flow properties of fractured
rock masses is necessary.

Many studies have focused on the effect of share-
induced deformation [17-24]. Kim et al. [24] developed
analytical and numerical techniques, which combined
micromechanics-based continuum (MBC) model analysis
and FracMan/Mafic package, for calculating fluid flow
through a single rock joint and the transmissivities due to
shearing. Ahmadi et al. [17] imposed contact asperities of
saw-tooth-like structures and in the shear direction to inves-
tigate the effects of the degree of contact between the fracture
faces on the compliance ratio in the stiff direction. Lang et al.
[20] developed a numerical approach to investigate the influ-
ences of transmissivity anisotropy induced by shearing on
the overall permeability of fractured rock masses based on
contact mechanics. Liu et al. [21, 22] proposed a modified
successive random additions (SRA) algorithm to generate
the rough fracture surface and used a mechanistic model to
calculate the distribution of aperture during shearing. Car-
dona et al. created synthetic fractal surfaces using the power
law, contact mechanics, and kinematic constraints to explore
the evolution of aperture distribution during shear dis-
placement and normal loading. Song et al. [23] performed
direct shear tests to study the description of permeability
anisotropy-based joint shear deformation of natural sand-
stone replicated by artificial materials. Chen et al. [19] carried
out direct shear test conditions to study the influence of
anisotropy of roughness on the shear failure mechanism of
fracture surfaces under constant normal load (CNL). How-
ever, the anisotropic of rough-walled rock fracture during
shearing has not been studied in the previous studies.

In the present study, four standard sandstone samples
were extracted from the original sandstone sample. A
rough-walled fracture exists in the original sandstone sam-
ple. To consider the anisotropic properties of rough-walled
rock fractures, intersection angles between the axis along
the height direction of cylindrical standard sandstone sam-
ples and the axis along the height direction of the original
sample are different. The hydraulic properties of each stan-
dard sandstone sample were tested under different shear dis-
placements and confining pressures.

2. Experimental Setup

2.1. Original Sample Preparation and Surface Roughness
Measurement. The porosity and permeability of the matrix
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of sandstones used in this study are 20.3% and 2.71 x 107®
m®. The original rock block was cut and polished to a rect-
angular sample. The size of the rectangular block is 200 mm
in length, 100 mm in width, and 100 mm in height. Brazilian
splitting test was performed to manufacture tensile fracture
along the center of the rectangular block in the height
direction.

Three-dimensional characterization and digital recon-
struction of fracture surface topography were carried out
using a high-precision noncontact 3D laser scanner as
shown in Figure 1(a). The 3D laser scanner has a horizontal
(x, y) scanning accuracy of +20 um and a vertical (z) scan-
ning accuracy of +10 ym.

The scanning interval in both x and y directions is set to
0.5mm, and the 3D reconstruction results are shown in
Figure 1(b). According to the recommended method of the
International Society for Rock Mechanics and Engineering
[25], a series of equidistant two-dimensional (xz) sections
are extracted every 2mm along the y direction on the
three-dimensional rough fracture surface to quantitatively
characterize the roughness coeflicient of the three-
dimensional fracture surface. Referring to the experiences
of previous scholars [26], the point spacing of 1mm is
selected along the y direction for the two-dimensional sec-
tion and the joint roughness coeflicient (JRC) is calculated
according to the following formulas:

1 2 1/2

Zi1 — %
_ Zimb 1
MZ(’CH _xi) ] ’ m

JRC =32.2 +32.47 1g Z,, (2)

Z,=

where M is the number of sample points selected along the y
direction, x; and z; are the coordinates of sample points on
the two-dimensional contour.

As shown in Figure 2(a), the fracture surface height of
fracture surface goes through three stages, including uphill,
hill, and downbhill, along the y direction (shear direction).
The fluctuation height distribution frequency of the scan-
ning point obeys the typical Gaussian distribution. The
minimum value of fracture surface height is 3.08 mm, and
the maximum value of fracture surface height is 12.43 mm.
The mean value of fracture surface height is 7.91 mm, and
the standard deviation (StDev) is 1.92 mm. The distribution
of JRC values of two-dimensional (xz) sections, which are
extracted every 2mm along the y direction on the three-
dimensional rough fracture surface, is shown in Figure 2(b).

2.2. Sample Extraction. The sample preparation process can
be divided into three stages. First, cylindrical samples were
extracted from the original rectangular sandstone using dif-
ferent sampling methods as shown in Figures 3(a)-3(c). The
preparation process of the original rectangular sandstone
sample and the geometrical characteristics of the artificial
fracture surface in the specimen have been described in Sec-
tion 2.1. In the extraction process, each drilling angle
between the axis along the height direction of cylindrical
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sandstone samples and the artificial fracture of the original ~ diameter of 50mm and a height of 100 mm, as shown in
sample is different. The four drilling angles are 0%, 45°, 90°,  Figure 3(d). The sizes of samples drilled at 45° and 135° are
and 135°. Samples drilled at 0° and 90° are samples with a ~ 50 mm in diameter and 70 mm in height. Since the drilling
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angles of 45° and 135° are symmetrical, only 45° is shown in
Figure 3(c).

To investigate the influence of the shear displacement on
the hydraulic properties of cylindrical samples, the position
of the rock blocks on both sides of the fracture is adjusted
according to the shear displacement (u,) as shown in
Figure 3(e). The shear displacement is set to be 2mm,
3 mm, and 4 mm, respectively. In order to ensure the stabil-
ity of the sample during the seepage test, rigid gaskets are
added at both ends of the cylindrical samples.

2.3. Testing Procedure. The seepage tests under different flow
velocities and confining pressures (o,) were carried out
using the multifunctional seepage testing system as shown
in Figure 4. The test system is mainly consisted of the water
injection device, sample holder, and data acquisition device.
The water injection device includes a filter, air pump, syringe

pump, and control system. The data acquisition device
includes a pressure gauge and collector. The sample holder
can apply confining pressure on the cylindrical sample.
The accuracy of confining pressure was 0.1 MPa, and the accu-
racy of the volumetric flow velocity was 0.01 m/s. For each
sample, different flow velocities ranging from 0 m/s to 13m/s
were designed. For a given flow velocity, different confining
pressures (0,) were applied. During the test process, the frac-
tured sample was first put into the holder after being equipped
with a rubber sleeve. Then, different confining pressures,
including 1.5MPa, 2.5 MPa, and 3.5 MPa, were applied on
the fractured sample. Applying axial stress can effectively pro-
tect the rubber sleeve from being damaged by the confining
pressure. For a given flow velocity and confining pressure,
the difference in pressure gradient (VP) between the inlet
and the outlet of the samples and flow rate (Q) was recorded
in real-time using the automatic data acquisition system.
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The Reynolds number Re is defined as the ratio of iner-
tial forces to the viscous forces and can be formulated as fol-
lows [27, 28]:

(3)

where p is the fluid density, w is the fracture width, and y is
the dynamic viscosity.

The apparent transmissivity T is a commonly used
parameter to describe the flow state of fluids. If the flow fol-
lows a Darcy-type law, it is found that T is independent of
Re:

_E__
wVP

HQ

———— =T, =constant,

w(AQ) (4)

12

where E is the hydraulic aperture, A is the linear coefficient,
and T, is the intrinsic transmissivity.

As the flow rate increases, doubling the pressure drop
does not produce a double flow rate, which is known as
the nonlinear flow. In this regime, the apparent transmissiv-
ity is given by the following:

_ . nQ pQ
T==vp~ w(AQ+BQ)’ )

where B is the nonlinear coefficient.

For a fixed flow channel, a nonlinear relationship
between flow rate and pressure drop exists for a strong iner-
tial regime, especially at a relatively high flow rate. The nor-
malized transmissivity (T/T,) is defined as the ratio of
apparent transmissivity (7' to intrinsic transmissivity (T}),
which is used to characterize the transition of fluid from
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Re from 0 to 40.

linear regimes to nonlinear regimes. Therefore, the rate of T
to T, is calculated by the following:

T -uQw(AQ+BQ?)

~HQIw(AQ)

~ AQ+BQ*

. (6)

When the fluid flow is in a linear state, T, corresponds to
the value of T. When the nonlinear term (BQ?) accounts for
10% of the pressure drop, that is, T/T, = 0.9, it is considered
as the critical condition for the fluid to change from linear to
nonlinear [29-31].

3. Results and Discussion

3.1. Effect of Extraction Angle of Standard Samples on
Hydraulic Properties. Figure 5 shows the relationships
between —VP and Q for water flow through the fracture.

The flow velocity is in the range of 0-13 m/s, and the corre-
sponding pressure gradient is in the ranges of 0 — 27.9 x 10~
,0-6.7x107%, 0-4.5x107*, and 0 - 5.8 x 10~* Pa/m, for
0=0°, 45, 90°, and 135", respectively. For a certain 6, as 0,
increases, the pressure gradient shows an increasing trend.
The best-fit regression analyses were conducted on the
experimental data using the Forchheimer equation and were
plotted as the solid lines. The values of residual squared R*
for all cases are larger than 0.99, which indicates that the
experimental values agree well with the fitting curves.
T/T,=0.9 has the same physical meaning that the non-
linear term (BQ?) contributes to 10% of the pressure drop, in
which the current Re is Re.. As shown in Figure 6, with the
increment of Re, the T presented a reduction trend, and the
decreasing rate gradually weakened, which confirmed the
existence of flow nonlinearity in fractures. Figure 7 shows
that Re_ is in the ranges of 5.4-13.4, 18.8-32.1, 3.92-7.47,
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F1GURE 7: Evolution of the normalized transmissivity T/T, under confining pressures o, and drilling angle 6 with varying Reynolds’ number Re.

and 1.16-6.69 for 8 =00, 45°, 90° and 135°, respectively.
Generally, T/T, remains constant at 1.0 for Re=0.01-1
with =00, 45° and 90°, and it exhibits a remarkable
decrease when Re > 1.When 60 = 135°, T/T, remains constant
at 1.0 for Re=0.01-0.1, and it exhibits a remarkable
decrease when Re > 0.1.

For fluid flow through fractured media, the normalized
transmissivity T/T, has also been applied to estimate the
nonlinear flow regime [32]. The variations in T/T, against
] can be expressed as follows:

(7)

T ~
T =1-exp (-aJ"®).

The values of T/T, were calculated and plotted in terms
of J as shown in Figure 8. As ] increases, T/T, shows a
downward trend. The variations in T/T, with J can be
divided into three stages. When J is small, T/T, approxi-

mately holds a constant value of 1.0; thus, the fluid flow is
within the linear regime. Then, with the continuous increase
of J, T/IT, decreases, and the reduction rate first increases
and then decreases. Based on Equation (7), when T/T, =
0.9, J, can be calculated and is in the ranges of 2.26-5.12,
4.27-5.71, 0.09-0.66 for 0 =0, 45°, 90°, 135°, respectively.

3.2. Effect of Shear Displacement on Hydraulic Properties.
The dislocation of rock will change the void space in the
fracture. As a result, the shear displacement will cause the
change of the fracture seepage characteristics, such as T
and T/T,. Different shear displacements are carried out for
the fractures with different cutting angles, and the evolution
characteristics of T/T, are shown in Figure 9. With the
increase of hydraulic gradient, T/T, gradually decreases,
which means that the proportion of nonlinear flow is
increasing. This is because with the increase in hydraulic
gradient, the inertial flow of the fracture increases, and the
sample is more enable to enter the nonlinear flow stage.
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We take T/T;,=0.9 as a reference value, which means the
proportion of nonlinear flow will account for 10%, and the
fluid will change from a linear flow regime to a nonlinear
flow regime. When u, =2 mm, the J of the samples with 0°
and 45° angles is 4.73 and 3.85 when reaching T/T,=0.9,
which is significantly larger than that of the samples with
90° and 135" angles (J = 0.53 and 0.71). This is because with
the increment of the cutting angle, the corresponding frac-
tures are rougher when the shear displacement is 2 mm,
and there are more contacts in the fracture. The flow rate
Q required for the fluid to enter the nonlinear flow stage is
smaller; therefore, the required critical hydraulic gradient
J. is smaller. It is worth noting that as shear advances, the
J . of the fracture with a cutting angle of 90 becomes larger
when T/T, =0.9, which indicates that the fracture is obvi-
ously affected by shear displacement. This results in a larger

void space and less contacts in the fracture and makes it
more difficult for the fractures to enter the nonlinear flow
stage. Therefore, a larger ] is required to get the critical
value. However, for other fractures such as the fracture with
a cutting angle of 0°, the J, decreases with the increase of
shear displacement, which indicates that the seepage charac-
teristics of fractured rock mass under different cutting angles
are obviously different.

Figure 10 shows the variation characteristics of T/T|
with Reynolds’ coeflicient of fractures with different cutting
angles under different shear displacements. The Re, of the
fracture with a cutting angle of 90° is different from that of
other samples. When the #, =2 mm, 3mm, and 4mm, the
corresponding Re, is 6.52, 28.73, and 32.1. This shows that
with the increase of shear displacement, the void space is
larger, and Re, is larger. In contrast, for other fractures such
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displacement .

as the fracture with a cutting angle of 0°, when u, =2 mm,
3mm, and 4mm, the corresponding Re. continuously
decreases, which is different from the fracture with 90°. This
shows that J and Re, of the fracture that changes from linear
flow regime to nonlinear flow regime under different cutting
angles have different variation characteristics, depending on
the geometric characteristics of fracture surfaces.

3.3. Effect of Coring Directions with Confining Pressures.
Figure 11(a) compares Re, contours for samples of different
drilling angles under different confining pressures. The var-
iations in Re, along different drilling angles are significantly
obvious. It is fully explained that the Re, of the same rough
fracture surface are also anisotropic. When the confining
pressure is large (e.g., 2.5MPa and 3.5 MPa), the difference
between Re, of samples with different drilling angles is small.
This shows that when the confining pressure is large, the
effect of anisotropy on Re, is much greater than that of con-
fining pressure. Figure 11(b) compares ], contours for sam-
ples of different drilling angles under different confining
pressures. When the confining pressure is small (e.g.,

1.5 MPa and 2.5 MPa), the difference between J, of samples
with different drill angles is relatively small. This shows that
when the confining pressure is small, the effect of anisotropy
on J, is much greater than that of confining pressure.
Figure 12(a) compares Re, contours for samples of dif-
ferent drilling angles with different u,. The variations in
Re, along different drilling angles are significantly obvious.
It is proved that the Re. of the same rough fracture surface
are anisotropic on the other hand. When u, is large (e.g.,
3 mm and 4 mm), the difference between Re, of samples with
different drilling angles is relatively small. This shows that
when u is large, the effect of anisotropy on Re, is much
greater than that of u . Figure 12(b) compares J. contours
for samples of different drilling angles under different u_.
The variations in J, along different drilling angles are signif-
icantly obvious. It is further indicated that the J. of the
same rough fracture surface is anisotropic. Regardless of
the value of u,, the difference between ], is very obvious.
When the confining pressure is small (e.g, 1.5MPa and
2.5 MPa), the difference between ], of samples with different
drill angles is relatively small. This shows that when the
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displacement .

confining pressure is small, the effect of anisotropy on ], is
much greater than that of confining pressure. So, anisotropy
is important for the hydraulic properties of fractured rock
masses.

4. Conclusions

To consider the anisotropic properties of rough-walled rock
fracture, four cylindrical sandstone samples were extracted
from the original rectangular sample with a rough-walled
fracture. A series of seepage tests were carried out to investi-
gate the hydraulic properties of cylindrical sandstone sam-
ples with different shear displacements (u,) under different
confining pressures (o,,).

The results show that the apparent transmissivity (T)
decreases with the increment of Reynolds’ number (Re),
and the decreasing rate gradually weakened, which con-
firmed the existence of flow nonlinearity in fractures. As
the hydraulic gradient (J) increases, the normalized trans-

missivity (T/T,) decreases. The variations in T/T, with |
can be divided into three stages. When ] is small, T/T,
approximately holds a constant value of 1.0; thus, the fluid
flow is within the linear regime. Then, with the continuous
increase of J, T/T, decreases, and the reduction rate first
increases and then decreases. When u,=2mm, 3mm,
and 4mm, the values of critical Reynolds’ number (Re,)
are 6.52, 28.73, and 32.1, respectively. This shows that with
the increase in u,, the void space is larger, and Re, is larger.
In contrast, for other fractures such as the fracture with a
cutting angle of 0°, when u,=2mm, 3mm, and 4mm,
the Re, continuously decreases, which is different with
the fracture with 90°. This shows that J and Re, of the frac-
ture that changes from linear flow regime to nonlinear flow
regime under different cutting angles have different varia-
tion characteristics, depending on the geometric character-
istics of the fracture surface. The variations in Re. and |
along different drilling angles are significantly obvious. It
is fully explained that the Re, and ] of the same rough
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fracture surface are also anisotropic. When the confining
pressure is large (e.g., 2.5MPa and 3.5 MPa), the difference
between Re, of samples with different drilling angles is
small. This shows that when the confining pressure is large,
the effect of anisotropy on Re, is much greater than that of
confining pressure.

The permeability of fractures is several times larger than
that of the matrix, and the connected fractures/fracture net-
works provide the dominant flow paths for fluid through
hard or crystalline rocks during the shearing process. In
the future work, we will investigate the mechanisms of open-
ing/closure of fractures induced by shear/normal stresses

and clarify the separate roles of fractures and matrix on per-
meability during shearing.
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