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Abstract: In order to study the mechanical characteristics and seepage mechanism of the structural
plane under the action of seepage water pressure, the shear-seepage coupling test was carried out. It
was found that with an increase in seepage water pressure, the peak shear strength, and shear stiffness
of the structural plane decreased, while the peak dilatancy angle, average dilatancy angle, peak shear
displacement, initial flow rate, and peak flow rate increased. The profile JRC and 3D morphology
parameters under different Y values increased as seepage water pressure increased, indicating that
the wear degree of the structural plane decreased. The contact area, effective aperture, average
aperture, and hydraulic aperture of the structural plane all increased in phase with the increase
in shear displacement, and they all increased in trend with the increase in seepage water pressure.
The distribution and evolution law of the structural plane aperture were analyzed by programming
using scanning point cloud data and the normal displacement value of the structure plane. It was
concluded that the aperture gradually increased with the increase in seepage water pressure.

Keywords: structure plane; shear-seepage coupling test; seepage water pressure; 3D morphology
parameters; aperture evolution

1. Introduction

The need for flood control and increasing use of hydroelectric power has promoted the
development of water conservancy projects. Thus, many reservoirs have been built in recent
years. However, reservoir impoundment can induce earthquakes. As a discontinuous plane
in a rock mass, the structural plane has weak mechanical properties and, thus, controls the
strength of the intact rock mass. In a general geological environment, the structural plane
is affected mainly by normal and shear loads, which are also the main seepage channels of
rock masses. Therefore, studying the shear-seepage coupling properties of the structural
plane holds great engineering significance.

The mechanical and permeable properties of structure plane are affected mainly by
stress, water pressure, structural plane roughness, and crack openings [1]. The existence
of water in a jointed rock mass reduces the strength of soft rock joints and causes stress
corrosion at the tip of non-penetrating joints in hard rock. This can easily lead to expansion.
Simultaneously, the seepage pressure produced by water in the rock mass changes the
stress field in the jointed rock mass, influencing the law of deformation of joints in the rock
mass [2]. The two authoritative conclusions of the famous Malpasay dam accident suggest
that it was caused by seepage of the joint fissure. Landslides during rainy seasons are also
related to water pressure and seepage in the joints [3]. Many studies have been conducted
on the factors that affect the failure of structural planes. On the basis of different engineering
backgrounds, experimental studies have been conducted under two boundary conditions:
constant normal stress (CNL) and constant normal stiffness (CNS). The measurement
technology for structural surface morphology has been transformed from mechanical
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measurements [4,5] to optical measurement [6-8] as a result of scientific advances. This
transformation has promoted the study of structural surface roughness from a 2D to a 3D
scale, improved the accuracy of measurement results, and eliminated the errors caused
by human subjective factors. Most of the research on the influence of normal stress and
structural surface roughness has focused on the compressive strength and tensile strength
based on the structural wall. The empirical formula for the shear strength is obtained by
combining the 3D morphology parameters [9-12]. It can be clearly seen that normal stress,
mechanical properties (uniaxial compressive strength, tensile strength, basic friction angle,
etc.), and roughness coefficient affect the strength of the structural plane. Using these
parameters, methods for characterizing the roughness coefficients have been proposed
from different research perspectives [13-17].

All the underground rock masses were subjected to a certain level of ground stress and
water pressure. The groundwater penetrates, compresses, and transforms the surrounding
rock structural plane, changing the original stress—seepage coupling characteristics of the
rock mass, i.e., the redistribution of stress affects the change in seepage [18]. In turn,
the distributions of the seepage water pressure and seepage flow stress state of the rock
medium are changed. The interaction between the stress and seepage field changes the
stress and deformation of the rock mass and directly determines the stability and safety of
rock mass engineering [19]. Owing to the limitations of the shear box sealing technology
and test equipment, it is difficult to realize shear—seepage coupling tests. With regard to
technology development [20-22], studies on shear-seepage coupling tests of structural
planes under different conditions continue to emerge [23-26]. Early research was based
mainly on the description of hydraulic properties, such as seepage law and crack opening of
structural planes [27-29]. On the basis of the flow pattern of water, shear—seepage coupling
experiments can be divided mainly into parallel and radiation flows. In recent years, many
studies have been conducted on the effect of single fracture seepage characteristics under
parallel flow conditions [30-38]. However, there are few investigations on the radiation
flow characteristics around the excavation of tunnels or caverns based on the engineering
concept that groundwater flows from the surrounding rock to the underground tunnel, i.e.,
in the manner of radiation flow [39]. Therefore, shear-seepage coupling testing is necessary.
Nevertheless, most studies have focused on the hydraulic properties of 2D morphological
structural planes under shear stress [40—43].

In this study, a single structural plane with a 3D rough morphology was used to
conduct a shear-seepage coupling test under different seepage water pressure. The failure
mechanism and seep age evolution law of structural plane are studied. Finally, the dynamic
evolution process of structural plane aperture during shearing is obtained by combining
3D point cloud data with normal displacement. Finally, the law of water flow between
structural planes and the shear—seepage coupling mechanism is analyzed.

2. Experimental Methodology
2.1. Specimen Preparation

The casting template for the rock-like material structural plane was obtained from
sandstone samples of the Xujiahe Formation of the Upper Triassic in the Three Gorges water
area of Chongging. The production steps are as shown in Figure 1. (1) Cubic samples with
an edge length of 100 mm were prepared using a grinding machine after processing large
intact rocks. A Brazilian splitting test was performed, and the rock-like material structural
plane template required for the test was prepared. (2) The upper and lower halves of
the split sandstone were placed in a mold box of size 100 x 100 x 100 mm. Mineral oil
was daubed on the contact surface of the mold box, and sandstone was employed as a
lubrication and release agent. Cement mortar was prepared by mixing cement, sand, and
water in a ratio of 3:2:1, respectively. The mixture was poured into the mold box and
oscillated evenly. (3) After being held at 20 °C for 24 h, the specimen was demolded and
placed in a standard concrete curing box for 28 days. After curing, the upper and lower
parts of the corresponding specimens were combined to obtain a complete rock mass
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specimen with unfilled structural planes of dimension 100 x 100 x 100 mm. To study the
shear-seepage coupling characteristics of structural planes, it is necessary to have a water
injection channel to allow the entry of water into the structural plane. The shear—seepage
coupling test was carried out using the radiation flow method, through which a water
injection hole with a diameter of 12 mm on the upper structural plane was opened in the
center of the specimen.

—

Sandstone fracturing ‘

Tension fissure *

Structural plane pouring “— \

— Structural plane curing ‘

&

Upper and lower structural |  Upper halfv
planes

v Intact rock

12mm — Lower half
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Figure 1. Preparation of structure planes.

The basic mechanical parameters of the rock samples and rock-like materials are
listed in Table 1, where p is the density, o is the uniaxial compressive strength, E is the
elastic modulus, v is Poisson’s ratio, c is the cohesion, and , is the internal friction angle.
By comparing the values, it can be seen that the mechanical parameters of the rock-like
samples were very close to those of sandstone.

Table 1. Mechanical parameters of sandstone similar material.

Mechanical p o c P E v
Parameters (g'em—3) (MPa) (MPa) ©) (GPa)
Sandstone 2.32 81.04 11.52 67.18 6.79 0.26
Similar material 2.05 77.57 14.37 62.39 6.35 0.24

2.2. Experimental Set-Up

The test was performed on an independently developed coal and rock shear-seepage
coupling test system (Figure 2a) [22,44]. The system was composed mainly of a servo
control loading system, fluid source loading system, shear box and seal system, test control
and data acquisition system, and a 3D scanning system. The servo loading system used
a high-pressure oil pump to provide power, hydraulic drive servo valve control, shear
displacement, and force loading. The normal displacement and shear displacement were
measured by six LVDT displacement sensors, including four normal and two shear sensors.
The average value was used to increase the measurement accuracy. The shear box and
sealing system were the design core of the entire system; they included the upper and
lower shear boxes and sealing rings. The water injection orifice adopted the design mode
of the central hole water injection radiating around the water outlet. The shear box cavity
was the installation position of the specimen. The shear box exhibited a good sealing effect
during the test. The upper and lower boxes were in close contact with each other and were
sufficiently flexible to meet the test requirements (Figure 2b).



Energies 2023, 16, 2133

40f19

(a) g ! Shear box and sealing system (c)
L T

Loading system

Data acquisition system

(b)

Loading system Flow meter

A/D converter

«—— —s
Amp 11ﬁer Servo value

Outlet

Air

Water
Inlet

Water tank

Pressure pump g

Figure 2. (a) Coal and rock shear-seepage coupling test system, (b) schematic of the shear—seepage
system, and (c) 3D scanner.

An OKIO-B-type noncontact optical scanner was used to scan the structural plane to
collect and analyze the morphological characteristics of the structural plane, as shown in
Figure 2c.

This instrument can automatically identify and establish a 3D coordinate system, offer-
ing high precision, a large amount of data, and convenient operation. The corresponding
average scanning point distance is 0.07-0.15 mm, and the maximum scanning accuracy
can reach 0.01-0.02 mm. The ASC file format data produced a point cloud, and MATLAB
software was used to perform quantitative statistical analysis on the structural plane to
determine the structural evolution rules of the surface morphology parameters before and
after shearing.

2.3. Test Procedure

The experimental procedures of shear—seepage coupling tests included the following
main steps:

¢ 3D morphology scanning of upper and lower structural planes: before the test, the
upper and lower structural planes were scanned to obtain 3D point cloud data.

¢  Fix the sample: the upper and lower structure planes were placed into the upper and
lower shear boxes, respectively, and then the shear box was fixed to the center of
the equipment.

¢  Apply normal load: a normal force was applied at a speed of 0.1 kN/s to the 3 MPa.
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Apply water pressure: water pressure was applied to the set point until the water
flow rate reached a steady value.

Apply shear load: a shear load was applied at a speed of 0.5 mm/min.

Test completion: the test ended when the shear displacement reached 10 mm, and the
data were saved.

Three-dimensional morphology scanning of upper and lower structural planes: after
completing the test, the upper and lower structural plane were scanned to obtain 3D
point cloud data.

®* S o

Use the exhaust method to measure the flow rate. The specific process was as follows:
During the shearing process, the water at the outlet entered the water tank to exhaust the air
in the water tank. The flowmeter was connected to the outlet of the water tank to measure
the real-time flow of the discharged air. Finally, the conversion coefficient was used to
obtain the water flow. The normal stress in the test was 3 MPa, and the seepage water
pressures were 0, 0.1, 0.2, and 0.3 MPa, respectively. Three repeated tests were conducted
for each group to ensure accuracy of the results.

3. Test Results
3.1. Evolution of Mechanical Properties

The shear stress—shear displacement curve of the structural plane under different
seepage water pressures is shown in Figure 3a. When the seepage water pressure was
0 MPa, the shear stress—shear displacement curve exhibits an obvious peak point. When
seepage water pressure not equal to 0 MPa was applied, there is no obvious peak point
in the shear stress—shear displacement curve, which shows the characteristics of strain
hardening. This is because the increase of seepage water pressure reduced the normal
effective stress of the structural plane. At the same time, due to the softening effect of water,
the asperities of the structural plane softened, which shows that the ability of the structural
plane to resist shear was reduced during the shear process. When the main asperity on the
structural plane was sheared, it did not cause a significant reduction in the shear stress.

The normal displacement shear-displacement curve is shown in Figure 3b. It can be
seen that the normal deformation of the structural plane was divided into three stages.
When the shear load was applied at the beginning, the normal displacement was less than
zero, and the structural plane was compressed. The normal displacement decreased first
as shear displacement increased. After reaching the zero point, the normal displacement
was greater than zero and gradually increased, indicating shear expansion, and the shear
expansion amount gradually increased. When the seepage water pressure increased from
0 to 0.1 MPa, the difference in normal displacement was large. With an increase in seepage
water pressure, the difference in the normal displacement gradually decreased. This shows
that as the seepage pressure increased, the effective normal stress acting on the structural
plane decreased, and, thus, the shear expansion increased. Comparing the results of water
pressure of 0.1 and 0.2 MPa, the effective normal stress decreased due to the increase of
water pressure, which should be due to the increase of shear expansion, but it showed
a decrease. It may be due to the increase of water pressure, which increased the water
flow of the structural plane, thus softening the structural plane, reducing the strength, and
showing a slight decrease in the shear expansion in the later stage of shearing.

The dilatancy angle—shear displacement curve is shown in Figure 3c. It can be seen
that the evolution and movement of the dilatancy angle can be divided into three stages.
The dilatancy angle rapidly decreased to its minimum value in the first stage, and the
structural plane was compressed. In the second stage, the dilatancy angle increased at a
deceleration rate. In the third stage, the dilatancy angle was stable and did not change. The
peak shear dilatancy angles are used to describe the maximum normal climbing amount of
the structural plane in the shear process, that is, the shear expansion amount to describe
the impact of water pressure on the shear resistance of the structural plane. In order to
overcome the error caused by the evolution law of a certain point to the analysis results,
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the average dilatancy angles wereselected for further description, and the consistent law
was obtained through verification.

T03-
_ £
£ = |
= £0.24
©n o i
8 3
g =
5 S 0.
s |
Z0.04

Shear displacement (mm)

80 r . . - .
((c) 3 3 | ——P=0MPa |
60 - ,,,,,,,,,,i,,,,,,,,,,3,,,,,,,,,,},,,ﬂfl?;ﬂ,],MPai,
| |  ——p02MPa|
5 40- i...i.  ==—P=03MPa] k=
e ‘ ‘ : : : E
=) ! i 2
g 209 a o
> 1 ! <
g o . el 5 | |
g ! : ! : ! 2 ! ! | —O—P=0MPa |
i N — — S E— SRR A T oty
‘ ‘ 3 ‘ ‘ : ‘ ‘ | ——P=02MPa
aodl ] § ——P=0.3 MPa
| S et S S
-60 T T T T T 0 2 4 6 8 10
0 2 4 6 8 10

Shear displ t
Shear displacement (mm) car displacement (mm)
Figure 3. (a) Shear stress-shear displacement curve, (b) normal displacement-shear displacement
curve, (c) dilatancy angle-shear displacement curve, and (d) flow rate-shear displacement curve.

The flow rate—shear displacement curve is shown in Figure 3d. The flow evolution
curve was divided into two stages: the first stage was characterized by a rapid increase
in flow; the second stage was characterized by a change in flow rate that is stable with
increasing shear displacement. The flow rate was related to the seepage channel shape of
the structural plane, and the seepage channel can be reflected by normal deformation. When
the shear load was applied, the structural plane was not completely closed, and there was
an initial flow. The structural plane will become damaged as shear displacement increases,
and, thus, the opening will also increase. The final structural plane wear gradually became
stable with the increase in flow; that is, the residual shear strength was reached, the seepage
channel was fixed, and the flow hardly changed.

3.2. Evolution of Mechanical Parameters
The mechanical parameters are defined in Figure 3 as follows:

(1) Peak shear stress T,: shear stress value at the maximum point of shear stress vs. shear
displacement curve.

(2) Peak shear displacement u: shear displacement value at the maximum point of shear
stress vs. shear displacement curve.

(3)  Shear stiffness k;;: stress gradient corresponding to shear elastic stage.

(4) Peak dilatancy angle 0p: maximum value of the dilatancy angles.

(5) Average dilatancy angle fave: average value of dilatancy angles.

(6) Peak flow rate Q,: maximum value of flow rate.

(7) Initial flow rate Qp: corresponding flow rate when the shear displacement is zero.

The evolution of the mechanical parameters is illustrated in Figure 4.
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Figure 4. Evolution of (a) peak shear stress and peak shear displacement, (b) shear stiffness, (c) peak
dilatancy and average dilatancy angle, (d) flow rate.

It can be seen from Figure 4a that with an increase in seepage water pressure, the
peak shear stress decreased by 13.63%, 3.036%, and 0.401%, respectively, and the reduction
degree gradually decreased. This indicates that the influence of seepage water pressure on
the peak shear stress was more significant when there was no water-to-water transition.
However, when water exists between the structural planes, the change in the peak shear
strength is not obvious with the increase in seepage pressure. The peak shear displacement
of the structural plane increased gradually, increasing by 12.248%, 2.496%, and 5.406%,
respectively, as seepage water pressure increased. Similar to the evolution of the peak shear
stress, the peak shear displacement was significantly affected when the structural planes
transitioned from water to no water. However, when water exists between the structural
planes, the change in the peak shear displacement is not obvious with the increase in
seepage pressure.

It can be seen from Figure 4b that with an increase in seepage water pressure, the
shear stiffness decreased gradually by 3.884%, 3.219%, and 22.364%, respectively, indicat-
ing that the shear resistance of the structural plane decreased gradually. Therefore, the
seepage water pressure weakened the structural plane and reduced the strength of the
structural plane.

It can be seen from Figure 4c that with the increase in seepage water pressure, both
the peak and average dilatancy angles showed an increasing trend, indicating that when
the seepage water pressure was applied, the effective normal stress of the structural plane
decreased. Thus, the possibility of slope climbing failure increases and the dilatancy
increases. When the seepage water pressure P = 0 MPa, the peak shear expansion angle
and the average shear expansion angle were both less than zero, and under other seepage
water pressures, the peak shear expansion angle and the average shear expansion angle
were both greater than zero. This indicates that the seepage water pressure reduced the
effective normal stress of the structural plane, changing the failure mode from tooth cutting
failure to climbing failure.
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As shown in Figure 4d, with an increase in seepage water pressure, the initial flow
rate and the peak flow rate will increase. However, the increase of initial flow rate was
not obvious; the peak flow rate increased by 11.22% and 13.82%, respectively. It shows
that when the shear displacement was 0, the structural plane was not damaged. With the
increase of seepage water pressure, the equivalent normal stress decreased, which increased
the hydraulic gap width of the structural plane, resulting in a slight increase in the initial
flow. With the shear displacement, the structural plane will be damaged and the seepage
channel will increase, so the peak flow rate will increase significantly.

3.3. Failure Characteristics of the Structural Plane

Through 3D scanning of the structural plane before and after shearing, the 3D point
cloud data wereobtained. To eliminate the influence of the boundary effect, only a
90 mm x 90 mm area of structure planes was selected, and the sampling interval was
0.25 mm, as shown in Figure 5.

P=0.1 MPa P=0.2 MPa

Figure 5. Failure of the structural plane.

When P = 0 MPa, there were visible friction marks on the structural plane, and the
wear area was largest. When P = 0.1 MPa, the failure area of the structural plane decreased,
and the degree of damage also decreased. There was only a small amount of wear on
the structural plane at P = 0.2 MPa. When P = 0.3 MPa, the wear on the structural plane
continued to decrease. This shows that with an increase in seepage water pressure, the
damage degree of the upper and lower structural planes decreased gradually, and the area
of the damaged area also decreased gradually.

Each structural plane was divided into five equal 2D interfaces. The shape of the four
section lines was obtained, which satisfies the three quantitative standards of the ISRM
recommended method [45]. The section positions were 20, 40, 60, and 80 mm in the Y
direction, and the spacing between the contour lines was 20 mm. The positive X-direction
corresponded to the cutting direction, as shown in Figure 6.

Because the correlation coefficient between the root means square z; of the first deriva-
tive of the height of the shape curve and the roughness coefficient JRC was the largest,
R2 =0.993 [46]. Thus, z, was used to estimate JRC, and the calculation is as follows:

1 & Zin—2Zi\°

2y =
n—14 " x4 —x

)

where x; is the abscissa of the i point on the 2D contour line, Z; is the ordinate of the i point
on the 2D contour line, and # is the number of samples.
The calculation method of the JRC of the 2D section line is [46].

JRC = 32.69 + 32.98g(z,) @)
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The 2D section line and the JRC of the structural plane are shown in Figures 7 and 8,

respectively.
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Figure 6. Schematic diagram of 2D contour line location.
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Figure 7. Contour line of the structural plane at different Y values.
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Figure 8. JRC value of the contour line at different Y values.

As seepage water pressure increased, the 2D section line shape of the structural plane
remained consistent. However, the height of the section line decreased slightly, indicating
that the surface layer of the structural plane peeled off due to shear friction. Compared
with its value before shearing, the JRC value of the structural plane section decreased;
thus, the roughness of the structural plane was reduced, indicating that the surface of the
structural plane became smooth. The JRC value of the section line increased gradually
with the increase of the seepage water pressure, indicating that the damage degree of the
structural plane increased gradually.

The selected 3D morphology parameters are as follows:

(1) Average height z3: average height of each point on the structural plane.

(2) Maximum surface elevation difference Sy: vertical distance from the highest point to
the lowest point of the structural plane.

(3) Maximum peak height of the surface S,: distance from the highest point of the
structural plane to the datum plane.

(4) Contour area ratio S4: ratio of the developed surface area of the structural plane to
the vertical projected area. The calculation is as follows:

®)

where S; is the developed area of the surface, and S, is the area of the surface vertically
projected to the base along the normal direction.

(5) Volume V: the volume of the space enclosed by the structural plane and the bottom plane.
(6) Surface area S;: surface developed area of the structural plane.

The evolution of the structural plane morphological parameters is shown in Figure 9.
It can be seen from that with an increase in seepage water pressure, the 3D morphology
parameters gradually increased. This shows that with the increase in seepage water
pressure, the damage degree of structural plane was decreasing. Therefore, the seepage
water pressure is an important factor affecting the shear mechanical properties of the
structural plane. This is because with the increase of seepage water pressure, there is
seepage water pressure in the partially closed seepage channel of the structural plane.
This leads to the reduction of the effective normal stress and the wear degree of the
structural plane.
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Figure 9. Evolution of 3D morphology parameters of the structural plane under different seepage
water pressures.

3.4. Evolution of Aperture

The seepage law of structural plane is closely related to the aperture, surface morphol-
ogy, and contact state. The roughness of the structural plane and its contact area together
lead to the complexity of the seepage state. The flow state between the structural planes
is divided into laminar flow, transitional flow, and turbulence. The mechanical aperture
between structural planes is defined as the average value of the gap between the upper
and lower planes [47-49].

Assuming that the seepage of the structural plane is in the laminar flow state, the
aperture is e, the wall surface is smooth and infinitely extended, and the length is far greater
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than the width, the structural plane can be simplified as a smooth parallel plate, and the
water seepage law satisfies the following requirements:

_gwe’

Q 12v

)

where Q is the flow rate, g is the acceleration due to gravity, e is the hydraulic aperture, w is
the width of the flow area, and i is the unit hydraulic gradient of dimension one.

It is assumed that the water enters the smooth and parallel structural planes in the
state of radiation flow, the light head line values of the same radius are equal, and the flows
of different water passing sections are equal; that is, the inlet flow and other assumptions
are consistent with the cubic law. Combining the Laplace equation in polar coordinates
and Equation (4), we can obtain the cubic law of radiation flow as follows:

2mge’

Q - 121911’1(1’1 /7’0)

©)
where rq is the radius of the water outlet, r( is the radius of the water injection hole, and Ah
is the difference in water head between the inlet and outlet.

For square specimens, 1 needs to be replaced equivalently. Based on the idea of
integration, Equation (5) is equivalent to

2mge’

Q - 121911‘1(7‘2/7’0)

(6)
where r; the equivalent radius of the water outlet, and L; and L, are the length and width

of the rectangular structural plane, respectively.
The equivalent hydraulic aperture of structural plane is:

o 619Q 11’1(1’2/1’0)
¢ 3\/ tgAh @

The area contact rate of structural plane is defined as:

Z i[zll}’ (X,y) <Zjow (x—dx,y)]

c= - 8
Y lx—dx ®)

The effective aperture is:

_ Lzwp(0y) — Ziew(x — dx,y)
ef = A an(1—0) Zup(%,Y) > Zjgn (X — dx, ) 9
The mean aperture is:
Zup (X, Y) — Z1,0 (X — dx,
Cave = Z MP( y)A l:w( y),Zup(X,]/) > Zlow(x _ dx,y) (10)
X—ax

where i[;, (xy) <z, (x—dxy)) 1S the total number of contact points between the upper and
lower structural planes; ) i, 4, is the total number of contact points on the projection
coincidence surface of the upper and lower structural planes when the shear displacement
is dx; Ay_gy is the contact area of the upper and lower structural planes when dx is translated;
zyp(x,y) is the height of the structural plane at point (x,y); and zj,,,(x — dx,y) is the translation
dx height of the lower structural plane.

It can be seen from Figure 10a that with an increase in shear displacement, the contact
area changed in three stages. In Stage I, the contact area rapidly increased to the maximum
value, corresponding to the shear of the structural plane, and the contact between the upper
and lower structural planes increased. The contact area decreased gradually in Stage 11,
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and the corresponding structural plane expanded. The gradual stabilization of the contact
area and the wear of the corresponding structural plane occurred in Stage III.
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Figure 10. Evolution of (a) contact area ratio, (b) effective aperture, (c¢) mean aperture,

(d) hydraulic aperture.

As depicted in Figure 10b,c, with the increase in shear displacement, the effective
aperture and average aperture showed three stages of change. Stage I was to reduce the
aperture to the minimum value, which is because the structural plane and the internal void
was compressed, resulting in the reduction of the aperture. Stage Il was the gradual increase
of the aperture, which occurred because the structural plane sheared and expanded, and the
internal gap increased. Stage III was the gradual stabilization of the aperture because the
wear of the structural plane reached a stable level; at this time, the aperture did not change.

It can be seen from Figure 10d that the hydraulic opening of the structural plane was
divided into two stages. They are expressed as follows: in Stage I, with the increase of
shear displacement, the hydraulic aperture width rapidly increased to the maximum value;
in Stage II, the hydraulic aperture width was basically stable. When the seepage water
pressure was 0 MPa, the hydraulic aperture was always 0 mm. At the same time, with
the increase of seepage water pressure, the hydraulic aperture width showed a gradual
increasing trend, and the increase of seepage water pressure from 0.1 to 0.2 MPa was less
than that of seepage water pressure from 0.2 to 0.3 MPa.

3.5. Evolution of Transmissivity

In the shear—seepage coupling test, the relationship between transmissivity and shear
displacement is one of the most effective factors to reflect the coupling characteristics of the
test. The transmissivity reflects the difficulty of water flowing through a structural plane
during the shear process. The calculation is as follows:

(11)
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where k is the transmissivity, Q is the flow rate of the structural plane, w is the width of the
flow area, and i is the unit hydraulic gradient. The width of parallel flow, w, is the width
of the structural plane perpendicular to the flow direction. In the radial flow, the width w
is related to the inner and outer diameters of the structural plane. The width calculation
model is as follows:

w=rg+rn (12)

The evolution of the transmissivity is shown in Figure 11. It can be seen that the
transmissivity changes in two stages. In the first stage, the transmissivity increased rapidly.
At this time, the destruction of the structural plane increased, which increased the aperture
between the structural planes and seepage channels, leading to an increase in the trans-
missivity. In the second stage, the transmissivity was stable. At this time, the shape and
number of seepage channels in the structural plane stabilized; thus, it remained stable.

I 11

1 1
1 1
T S TR R A 0 AR AU s VA ke
I 1
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! —— P=0.1 MPq
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5 ——P=0.3 MPa

Shear displacement (mm)

Figure 11. Evolution of transmissivity.

4. The Distribution of Aperture

The evolution of aperture reflects the seepage mechanism in the structural plane. The
spatial positions of each identification point on the upper and lower structural planes under
different shear displacements were calculated by using MATLAB programming, and the
aperture distribution in the shear process was analyzed on the basis of the point cloud data
and the normal displacement value of the structural plane. When the structural plane was
cut and staggered, the spacing between points on the upper and lower structural planes
changed. Simultaneously, due to the shear expansion effect of the structural plane, the
aperture was also affected. The aperture of structural plane aperture refers to the spatial
distribution between the upper and lower structural planes, as shown in Figure 12.
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Figure 12. Schematic diagram of aperture.
The aperture calculation is:
Ai = ziy — Zig (13)

where Ai is the aperture of the structural plane at point i, z;, is the height of the upper
structural plane at point i, ), and z; is the height of the lower structural plane at point i(y ).

The 3D point cloud data of the structural plane can be used to accurately obtain the
spatial coordinate points 7,,(x,y,z) and i,;(x,y,z) of the upper and lower structural planes,
respectively, in the initial state (shear displacement ©# = 0 mm). Here, z;,, and z;y; are z;,,
and zj4, respectively. Therefore, z;,, and z;,; can be substituted into Equation (13) for direct
calculation. When shear displacement u # 0 mm, the aperture of the upper and lower
structural planes are:

Ai = Zjoy — Ziod, u =0mm
Ai =2z

14
(i+u)ou — Ziod +6p, u #0mm (14)

where zj,, is the height of the upper structural plane at point 7 in the initial state, z;y; is the
height of the lower structural plane at point i in the initial state, z(;,,),, is the height of the
upper structural plane at point (i + u) in the initial state, and J,, is the normal displacement
when shear displacement is u.

The dynamic evolution process of the structural plane’s aperture under different
seepage water pressures when the shear displacements were 0, 2, 4, 6, and 8 mm is shown
in Figure 13, where the positive direction of the X-axis is the shear direction, the white
line and the black line are the water inlet and seepage directions respectively. It can be
seen that when the shear displacement was 0 mm, the structural plane was not completely
closed; thus, the aperture was very small but not zero. It can also be verified that the initial
flow rate was not zero. Under the same seepage water pressure, the aperture gradually
increased with increasing shear displacement. Because there was a convex body that was
cut during the shear process, the wear degree of the structural plane gradually increased,
and the contact points of the upper and lower structural planes gradually decreased. Under
the same shear displacement, with the increase of seepage water pressure, the aperture
of the structural plane gradually increased, which is shown as P = 0 MPa < P = 0.1 MPa <
P=02MPa < P = 0.3 MPa. The results show that that under the same shear position,
the wear of the structural plane decreased, which can be verified by the damage of the
structural plane. Under different seepage water pressure, the position and shape of the area
with a large aperture in the structural plane remained unchanged, but the area increased
with the increase in seepage water pressure. According to the previous analysis, applying
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seepage water pressure will reduce the effective normal stress between the structural planes,

thus changing the failure mode. Therefore, the size of the seepage area changed.

(@)

P=0 MPa £

(b)
P=0.1 MPa £

(©)
P=0.2 MPai,
(d)
P=0.3 MPa £
' I :R)

Figure 13. Aperture distribution under seepage water pressure are (a) 0 MPa, (b) 0.1 MPa, (c) 0.2 MPa,
(d) 0.3 MPa.

5. Conclusions

To study the shear-seepage coupling mechanism of the structural plane, a shear—

seepage coupling test of the structural plane under seepage water pressure was performed.
The mechanical properties and seepage mechanism of the structural plane were analyzed,
and the following conclusions were drawn:

@

@)

®)

4)

When the seepage water pressure was 0 MPa, the shear stress—shear displacement
curve of the structural plane was mainly of the peak type. When P # 0 MPa, the shear
stress—shear displacement curve of the structural plane had no softening stage, reflect-
ing strain hardening characteristics. The normal displacement-shear displacement
curves of the structural plane exhibited a trend of shear shrinkage first, followed by
shear expansion. With an increase in seepage water pressure, the amount of shear
expansion increased gradually. The evolution of dilatancy angle can be divided into
three stages, and the evolution of discharge can be divided into two stages.

With an increase in seepage water pressure, the peak shear stress decreased by 13.63%,
3.036%, and 0.401%, respectively, and the peak shear displacement of the structural
plane increased by 12.248%, 2.496%, and 5.406%, respectively. The shear stiffness
decreased gradually by 3.884%, 3.219%, and 22.364%, respectively. The peak shear
dilatancy angle and average shear dilatancy angle were both less than zero, and under
other seepage water pressures, they were both greater than zero. The initial flow rate
and peak flow rate increased with an increase in seepage water pressure.

The section line shape of the structural plane was consistent, the height decreased
slightly, and the JRC of the section line decreased, indicating that the roughness of
the structural plane decreased and the surface gradually became smooth. The JRC
value of the contour and the 3D morphology parameters increased gradually with an
increase in seepage water pressure.

With the increase in shear displacement, the contact area, effective aperture, and mean
aperture exhibited three stages of change trend, and the transmissivity exhibited
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two stages of change. When the shear displacement was 0 mm, the aperture of
structural plane was very small but not zero. Under the same seepage water pressure,
the aperture gradually increased with the increasing shear displacement. Under the
same shear displacement, with the increase of seepage water pressure, the aperture
gradually increased.
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