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Abstract: This study experimentally investigated the effects of fracture surface roughness, normal
stiffness, and initial normal stress on the shear-flow behavior of rough-walled rock fractures. A series
of shear-flow tests were performed on two rough fractures, under various constant normal stiffness
(CNS) boundary conditions. The results showed that the CNS boundary conditions have a significant
influence on the mechanical and hydraulic behaviors of fractures, during shearing. The peak shear
stress shows an increasing trend with the increases in the initial normal stress and fracture roughness.
The residual shear stress increases with increasing the surface roughness, normal stiffness, and initial
normal stress. The dilation of fracture is restrained more significantly under high normal stiffness
and initial normal stress conditions. The hydraulic tests show that the evolutions of transmissivity
and hydraulic aperture exhibit a three-stage behavior, during the shear process—a slight decrease
stage due to the shear contraction, a fast growth stage due to shear dilation, and a slow growth stage
due to the reduction rate of the mechanical aperture increment. The transmissivity and hydraulic
aperture decreased, gradually, as the normal stiffness and initial normal stress increase.

Keywords: rock fracture; shear-flow coupled test; constant normal stiffness conditions; transmissivity;
hydraulic aperture

1. Introduction

Underground fracture rock masses consist of the intact rock matrix and various discontinuities.
Discontinuities such as joints and fractures play a significant role in the hydro-mechanical behaviors of
a host rock mass [1-7]. Hence, the analysis of the shear-flow behaviors of rock fractures is critical to
many mass and energy transport engineering activities, such as nuclear waste disposal, oil, natural gas
production, and geothermal energy extraction [8-12].

Many efforts have been made to take into account the influence of shear displacement on fluid flow
in a single fracture [13-19]. Yeo et al. [13] carried out radial and unidirectional flow tests through single
rough fractures. The results showed that with increasing shear displacement, the fracture aperture
became heterogeneous and anisotropic, and the permeability, in the direction perpendicular to the
shear, was larger than that along the shear direction. Esaki et al. [14] developed a laboratory technique
for coupled shear-flow tests, to investigate the coupled effect of joint shear deformation, and dilatancy,
on the hydraulic conductivity of rock joints. The results showed that the conductivity increased, rapidly,
for the first 5 mm of shear displacement, and then gradually became a constant value, with continuous
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increase in the shear displacement. Li et al. [15] conducted a series of shear-flow coupling tests,
to evaluate the influence of morphological properties of rock fractures, on their hydro-mechanical
behavior. The results showed that the contact ratio drops rapidly at the very beginning of the shear
and then kept a small value. However, the transmissivity changed inversely with the contact ratio
change, during shearing. Javadi et al. [16] conducted coupled shear-flow tests on three granite
specimens, to investigate the variation in the critical Reynolds number (Re.), during the shear process,
under different normal stresses. It was found that the Re. was in the range of 0.001 to 25, as the
shear displacement increased from 0 to 20 mm. Similar shear-flow tests were also conducted by
Rong et al. [17]. They suggested the Re. ranged from 1.5 to 13.0, as shear displacement increased from
0 to 10.9 mm.

Most of these shear-flow tests were conducted under constant normal load (CNL) boundary
conditions, in which the normal load applying on the fracture surface was constant, during shearing.
However, the CNL boundary condition was only appropriate for the non-reinforced rock slope
or planar fractures, with no dilation during shearing [20-24]. For deep underground opening or
rock anchor-reinforced slopes, the loads acting normal to the direction of shear were not constant,
and the shear-induced dilation acted against the normal stiffness of the surround rock mass. The rock
joints were subject to a variable normal load and the stiffness of the surrounding rock mass could
significantly affect the shear behavior. In this case, during the shear process, the constant normal
stiffness (CNS) boundary condition should be selected, rather than the CNL boundary condition.
Some previous studies have experimentally investigated the shear behavior under CNS boundary
conditions [20-22,25-27]. It was reported that the shear behavior was affected by the fracture surface
roughness, normal stiffness, and initial normal stress. Note that the fracture aperture and its evolution
during shear, under the CNS condition, was far more complicated than that under the CNL condition.
On the one hand, shear-induced dilation could increase the fracture aperture. On the other hand,
increasing the normal stress induced severe asperity degradation, which reduced joint dilation.
However, few studies focused on the hydraulic behavior of fracture, during shear, under the CNS
boundary condition. Li et al. [28] and Koyama et al. [29] investigated the effect of the boundary
condition on the hydraulic behavior of the joint, during the shear process. The results showed that the
hydraulic aperture under the CNL condition was larger than the CNS condition. Olsson et al. [30,31]
investigated the effects of normal stiffness and initial normal stress on the hydraulic behavior of joint,
during the shear process. The results showed that the transmissivity decreased with increasing normal
stiffness and the initial normal stress. Sato et al. [32] studied the effect of roughness on the hydraulic
behavior, under the CNS and the CNL condition. They expressed that the permeability of joints was
larger for rougher fractures. However, the effects of surface roughness, normal stiffness, and initial
normal stress on the shear-flow behavior were usually studied independently, and the corporate effects
of these factors on the shear-flow behavior of fractures needed to be further investigated.

In this study, we conducted shear-flow tests on two types of fractures, with different surface
roughness, under the CNS boundary conditions. For each type of fracture specimen, a series of
hydraulic tests were performed for the different shear displacements (0 ~ 20 mm), under different
normal stiffness (1.0, 2.0, 3.0 MPa/mm), and initial normal stresses (1.0, 2.0, 3.0 MPa). Finally, the effects
of shear displacement, joint surface roughness, normal stiffness, and initial normal stress on mechanical
and hydraulic characteristics of fractures were analyzed.

2. Experiment

2.1. Specimen Preparation

Two types of granite fractures (labeled as G1 and G3) were created using the Brazilian test.
The fracture specimens were composed of upper and lower parts—200 mm in length, 100 mm in
width, and 100 mm in height. In order to carry out repeated tests, under various boundary conditions,
using specimens that had similar surface geometry, artificial replicas were manufactured by a mixture
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of plaster, water, and retardant, with a weight ratio of 1: 0.2: 0.005. Table 1 lists the physico-mechanical
properties of these rock-like specimens.

Table 1. Physico-mechanical properties.

Physico-Mechanical Properties Index Unit Value
Density o g/cm3 2.066
Compressive strength Oc MPa 38.5
Modulus of elasticity Eg GPa 28.7
Poisson’s ratio v - 0.23
Tensile strength Ot o 2.5
Cohesion c MPa 53
Internal friction angle @ ° 60

Replica surface geometries were scanned using a high resolution 3D laser scanning profilometer
system [25]. The scanning intervals in both X and Y axes were set to be 0.5 mm. Based on the scanned
data, the surface topographies of the two replica of the tension fractures are shown in Figure 1a,b.
To quantify the roughness of the rock joints, the Joint Roughness Coefficient (JRC) values of the
replicas were evaluated using the replica profiles, which were obtained by the scanning data, along the
length direction. The JRC was calculated according to the equations proposed by Tse and Cruden [33],

written as:
1/2

Zy = 71 rlil(z —Z')2 1)
m—-1)(ax)? 5

JRC = 322+ 32.47log Z» @)

where 7, is the root mean square slope of the profiles, based on the extracted data, z; represent the
coordinates of the fracture surface profile, n is the number of the data points, and Ax is the interval of
the data points. The mean JRC values of the fractures G1 and G3 are 3.21 and 7.36, respectively.

2.2. Test Equipment and Procedures

The shear-flow coupled tests under the CNS conditions were carried out on the servo-controlled
shear-flow test system, in the Nagasaki University, as shown in Figure 1c. The test system mainly
consisted of three units—a hydraulic-servo actuator unit, a hydraulic testing unit, and a visualization
unit. The hydraulic-servo actuator unit includes horizontal and vertical load jacks, to apply the shear
and normal loads, through a servo-controlled hydraulic pump. The capacity of both the normal and
the shear loads was 200 kN, with a precision of 99%. The shear and normal displacements were
monitored by three linear variable differential transformers (LVDTs), with an accuracy of 0.001 mm.
Two LVDTs were used to monitor the normal displacement. The capacities of the shear and normal
LVDTs were 20 mm and 10 mm, respectively. In this system, the CNS boundary condition was achieved
by detecting the signal of normal displacement, during shearing, and servo-controlling the normal
load applied to the specimen.

The change in the normal stress, due to the application of normal stiffness (k,;) was calculated
as follows [1]:

AP, = ky-Aoy, (©)]

P, (t+ At) = Py(t) + AP, 4)

where AP, and Ad, are changes in the normal load and the normal displacement, respectively.

The shear-flow tests were conducted on the two sets of replicas, with their different roughness,
under the various boundary conditions. The experimental cases and their corresponding boundary
conditions are shown in Table 2. The flow tests were conducted, under a constant water head of
0.3 m, during shearing. The shear displacement increased from 0 to 20 mm, with an interval of 1 mm.
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The shear rate was 0.5 mm/min. The outflow of the water was measured using an electrical balance
that had a precision of 0.01 g. Numerous shear-flow tests were conducted using this testing system,
showing a good sealing effect in these test studies [15,28,34,35].
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Figure 1. (a) Scanning graph of fracture G1. (b) Scanning graph of fracture G3. (c) Schematic view of

the coupled shear-flow test system (Arrow represents water flow direction).

Table 2. Experimental cases and their corresponding boundary conditions.

Normal Loading Conditions

Joint Specimens Loading Cases Roughness (JRC)

Initial Normal Normal Stiffness,
Stress, oy (MPa) k, (MPa/mm)
Gl1—1 1 1
Gl1—2 1 2
G1 Gl1—-3 3.21 1 3
Gl1—4 2 2
Gl1-5 3 2
G3—1 1 1
G3—2 1 2
G3 G3—3 7.36 1 3
G3—4 2 2
G3—5 3 2
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3. Experimental Results

3.1. Effect of the Normal Stiffness on the Shear Characteristics

Figure 2 shows the results of the shear mechanical properties of the fractures G1 and G3,
under different normal stiffness, with an initial normal stress of 1 MPa. In this study, the peck
shear stress was defined as the point of shear stress, with a sharp change in curvature [20]. As shown
in Figure 2a,b, in the pre-peak range, the shear stress increased linearly to the peak value, at the
very beginning of shear. The test results indicate that the peak shear stress did not show obvious
tendencies with respect to the normal stiffness. The peak shear stress values were similar, under various
normal stiffness conditions. This is because the normal stress was approximately the same at the
peak shear displacement (Figure 2e,f). In the post-peak range, the post shear strength was related to
the fracture surface roughness and normal stiffness. For the relatively smooth fracture G1, when the
normal stiffness was small (k, = 1 MPa/mm), the shear strength abruptly increased to the peak,
and then gradually decreased to the residual stress stage. With increase in the normal stiffness, the post
peak strength decreased slightly, followed by a gradual increase. However, for the relatively rough
fracture G3, as the normal stiffness increased, the post-peak strength grew, appreciably, with increasing
shear displacement. This phenomenon showed that a higher value of the normal stiffness and larger
roughness of the fracture surfaces indicate a more pronounced stress hardening behavior. It was also
found that the residual shear stress showed an increasing trend, with increase in the value of the JRC
and the normal stiffness.
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Figure 2. Cont.



Processes 2019, 7, 57 6 of 12

4.0 4.0
—kn=1 MPa/mm ——k =1 MPa/mm
351 | ——k=2MPa/mm 354 | —— k=2 MPa/mm
—— k =3 MPa/mm ——k =
E 304 : § 3.0 k =3 MPa/mm
=3 s
% 2.5 ﬁ 2.54
= =
2 20- = 20-
£ =
S 154 S 154
1.01 1.01
0 5 10 15 20 0 5 10 15 20
shear displacement (mm) shear displacement (mm)
(e) ®

Figure 2. Shear behavior of rock fracture replicas under different normal stiffness. (a,b) Shear stress vs.
shear displacement for the replicas G1 and G3; (c,d) Normal displacement vs. shear displacement for
replicas G1 and G3; and (e,f) Normal stress vs. shear displacement for replicas G1 and G3.

The relationship between normal displacement and shear displacement are shown in Figure 2c,d.
For all test cases, the normal displacement slightly decreased in the pre-peak stage and then increases,
gradually, with increasing shear displacement. The normal displacement decrease was due to the
deformation of the asperity and surface interlocking, at the beginning of the application of the shear
load. With continuous increase in the shear displacement, the normal displacement increased due
to shear-induced dilation. As the normal stiffness increased, the increment of normal displacement
decreased, whereas the increasing rate of normal stress increased (Figure 2e,f). This indicates that
dilation was restrained at the higher normal stiffness condition. Additionally, the rougher the replica
surface, the larger dilation and normal stress that could be obtained.

3.2. Effect of the Initial Normal Stress on the Shear Characteristics

Figure 3 shows the shear mechanical properties of the fracture G1 and G3, under different initial
normal stress, with a constant normal stiffness of 2 MPa/mm. As shown in Figure 3a,b, the shear
stress was related to the initial normal stress and the replica fracture surface roughness. The peak shear
stress and residual shear stress became larger, with an increase in the initial normal stress and JRC
value. In the post-peak range, the test results indicated that the high initial normal stress condition
increased the tendency toward the stress softening behavior. The transition from stress hardening
to stress softening behavior was more obvious with an increase in the initial normal stress, for the
rougher fracture G3.

Figure 3c,d show the relationship between normal displacement and shear displacement.
The increasing rate of dilation decreased as the initial normal stress increased. For the rougher
fracture G3, the dilation was larger than the fracture G1, under the same initial normal stress condition.
Comparison with the dilation results, under different normal stiffness conditions, showed that the
influence of the initial normal stress, on dilation, was more obvious than the normal stiffness. This was
because the normal stress increased more significantly, according to Equations (3) and (4), and more
significant failure of asperities was created, under higher normal stress conditions.

3.3. Evolution of Transmissivity during the Shear-Flow Tests

For a steady laminar flow through a single fracture, the flow rate is considered to be linearly
proportional to the cubic of the fracture aperture, which is the cubic law [36-38], written as:

AP wb®
Q=-1, 17 ®)
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where Q is volumetric flow rate, AP is the pressure drop along the flow direction, w is the fracture
width, by, is the hydraulic aperture, L is the fracture length over which the pressure drop takes place,
and p is the viscosity of the fluid. The transmissivity T equals to the term wbh3 /12 in Equation (5),
which is an important parameter to estimate the flow characteristics [36].

. Qu  wh?
T VPw 12 ©)

Note that the fluid flow patch, in the shear direction, will progressively become short, during shear.
Therefore, the transmissivity and the hydraulic aperture are calculated using the actual length [34].
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Figure 3. Shear behavior of the rock fracture replicas with different initial normal stresses. (a,b) Shear
stress vs. shear displacement for the replicas G1 and G3; (c,d) Normal displacement vs. shear
displacement for the replicas G1 and G3; and (e,f) Normal stress vs. shear displacement for the
replicas G1 and G3.
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The evolution transmissivities of the relicas G1 and G3, during shearing, under different boundary
conditions, have been plotted in Figure 4. The changes in transmissivity exhibited three-stage behavior,
during the shear process. For all test cases, the transmissivity experienced a slight descend at 0-1 mm
shear displacement. Then the transmissivity increased rapidly, at a shear displacement of 1-4 mm.
When the shear displacement exceeded 4 mm, the transmissivity gradually increased, until reaching a
stable value. Similar behavior have also been reported in previous studies [14,15,28]. The transmissivity
showed an increment of 2—3 orders of magnitude, as the shear displacement increased from 0 to 20
mm. For the rougher replica G3, the transmissivity increment was larger than the smooth replica G1.
This is because the rougher joint created a relatively larger void space between the two surfaces of
a fracture, during shearing. The transmissivity decreased with the increases in normal stiffness and
the initial normal stress. This was because the rougher fracture created a relatively larger void space
between the two surfaces of a fracture, during shearing. The transmissivity decreased with the increase
in normal stiffness and the initial normal stress.
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Figure 4. The evolutions of transmissivity of the replicas G1 and G3, during shearing, under different
boundary conditions. (a) Transmissivity of replica G1, with different normal stiffness, under an initial
normal stress of 1 MPa; (b) transmissivity of replica G3, with different normal stiffness, under an initial
normal stress of 1 MPa; (c) transmissivity of replica G1, with different initial normal stresses, under a
constant normal stiffness of 2 MPa/mm; (d) transmissivity of replica G3, with different initial normal
stresses, under a constant normal stiffness of 2 MPa/mm.

3.4. Evolutions of the Mechanical Aperture and the Hydraulic Aperture

The evolution of the aperture, during shearing, was the key issue to study the fluid flow
behaviors of fractures. Based on Equation (5), the hydraulic aperture at different shear displacements,
can be calculated. The mean mechanical aperture (em) can be calculated based on the following
equation [14,29]:

em = eg — Ab, + Ad (7)
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where e is the initial mechanical aperture, Ab, is the change in mechanical aperture due to normal
loading, and Ad is the change in mechanical aperture induced by shear dilation. The initial mechanical
aperture at the small shear displacement (0-1 mm) was assumed to equal to the hydraulic aperture.
Note that the normal stress changes with increasing the shear displacement, under CNS boundary
conditions, therefore, the Ab, should be revised, based on the corresponding normal stress.

Figure 5 shows the evolutions of hydraulic and mechanical aperture of the fractures G1 and G3,
during shearing, under different boundary conditions. Similar with the changes in the transmissivity,
the evolution of the hydraulic aperture also exhibited a three-stage behavior, during the shear process:
(1) A declining stage due to the shear contraction of the fracture, at the beginning of shear; (2) A fast
growth stage, in which the aperture increased rapidly, due to shear-induced dilation; (3) A slowly
growth stage, during which the aperture gradually increased and approximately approached a constant
value, due to the reduction of shear dilation. Both the hydraulic and mechanical aperture decreased,
with increasing normal stiffness and initial normal stress. This indicated that the stiffness- and
the initial-normal-stress-induced normal stress increase caused a larger degree of asperity damage,
which decreased the mechanical aperture. The mean mechanical aperture was always larger than the
hydraulic aperture. For a rougher fracture surface, the degree of hydraulic aperture deviated more
significantly from the mechanical aperture than the smoother fracture surface.
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Figure 5. Evolution of the hydraulic and the mechanical apertures of the replicas G1 and G3, during
shearing, under different boundary conditions. (a) Replica G1 with different normal stiffness, under an
initial normal stress of 1 MPa. (b) Replica G3 with different normal stiffness, under an initial normal
stress of 1 MPa. (c) Replica G1 with different initial normal stresses, under a constant normal stiffness
of 2 MPa/mm. (d) Replica G3 with different initial normal stresses, under a constant normal stiffness
of 2 MPa/mm.
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4. Conclusions

A series of shear-flow tests for the rough fractures G1 and G3, under various CNS boundary
conditions, were performed to investigate the effects of surface roughness, normal stiffness, and initial
normal stress on shear-flow behavior. The peak shear stress showed an increasing trend with the
increase in surface roughness and initial normal stress, while the peak shear stress did not show
obvious tendencies, with respect to the normal stiffness. The residual shear stress was related to the
surface roughness, normal stiffness, and initial normal stress. With increments of surface roughness,
normal stiffness, and initial normal stress, the residual shear stress increased. The dilation of the
fracture was significantly related to the roughness, normal stiffness and the initial normal stress.
The dilation of the fracture in the shear process was restrained, more significantly, under higher normal
stiffness and initial normal stress conditions.

The evolutions of transmissivity and hydraulic aperture exhibited a three-stage behavior, during
the shear process. A slight decreasing stage occurred, first, due to the contraction of the fracture at
the beginning of the shear. Then, the transmissivity increased rapidly, at a shear displacement of
1-4 mm, due to the shear-induced dilation. The transmissivity of the fractures increased by 2-3 orders
of magnitude, during this stage. Finally, the transmissivity and the hydraulic aperture gradually
increased and approximately approached constant values, due to the reduction of shear dilation.
The transmissivity and hydraulic aperture decreased, gradually, as the normal stiffness and initial
normal stress increased.
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