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Abstract

The disposal of high-level radioactive waste (HLW) is one of the most challenging issues globally, and granite is considered
an ideal host rock. In this paper, we present an experimental study on the transmissivity of fractured granite filled with dif-
ferent materials. A series of tests were carried out to study the effects of different factors (filling material, confining stress,
and fracture roughness) on fracture transmissivity. Our results show that the properties of the filling material play a criti-
cal role in the transmissivity of fractured granite. Specifically, quartz sand significantly increases the transmissivity of the
fractured granite, but the larger the sand particle size, the slower the transmissivity increases. Conversely, compared with
fractured samples without any filling material, bentonite as a filling material decreases fracture transmissivity. Furthermore,
confining stress also exhibits a great effect on transmissivity, and high stress compresses the filling material, resulting in a
reduction in transmissivity. In addition, confining stress has a larger impact on the transmissivity of sand-filled fractured
samples than others. We quantify the roughness of the fractures to examine its impact on the transmissivity. The results show
that larger roughness reduces transmissivity for the unfilled fractures, but has an opposite effect on sand-filled fractures,
while the results of bentonite-filled fractures are scattered. This study could provide an important guidance for evaluating

the safety of HLW repositories.
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Introduction

Granite is considered to be an ideal host rock for high-level
radioactive waste (HLW) geological disposal (Wang et al.
2006, 2018) because of its low permeability, high strength,
and good thermal conductivity. Understanding the transport
properties of fractured granites is one of the key issues for
the assessment of feasibility and safety of long-term HLW
disposal (Yang et al. 2017, 2018).
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A large number of studies have been carried out to
understand the effects of stress on permeability in fractured
granites. It is well documented that permeability strongly
depends on confining stress and stress path (Vogler et al.
2016; Yang et al. 2019; Yin et al. 2019). Several empirical
formulae (e.g., exponential function) have been proposed
to quantify the relationship between permeability and the
applied stress (Olsson and Barton 2001; Min et al. 2004;
Alam et al. 2014; Majid and Lanru 2015; Wang et al. 2015).
Fracture roughness is another factor influencing the perme-
ability, which causes the variation of fracture aperture and
potential transition of flow regimes (Coli et al. 2008; Liu
et al. 2016; Wang et al. 2016; Wu et al. 2020). Yong et al.
(2018) proposed a method to determine the maximum sam-
pling interval in the measurement of two-dimensional joint
roughness by studying the sensitivities of several widely
used roughness parameters to the sampling interval. Numeri-
cal investigations show that geometric fracture characteris-
tics (e.g., aperture, length, and surface roughness) play an
important role in the permeability of the fractured rock mass
(Alireza and Lanru 2007, 2008; Liu et al. 2016, 2018; Mu
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et al. 2019; Zhang et al. 2021). Early studies have shown that
fillings in the fractures can alter the mechanical behavior and
transport properties of fractures. Filling materials in natural
rock joints may reduce the shear strength of the joints and
affect the stability of rock masses (Indraratna et al. 2005,
2008; Shrivastava and Rao 2017; Cheng et al. 2018). Some
studies have demonstrated that the permeability of fractures
is significantly affected by the presence of the fillings (Chen
and Kinzelbach 2002; Olson et al. 2009; Wang et al. 2010,
2019; Rutqvist 2015; Yu et al. 2015; Khosravi et al. 2016;
Lu et al. 2016; Liu et al. 2017, 2019; Cheng et al. 2018).
Wealthall et al. (2001) found that, compared to fractures
filled with a small amount of filling material, permeability
behaves oppositely in fractures filled with a large amount
of material. Ye et al. (2019) established an equivalent per-
meability coefficient model for partially filled fractures to
investigate the dependence of permeability on the degree of
filling in the fractures. In recent years, significant work has
been devoted to understanding the effect of proppants on
the hydraulic conductivity of fractures in geothermal energy
recovery, exploitation of oil and gas resources, and transport
of pollutants in rock masses (Zheng et al. 2016; Bandara
et al. 2020; Suri et al. 2020). The results of experiments
and numerical simulations show that fracture conductivity
increases with increasing proppant concentration and prop-
pant particle size, and reducing closure stress (Hou et al.
2017; Li et al. 2018; Zheng et al. 2018; Xu et al. 2019; Zhu
et al. 2019; Liang et al. 2021; Xiao et al. 2021). However, the
influence of fillings materials in the fracture on the transmis-
sivity of fractured granite remains largely unclear.

This paper aims to study the evolution of transmissivity
in single fractures with different filling materials under
confining stress. Specifically, we will explore the impacts
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Fig. 1 The preparation of specimens
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of fracture roughness, confining stress, and filling condi-
tions on the transmissivity of fractured granite.

Experiment preparation
Specimen preparation

Granite was collected from Rizhao in Shandong province,
China, to investigate the transmissivity of filled fractured
granite. In this experiment, all specimens were cored from
the same block of granite, with a diameter of ~50 mm and
a length of ~70 mm. Based on the X-ray diffraction (XRD)
results, the mineral components of this granite were quartz
(11.12%), feldspar (59.85%), biotite (21.56%), amphibole
(6%), chlorite (1.01%), and dolomite (0.46%). The grain
size ranged from 6 to 18 mm, based on which it was clas-
sified as a coarse-grained granite (Yang et al. 2017, 2018).

To create a rough fracture surface, as shown in Fig. 1(a),
the specimens were placed centrally in a mold equipped
with a chisel edge or burin with which it was in contact.
Clamping screws prevented the specimen from sliding and
were aligned with the metal plate above the sample. A
loading machine applied uniaxial preloading to the speci-
men, after which the clamping were removed so that dur-
ing further loading, the specimen was in an unconfined
state until the specimen was split in two halves along an
axial fracture, as shown in Fig. 1(b).

Because the internal mineral distribution of each speci-
men varied, the planarity of each fracture surface was dif-
ferent, resulting in specimens with different fracture rough-
nesses. Figure 2 shows an example of a fractured specimen.
The dimensions of all specimens are provided in Table 1.
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Fig.2 An example of a frac-
tured granite specimen

Properties of the filling materials

According to previous studies (Tian 2013), the type of fill-
ing material in the fractured granite in the planned Beis-
han HLW storage area, Gansu, China, is similar to that in
Matagami/Norita, Canada, (Blyth et al. 2009) and consisted
mainly of calcite, quartz, and clay (mostly montmorillonite).
Researchers worldwide have suggested that bentonite should
be used to fill fractures in granite for waste repositories (Liu
and Chen 2001; Push 2002). In view of this experience,
quartz sand and bentonite were used as filling materials on
the fracture transmissivity in these tests.

Quartz sand is a commonly used proppant for hydraulic
fracturing around the world. Relevant studies have shown
that the crushing strengths of 40/70 mesh and 70/140 mesh
quartz sand in China are respectively 4000 psi and 5000
psi (about 27.6 MPa and 34.5 MPa) (Zheng et al. 2021).
As shown in Fig. 3, quartz sand with a customized mesh
ranges of 50 mesh (particle size ~0.25-0.3 mm), 100 mesh
(particle size ~0.106—-0.15 mm), and 200 mesh (particle
size ~0.053-0.075 mm) were used.

Following the earlier study of Liu et al. (2007), the main
mineral of the Gaomiaozi bentonite used in this research
was 64 to 81% montmorillonite. The expansion capacity of
this material was about 29.25 ml/g, that is, access to water
resulted in 30 times volumetric free expansion. Due to the
influence of viscous water film possessed by hydrated ben-
tonite, its small particle size, and swelling capability, the
permeability of bentonite is very low, and this decreases
significantly with increase of compaction density.

Table 1 The dimensions of all specimens

Specimen Diameter (mm) Length (mm) JRC
number

No.1 47.92 70.52 13.01
No.2 47.88 70.67 13.50
No.3 47.65 70.32 13.97
No.4 48.24 71.20 14.39
No.5 47.44 70.52 14.84

Surface scan

Fracture surfaces of the specimens were scanned with a
laser device to provide 3D coordinates (XYZ) for a large
number of points. These scanned data were used to gener-
ate digitized fracture surfaces for the specimens (Fig. 4),
and the joint roughness coefficients (JRC) were be calcu-
lated for each specimen, using the following equations of
Yang et al. (2001) and Yong et al. (2018):

n—1 1/2
1
H= "7 Zir1 — % (1)
(n — 1)(Ax)? Z‘ ’
JRC =32.69 +32.98 x Ig Z, 2)

where Z, is the root mean square slope of the profiles based
on the scanned data, z; represents the coordinates of the
fracture surface profile, n is the number of data points, and
Ax is the interval between the data points. The mean JRC
values for the samples are listed in Table 1. It was noted that
as the roughness increased, the undulation of the surface
increased.

SO[nesh

bentonite

Fig. 3 The infilling materials used in this work
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Fig.4 3D scans for the fracture surfaces
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Methods and procedures

As Fig. 5 shows, the apparatus was equipped with three inde-
pendent pressure systems: axial stress, confining stress, and
pore pressure, all supplied by ISCO pumps. In addition, the
rock sample was tightly wrapped in a rubber sleeve under
confining stress to ensure that the pore fluid only passed
through the fracture in the sample.

To measure the transmissivity of the fractured granite
samples, the steady-state method was preferred because of
its better accuracy. The injection fluid was pumped in from
the left side of the core chamber and passed through the
sample to the right side. The injection pressure was recorded
by a pressure sensor, and a balance set at the flow outlet
recorded the mass of water flowed through the sample, from
which the flow rate Q was calculated. An early study had
shown that the porosity of the intact granite was only 0.825%
(Yang et al. 2017). As the permeability of fracture was much
higher than that of intact granite, the influence of permeabil-
ity of the intact granite (i.e., matrix) was not considered in
this study. Following Darcy’s law, the flow rate ( Q ) through
porous media at a low velocity can be written as (Zimmerman
and Bodvarsson 1996):

_ k4AP

0==17 3)
where Q is the flow rate (m?/s), u is the dynamic viscosity
of water ( PAes ), k is the permeability (m?), A is the cross-
section area (m?), and AP is the pressure difference (Pa), L
is the length of the sample (m).

Generally, the ability of a fracture to transmit fluids is
quantified by its transmissivity (7), which is equal to the
product of the permeability and the area:

HOL
T=kA= AP “)

All tests were conducted at a constant temperature of 23
C, in order to evaluate the stress-dependent permeability of
the fractured granite, with different confining stresses, axial
stresses, and pore pressures during the experiment.

Five filling conditions (i.e., no filling, 50-mesh particle
size sand, 100-mesh particle size sand, 200-mesh particle
size sand, and bentonite) were selected. First, to ensure that
the same filling quality was used under each operating con-
dition, 0.3 g of each filling material was accurately weighed
and evenly spread on the fracture surface by hand or using
small brush (Fig. 6). The sample was weighed before and
after filling to ensure that no filling material was lost during
this process and to check the same amount of filling mate-
rial was used under each condition. The half sample with
filling material was matched with the appropriate other half
and then wrapped together with adhesive tape to prevent
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Fig.5 The schematic diagram of the experimental apparatus

the escape of filling material from the fracture, as shown
in Fig. 7(a). The samples were kept horizontal throughout
the whole process to prevent the filling material from leak-
ing out from the ends. As illustrated in Fig. 7(b), when the
sample was placed in the core chamber, permeable stone
plates were placed at both ends of the sample. These were
held against the ends of the sample by the application of an
axial stress to prevent filling material from escaping and
only water was allowed to pass through the samples.

Pan and Qian (2009) claimed that nuclear waste is
mostly buried at depths of 300—-1000 m underground. From
the results of the in situ stress measurements at different
depths at the Beishan nuclear waste repository in Gansu,

Fig.6 A fracture surface with 50-mesh quartz sand

Pressure transducer

China, the confining stresses used in the tests were 10 MPa,
12 MPa, and 15 MPa (Zhao et al. 2014; Wang et al. 2018).
As mentioned earlier, the crushing strength of quartz sand is
much larger than the applied confining stress, so it was not
expected that quartz sand particles would be crushed under
these confining stress levels. The confining stress would also
have restricted the change of distribution of filler on the frac-
ture surface, although this was not checked.

After the confining stress was applied and kept constant,
five levels of pore pressure difference from 0.1 to 0.5 MPa
were applied and the flow rates were measured. Before record-
ing the data, the flow was kept for a period of time to ensure
that the flowing lines were full of water and the fracture was
saturated. The flow outlet was submerged directly in water in
the collection device and did not come into contact with air. It
is possible that without the use of a back-pressure at the outlet,
there may have been dissolved air in the water that would have
created air bubbles in the outlet tube, but none were observed.
Figure 8 shows the loading procedures used in this work.

Results and discussions

Table 2 shows the transmissivities of the fractures in the 5
specimens under different confining stress and filling condi-
tions. For example, under a confining stress of 10 MPa and a
water pressure difference of 0.3 MPa, the transmissivities of
Sample No.1 filled with 50-mesh sand, without filling mate-
rial, and with bentonite were 3.28x10™"7 m*, 2.17x 107"
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Fig.7 Measures to prevent the filling material from being flowed out: (a) tape wrapped round specimen, (b) stone discs at ends of specimen

m*, and 5.89x 107! m*, respectively. It is clear that, under
the same stress and pore pressure difference conditions, the
transmissivity of the fracture filled with sand was much larger
than that of fractures without filling and filled with bentonite.
Other specimens had similar patterns, where in general, sam-
ples filled with 50-mesh sands have the highest transmissivity
(in the order of 10”"7 m*) and bentonite filled fractures have the
lowest transmissivity (in the order of 1072 m*).

Effect of filling material

As shown in Fig. 9(a)—(e), the transmissivity of the samples
filled with bentonite is about one to two orders of magnitude
lower than that of unfilled samples. The reason is because
bentonite has a strong adsorption capacity to liquids. As a
result, of the swelling of bentonite the fracture was clogged
by the expanded bentonite, which resulted in the reduction
in fracture transmissivity. Because of the influence of vis-
cous water film in bentonite, the bentonite also plays a role

4 A

[ Sample 1 ] —> | 10MPa of confining stress

e A

12MPa of confining stress

N

N

=

15MPa of confining stress

J

somplez | [ ]

Fig.8 The loading procedures of the experiment
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in blocking water and reducing flow capacity, thus further
reducing the transmissivity of the sample. The transmissivity
of the fracture filled with sand was about one to three orders
of magnitude higher than that of unfilled fractures. This is
because of the sand particles prevented closure of the fracture.
In addition, the pore structure formed by the filling material
was the main flow channel, and the porosity of which was
higher than an unfilled fracture since the large pore volume
possessed by the sand increased the flow capacity of the frac-
ture. Thus, the flow rate was increased accordingly, and the
fracture transmissivity was significantly increased.

Figure 9 illustrates that the fracture transmissivity of sam-
ples filled with quartz sand was related to particle size where
the smaller the particle size, the lower the transmissivity. For
instance, when the particle size of the sand changed from 50
to 200 mesh under the same confining stress, the transmis-
sivity of the fracture with the same roughness decreased
by one order of magnitude, which can be well explained
by the difference in pore sizes and pore volumes. Hence,

0.1-0.5MPa of water pressure difference| =
0.1-0.5MPa of water pressure difference| =
0.1-0.5MPa of water pressure difference| =

.
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Table 2 Transmissivity (m*) of the samples

Sample Confining Filling conditions
stress (MPa) - - - - - - - - -
No filling With particle 50mesh With particle 100mesh With particle 200mesh With bentonite
No.1 10 2.17%x 107" 3.28 x 1077 1.11x 107" 5.85%x 1078 5.89 x 1072
12 9.50 x 10720 1.61x 1077 5.98x 10718 2.71%x 10718 2.17% 107!
15 4.85%x 10720 8.25%x 1078 3.76 x 10718 1.34%x 10718 8.10 x 10722
No.2 10 1.75% 107" 3.48x 1077 1.24 %1077 3.53%x 10718 7.59 x 107!
12 6.64 %1072 1.72x 1077 5.92x107'8 225%x 10718 2.77 % 107!
15 3.91 %1072 5.45%x 10718 3.83%x 10718 1.09 x 10718 1.76 x 107!
No.3 10 1.67x 107" 3.82x 1077 1.59 x 1077 425%x 10718 5.05 %1072
12 6.04 %1070 2.17x 1077 8.09x 10718 2.60 %1078 2.20x% 1072
15 3.58x 10720 1.33%x 1077 4.85%x 10718 1.13x 10718 9.03 x 1072
No.4 10 1.57x 107" 423 %1077 1.81x 1077 4,09 x 10718 6.51 x 107!
12 542 %107 2.70x 1077 1.03x 1077 2.05%x 10718 3.90 x 107!
15 3.47 %1072 1.69 x 1077 7.93x 10718 1.44x 10718 2.81 x 107!
No.5 10 1.59x 107" 492 %1077 2.16 x 1077 4.81x1078 438 x 107!
12 5.12%x 1072 2.50%x 1077 8.16x 10718 2.69 %1078 224 % 107!
15 3.20%x 1072 1.63x 1077 3.84%x 10718 1.17x 10718 1.06 x 107!

smaller sand particles form a denser pore structure, resulting
in the reduction in flow capacity and fracture transmissivity.
Furthermore, the smaller the sand particle size, the less the
transmissivity varies with confining stress level. This occurs
because the pore structure formed by quartz sand decreases
with decreasing particle size. Therefore, during confining
stress loading, the degree of compression of pore structure
formed by smaller sand particles was lower and as a result,
the difference of fracture transmissivity between different
confining stresses was not so significant.

The experiments in this work show that filling conditions
have the largest impact on fracture transmissivity. Although
this phenomenon was reported before by other scholars, most
of the earlier studies only considered one filling material. For
instance, Liu et al. (2012a) found that the flow rate of an
unfilled fracture was about 0.5 cm>/s, which was lower than
that of the fracture filled with coarse sand, at about 2.5 cm’/s.
Liu et al. (2010) and Liu et al. (2012a) also showed that the
fracture permeability decreases as the size of filling material
particle decreased, which is consistent with our study. Nara
et al. (2017) explored permeability changes in fractures filled
with clay and found that the permeability of unfilled frac-
tures was about 107! 2 compared with filled fractures hav-
ing a permeability of 107'® 2, under the same water pressure
and confining stress conditions. This difference of about two
orders of magnitude is consistent with the results of this study.

Effect of confining stress

As shown in Fig. 10(a)—(c), the transmissivity of fractures
decreased with increasing confining stress. In the first stage

of confining stress loading (10-12 MPa), fracture transmis-
sivity decreased rapidly, but the decline rate was reduced
in the later stage (12—15 MPa). In this work, the ratio of
fracture transmissivity reduction under confining stress from
10 to 12 MPa and 12 to 15 MPa with that under confining
stress from 10 to 15 MPa was used to describe the reduction
degree of fracture transmissivity in the initial and later load-
ing stages respectively. Based on the calculation, for the five
fractures with different roughnesses, in the initial stage of
confining stress loading, the transmissivity reduction degree
of fractures filled with 50-mesh quartz sand was 60~ 73%.
However, in the later loading stage, the transmissivity reduc-
tion degree was 27 ~40%, showing a large difference com-
pared with the initial loading stage. This trend holds true
for other filling conditions. When the confining stress was
increased by 5 MPa, the transmissivity of all samples was
reduced by approximately one order of magnitude.

The influence of confining stress on the transmissivity of
filled fracture was evident. In the first stage of confining stress
loading, the fracture would have been the main flow channel,
but as confining stress increased, the fracture aperture would
be decreased and compression of the pore structure formed
by the filling material would result in reduced porosity and
the observed rapid reduction of fracture transmissivity. How-
ever, at the second stage of confining stress loading process,
the filling material was already been compacted, irrecover-
able plastic deformation and some particle crushing would
have resulted in the destruction of the spatial structure of
the medium and possibly cause blocking of the flow chan-
nels. However, it is likely that only minor particle crushing
occurred at the second stage as the transmissivity reduction

@ Springer
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degree was less than for the initial stage. Since the filling
material had been compacted in the early stage, the increase in
confining stress had a relatively small effect on the flow chan-
nels in the fracture. As a result, the rate of decline in fracture
transmissivity is less in the later confining stress stage.
Confining stress is another factor affecting fracture trans-
missivity, which has been well reported (Lee and Cho 2002;
Liu et al. 2012b; Vogler et al. 2016). In the present study,
a confining stress increment from 10 to 15 MPa resulted in
a decrease in fracture transmissivity by about one order of
magnitude, similar to what others have found. For example,
Tan and Wang (2020) found in an experimental study that
the permeability of the gypsum mortar-filled fracture was
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about 9x 1077 m2 at a confining stress of 1.2 MPa, but at
a confining stress of 10 MPa, it was reduced to 3 X 1071
m?, a reduction of about one order of magnitude. Nara et al.
(2017) discovered that increasing confining stress from 2
to 10 MPa caused the permeability of unfilled fractures to
decrease from 107'° m? to 107'® m?, and the permeability
of clay-filled fractures to decrease from 1077 m? to 1078
m?. In this study, fracture transmissivity decreases more
when confining stress is increased from 10 to 12 MPa,
compared with when confining stress is increased from
12 to 15 MPa. This was also found by Jiang et al. (2020)
who obtained a significantly greater reduction in perme-
ability when the confining stress was increased from 3 to
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15 MPa (2.3x 107" m2to 1.05x 107!> m? ), larger decline
than under a confining stress change from 15 to 35 MPa
(1.05% 1075 m? t0 0.6 x 107" m?). All the results confirmed
that the characteristics of the filling material can impact frac-
ture transmissivity.

Effect of roughness
Unfilled fractures

Figure 11(a) shows that in the initial loading stage, the
fracture transmissivity of unfilled fractures decreases with
increasing roughness under the same level of confining
stress. As the confining stress increased, this trend gradually
diminished. The reason is that in the initial loading stage,
rough fractures were the main flow channels. As shown in
Fig. 4, greater roughness corresponds to more tortuous and
longer flow paths. The energy consumed by the friction
between the water and fracture surface would increase with
increasing roughness which would reduce the flow capacity
of fracture. At this point, the influence of roughness has a
greater impact on fracture transmissivity, and greater rough-
ness resulted in the lower transmissivity of unfilled fractures.
In the later loading stage, high stress reduced the fracture
aperture and the flow capacity, so the transmissivity effect
of the flow path on the unfilled fracture decreased.
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Fractures filled with sand

Figure 11(b) shows that for fractures filled with quartz sand,
fracture transmissivity tended to increase with the increase
of roughness during the initial loading stage. As the con-
fining stress increased, this trend gradually diminished,
indicating that the effect of roughness on the transmissivity
of fracture filled with quartz sand was no longer dominant
under high confining stress conditions. It is easier to cause
the superposition of filling particles in the concave parts
of the fracture surface with higher roughness, which would
result in the increase of the fracture aperture due to the sup-
port of the filled sand. Therefore, in the initial loading stage,
the pore structure was looser with high, the porosity with
greater roughness. A high flow capacity of the fracture and
larger transmissivity. With increasing confining stress, the
pore structure of the filling medium would be compressed
and thus reduce the flow capacity. This suggests that confin-
ing stress rather than the roughness plays a more significant
role in fracture flow capacity.

Fractures filled with bentonite
Figure 11(c) shows that throughout the process of confining

stress loading, the transmissivity of fractures filled with ben-
tonite fluctuates with increasing roughness, with relatively
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large variations. The reasons may be explained as follows. The
water-blocking function of bentonite due to narrowing of the
flow channel when bentonite was expanded after being exposed
to water. Thus, flow rate and fracture transmissivity would be
decreased. In the entire loading process, although the flow path
of rough fracture is longer, because the fracture transmissivity is
too low, the influence of the flow path length on fracture trans-
missivity was lost and the effect of roughness has a negligible
effect on the transmissivity of fractures filled with bentonite.

According to the above analysis, the influence of fracture
roughness on fracture transmissivity varies with filling con-
ditions, as shown in Fig. 11, but the change in transmissivity
is below one order of magnitude. A similar conclusion was
given in other studies (Wang et al. 2019; Tan and Wang
2020), in which fracture width and filled of the fracture
with dense gypsum mortar was studied. The permeability of
filled fractures decreased with increasing roughness, but the
change was less than one order of magnitude. To summarize,
as the confining stress increased, the effect of roughness on
fracture transmissivity gradually diminished.

This study assessed the effects of three factors on fracture
transmissivity: filling condition, confining stress, and rough-
ness. In future work, further consideration should be given to
the effects of sample size and different mixtures of different
filling materials on fracture transmissivity.
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Conclusions

The results were presented of a series of tests on five artifi-
cially fractured granite samples to investigate the effects of
filling condition, confining stress, and roughness on fracture
transmissivity. The study could provide part of a basis for
HLW repository safety assessment. The following conclu-
sions may be drawn from this work.

The transmissivity of sand-filled fractures was the high-
est, while that of bentonite-filled fractures was the lowest.
Compared with fractures without any filling material, frac-
ture aperture is larger because of the filling sand, and coarser
sand particles result in higher fracture transmissivity.

Higher confining stress reduces the transmissivity of the
fracture, and the confining stress has a greater influence on
the transmissivity of sand-filled fractures compared with other
filling conditions. Conversely, for bentonite-filled fractures, the
change in confining stress has little effect on the transmissivity.

The roughness of fracture surfaces is also one of the factors
affecting the transmissivity of the samples, and the roughness
has different effects on the fracture transmissivity for different
filling conditions. Specifically, for unfilled fractures, higher
roughness corresponds to lower fracture transmissivity, but
for sand-filled fractures, the opposite is true, while the results
for bentonite-filled samples are very scattered.
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