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Abstract

To grasp the fracture contact-area variation is a kernel on understanding the permeability
evolution of the fractured rocks. However, there is a lack of studies focusing on measuring the
long-term fracture contact-area variation under different conditions. In this study, a series of
short- and long-term permeability tests under coupled conditions are performed to check the
permeability performance. Permeability is sensitive to confining pressures and shows
temperature dependence in the short-term tests, and it has the irreversible change and time-
dependence in the long-term tests. In order to verify the permeability evolution, by assembling
a triaxial cell with heating capability, a microfocus X-ray CT is developed to observe the
internal fracture structure change under the same conditions with the long-term permeability
tests. The fracture aperture and the fracture contact-area ratio are calculated by CT image
analysis technique. The estimated aperture decreases with increase of the confining pressure,
and it decreases with time under the constant confining pressure. Moreover, the hydraulic
aperture calculated from the CT observation is qualitatively consistent with that measured in
the long-term permeability tests. It is clarified that the fracture contact-area increase with time

under the constant confining pressure corresponds to the permeability decrease in the long-term.

Keywords: Permeability, short- and long-term, X-ray CT observation, contact-area ratio and

aperture distribution



38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Introduction

The flow behavior in the deep subsurface has been given great attention in recent years.
The coupled thermal-hydraulic-mechanical-chemical (THMC) processes exert a significant
effect on the subsurface fluid flow in geological systems (Ghassemi et al., 2007; Taron et al.,
2010; Frdric et al., 2017). Especially during the geological disposal of high-level radioactive
waste, the stability of the disposal system may be affected by the long-term water flow around
the rock fractures (Rutqvist et al., 2002; Yasuhara et al., 2015; Tsang et al., 2012;). Moreover,
the coupled THMC processes might change the underground water flow paths, and then the
transport of radionuclides will be promoted. Under the coupled interaction, the mechanical
creep (stress corrosion) (Yasuhara et al., 2006; Xu et al., 2016) and the geochemical response
(variation in mineral composition) (Polak and Beeler, 2004; Yasuhara et al., 2006, 2011;
Elkhoury et al., 2013) altering the fracture surface roughness and transforming the long-term
permeability evolution are discussed.

Several numerical works focusing on the prediction of the variation in permeability under
the coupled THMC processes have been proposed (Taron et al., 2010; Zhang et al., 2013; Wang,
2017). However, not many laboratory works have addressed the long-term fluid flow behavior
within the rock fractures or the changing of the fracture contact-area under the THMC coupled
processes (Li et al., 2008; Yasuhara et al., 2015; Xu et al., 2016). Polak et al. (2003), Yasuhara
etal. (2015), and Farough et al. (2016) conducted several long-term experiments, and the results
showed that the fracture surface roughness was altered, and the aperture decreased at higher
temperatures, which resulted in the permeability reduction. From the experimental studies, it is

seen that under the coupled processes, the fracture contact-area should be evolved with time.
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Subsequently, the fluid flowing through the fracture would be disturbed by the evolved fracture
contact-area (Zimmerman et al., 1996; Li et al., 2008; Kishida et al., 2013). However, the
evolution of the fracture contact-area has not been well investigated in the previous studies,
because it is not simple to grasp the fracture contact-area immediately through the laboratory
tests.

From the previous works, it is noted that the temporal fracture structure change needs to
be further investigated. X-ray computed tomography (CT) (Van et al., 2001; Yao et al., 2009;
Ketcham et al., 2010) is an effective technique which canis-eapable-ef detecting the internal
structure non-destructively and three-dimensionally (Robert et al., 1993; Fan et al., 2018).
Therefore, it is possible to grasp various rock samples with fractures or cracks under the flow
test. (Stephanie et al., 2001; Karpyn et al., 2007, 2009; Dustin et al., 2017; Lu and Kumaria,
2018). The measured data is used to reconstruct a 3D view for illustrating the fracture
heterogeneous distribution (Keller, 1998; Kawakata et al., 1999; Mazumder et al., 2006; Yao et
al., 2009; Richard et al., 2010; Hamed et al., 2016). Moreover, some researchers try to use
microfocus X-ray CT to observe the fracture changing under varying conditions (Polak et al.,
2003; Yasuhara et al., 2015; Okamoto et al., 2017). Polak et al., (2003) studied the fracture
change under different temperatures (20, 80 and 120 °C), the mass removed from the fracture
contact-area and the decrease in hydraulic aperture were investigated. Okamoto et al., (2017)
showed a comparison of the CT scanning images between a sample at room temperature and at
the temperature of 350°C. The quartz distribution illustrated that the flow rate was changed due
to the mineral dissolution or the precipitation generated at 350°C. Yasuhara et al., (2015)
conducted a series of permeability tests with several types of rock samples. Pore structures were

observed through X-ray CT with a comparison between the pre- and post-experiment. The
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changing pore structures might support the variation in permeability. (Caulk et al., 2016;
Kamali-Asl et al., 2018) found that the aperture would close at higher levels of confining stress.
The higher levels of confining stress resulted in a change in the sensitivity of the variable
fracture contact-area ratio.

However, previous laboratory studies have not directly observed the temporal change of
the fracture contact-area under the coupled conditions. There is a lack of interpretation of the
relationship between the long-term permeability changing and the fracture contact-area
variation through laboratory works. Therefore, to further understand the long-term permeability
evolution under coupled processes, this study focuses on several permeability tests under
different conditions, especially for the variation in permeability over the long-term under a
constant confining pressure. An X-ray CT observation as well as the long-term permeability
tests are conducted to obtain the changes of the aperture distribution and the fracture contact-
area. Finally, several indexes, such as the fracture contact-area ratio, the aperture distribution

and a comparison of the hydraulic aperture change, are discussed.

2. Sample materials and experimental procedures
2.1 Fracture generation and morphology

Figure 1 presents the geometry of the samples used in this study. Two cylindrical granite
samples, Sample #1 and Sample #2, with a size of 49.3x101.2 mm and 15.2X33.3 mm,
respectively, are employed. Samples #1 and #2 are used for the permeability tests and the X-
ray CT observation, respectively. Before the experiments, both samples are split by the
Brazilian tensile testing method to create a single fracture along the cylinder axis (Fairhurst,

1964). The mechanical properties of the granite samples are listed in Table 1.
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Table 1 Mechanical properties of granite sample

Sample Uniaxial Young's modulus  Poisson's ratio Tensile strength
compression strength (GPa) (MPa)
(MPa)
Granite 140.3 554 0.2 6.2

Sample #1 (w1=49.28 mm, h;=101.21 mm Sample #2 (w>=15.23 mm, h, =33.34 mm)

A side (upper)

A side {:upper)_ .

- Aperture
Aperture

| B side (lower)
B side (lower side (lower)

X

Roughness
Roughness

,_
o]
=

Fig. 1 Sample experiments and fracture surfaces measured by laser profilometer

In this study, the initial granite surface roughness before the experiments is evaluated by
the JRC values. An optical profilometer is employed, using the pattern projection method (VR-
3200, Keyence Corporation in Japan), to grasp the morphology of the fracture surfaces. The
profilometer is capable of measuring the surface roughness in a grid pattern through non-contact.
The grid size of the elevation measurement is 25 um and the measurement resolution of the
profilometer is 0.1 wm. The color contour maps in Fig. 1 illustrate the elevations of the surface
roughness.

To clarify the variation in fracture surface roughness, it is necessary to grasp the surface

roughness precisely before starting the experiments. Barton’s standard of JRC (Joint Roughness
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Coefficient) profiles is selected as the comparison index. Typically, the JRC value ranges from
0 to 20 in the shear behavior of the rock joints (Barton et al., 1977,1997). The JRC values can
be calculated with the dimensionless parameter Z> (Tse ta al., 1979), which has been widely
discussed and is defined as follows (Zhang and Dimadis, 2014; Yin et al., 2017; Yong et al.,

2018):

1
Z, = [t (i—ﬁ)i] M
where AX is the sampling interval, Ay is the difference between two adjacent points and M is
the number of sampling points along the length of the fracture surface. Subsequently, the JRC
values can be evaluated by
JRC = 60.32Z, — 4.51(Ax = 0.25 mm) )
Table 2 lists the Z> and JRC values for both surfaces of Samples #1 and #2. The JRC

values for the two samples are around 20. The initial values are used to evaluate the difference

in surface roughness between the pre- and post-experiment.

Table 2 Comparison of Z2 and JRC values with profilometer equipment (VR-3200)

(JRC=60.32* Z,-4.51) 0.25 mm

A side B side
Sample #1 19.9 20.2
Sample #2 22.8 20.4

2.2 Transient pulse method

To investigate the permeability evolution under various conditions, the transient pulse
method is applied to measure the permeability value (Hsieh et al., 1981). The pore water
pressures between the upstream and downstream in Eq. (3) are different. The tank is located

upstream of the sample. The pressure is increased by the operator in tiny increments of the
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injected water, then the permeability is measured from the pressure gradient generated between
the two ends of the sample and the lapse of time. With the passage of time, the difference in

pressure will reach a new equilibrium, given as:

vy, Pe+v 4P v, k AVy+V
Pd= uuTVdrgd u (PL?_PC(i))eXp(___u dt)

VutVg VutVa Bul Vi, Vq
VyuP+v 4P v k AVy+V

R, = Peld _ T (p0 — Pexp (- 5o 5t 3)
VutVa VutVa BuLl Vi, Vg

Where P, and P, are the upstream and downstream pressure, respectively, and V, and V,
are the volume of two reservoirs, i.e., the volume of each reservoir is equal to 0.001 m? in this
work. Aand L are the cross-section and the length of the sample, respectively, p is the viscosity
of the fluid and f is the fluid compressibility. ¢ and [ are temperature-dependent (Walsh,

1981). Then the coefficient of permeability can be evaluated from the following equations:

v k AVy+V
In((P, = Pg)/2) = In (VuT‘i/d (R — Pé’)) _B—HZTV:t 4)
— _kAWtVa
&= T Ul v )

In Eq. (5), Arepresents the cross-sectional area of the sample. In this study, however, the fluid
only flows through the fracture aperture. Therefore, cross-section A should be changed to A =
b x W, where Wis the width of the sample and b is the hydraulic aperture. Consequently, based
on the cubic law, Eq. (5) is rewritten as follows:

b W Vy+Vg

O = T8 vy (6)

Figure 2 shows a schematic illustration of the test apparatus. The granite sample (Sample

#1) 1s installed in a triaxial cell. The maximum pressure and temperature that can be prescribed
are 20.0 MPa and 200°C, respectively. The sample is sealed with a heat-shrinkable tube and

fixed to pedestals inside the vessel. A thermocouple is installed to measure the temperature

close to the sample. Two water storage tanks supply water that passes through Sample #1.



166  Differential pore water pressure gauges are used to measure the difference in pressure between
167  the upstream and the downstream. To check the internal fracture effluent after each permeability

168  test, distilled water is used as the injection fluid in this experiment.

169
(8) Upstream water tank
_ (higher pore water pressure)
E £ Water flow direction
E by
) | s
— - <)) s I ;f’d :
—M—@ @M— g "ﬂ.. ,",ﬂ'?' ., Downstream water tank
(.2) - l& (lower pore water pressure)
P °
2
=]
=
ﬁ i | g al 4
(6) Jv
= 4]
Flow directiongk L Eo (18
-+~ DE 7 -~ d d
‘ “1 % 12) 13)
(1) Pore water pressure gauge (5) Downstream water tank  (9) Band heater (13) Confining pressure
(2) Differential pressure gauge (6) Pressure pump (10) Heating system (14) Apparatus sensor
(3) Double tube Burette (7)LVDT (11) Water tank (15)Temperature gauge
170 (4) Upstream water tank (8) Sample #1 (12) Extracted water from internal fracture
171 Fig. 2 Triaxial apparatus and Sample #1 installed in internal cell. The upstream and downstream pore water
172 pressures are prescribed to the top and bottom of Sample #1, respectively
173

174 2.3 Experimental procedure of the permeability tests (Sample #1)

175 Figure 3 shows the experimental procedure of permeability tests. A series of permeability
176  tests is conducted over both short- and long terms to observe the temporal changes in
177  permeability. Short-term permeability tests are performed for 6 days, while long-term tests are
178  performed for 180 days after the short-term tests finished. The short-term tests are carried out
179 at three different temperatures of 20, 60, and 90 °C. Three cycles of the loading-to-unloading

180  process under each confining pressure are conducted. The confining pressure is increased in
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increments of 0.5 MPa from 1.0 to 3.0 MPa. The permeability tests are performed
simultaneously at each confining pressure.

After the short-term tests, the temperature is decreased to 20 °C. Then the long-term test
is conducted under the confining pressure of 1.0 MPa and the temperature of 20 °C. The
confining pressure is increased from 1.0 to 3.0 MPa again and then keeps constant at 3.0 MPa
for 180 days. During this process, the permeability is measured at the prescribed time intervals,
as shown in Fig. 3. Simultaneously, the effluent is obtained from the internal fracture, to
measure the element concentrations after each permeability test. The differential pore water
pressures, fluid viscosity, and fluid compressibility are listed in Table 3. The permeability
values are measured under various confining pressure conditions during the loading-to-
unloading processes. Fig.4 shows an example of the permeability tests. A difference in pressure
between the upper and lower ends of the granite Sample #1 is produced with a slight change in
the pore water pressures. Then, the permeability can be measured by the temporal change in the

pressure difference during the elapsed time (600 seconds).

© Permeability test
90 °C 20°Cc
13 5 7 28 60,90,150 180 days

ol
o

-
o

Confining pressure (MPa)
N
o

L Shorttermtest __________] Long term test

Fig. 3 Experimental procedure for short- and long-term permeability tests
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Fig. 4 Temporal changes in upstream and downstream water pressures in transient pulse tests

2.4 Non-destructive observation of fracture with microfocus X-ray CT (Sample #2)

In this study, a small-scale triaxial cell coupled with the X-ray CT equipment is developed
to observe the change of the fracture structure in the rock under various confining pressures and
temperatures, as shown in Fig.5. A lucid acrylic cell, without steel pillars, is utilized to make
the cell as transparent to the X-ray as possible in order to avoid the X-ray attenuation by the
steel (Otani et al., 2002). With a heater installed in the cell, the maximum confining pressure
and temperature can be applied up to 3 MPa and 120 °C, respectively. The X-ray CT equipment
is KYOTO-GEOuXCT (TOSCANER-32250uhdk) (Kido et al., 2020). The minimum focus
size is 4 um and the resolution performance is 5 um.

Figure 6 shows the CT slices scanned by the X-ray CT. A CT slice is composed of a
number of voxels which include CT values determined based on the amount of the X-ray
attenuation, depending on the material density. In the CT slice, white and black portions
correspond to higher and lower density materials, respectively. The internal fracture structure
of Sample #2 can be visualized in 3D by cumulating the CT slices obtained at each height of

the sample.



216 Table 3 Experimental conditions of permeability tests

Confining pressure (MPa) 1.0 1.5 2.0 2.5 3.0
Pressure at upstream tank (MPa) 0.200 0.250 0.300 0.350 0.400
Pressure at downstream tank (MPa) 0.150 0.175 0.200 0.225 0.250
Fluid viscosity (107 Pas) 1.0017 (T=20 °C) 0.467 (T=60 °C) 0.0328 (T=90 °C)
Compressibility (1073 Pa) 4.5883 (T=20 °C) 4.3 (T=60 °C) 4.6 (T=90 °C)
217
1| X-ray Source Triaxial cell _
detector | °
_*---':-‘“ =
Rotation table
218
219 Fig. 5 Triaxial cell coupled with the microfocus X-ray CT equipment
220
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222 Fig. 6 3D CT volume of Sample #2
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The scanning procedure for Sample #2 is as follows. Firstly, the initial fracture aperture is
scanned at the as-received (dry) condition of 0 MPa and 20 °C. Secondly, the sample is fixed
in the triaxial cell under the water-saturated condition. The confining pressure is increased up
to 3.0 MPa and the fracture aperture is scanned. These two scans are performed in one day.
Subsequently, the confining pressure is kept constant at 3.0 MPa, and CT scans are performed
at 14th, 30th, 60th, 90th, 120th, 150th and 180th days, corresponding to the same procedure
with the permeability test of Sample #1. One CT slice comprises 1024 voxels in each X- and y-
direction as shown in Fig. 6. At 0 MPa, the voxel size is 15.1 um, 15.1 um and 17.0 um in x-,

y- and z-directions. At 3.0 MPa, the voxel size is 18.4 um, 18.4 um and 21.0 um, respectively.

2.5 Methodologies of CT image analysis
2.5.1 Segmentation

In order to detect the fracture aperture position in the CT volume scanning Sample #2, the
segmentation of the CT images is required. As mentioned above, a CT slice is an assembly of
discrete voxels including representative CT values for each material and thus, the segmentation
can be performed based on the CT values. In the present study, the rock phase and the void
phase in the CT images are distinguished from each other using a region growing method
(Rosenfeld et al., 1982), which is implemented with the 3D image analysis software
VGstudioMax3.1 (Volume Graphics GmbH) (Higo et al., 2014). This method examines the CT
values of the neighboring voxels of initial seed voxels and determines whether the voxel
neighbors should be added into the region of the seed groups. The regions are extended from
the seed voxels to adjacent voxels depending on a region membership criterion, i.e., tolerance.

The essential factors in the region growing method are initial seed voxel selection (3D location
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and CT value), a tolerance selection (range in CT values), and voxel connectivity for

examination.

Figure 7 shows the outline of the image processing in this study. The procedure of the

segmentation using the region growing method is as follows:

1))

2)

3)

4)

Assuming that a histogram of CT values for a homogeneous material follows a normal
distribution, a mean CT value of the rock phase, (4, is obtained by analyzing the CT values
using the VGstudioMax3.1. In this study, the mean rock CT value of 151 is chosen as the
initial seed of the rock phase.

Similarly, the mean CT value of the void phase, i, of 48 is obtained. A threshold between
the rock phase and the void phase is an intersection of the CT value histogram (see in Fig.
7(a)). In this study, the threshold value is 82.

The tolerance of the rock phase, T, is the difference between the mean CT value of the rock
phase and the threshold determined in the above step, i.e., the tolerance is 69. Adjacent
voxels to the initial seed voxel whose CT values are from fp-T to 4+T (i.e., from 82 to
220) are assimilated into the rock phase seed groups. The voxel connectivity of the region
growing is a 26-connected neighborhood in 3-dimensional, which ensures the continuity
of adjacent voxels to the initial seed voxel in X-, y- and z-directions (see Fig. 7(b)).

This process is iterated on until all of the neighboring voxels of the rock phase are
assimilated and no further significant change is found. The remaining voxels after the
iterative process of the region growing for the rock phase are regarded as the void phase, a

segmentation CT image for the rock and void phase is depicted in Fig. 7(c).
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2.5.2 Detection of fracture aperture and calculation of fracture contact-area

Figure 7(d) shows the detection method of the internal aperture position from a CT
segmentation image. A rectangular area, 800 voxels in X-direction and 360 voxels in y-direction
is extracted from the segmentation image as an analysis region where the whole aperture part
exists. At first, an exploration window, 1 voxel in X-direction and 360 voxels in y-direction is
defined. Second, each voxel in the exploration window is searched in the y-direction. Then, the
position where a voxel of the rock phase locates above a voxel of the void phase is detected as
the upper aperture, whereas the position where a voxel of the rock phase locates below a voxel
of the void phase is detected as the lower aperture. As shown in Fig. 7(d), the aperture width
corresponds to the number of voxels for the void phase between the upper and lower apertures.
If there 1s no voxel for the void phase in the exploration window, this position is regarded as
the fracture contact-area. The voxel search is performed for the exploration window set at each
X-coordinate in the analysis region. In this study, the number of contact-area positions to the
number of voxels in the X-direction of the analysis region is defined as the fracture contact-area
ratio.

The same processing as mentioned above is applied to all of the segmentation images,
providing the internal fracture information, i.e., aperture distribution and the fracture contact-

area ratio of Sample #2.
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Fig. 7 Segmentation process for rock phase and void phase by region-growing technique:(a) determination of region
growing, (b) schematic illustration of region growing in 3D, voxel connectivity of 26-connected neighborhood (c)
segmentation image in 2 dimensional and (d) voxel that includes rock and void phases (aperture detection method)

and fracture contact-area in aperture position

2.5.3 Validation of the CT image analysis

Figures 8(a) and (b) present the contour map of the surface roughness (Sample #2)
measured by the optical profilometer (VG-3200) and that are analyzed by the CT image analysis
method. For both of them the data are obtained at 0 MPa, as-received condition before starting
the experiment. It is clarified that the extracted surface roughness of Sample #2 under the two
methods is qualitatively similar to each other. Figure 8(c) shows the contour map of the aperture

distribution measured by the CT image analysis. This distribution is derived from the aperture
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width for each CT slice, i.e., the difference between the upper aperture and the lower aperture,
as mentioned in Subsection 2.5.2. The blue part of the contour map in Fig. 8(¢) represents the
fracture contact-area. The initial arithmetical mean aperture (hereinafter called the mechanical
aperture) and the fracture contact-area ratio without the confining pressure are 0.253 mm and

5.4%, respectively.
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Fig.8 Contour maps of surface roughness (A-Side as mentioned in Fig.1) and aperture distribution of Sample #2 at 0 MPa. (a)
surface roughness obtained through VG-3200 pattern projection, (b) surface roughness measured through the CT image

analysis, and (c) aperture distribution measured through the CT image analysis.

3. Experimental results

3.1 Short-term permeability tests

Figure 9 illustrates the changes in permeability with different levels of confining pressure
and temperature. In the figure, the right-pointing and left-pointing triangles represent the
loading and unloading processes, respectively. At 20 °C (Fig. 9(a)), the permeability decreases
with the increase in confining pressure, and increases with the decrease in confining pressure
throughout the tests. In particular, the permeability changes greatly and irreversibly in the first
cycle of the loading-to-unloading process. Before the first cycle, the fractures may be ill-mated,

and the matedness is improved through the first cycle. In the second and third cycles, reversible
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hysteresis curves are observed.

At 60 and 90 °C (Figs. 9(b) and (c)), the similar changes in permeability that alter with the
confining pressure, are observed. Namely, the permeability shows the reversible behavior in the
loading-unloading processes. The results indicate that mechanical compaction should exert a
significant influence on the permeability. The impact may be greater than the influence of the
prescribed temperature. However, the measured permeability also shows a clear temperature-
dependence; it decreases with the increase in temperature as shown in Fig. 9(d). In this figure,
the third cycle of the permeability variation at each temperature is selected for the comparison.
At 90 °C, the permeability decreases from the order of 1072 to that of 10"'* m?, which is much
smaller than that at 20 and 60 °C. It is inferred that thermal expansion results in the aperture
decrease and the fracture contact-area increase. Moreover, other potential factors, such as the
pressure solution or geochemical responses, might function against the mechanical deformation
and induce irreversible permeability behavior (Polak et al., 2003,2004; Yasuhara et al.,

2006,2015).
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Fig. 9 Short-term test results: (a) permeability variation at 20 °C, (b) permeability variation at 60 °C, (c) permeability

variation at 90 °C and (d) permeability variation in third cycle under different temperature conditions

3.2 Long-term permeability tests

Before the commencement of the long-term tests, the permeability increases from 4.36
x107*m?to 4.18 x10°'*> m? after the temperature is decreased from 90 to 20 (I at 1.0 MPa. This
change is attributed to the increase in pore volume due to the decrease in temperature.

Figure 10 shows the temporal change in the permeability measured in the long-term tests
under the constant confining pressure of 3.0 MPa. The initial permeability is 3.7 x10™"* m?. The
permeability drops sharply within several days and decreases about 45 % of the initial value.

This change can be interpreted as the mechanical compaction changing the permeability.
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Subsequently, permeability resumes its decrease after a short stable period. The permeability
decreases to 87 % of the initial value between 30 and 120 days. Creep deformation might lead
to a reduction in permeability when the fluid passes through a stressed fracture. From 120 to

180 days, the permeability shows a slight increase. At the end of the 180-day test, the

permeability value reaches to 7x 1074 m?.
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Fig. 10 Change in permeability with time (Sample #1) at 20 °C,180 days

At the end of the long-term permeability tests, the confining pressure has been unloaded
to 1.0 MPa. The permeability evolution during the long-term cycle of the loading-to-unloading
process after the 180-day holding is shown in Fig. 11(a). Although the permeability within the
unloading process shows a little change, an irreversible reduction in permeability is observed
between the onset and the end of the test. This trend is incongruous with the observation made

by Yasuhara et al. (2013) (Fig. 11(b)), in which the long-term permeability test was conducted

under a constant confining pressure of 10.0 MPa, at 20 °C for 35 days.
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The irreversible permeability change is supposed that the propping asperities of the

fracture surfaces are truncated under a relatively long confining condition probably induced by

mechanical crushing and/or geochemical reactions such as pressure solution (Yasuhara et al.,

2015). To verify the geochemical response within the fracture, the effluent from the internal

fracture is checked about the element composition change with the ICP analysis. The element

composition and the concentration results are shown in Fig. 12. The concentrations of Si, Na

and Ca are larger than the others. It can be seen from the results of 0 to 30 days that the

concentrations of each element become larger. From 30 to 180 days, those elements show a

slight fluctuation. These results verify that the pressure solution may generate under a long-

term confining condition, and it may evolve the fracture topography with time.
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Fig. 12 Evolution of mineral composition in long-term permeability test at 20 °C,180 days
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3.3 Observation results using microfocus X-ray CT
3.3.1 Variation in aperture distribution

The irreversible permeability reduction observed in the long-term tests indicates that the
fracture aperture distribution will be permanently changed with time. As the important
parameters for characterizing the flow paths within the fracture, the geometries of the fracture
surfaces and fracture contact-area are investigated by the X-ray CT technique.

Figure 13 shows the temporal change in the aperture distribution evaluated by the CT
image analysis. In Figs.13 (a) and (b), it is clearly seen from the contour maps that the blue-
colored area (i.e., fracture contact-area) increases with the increase of the confining pressure.
When closely observing Figs. 13 (b) to (d), the blue-colored area seems monotonically
increasing with time. Namely, the fracture contact-area is enlarged. In Fig.13 (e), the aperture
decrease with time can be clearly observed from the CT images, and it is corresponding to the
image analysis results.

Therefore, the fracture contact-area increase can be explained by two processes. In the first
process, the fracture aperture is drastically decreased due to the mechanical compaction by the
increased confining pressure, which is similar to the permeability behavior observed in the
short-term tests. In the second process, the creep deformation induces the long-term alteration
of the fracture roughness surface under the constant confining pressure. Obviously, the second

process also results in the long-term evolution of the fracture permeability.



397
398
399
400
401
402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

ey __
(@) oMPa (b) 3MPa (c) 3MPa (d) 3MPa (€) Cross-section CT image
(0th day) (0th day) (90th day) (180th day) comparison
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3.3.2 Quantification of mechanical aperture and fracture contact-area ratio

Figure 14(a) and (b) present temporal changes in the mean values of the mechanical aperture
and the fracture contact-area ratio calculated by the image analysis, respectively. The aperture
value drastically decreases from 0 MPa to 3.0 MPa and the contact-area ratio increases from
5% to 33%. At a constant confining pressure of 3.0 MPa, the mechanical aperture decreases
gradually to 7.5 % from 0 to 90 days. Then, it further decreases to 10 % from 90 to 180 days.
Simultaneously, the tendency for the fracture contact-area ratio increasing is confirmed. The
contact-area ratio reaches approximately 37 % at 180 days.

Previous studies used numerical methods to evaluate the fracture contact-area ratio.
Yasuhara et al. (2004) predicted the fracture contact-area ratio less than 30 % at 2.73 MPa and
higher temperatures ranging from 80 to 150 °C. In contrast, the contact-ratio value evaluated in
this study is larger than 30 % at 3.0 MPa - the calculated value tends to be relatively
overestimated compared to those predicted values in the previous studies. The possible reasons
for the discrepancy may be due to the accuracy of the image analysis method as introduced in

section 2.5.2, the spatial resolution of CT images, and so on. It is certain, however, that no
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previous laboratory study other than the current study has verified the long-term change in the
actual contact ratio value with/without confining pressure. Moreover, the tendency for the
contact-area ratio increase calculated by the image analysis is in good agreement with the
decrease in the fracture aperture observed by the CT scan. In this viewpoint, the experimental
observation of the fracture contact-area ratio is one of the variable findings in this study, which
successfully captures an actual phenomenon of the rock fracture evolution, i.e., the fracture
contact-area increasing under the constant confining pressure.
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Fig. 14 Temporal changes in (a) mean aperture value and (b) contact-area ratio variation from CT image analysis

4. Discussions
4.1 Short- and long-term permeability tests

Figure 15 shows a summary of the permeability tests, in which red points represent the
permeability values at 1.0 MPa, and blue points are the values at 3.0 MPa. It is clearly seen that
permeability is sensitive to the confining pressures in the short-term. The permeability value at
1.0 MPa is larger than that at 3.0 MPa. Then the temperature was then reduced to 20 °C again
after the short-term tests. The permeability value seems increase, however, it cannot reach the

initial value of the short-term test at 20 °C. Moreover, the permeability is not sensitive to the
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confining pressure when reloading the confining pressure again.

At the long-term tests, the permeability decreases remarkably in the early period, which is
probably resulted from the mechanical compaction due to an increment of confining pressure
(see CT images Figs. 13(a) and (b)). Permeability value after the long-term test is slightly
higher than the value at the short-term 90 °C. It indicates that the internal fracture aperture is
deformed with time in the long-term. The irreversible crushing and/or dissolution at the
contacting asperities, rather than elastic and reversible compaction, might be a reason for the

phenomena in the long-term tests (Yasuhara, et al., 2015).
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Fig. 15 Summary of permeability changes in short- and long-term tests

4.2 Relation between hydraulic aperture and mechanical aperture
Figure 16(a) shows a comparison of the mechanical aperture measured by the CT
observation and the hydraulic aperture which is calculated from the mechanical aperture. The
mechanical aperture shows a relationship between the hydraulic aperture and the fracture
contact-area ratio, as defined by, Farough et al. (2016).
bu” = b’ (1-Re)/(1+R¢) (7)

where bn is the hydraulic aperture, bm is mechanical aperture measured from CT observation,
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and Rc is the fracture contact-area ratio calculated from CT image analysis. It is noted from Fig.
16(a) that hydraulic aperture is lower than the mechanical aperture, which is congruent with the
previous studies that the real roughness characteristics influence the fluid passing through the
aperture, and result in the hydraulic aperture lower than the mechanical aperture (Bandis et al.,

1985; Renshaw,1995; Zimmerman et al.,2004; Liu, 2005;Kishida et al., 2013).

4.3 Relation between permeability and internal fracture structure

To investigate the correlation between variations in the permeability and the fracture
aperture, the relation between hydraulic aperture measured from the permeability tests and that
calculated from the X-ray CT observation of the mechanical aperture is discussed. Figure 16(b)
shows a comparison of the hydraulic apertures. The hydraulic aperture obtained from the
permeability test is always lower than that obtained from the X-ray CT. From the initial
hydraulic aperture value to the end value after 180 days, the decreasing gradient of the hydraulic
aperture obtained from the permeability tests is about 52 % and the decreasing gradient from
the CT is about 12 %.

The difference in the decreasing gradient mentioned above will be summarized for two
reasons. Firstly, the granite Sample #1 experiences various levels of temperature and confining
pressure in the short-term tests before the long-term tests, whereas the granite Sample #2 is
used only for the long-term permeability tests. The fracture roughness surfaces of Sample #1
are deformed during the short-term tests under the coupled conditions. This deformation results
in the evolution of the aperture and the decrease of the initial aperture value. Secondly, the two
samples are different in size, which should also generate the initial aperture difference.

However, from Fig.16(b), it is noted that the hydraulic aperture evolutions obtained by the
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permeability tests and X-ray CT are quite similar. Both of them show that the hydraulic aperture
decreases with time. From this comparison, the reason for the permeability decreasing in the

long-term can be explained by the temporal change in the fracture aperture.
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Fig. 16 (a) Comparison result of CT mechanical aperture and hydraulic aperture. (b) Comparison of changes in hydraulic

aperture calculated from permeability tests and from CT observation of mechanical apertures

5 Conclusions

This study carried out a series of short- and long-term permeability tests under various
conditions. To clarify the long-term permeability evolution, variations in the fracture aperture
and fracture contact-area were investigated using a microfocus X-ray CT and image analysis
technique. The relation between the hydraulic aperture obtained from the permeability tests and
that estimated from the X-ray CT observation was evaluated. The influence of the internal
fracture structure variation on the permeability was discussed. The conclusions are drawn as

follows:

1) In the short-term permeability tests, permeability is sensitive to the confining pressures and
temperatures and shows a clear temperature-dependence - it drastically decreases when
applying a high temperature of 90 °C. The internal fracture may be reversibly deformed,

and permeability is not sensitive to the confining pressure when reloading the confining
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2)

3)

4)

5)

pressure again before starting the long-term tests. In the long-term tests, permeability
evolution showed that the internal fracture structure was irreversibly deformed under a
long-term compaction condition. This deformation will change permeability behavior.
Triaxial apparatus coupled with the microfocus X-ray CT equipment was developed in this
study, to observe the long-term fracture structure change under various levels of confining
pressures and temperatures. Results show that the fracture aperture decreases with increase
of the confining pressure from 0 MPa to 3 MPa, and it gradually decreases with time at the
constant confining pressure of 3MPa during 180 days.

The morphology of the fracture surface roughness was successfully obtained by the CT
image analysis, which showed quite similar to that was obtained by the optical profilometer.
The fracture contact-area ratios calculated by the image analysis are relatively larger than
those shown in the literature. However, this study successfully obtains the contact-area ratio
through the experimental approach and captures the long-term evolution of an actual rock
fracture structure, i.e., the increase in the fracture contact area with time under the constant
confining pressure.

The hydraulic aperture value measured from the long-term permeability tests is lower than
that estimated from the X-ray CT. This mismatch is probably attributed to the difference of
the sample size. Moreover, before the long-term permeability tests, Sample #1 experienced
short-term permeability tests, and the aperture distribution has been altered under the
coupled conditions, while Sample #2 was not used to conduct any pre-tests. Those reasons
may lead to the difference in the hydraulic aperture values.

The decreasing gradient of the hydraulic aperture measured from the permeability tests is

qualitatively similar to that estimated from the CT observation. Therefore, the fracture



520 contact-area increase under the constant confining pressure links to the permeability
521 decrease in the long-term.
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