HOKKAIDO UNIVERSITY

Title Effects of confining pressure on the permeability of three rock types under compression

Author (s) Alam, A.K.M. Badrul; Niioka, Masaki; Fujii, Yoshiaki et al.

International Journal of Rock Mechanics and Mining Sciences, 65, 49-61

Citation https://doi.org/10.1016/]. i j rnms. 2013, 11. 006
Issue Date 2014-01
Doc URL https://hdl. handle.net/2115/53968
Type journal article
File Information TJRMMS. 65. 2014, 49-61. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Effects of confining pressure on the permeability of three

rock types under compression

A.K.M. Badrul ALAM?*, Masaki NIIOKA!, Yoshiaki FUJII*, Daisuke FUKUDA!
and Jun—ichi KODAMA*

! Rock Mechanics Laboratory, Graduate School of Engineering, Hokkaido
University, Kita 13 Nishi 8, Kita—ku, Sapporo, Hokkaido 060—8628, Japan

*Corresponding author: A.K.M. Badrul ALAM
E—mail: badrul@ eng.hokudai.ac.jp
TEL&FAX: +81-11-706—6302



ABSTRACT

Triaxial tests were conducted under confining pressures of 1-15 MPa at 295 K
using an ultra-compact triaxial cell. The samples were held for 24 h under the
target consolidation pressure, and then constant strain-rate compression was
applied measuring permeability. The structural changes were measured by thin
section image analysis and micro-focus X-ray computed tomography. For the
Shikotsu welded tuff, the permeability decreased monotonously with axial
compression. The decrease ratio of permeability increased with confining pressure
mainly due to pore collapse. An equation representing the post-compression
permeability with confining pressure was proposed. For the Kimachi sandstone,
the permeability first decreased with increasing axial stress, then began to increase
when the total lateral strain recovered its value before the application of confining
pressure, and then maintained an almost constant value in the post-peak region.
The minimum and final permeability decreased with increasing confining pressure
mainly due to compaction and large plastic deformation of clay cementing
materials. The final permeability was larger under small confining pressures and
smaller under high confining pressures than the permeability before axial
compression. Based on these observations, new equations were proposed
representing the minimum and stable permeability and the strain at the
permeability values with confining pressure. For the Inada granite, the tendency
of permeability change during axial compression was almost the same as for the
Kimachi sandstone. A new equation representing the minimum permeability
mainly due to elastic deformation as a function of the confining pressure was
proposed. The final permeability was larger than that before compression, and the
permeability decreased with smaller confining pressure mainly due to a decrease
in the number and width of rupture planes and the absence of axial cracks from
biotite. The permeability, however, increased under larger confining pressures
mainly due to the formation of subrupture planes caused by the high stress

concentration at the rough and stiff rupture plane under large confining pressure.

Keywords: Confining pressure; Permeability, Compression; Sealability; EdZ;
EDZ



1. Introduction

Excavation disturbed Zone (EdZ) and Excavation Damaged Zone (EDZ) occur
at all types of excavation, and stress redistribution and changes in permeability
due to the excavations happen within the zones [1-10]. The interaction between
these changes, known as hydromechanical (HM) coupling, significantly affects
the sealability of these zones and both the short- and long-term stability of
excavations for a wide range of applications, including tunneling, coal mining and
coal methane extraction, oil and gas extraction, hydrogeological and well test
analyses, geothermal energy, deep well injection of liquid and solid wastes,
geologic storage of natural gas, and geologic sequestration of CO,, as well as a
variety of geologic processes [11,12].

Many factors affect EDZs. These include excavation methods such as drilling
and blasting and mechanical excavation methods, mechanical changes caused by
stress redistribution, ventilation, humidity, and long-term chemical and biological
effects [10]. Under triaxial compression, EdZs or EDZs can be recognized in an
intact saturated rock beneath or near peak stress levels by stress redistribution
around the underground excavation (Fig. 1a). The rock can then reach its residual
strength state in the course of time (Fig. 1b). As excavations proceed at different
depths and in different types of rock, the rock permeability can be changed by
confining pressure as HM processes; thus, it is important to evaluate permeability
before and within the residual strength state.

The objective of this study was to investigate the confining pressure
dependency of the permeability of three types of rock under compression and to
clarify the relevant mechanisms. The types of rock considered were Shikotsu
welded tuff as an example of a soft pyroclastic rock, Kimachi sandstone as a
medium-hard clastic rock, and Inada granite as a hard crystalline rock. Triaxial
tests were carried out at confining pressures of 1-15 MPa at 295 K. The samples
were held for 24 h at the target consolidation pressure, and then constant strain-
rate compression was applied. Permeability was measured by the constant flow or
transient pulse method. In addition, X-ray computed tomography (CT)
observation and thin-section image analysis were carried out on the specimens
after compression. CT images were obtained in three perpendicular planes to

determine the macroscopic failure conditions. Microstructure analysis was
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conducted using thin-section images of specimens that had been impregnated with
blue resin.

A maximum effective confining pressure of 15 MPa was established by the
maximum capacity of the apparatus. Although this effective confining pressure
may not seem sufficiently high, especially for Inada granite, it corresponds to the
effective vertical stress at a depth of 880 m assuming that the vertical stress is
equal to the overburden pressure. Because most underground caverns are
constructed to depths of less than 1000 m, this maximum confining pressure value
is meaningful.

Many studies have been conducted to understand the behavior of permeability
under compression. This research, however is unique because (1) the number of
tests densely covered the range of confining pressures, (2) axial compression was
applied so as to observe the entire permeability—axial strain relationship up to the
residual strength, (3) results for three different rock types were compared, and
(4) both CT scanning and thin-section analysis were carried out to determine the
macroscopic and microscopic structures of the specimens after the experiments.
Points (1) and (2), although not applicable for all rocks, enabled us to propose
equations to represent the minimum and final permeability with respect to
confining pressure. Points (3) and (4) enabled us to describe the different
influences of axial compression and confining pressure on permeability based on
mechanical properties that differed by origin, mineral composition, and

microstructures.

2. Materials and methods
2.1 Specimen and sample preparation

The Shikotsu welded tuff was sampled at Hokkaido, Japan, and consisted of
plagioclase, hypersthene, augite, hornblende, and transparent glass having a felt-
like structure with amoebic form in the matrix. The grain sizes of the minerals
were 0.3—-1.5 mm for plagioclase, about 0.5 mm for hypersthene, 0.3—0.7 mm for
augite, and 0.5-1.0 mm for hornblende [13]. The Kimachi sandstone was sampled
at Shimane, Japan, and was a relatively well-sorted clastic rock with a typical
grain size range of 0.4-1.0 mm. It consisted mostly of rock fragments of andesite;
crystal fragments of plagioclase, pyroxene, hornblende, biotite, and quartz;

calcium carbonate and iron oxides; and matrix zeolites [14]. The Inada granite

4



was sampled in Ibaraki, Japan. The composition of the rock was mainly quartz,
feldspar, biotite, and allanite, with zircon, apatite, and ilmenite as accessory
minerals. The grain sizes of the minerals were 3.0-4.0 mm (on average) for
quartz, approximately 2.0-3.0 mm for plagioclase, approximately 2.0-4.0 mm for
alkali feldspar, and generally less than 1.0 mm for biotite [15]. The physical
properties of these rocks are listed in Table 1.

The specimens were prepared from blocks of the three types of rock using the
following steps. (1) The P-wave velocity along each pair of opposite sides of the
rock blocks was measured with 140-kHz sensors. (2) Cylindrical cores with a
diameter of 30 mm and a length of 60 mm were prepared in the direction of the
slowest P-wave velocity. (3) The core ends were polished to a parallelism of
2/100.

The samples were prepared using the following procedure. (1) Each specimen
was made fully pure-water saturated in a water-submergible vacuum jar. (2) Two
stainless steel endpieces were attached to a saturated specimen with vinyl tape.
The endpieces had a central hole to allow water flow through the specimen.
(3) Two cross-type strain gauges were glued to the center of opposite sides of the
specimen. (4) A coating of silicon sealant was applied to maintain the water flow
within the specimen up to the curvature of the endpieces. (5) A heat-shrinkable
tube was jacketed to the endpieces-attached specimen to prevent direct contact of
the confining fluid (water) with the specimen. (6) The sample was then held in

water for 24 h.

2.2 Experimental setup (Fig. 2a)

A loading frame was used to apply the axial load. A double ball plunger pump
with a relief valve that was connected to the ultra-compact triaxial cell was used
to maintain the confining pressure throughout the experiment. A pair of stainless
steel attachments was attached to the jacketed sample. Each attachment had a hole
for water flow and a pore pressure sensor. In the constant flow method, the water
flow path of the upper attachment was open to the atmosphere; a syringe pump
was connected to the lower attachment and used to produce a constant flow of
water. In the transient pulse method, an accumulator was connected to the upper
attachment, which was upstream; the syringe pump was used to maintain the pore

pressure and acted as a downstream accumulator (Fig. 2a).



2.3 Experimental procedure

The experimental procedure was as follows. (1) The sample was inserted into
the triaxial cell. (2) The upper and lower attachments were attached to the
endpieces. (3) Axial stress and confining pressure were applied to the specimen
through the triaxial cell. To reach the target consolidation pressure, the axial stress
was applied first, and then the confining pressure was increased in 1-MPa steps
(Fig. 2d). After reaching the target consolidation pressure and pore pressure (in
the transient pulse method), the sample was held in this state for 24 h at 295 K.
(4) After consolidation for 24 h, a constant strain rate (10’5 st e,
0.036 mm/min)-controlled compression was applied until the stroke-based strain
reached 10% for the Shikotsu welded tuff or 7% for the Kimachi sandstone and
Inada granite. During the experiment, the load, stroke, pore pressure, axial strain,
lateral strain, confining pressure, and flow rate were measured at a sampling

interval of 10 s.

2.4 Effective confining pressure, differential stress, and strain correction
The effective confining pressure (Pc-effective) TOr the constant flow method was
calculated as:
Pe_ettective = Pe — % ' (1)
where P is the confining pressure and Py is the upstream pore pressure. For the
transient pulse method, P¢ cfreciive Was calculated as:

P =P,-P,. )

c—effective
The differential stress (agitr) was calculated using the following equation:
P ©)

Olgitt = Oaxial —
where oaial i the axial stress.

The effective stress coefficient should be less than 1 for usual rocks and
sometimes its value more than 1 was reported for clay-rich rocks [16]. It was
however assumed as 1 for the above calculations. The assumption did not cause
significant errors for the effective stress values since the pore pressure was as
large as slightly more than 1 MPa. When testing the Shikotsu welded tuff, the
strain gauges were damaged under some relatively high confining pressures

because of pores on the rock surface. When testing the other rocks, the strain
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gauges were damaged around the peak stress. To obtain the entire stress—strain
(¢') and permeability relationship, the strain gauge strain (¢) was used up to 50%
of the peak stress, oso:

g'=¢,0<05 4

A correction was made for the stroke-based strain (&s):

g"=¢,—-Co (5)
g'=¢"—€,+&,,0>0% (6)
c-_t 1, (7)

ESSO ESO

where Egs is the stroke-based 50% tangent modulus, Esg is the strain gauge-based
50% tangent modulus, ¢/ is &” at the 50% stress level, and es is ¢ at the 50%

stress level.

2.5 Measurement of permeability

The permeability of the Shikotsu welded tuff was relatively high, and was
measured by the constant flow method. In this method, a constant flow
(0.3 ml/min) of pure water was maintained in the axial direction by using the
syringe pump (Fig. 2b). Based on Darcy’s law, the permeability K (m?) was
calculated by

KZEJLGEEi )
A dL
where q is the flow rate (m%s), p is the fluid viscosity (Pa-s), A is the cross-
sectional area (m?) of the specimen, and dP/dL is the pressure gradient (Pa/m).
The permeability of the Kimachi sandstone and Inada granite was relatively
low, and was measured by the transient pulse method. A constant pore pressure of
1 MPa was maintained in the entire system during consolidation and compression.
At every permeability measurement point, the platen was stopped. Then, the
accumulator and syringe pump were separated by closing the valve, and a
0.5-MPa pore pressure was applied downstream and the syringe pump was
stopped. This condition was maintained for 30 min. Considering the upstream and
downstream volumes and a pressure pulse based on the Brace principle [17], we
can write:

Ve goa 9)
V, +V,

P —P, = AP,



Vi

P,—P, =—AP, - et 10

Py =R (10

g A ViV, (12)
upL VIV,

where Py is the upstream pressure (Pa), V: is the upstream volume (m?), V; is the
downstream volume (m?), P; is the converged pressure value (Pa), APy is the
pressure pulse (Pa), t is the elapsed time (s), K is the permeability (m?), A is the
sectional area (m?), L is the length of the specimen (m), u is the viscosity of water
(Pa-s), and f is the compressibility of water (Pa *). Then, we obtain

P—P,=AP =APR - (12)
Defining G; and G, as the upstream and downstream stiffness (Pa/m®) of the
hydraulic system, respectively, the upstream and downstream volumes are

expressed as

V=t =12 (13)
BG;
Substituting Eq. (13) into Eq. (11), we obtain the following expression:
a="A (6,46, (14)
ul
Therefore, the resultant expression for K is
___#la (15)
(G, +G,)A

After obtaining the gradient o (s') from the time—InAP curve (Fig. 2c), the

permeability was calculated from Eq. (15).

2.6 Micro- and macrostructure analysis

Microstructure analysis was conducted from thin-section images of the blue
resin-impregnated specimens using Scion Image software [18] with a resolution of
8.8 um. A micro-focus X-ray computed tomography (CT) scanner, installed at
Hokkaido University, Japan, was also used to determine the number, orientation,
and geometry of the rupture planes (i.e., the post-compression macrostructure of
the specimens). A detailed description of micro-focus X-ray CT for rock-like
materials is provided in Fukuda et al. [19]. The CT images were obtained in three

perpendicular planes with a resolution of 37 pm.



3. Results of the Shikotsu welded tuff
3.1 Deformation and permeability

This rock exhibited strain softening at a confining pressure (P.) of 1 MPa,
almost perfect plastic behavior at P, = 5 MPa, and strain hardening at P, = 10 and
15 MPa (Fig. 3a). The peak differential stress increased up to P. = 5 MPa
(Fig. 3b). At P; > 10 MPa, i.e., strain hardening, the yield stress decreased slightly
with increasing confining pressureand the residual strength increased with the
confining pressure(Fig. 3b), but no clear relationship was observed for the tangent
modulus or Poisson’s ratio (Fig. 3c).

The permeability was lowest at a confining pressure of 15 MPa, compared to
P. = 1-10 MPa, after 24 h of consolidation (Fig. 4a). The permeability did not
decrease significantly at P. = 1 MPa, showed a significant decrease after the peak
load at P = 5-10 MPa, and decreased monotonously at P, = 15 MPa due to axial
compression (Fig. 3a).

The permeability change was calculated from the permeability after
consolidation (Kcon) and the permeability after compression (Kcom):

K. = % %100 (16)

change
con

The permeability decrease was small at P = 1 MPa, but the amount of the
decrease became larger with increasing confining pressure (Fig. 4c). The
relationship between permeability (m?) after compression and confining pressure,
P. (MPa), can be approximated by the following equation:

logK,,, =-14.37-0.61log P, 17)

3.2 Micro- and macrostructures

Microstructure analysis was conducted using the blue resin-impregnated thin-
section images. The thin section of the 15-MPa consolidated specimen was
compared with that of the intact specimen to investigate the consolidation effect
(Fig. 5a and b; blue spots represent pores). The porosity decreased by 41.23%
(Fig. 5c) due to consolidation. The equivalent diameter of pores (dpore) in the
intact specimen was 0.04—-0.16 mm. The frequency of dpore > 0.08 mm decreased,
and dyoe < 0.08 mm became dominant at P = 15 MPa (Fig. 5d). Pores with a
smaller aspect ratio increased at P, = 15 MPa (Fig. 5e), but pores with a small
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angle to the horizontal flow layer remained dominant in the 15-MPa consolidated
specimen (Fig. 5f).

In the X-ray CT images at P = 1 MPa, a rupture plane was observed in the
X-Z plane of the specimen after axial compression (Fig. 6a). However,
macroscopic fractures were not observed for the P, = 15 MPa case (Fig. 6b).

An analysis of the pores around the rupture plane was performed using the blue
resin-impregnated thin-section images of the specimens after axial compression at
P. = 1 MPa. The porosity near the rupture plane increased by 16.99%, and was
greater than that far from the rupture plane (Fig. 6f). The frequency value of dpore
= 0.10 mm increased near the rupture plane (Fig. 6g), and the frequency value of
dpore = 0.06 mm was dominant far from the rupture plane. The frequency of a pore

aspect ratio of around 0.5 decreased near the rupture plane (Fig. 6h).

4. Results of the Kimachi sandstone
4.1 Deformation and permeability

This rock exhibited brittle behavior under low confining pressure (1-7 MPa)
(Fig. 7a). The magnitude of the stress drop due to failure decreased at
P.=9-11 MPa, and almost perfect plastic behavior was observed at
P. = 13-15 MPa (Fig. 7a). The peak and residual strength increased (Fig. 7b) and
Poisson’s ratio decreased with increasing confining pressure, but no clear
relationship was observed for the tangent modulus (Fig. 7c).

The permeability at P, > 7 MPa after 24 h of consolidation was slightly lower
than that at P <5 MPa (Fig. 8a). The permeability began to decrease in the initial
stage of the axial compression and reached a minimum before the peak stress, but
it then began to increase and reached an almost stable value at the residual
strength state (Fig. 7a). The minimum value of the permeability at P. =7 MPa
was less than that at P < 5 MPa (Fig. 8b). After compression, the permeability
decreased with increasing confining pressure (Fig. 8c).

By expressing the decrease ratio of permeability Kchange from consolidation
(Kcon) to minima (Kmin) by the equation

K, =Ko =Kan 909, (18)

change K
con

it was found that Kcnange decreased with increasing confining pressure (Fig. 8d). In

addition, the permeability increased from consolidation to the post-compression
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state (see Eq. 16) at P, = 1 MPa, had almost the same values at P, = 5-9 MPa, and
decreased at P, = 10-15 MPa (Fig. 8e).
The effect of confining pressure on the minimum and stable permeability

values with respect to axial strain was evaluated by the following equations
(Fig. 9):

logK,,, =-17.41-0.57log P, (19)
Emin = 0.16+ 0.03P, (20)

log Kgpe = —16.97 —0.75l0g P, (21)
Eqapte = 0.81+0.05P, (22)

where K is in m?, P, is in MPa, and ¢ is in %.

The specimen diameter decreased due to confining pressure, but recovered
under axial compression to its value under atmospheric pressure at o, (Fig. 10a).
The permeability became lowest around this point, but began to increase
afterward. A similar phenomenon for residual strength was reported by Fujii et

al. [19], which was confirmed and is almost the same as that for ¢, (Fig. 10b).

4.2 Micro- and macrostructures

From the blue resin-impregnated thin-section analysis, the 0.39-mm average
thickness of cementing materials in the case of consolidation at 1 MPa was much
thicker than the 0.25-mm average at 15 MPa (Fig. 11).

From the CT observations, a distinct main rupture plane was observed in the
X—Z plane of the specimen after axial compression at P, = 1 MPa (Fig. 12a and
d). Several subrupture planes were discovered in the Y—Z and X-Y planes
(Fig. 12b). The thickness of cementing materials was 0.27 mm. At P, = 7 MPa,
only one main rupture plane was found in the X—Z and Y—Z planes (Fig. 12b). At
P. = 15 MPa, no macroscopic rupture planes were observed in either the CT
images (Fig. 12c) or the blue resin-impregnated thin section (Fig. 12e). The

thickness of the cementing materials was 0.20 mm.

5. Results of the Inada granite
5.1 Deformation and permeability
This rock exhibited brittle failure for all of the confining pressure values

considered (Fig. 13a). The peak and residual strength increased slightly with the
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confining pressure (Fig. 13b). The tangent modulus and Poisson’s ratio seemed to
decrease slightly (Fig. 13c), but no clear relationship was observed. The reason
for the lack of a clear relationship between the mechanical properties and
confining pressure was the relatively low confining pressure values compared to
the strength of the rock.

After 24 h of consolidation, the permeability at P > 5 MPa was slightly lower
than it was at P < 3 MPa (Fig. 8a). The permeability began to decrease at the
initial stage of axial loading, and reached a minimum before the peak stress. The
permeability then began to increase and reached an almost stable value at the
residual strength state (Fig. 13a). This tendency was the same as that observed in
the case of the Kimachi sandstone.

The minimum value at P. = 3 MPa was less than it was at P < 3 MPa
(Fig. 8b). The minimum permeability after compression did not follow the axial
strain—confining pressure relationship observed for the Kimachi sandstone. The
relationship between the minimum permeability value (Kmin) and confining
pressure (P¢) (Fig. 9c) was clearly described by the following equation:

logK,;, =—18.04-1.55log P, (21)

The permeability was greater after compression than it was after consolidation,
but the increase ratio decreased with increasing confining pressure up to
P. =9 MPa. The ratio began to increase again at P. = 11-15 MPa (Fig. 8f). The
permeability was lowest when the lateral strain was around zero (Fig. 10), as was
observed for the Kimachi sandstone. The residual strength was almost the same as
oL (Fig. 10b), as stated by Fujii et al. [20].

5.2 Micro- and macrostructures

No consolidation effect was observed from the blue resin-impregnated thin-
section analysis of the granite (Fig. 11Db).

From the CT observations, a main rupture plane in the X-Z plane, with
subrupture planes in the Y—Z plane, was observed at P = 1 MPa (Fig. 14a). The
main rupture plane consisted of a network of microcracks (Fig. 14d). Numerous
axial cracks from biotite grains were also observed. As described in detail by
Nishiyama et al. [21], this type of microcracking was induced because biotite is
softer than quartz or plagioclase. The distinct single rupture plane in the CT image
(Fig. 14b) was also observed in the thin section at P. = 9 MPa (Fig. 14e). This

12



rupture plane also consisted of a network of microcracks; however, it had a
smaller width than that at P, = 1 MPa, and axial cracks from biotite were not

observed. Multiple rupture planes were observed at P, = 15 MPa (Fig. 14c).

6. Discussion

For consolidation under a confining pressure of 15 MPa, the permeability was
the lowest in the Shikotsu welded tuff. This occurred because the confining
pressure was close to the unconfined compressive strength (UCS) and was
sufficiently high to cause pore collapse (Fig. 5) [22]. As observed by the decrease
in yield stress, pore collapse occurred during axial compression at even lower
confining pressures and caused the permeability to decrease (Fig. 6). A decrease
in the permeability under axial compression was also reported by Azeemuddin et
al. [23] for Indiana limestone, but the confining pressure effect has not been
considered in the literature. At a confining pressure of 1 MPa, the permeability
did not decrease significantly in the residual strength state because of rupture
plane formation. In the residual strength state, the rupture plane and the higher-
porosity rock matrix near the plane (Fig. 6) were responsible for the relatively
high and relatively stable permeability (Fig. 3a).

A decrease in the permeability due to consolidation was also observed in both
the sandstone and granite. The main reason for the decrease in the sandstone was
compaction of the grains because the cementing materials became thinner at
P. =15 MPa (Fig. 11a). The reason for the decrease in the granite was elastic
closure of microcracks; however, this was not observed in the thin sections
because they were prepared after unloading (Fig. 11Db).

In the sandstone and granite, the permeability decreased at the initial stage of
axial compression, increased after this stage, and finally reached an almost stable
value in the residual strength state. Other researchers [23-27] have also described
this behavior under axial compression, but the confining pressure effect on the
minimum permeability and the permeability in the residual strength state were not
considered. The decrease in permeability (Figs. 7a and 13a) was due to closure of
microcracks under compression, as described by Batzle et al. [28]. In particular,
the closure of inclined microcracks significantly affects permeability. The
increase in permeability after the initial stage of axial compression (Figs. 7a and

13a) occurred because of the nucleation, growth, and coalescence of microcracks.
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This property under compression was described by Kranz [29]. The permeability
increase began when the lateral strain started to exceed its value corresponding to
the atmospheric pressure (Fig. 10). The increase in permeability around the peak
load was due to the linking of locally dense microcracks. This characteristic under
compression was also described by Kranz [29].

The permeability became stable in the residual strength state (Figs. 7a and
13a). The stable permeability was attained at a certain axial strain, which
depended on the confining pressure for sandstone but not for granite (Fig. 9).
Several rupture planes appeared under low confining pressures for sandstone and
granite, and this was the reason for the increase in permeability following axial
compression (Figs. 12a and 14a). At a confining pressure of 5-7 MPa for the
Kimachi sandstone (Fig. 12b) or 7 MPa for the Inada granite (Fig. 14b), only a
single rupture plane formed, causing the lower post-axial compression
permeability. The disappearance of microcracks from biotite is another reason for
the permeability decrease in the Inada granite.

Almost perfectly elasto-plastic deformation was observed in the Kimachi
sandstone under high confining pressure (Fig.7a), and no rupture plane was
present (Fig. 12). This occurred because large plastic deformation took place in
the cementing materials. Conversely, in the Inada granite, subrupture planes
occurred under high confining pressures (> 12 MPa), as was the case at a
confining pressure of 1 MPa (Fig.14a and c). Thus, the permeability after axial
compression again increased. The subrupture planes formed because there were
no soft cementing materials between mineral grains, so a large amount of plastic
deformation could not occur. Significant stress concentration occurred on the stiff

and rough main rupture plane under these high confining pressures.

7. Conclusions

To clarify the effect of confining pressure on the permeability behavior of
various types of rock under triaxial compression, the permeability was measured
in Shikotsu welded tuff, Kimachi sandstone, and Inada granite at confining
pressures of 1-15 MPa.

For the Shikotsu welded tuff, the permeability monotonously decreased with

axial compression. The decrease ratio increased with confining pressure; the main
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cause of the decease was attributed to pore collapse. A new equation representing
the permeability as a function of confining pressure was proposed.

For the Kimachi sandstone, the permeability first decreased with increasing
axial stress, but then began to increase when the total lateral strain recovered its
value before the application of confining pressure, and finally showed an almost
constant value in the post-peak region. The minimum and final permeability
decreased with confining pressure. Compared to the permeability before axial
compression, the final permeability became larger under small confining pressure
but smaller under high confining pressure. The main cause of the decrease was
attributed to either compaction or large plastic deformation of clay cementing
materials. Equations representing the minimum and stable permeability and the
strain values at the minimum point and at the beginning of stable permeability as
functions of confining pressure were proposed.

For the Inada granite, the permeability behavior during axial compression was
almost the same as that for the Kimachi sandstone. An equation representing the
minimum permeability as a function of confining pressure was proposed. The
main cause of the decrease caused by consolidation was attributed to elastic
deformation. Compared to the permeability before compression, the final
permeability was larger, and it decreased with smaller confining pressures. The
main causes of the decrease were attributed to a decrease in the number and width
of rupture planes and a decrease in the axial cracks from biotite; however, the
permeability increased under larger confining pressures because of the formation
of subrupture planes due to high stress concentration at the rough and stiff rupture
plane.

The equations, if made more sophisticated through accumulation of additional
data, could be useful for achieving more reasonable and precise HM analyses of
underground caverns in various numerical simulations, such as by finite element
modeling (FEM), although the authors recognize that the rupture planes in a rock
specimen are different from the natural fractures or joints in a rock mass, and that
further considerations are required. The finding that the decreased permeability
began to increase again when the lateral strain recovered its value before the
application of confining pressure could also help to formulate the permeability

more precisely in terms of strain in the future.
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From the experimental results, it can be stated that continuous sealability
improvement can be expected in EdZs and EDZs for rocks similar to the Shikotsu
welded tuff. In the case of rocks similar to the Kimachi sandstone, sealability
improvement can be expected in EdZs at all confining pressures and in EDZs
under relatively high confining pressure. In rocks similar to the Inada granite,
sealability improvement can be expected in EdZs under all confining pressures, as
was the case for the other rocks, but improvement cannot be expected in EDZs.

The temperature effect is important for performance assessments of radioactive
waste repositories, which require long-term monitoring even after
closure [7, 30, 31]. The authors have already completed similar experiments at
353 K, and these results will be published in the near future. The results shown
here, along with those at 353 K, could contribute to reasonable designs of various

types of underground caverns.
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Table 1: Physical properties of the rocks shown as “average value (number of

specimen) + standard deviation”. UCS: Uniaxial Compressive Strength.

V, of V, of Dry Effective UCS
Name of ) ] i )
‘ specimen  specimen density porosity  (saturated)
roc
(km/s) (km/s) (g/cm®) (%) (MPa)
Shikotsu
ded 1.745(2) 1.245(2) 1.304(10) 36.5(10) 13.53(2)
welde
+0.007 +0.021 +0.012 +23 274
tuff
Kimachi 2.24(13) 1478 (13) 1.981(13) 18.54(13) 205(2)
sandstone +0.08 +0.039 +0.01 +0.95 2.4
Inada 287 (17) 2.09(17) 2.70(17) 0.584(17) 180.9(2)
granite +0.07 +0.06 +0.01 +0.023 +16.9
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Fig. 1. Schematic diagram of an underground opening. (a) Initial state, (b) after rock

around the excavation reached the residual strength state.

21



Upstream

Ceramic inaulz(ov I
P pper attachment
— k Pressure transducer
\ PpU
Temperature sensor
Rubber ring
Specimen:

Axial strain gauge

s
3
g
H
g
g

End piece
Heat shrinkable tube
Silicone sealant

Heater
e Insulating cover

|
I Confining pressure
| Rubber ring

h /o Lower attachment
= —

Ceramic

insulator
Y Downstream
-
water inflow

Syringe pump

(a)

Valve closing point

AP

In AP

PpD

Y

©

Op
A Valve closing point
& Pc
I
+ L
I
I PC
I
|
A /
.
J\Q{
i
i
'
' >
t
Op

T =P

 Compression

N

N

Consolidation pressure
for 24 hours

Initial state  Hydrostatic ~ Axial  Axial
compression loading  loading Confining pressure (P,)

(d)

;o
I *I* +I<— -»lq—
v

—
_ Axial stress‘\

Fig. 2. Experimental setup and procedure. (a) Experimental setup for the transient

pulse method. (b) Schematic diagram for permeability measurement using the

constant flow method. (c) Schematic diagram for permeability measurement using the

transient pulse method. (d) Schematic diagram showing the steps for reaching the

desired confining pressure and compression.

22



1 MPa

10— LI L BN
- E - 40
g _
;1044“*””“.,,"“_ 30
= Egp j
% 15 1%
% 10 ] E
L < 10

10716 L1, 1 0

0 2 4 6 8 10
14
E= 80 (%)
" 10 MPa

107 E T T T T T T
_ E - 40
:|
T 10
:-%‘ 15’

1077
A

106

£=8 (%)

Differential stress (MPa)

Differential stress (MPa)

e—s—e Permeability
—— Stress

—~
o

=2
o)

Permeabilit;

Permeability (mz)

(2)

E 104

1013 —

S MPa

105

1076

1013

1oL

10'15:—

Tl

4 40

€= (%)

Differential stress (MPa)

Differential stress (MPa)

Triaxial strength (MPa)

Tangent modulus (GPa)

40

30

20

10

T N *
r .
L8 e
kS
e < Peak
@ Residual |
Py 1 1 1
5 10 15
P_ (MPa)
[ IO T T
lo &2 8 9
| ©
e . . .
.—’ 7
< Tangent
. . Poislson’s rati?
5 10 15

P, (MPa)

(©)

Fig. 3. Stress-strain, permeability relationship and mechanical properties of

Shikotsu welded tuff. (a) Stress, axial strain and permeability relationship. (b)

Peak or yield differential stress, residual strength with confining pressure. (c)

Tangent modulus and Poisson’s with confining pressure.

23

0.3

—4 0.2

0.1

Poisson's ratio



Consolidation
10} e
—~ 1014
NS 107" o Z ° J
Mo10 | §
1016 |
1 1 1
0 5 10 15
P, (MPa)
(a)

—
£
F
g :' Permeability.
U »
D.' -
.: t“
5 -,
. "
Strain (%)
10-13
G 10014
g 10
g
3
1018
10-16

Permeability change (%)

-1

<

-20

-40

-60

-80

00

10
P, (MPa)

(©)

Iny=a+blnx
a=-33.09
b=-0.609956
0.62078
[r}=0.700938

Fig. 4. Confining pressure effect on the permeability change of the Shikotsu welded

tuff. Permeability after (a) consolidation and (b) axial compression. (c) Decrease of

permeability.

24




Consolidation

40 rrrTTTTTT T T
—~ 30 1;_No loading |
X
o0 41.23%
%20 - .
£ S
~ 10l 15 MPa
PRSI ST S R SRR |
0 5 10 15
Effective confining pressure (MPa)
(a) (©)
Consolidation Consolidation Consolidation
80 80 = T R B 80 L L B
L L No loading
= 60+ no loading F 60 _ 15 MPa F60F < 7
5 % | Noloading 5k
5 40t 5 40k X, 1 gl
= 15 MPa =1 =1
2 1 8 3 L
= 20 4 =o2F =20 . ]
1 15 MPa 1
PR Bl | i | 0 o b b L 0 P AN S Y SN YT SO T N T ST
0 01 02 03 04 0 02 04 06 O 0 30 60 90
Equivalent diameter (mm) Aspect ratio Angle of major axis (degree)
) () (f

Fig. 5. Blue resin-impregnated thin-section images and analyses of the fresh and
consolidated specimens of Shikotsu welded tuff. The blue spots represent pores in the
rock. (a) Image of the intact specimen. (b) Image after consolidation at 15 MPa.

(c) Porosity. (d) Equivalent diameter. (e) Aspect ratio. (f) Angle of major axis to the
horizontal flow layer.

25



X-Z Plane Specimen Y-Z Plane X-Y Plane X-Z Plane Specimen Y-Z Plane X-Y Plane
after experiment after experiment

@ (b)

(e)
After Compression . . .
After Compression After Compression After Compression
21 —_— 80 Fiv-aresaans 40 e 60 T OTIRTESIOn
1 MPa (ncar) / 1MPa (far) 1 MPa (near sol 1 MPa (far)
S0t 1 =60} ¢ 4 230k v 1 = -
< 5 / \\ 1MPa (near) z [l MPa(fa)) 5 1
Zio| 1 8 a0l . 18 20) ] s
g g 5 3
5 2 8 2 2 i
gt 4 =20k 4 F ot 4 =
. 10 i
1 MPa (far) 1 MPa (near).
17 1 0 1 rY 1 0 | NI A I 0 1 1 L
0 1 2 0 01 02 03 04 0 02 04 06 08 1 0 30 60 90
Effective confining pressure (MPa) Equivalent diameter (mm) Aspect ratio Angle of major axis (degree)
® © (h) (0

Fig. 6. Specimen, CT images, blue resin-impregnated thin-section images, and
analyses after axial compression of Shikotsu welded tuff. Specimen and CT images at
(@) 1 MPa and (b) 15 MPa. (c) Image at 1 MPa. Image at 1 MPa (d) near the shear
plane and (e) far from the shear plane. (f) Porosity near and far from the rupture
plane. (g) Equivalent diameter. (h) Aspect ratio. (i) Angle of major axis to the flow
layer (horizontal). The loading direction is vertical.

26



Permeability (ml)
= 35 3 s

10»20

106

&= (%)

9,10,11 MPa
— ;

80

Permeability (mz)
s = o=

1020

- 60

€80 (%)

Diffential stress (MPa)

Diffential stress (MPa)

e——s Permeability

- 60

— Stress
5,7 MPa
10 . . .
“g 10717
i SMPa |
E 10718 7 MPa
S TMPa |
E 5 MPa
510"
=¥
10720 I L I
2 4 6 8
’
&= (%)
13, 15 MPa
10-16 T T T T
“g 10" 15 MPa
g 13 MPa
= s 13 MPa
‘=10 15 MPa
8
§ 1017
=¥
10720 L L, I
0o 2 4 6 8

(2)

£~ (%)

80

- 60

40

20

80

40

20

Diffential stress (MPa)

Diffential stress (MPa)

Triaxial strength (MPa)

Tangent modulus (GPa)

80

60 -

40 |-

20

20

<& Peall(
® Residual ¢

T T

T
< Tangent

® Poisson's ratio |
) o ©
.

0%@ o %y
o g d
L]

(©)

Fig. 7. Stress-strain, permeability relationship and mechanical properties of

Kimachi sandstone. (a) Stress, axial strain and permeability relationship. (b) Peak

differential stress, residual strength with confining pressure. (c) Tangent modulus

and Poisson’s ratio with confining pressure.

27

0.3

0.2

Poisson's ratio



Keon (%)

Permeability change (%)

Consolidation

101 T T T
-17
10 —: " . E
-18 2.
107%-g g ° B
109k 0 0% o, ¢
10-20_ ® Sandstone T
© Granite
102t I I I
0 5 10 15
P, (MPa)
(a)
0 v "' v Sandstohe
20 |¥ Y v Granite -
M4
40 |- Y i
0% v v
80 L . il
v
-100 - -
Il 1 Il
0 5 10 15
P. (MPa)

Minimum
10-16 T T T
¥ Sandstone
1071 v Granite
O v
é -18 vy
F 10 _3 g v v v v
Moqeep VT Y .
v v
v v v
1020 v
102t 1 L A
0 5 10 15
P (MPa)
> S
E M // I T
3 NI J7ARNE] AN
g RINZ :
K
e
_—
Strain (%)

Keom (m?)

Permeability change (%)

Permeability change (%)

Compression
10716
E. QISandstoneL
§ & Granite
10-17_‘ % < <
E : . . 00 7
. * > * &
1019 o O A4
E o 3
10! I I L
0 5 10 15
P.(MPa)
(c)
SANDSTONE
800 7‘ T T |7
600 |- B
400 - B
A
200 |, i
A a4
U £ A‘ : Ay A 4T
0 5 10 15
P, (MPa)
(e)
GRANITE
T T T
6000 - B
4000 |- -
A A
2000 & a
7
a
0 [d & 1 1
0 5 10 15
P, (MPa)

Fig. 8. Confining pressure effect on the permeability change of Kimachi sandstone

and

Inada granite. (a) Permeability after consolidation. (b) Minimum permeability.

(c) Permeability after

compression.

(d)

Permeability decrease from

consolidation to the minimum value. () Permeability change from consolidation to

post-compression.

28



T T T
E Sandstone  § & Sandstone
—~ > z Granite <> Granite a%xth
“g Iny=a+blnx = Eig ig?)ﬁg
E 2=-38.9583 e T
= b=-0.543424 < 0425192
3 1.02461 - [r}=0.425192
= (0.3992: S
N, [r/=0.399246 S
a . " a*xtb
By bing w0 =0.0346842
3 o b=-0.754295 b=0.162026
0545129 POS %ﬂg%ﬁgfm
5 [r}=0.784259 I=0-
107! I L L
0 5 10 15
R4
. o
P, (MPa) P, (MPa)
'..' ‘.o
-, B
108, K . =—16.97-0.75log,, P,"¢KS) £, =0.81+0.05P, (KS)
. -
'.' »
(a) - (b)
E
10" = . . v
¥ Sandstone £ ¥ Sandstone
11 7 Granite v Granite
107 Iny=a+blnx i 06
G o101l 3 ’ 10 0346842
0563382 a=t
~ 0.702112 o & =0.162026
5 Iri=0.591203 -4 S, 0.0766227
N 204 Ir}=0.893127
Iny=a+blnx @
a=-41.529 - a%x
b=-1.54624 t 2=0.0072391
0.806833 0.2 | b=0.190748
Iri=0.843976 0.104835
Ir/=0.2823
0 5 10 15
P, (MPa) P, (MPa)
o L= — ( )
log, K, =-1741-0.57log,, P (KS

log,, K, =—1804-155log,, P, (IG) ., =0.16+0.03P, (KS)
(c) (d)
Fig. 9. Confining pressure dependency of minimum and stable permeability in
relation to axial stain for Kimachi sandstone (KS) and Inada granite (IG). (a) Stable
permeability and confining pressure. (b) Axial strain at stable permeability and
confining pressure. (c) Minimum permeability and confining pressure. (d) Axial

strain at minimum permeability and confining pressure.

29



2)
)

Permeability (m

°g

(2)

Strain (%)

Kmin (m2)

or (MPa)

1076 ;
o}
10171 © i
 Kopin
107181 © %k vg' 1
10190 . % b
10200 @ )
¥ ®Sandstone
10_21 ¥ O Granite B
-1 0 1
&, (%)
120 T T T T T o
@ Sandstone
100 ¢ oGranite °
80 |
60 L e
40 e ]
E &
20 ;_,/
0 B | | I I
0 20 40 60 80 100
o1, (MPa)

Fig. 10. Relationship between permeability, lateral strain, residual strength, and stress

at zero lateral strain. (a) Schematic diagram showing the point of lateral strain at

minimum permeability (e., Kmin) and o; o= is the stress at the lateral strain of residual

strength. (b) The experimental results of the €, Knin and o, og.

30



5T & . Foi R
s ¥ ‘ T :
. ¢ ey : ¥ <
v, g v
§ , . & b
% ¢ 9
= g 6
B e Ty 5 .
”‘ P (PR 3 X;{
’j LY 4 ot 2
|-—|’ 3 % l'_|
5 mm 5 f - 5mm
t’_ 'i%‘\ S
1 MPa Consolidation 15 MPa Consolidation 1 MPa Consolidation

(a) (b)

15 MPa Consolidation

Fig. 11. Blue resin-impregnated thin-section images of the specimen after

consolidation. (a) Kimachi sandstone. (b) Inada granite.

31

- o

»



Specimen
after experiment

(@

X-Z Plane Y-Z Plane X-Y Plane

Y-Z Plane X-Y Plane

Specimen
after experiment

(©)
Fig. 12. Specimen, CT images, and blue resin-impregnated thin-section images of

X-Z Plane

Specimen
after experiment

(b)

X-Y Plane

1 MPa Compression

15 MPa Compression

d (©)

the specimens after axial compression of Kimachi sandstone. Specimen and CT

images at (a) 1 MPa, (b) 7 MPa, and (c) 15 MPa. Blue resin-impregnated thin-section
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