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Thermally induced mechanical and hydraulic properties of rocks

and behavior of openings in rock mass

Naoki KINOSHITA

Abstract

From the viewpoint of multiple-utilization of land, environmental safeguards, energy
conservation, etc., the author has proposed a temporary storage of heated water in openings
excavated in rock mass. Heated water has been produced by residual heat generated from
garbage-burning plants for energy-saving. Then water of 100 °C can be stored for many purposes
such as district heating, heated water supply and greenhouse planting.

In the heated water temporary storage system, like radioactive waste disposal cavities and
tunnels passing through the high geothermal regions, the rock mass around the openings will be
influenced by complicated thermal behavior induced by high temperature. Therefore, the
evaluation of the thermal behavior of openings should be one of the important issues to examine
the stability of the openings.

In this study, thermally-induced mechanical and hydraulic properties of rocks were examined by
laboratory experiments. Subsequently, thermal behavior of openings in rock mass when heated
water was stored in openings was analyzed numerically, and the following conclusions are

obtained.

In Chapter 2, for obtaining data on mechanical properties used for the analysis of thermal
behavior of rock mass around openings, the physical properties on strength, deformation
characteristics and thermal properties at high temperature were examined using five different types
of rock (granite, andesite, sandstone, tuff, and mudstone). The influence of water content on these
properties, that is, the difference in these properties between wet (the water-retaining condition)
and dry conditions were also examined. The examinations were carried out in the range from 20 °C
to 100 °C.

The results show that the strength of wet rocks was smaller than that of dry ones, the strength



decreased with the increase in temperature, and the degree of the strength reduction was greater
under wet conditions. The elastic moduli of tuff and mudstone were smaller than those of granite,
andesite, and sandstone. In particular, the amount of the modulus reduction at high temperatures
was also large in wet rocks. The effect of the temperature on thermal properties was relatively
small. As the difference between dry and wet rocks was significant, it seemed that the effect of pore
water is large. Especially, the tendency was remarkable in tuff and mudstone with relatively large

porosity.

In Chapter 3, mechanical properties of rocks effected by thermal hysteresis was investigated.
When heated water is stored in openings, the rock mass around openings will receive the effects of
thermal hysteresis due to high temperatures, because the quantity of heated water by its use for
many purposes continually changes in daily and seasonal cycle. Therefore, the strength and
deformation characteristics of rocks after undergoing thermal hysteresis are important when
discussing the stability of the openings. In this chapter, strength and deformation characteristics of
rocks with low and high porosity which undergo thermal hysteresis of high temperatures ranging
20 °C to 100 °C are thoroughly examined using a thermal cycle apparatus.

From the experimental results, it was found that the maximum temperature, the number of
hysteresis, and the porosity etc. are important factors to influence strength and deformation
characteristics. Compressive and tensile strength of rocks decreased with the increasing number of
thermal hysteresis. However, the ratio of the strength reduction decreased with the hysteresis
number, and the ultimate strength converged to a constant value. The values of tangential Young’s
modulus and Poisson’s ratio of rocks after undergoing thermal hysteresis had the same tendency as
those of compressive and tensile strength. From the results of measured thermal expansion, the
residual strains were appeared for all the samples after undergoing thermal hysteresis. However,
residual strain had the tendency to converge to a constant value as thermal hysteresis was repeated.
Elastic wave propagation velocity of rocks also decreased with the increasing number of thermal

cycle, but again the ratio of the reduction decreased.

In Chapter 4, change in mechanical properties of rocks with time was investigated. The rock

mass around the openings will respond by coupled thermo-mechanical effects induced by heated
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water in the long period. Therefore, it is necessary to obtain the change of mechanical properties
with time for evaluating the thermal behavior of openings. The mechanical properties of uniaxial
compressive strength and elastic modulus of granite and sandstone were obtained after a
submergence test at 20 °C and 95 °C. The samples were submerged within the temperature-
controlled canisters for the maximum of 180 days.

In addition, a uniaxial compression creep test at 90 °C was also carried out, and then the various

constants on the creep were obtained using the Burgers model and the Norton equation.

In Chapter 5, hydraulic properties in rock fracture ware examined. The fluid flow within
low-permeability rock masses is often dominated in rock fractures. Therefore, the hydraulic
properties of rock fracture should be examined to evaluate hydraulic behavior of rock mass. The
flow-through experiments on a single fracture in granite were carried out under confining pressures
of 5-10 MPa, and at temperatures of 20-90 °C. The fracture aperture and the related permeability
monotonically decreased with time at room temperature, and reached a quasi-steady state. Then,
after the temperature was raised to 90 °C, the aperture decreased again throughout the rest of the
experiments.

Fluid samples were taken from the outlet to examine the elemental concentrations that were
evaluated by inductively-coupled plasma atomic emission spectrometry. The elemental
concentrations increased with the increase of temperature. After the flow-through experiments, the
fracture surface was observed by scanning electron microscopy coupled with energy dispersive
X-ray spectroscopy. The formation of a few kinds of precipitated minerals such as silica and calcite
was revealed. The precipitation was limited to quite local and small areas.

Meanwhile, the sustained loading experiments using the granite that have a single fracture were
conducted under controlled temperature and mineral dissolution conditions for the purpose of
evaluating the deformation behavior of rock fractures. From the tests results, it was found that the
difference in displacement of the fractured rock samples is very small for all the conditions.
However, it was noticeable that displacement under the wet condition was larger than those under
the other conditions. The reason for this may be due to mineral dissolution at the asperity contact

arcas.
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In Chapter 6, the temperature and stress distribution around openings were analyzed numerically
by using the experimental data on strength, deformation characteristics and thermal properties of
rocks. The thermal behavior of rock mass around openings due to storage of heated water was
discussed, in which the opening was assumed to be excavated in rock mass at a depth of 100 m
beneath the ground surface with a diameter of 10 m and temperature of heated water was 100 °C.

Temperature distribution around the opening with time was calculated by Finite Element Method
(FEM). The temperature gradient around the opening was extremely sharp at the beginning of
storage, but became gentler with time. The temperature reached a semi-steady state after 1 year.

Stress changes around openings were analyzed by FEM considering thermal stress obtained from
the results of temperature analysis. In the case of granite rock mass, the stresses around the opening
before storage were small and were much less than the failure stress. After storage, the thermally
induced stress around the opening increased with time. At 1 year, the stress in the tangential
direction was about 10 times larger than that before storage, but its level was still small than the
theoretical failure stress and the opening was evaluated to remain stable. On the other hand, in the
case of tuff, the stress in the tangential direction was about 1.2 times larger than that before storage,
and its level reached the failure stress near the side wall.

The thermal behavior of rock mass around the opening in the case of receiving thermal
hysteresis was analyzed. In this case, the stress level did not reach the theoretical failure stress and
the openings were evaluated to remain stable. The thermal behavior and the stability of the
openings in the long period were also analyzed by using the creep properties. In the case of granite
rock mass, the predicted convergence became about 2 % of the opening diameter after one
thousand days.

Subsequently, the effect of the convection generated in the heated water and underground water
on temperature distribution around openings was examined. The flow and convection of
underground water may be neglected in the case that permeability coefficient of rock mass is 1 x
10 cm/s or smaller.

When heated water is stored in a practical site, the opening is required to be mechanically stable
with little leakage loss. Then, the countermeasures to satisfy both the reduction of thermal stress
around the opening and the prevention of water leakage from the opening are important. As a

countermeasure, it was proposed to use the combined lining system of resin and insulating
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materials. The numerical simulation showed that this system would be much more effective than if

the opening was built without lining.

The creation of sustainable society is one of urgent problems for the humankind. The heated
water storage system would be expected as one of methods for solving this problem. In this study,
the valuable data on thermally induced mechanical and hydraulic properties of rocks were obtained
from the laboratory experiments. Moreover, the thermal behavior of openings in rock mass due to
storage of heated water was thoroughly discussed. For more rigorous assessment of the stability in
heated water storage system, it is necessary to establish the evaluation method of thermal behavior

of openings in rock mass with high precision through on-site experiments.
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Table 2.1 Physical properties of rocks used for the tests.

Rocks Porosity Moisture ~ Degree of  Bulk True
content saturation specific specific
ratio gravity  gravity
[%] [%] [%]
Granite (dry) 0.80 0.09 28.5 2.65 2.67
Granite (wet) 0.80 0.24 81.3 2.65 2.67
Andesite (dry) 5.6 0.91 41.0 2.55 2.67
Andesite (wet) 5.6 1.94 88.3 2.59 2.67
Sandstone (dry) 8.1 1.46 16.8 2.40 2.62
Sandstone (wet) 8.1 3.42 96.9 2.49 2.62
Tuff (dry) 37.1 1.39 5.8 1.56 2.45
Tuff (wet) 37.1 24.01 99.6 1.91 2.45
Mudstone (dry) 39.4 1.31 5.4 1.63 2.69
Mudstone (wet) 39.4 21.90 99.6 2.02 2.69
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Table 2.2 Elastic wave propagation velocity of rocks used for experiment.

Rocks P-wave velocity
[m/s]
Granite 3970 Rift plane
4080 Grain plane
4480 Hardway plane
Andesite 5560
5640
5950
Sandstone 3780 Bedding plane
4260
4340
Tuff 1870 Bedding plane
2060
2170
Mudstone 1800  Bedding plane
1920

Thermal recorder
XIThermo controller Heating furnace

Thermo couple Dummy specimen

Strain meter

= L o

& | | l/ // 33838
ooo I 'yi /Bridge box
— ooo - %ﬂ‘/ Recorder
/]j LI ooo
an N oaoa
O / — ooo

A
] O / \ — Load controller

Volt controllerl / :
Specimen Load cell Dummy load cell

Fig. 2.1 Schematic diagram of strength test.
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Fig. 2.2 Compressive strength of rocks: (a) experimental result, (b) normalized.
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Fig. 2.3 Tensile strength of rocks: (a) experimental result, (b) normalized.
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Fig. 2.5 Poisson’s ratio of rocks: (a) experimental result, (b) normalized.
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Fig. 2.6 Schematic diagram of elastic wave propagation velocity test.
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Fig. 2.7 P-wave velocity of rocks: (a) experimental result, (b) normalized.
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Fig. 2.8 Schematic diagram of experimental apparatus to measure the change of strain of rock with

rising temperature.
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Fig. 2.9 Change of strain with rising temperature.
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Fig. 2.10 Change of tangential coefficient of thermal expansion with rising temperature.
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Fig. 2.13 Illustration of finite divided element method of one dimensional case.
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Fig. 2.15 Thermal diffusivity of rocks at high temperature: (a) experimental result, (b) normalized.
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30



G:Granite, A:Andesite, S:Sandstone, T:Tuff, M:Mudstone
D:Dry W:Wet

1.6 T T T T T

15 I ‘—// |
<
o 14} .
<
= weeOmee GD == SW
i~ —@—GW v TD
= 13- e AD —— TW
©
o 1 —W— AW e VD ST
S OweSD —F— MW
=
3 10f ]
Qo
n

09+ .

08 1 1 Il 1 1

0 20 40 60 80 100 120

Temperature[°C]

Fig. 2.17 Specific heat of rocks at high temperature.
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Table 3.1 Physical properties of rocks used for the tests.

Rocks Porosity Moisture ~ Degree of  Bulk True
content saturation specific specific
ratio gravity  gravity
[%] [%] [%]
Oshima granite (dry) 0.80 0.09 28.5 2.65 2.67
Oshima granite (wet) 0.80 0.24 81.3 2.65 2.67
Inada granite (dry) 1.5 0.03 5.5 2.63 2.67
Inada granite (wet) 1.5 0.24 88.3 2.63 2.67
Andesite (dry) 2.7 1.90 41.0 2.60 2.67
Andesite (wet) 2.7 1.91 88.3 2.60 2.67
Sandstone (dry) 3.8 1.01 20.5 2.54 2.64
Sandstone (wet) 3.8 1.39 90.3 2.54 2.64
Tuff (dry) 37.1 1.39 5.8 1.56 245
Tuff (wet) 37.1 24.01 99.6 1.91 2.45
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Fig. 3.1 Schematic diagram of thermal cycle apparatus.

Fig. 3.2 External view of thermal cycle apparatus.
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Fig. 3.3 Change of specimen’s temperature with time.
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Fig. 3.4 Schematic diagram of the strength test.
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Fig. 3.5 Uniaxial compressive strength after undergoing thermal hysteresis of high temperature: (a)
Oshima granite, (b) Oshima granite (temperature range: 15 °C-60 °C), (c) Inada granite, (d)

andesite.
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Fig. 3.5 (continued) Uniaxial compressive strength after undergoing thermal hysteresis of high

temperature: (e) sandstone, (f) tuff, (g) tuff (temperature range: 15 °C-60 °C).
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Fig. 3.6 Normalized uniaxial compressive strength after undergoing thermal hysteresis of high

temperature.

< :gran%te | " wet 15°C]
o 100 AR ]
O A : i
- N : i
8 5 : i
N 90p ]
Q] i : i
e T 1
’6 - : 10 cycles 1
Z 80_ L | | | | ]
0O 20 40 60 80 100 120

Variance of temperature in thermal hysteresis [ °C]

Fig. 3.7 Relationship between normalized uniaxial compressive strength after undergoing thermal

hysteresis of high temperature and variance of temperature in thermal hysteresis.
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Fig. 3.8 Tensile strength after undergoing thermal hysteresis of high temperature: (a) Oshima

granite, (b) Oshima granite (temperature range: 15 °C-60 °C), (c) Inada granite, (d) andesite.
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Fig. 3.8 (continued) Tensile strength after undergoing thermal hysteresis of high temperature: (¢)

sandstone, (f) tuff, (g) tuff (temperature range: 15 °C-60 °C).
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Fig. 3.9 Normalized tensile strength after undergoing thermal hysteresis of high temperature.
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Fig. 3.10 Stress — strain relation obtained by uniaxial compression test of dry state rocks at 15 °C
after undergoing thermal hysteresis of high temperature: (a) Oshima granite, (b) Inada granite, (c)

andesite.
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Fig. 3.10 (continued) Stress - strain relation obtained by uniaxial compression test of dry state

rocks at 15 °C after undergoing thermal hysteresis of high temperature: (d) sandstone, (e) tuff.
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Fig. 3.11 Tangential Young’s modulus after undergoing thermal hysteresis of high temperature: (a)

Oshima granite, (b) Oshima granite (temperature range: 15 °C-60 °C), (c) Inada granite, (d)

andesite.
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Fig. 3.11 (continued) Tangential Young’s modulus after undergoing thermal hysteresis of high

temperature: (e) sandstone, (f) tuff, (g) tuff (temperature range: 15 °C-60 °C).
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Fig. 3.12 Normalized tangential Young’s modulus after undergoing thermal hysteresis of high

temperature.
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Fig. 3.13 Poisson’s ratio after undergoing thermal hysteresis of high temperature: (a) Oshima

granite, (b) Oshima granite (temperature range: 15 °C-60 °C), (¢) Inada granite, (d) andesite.
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Fig. 3.13 (continued) Poisson’s ratio after undergoing thermal hysteresis of high temperature: (¢)

sandstone, (f) tuff, (g) tuff (temperature range: 15 °C-60 °C).
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Fig. 3.14 Normalized Poisson’s ratio after undergoing thermal hysteresis of high temperature.
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Fig. 3.15 Changes of strain of wet state granite after undergoing thermal hysteresis of high

temperature.
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Fig. 3.16 Residual strain after undergoing thermal hysteresis of high temperature: (a) Oshima

granite, (b) Oshima granite (temperature range: 15 °C-60 °C), (¢) Inada granite, (d) andesite.
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Fig. 3.16 (continued) Residual strain after undergoing thermal hysteresis of high temperature: (¢)

sandstone, (f) tuff, (g) tuff (temperature range: 15 °C-60 °C).
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Fig. 3.17 Secant coefficient of thermal expansion of Oshima granite after undergoing thermal

hysteresis of high temperature.

65



5500 5500

(aI Oshill'na gralnite cylcle:15°lC—100I°C (bl) Oshinl1a grarl1ite cy(;Ie:15°(I)—60°C£
—e— Wet (15°C)
---a-- Wet (100°C)

5000

5000
—o— Dry (15C)

4500t H - ]
---2--- Dry (60°C)

Dl’y (1500) —e— Wet (1500)
----- Dry (100°C) ---a-- Wet (60°C)

! ! ! | ! ! !
2 4 6 8 10 4000 0 2 4 6 8 10

Number of cycles Number of cycles

45001

P-wave velocity [m/s]
e
P-wave velocity [m/s]

4000

o+

5500

5500

(cldnada granite cycle:15°C-100°C " (d) andesite cycle:15°C—100°C

% 5000} 1 @
£ £, 5000+ -
> } —e— Wet (15°C) =
o —-a-- Wet (100°C g
S 4500 i ( ) S
> >
(0] [0]
? 3
2 = 4500r o et (15°%C) l
a 4000 1 a4

---a-- Wet (100°C)
—o— Dry (15°C)

---A--- Dry (100°C) ---&-- Dry (100°C)
1 Il Il Il Il Il 1 Il Il Il Il Il
3500 0 2 4 6 8 10 4000 0 2 4 6 8 10
Number of cycles Number of cycles

Fig. 3.18 P-wave velocity after undergoing thermal hysteresis of high temperature: (a) Oshima

granite, (b) Oshima granite (temperature range: 15 °C-60 °C), (¢) Inada granite, (d) andesite.
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Fig. 3.18 (continued) P-wave velocity after undergoing thermal hysteresis of high temperature: (¢)

sandstone, (f) tuff, (g) tuff (temperature range: 15 °C-60 °C).
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Fig. 3.19 S-wave velocity after undergoing thermal hysteresis of high temperature: (a) Oshima

granite, (b) Oshima granite (temperature range: 15 °C-60 °C), (¢) Inada granite, (d) andesite.
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Fig. 3.19 (continued) S-wave velocity after undergoing thermal hysteresis of high temperature: (¢)

sandstone, (f) tuff, (g) tuff (temperature range: 15 °C-60 °C).
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Fig. 3.20 Normalized P-wave velocity undergoing thermal hysteresis of high temperature.
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Fig. 3.21 Schematic diagram of thermal cycle apparatus under controlled pressure condition.
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Fig. 3.22 Normalized physical properties after undergoing thermal hysteresis under controlled

confining pressure conditions: (a) UCS, (b) tensile strength, (c) tangential Young’s modulus.
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Fig. 3.22 (continued) Normalized physical properties after undergoing thermal hysteresis under

controlled confining pressure conditions: (d) Poisson’s ratio, (¢) P-wave velocity, (f) S-wave

velocity.
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Fig. 3.23 Normalized physical properties after undergoing thermal hysteresis: (a) UCS, (b)

tangential Young’s modulus, (c) Poisson’s ratio.
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Fig. 3.24 Effect of drying on uniaxial compressive strength of granite.

Fig. 3.25 Enlarged view of granite specimen’s surface: (a) before undergoing thermal hysteresis,

(b) after undergoing thermal hysteresis.
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Table 4.1 Physical properties of rocks used for the tests.

Rocks Porosity Moisture  Degree of  Bulk True
content saturation specific specific
ratio gravity  gravity

[%o] [%o] [%]
Granite (dry) 0.80 0.09 28.54  2.65 2.67
Granite (wet) 0.80 0.24 81.32  2.65 2.67
Sandstone (dry) 20.03 4.88 11.06  2.19 2.55
Sandstone (wet) 20.03 10.75 98.82 221 2.55
Load
Load cell
@ Thermocouple
Heater
Thermal controller
& 74
Water pump v ——[
Strain am
%7 | E

o)

= L

L -
| %
N Water bath

AD converter

PC

Heated water /
Specimen

i

wrain gauge
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Fig. 4.1 Schematic diagram of uniaxial creep experiment at high temperatures.
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Table 4.2 Mechanical properties of rocks used for the tests.

Rocks Temperature UCS Tangential Young’s
modulus
[°C] [MPa] [GPa]
Granite (wet) 20 164 60
Granite (wet) 90 145 58
Sandstone (wet) 20 20 10
Sandstone (wet) 90 17 7
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Fig. 4.2 Relationship between time and strain: (a) granite, (b) sandstone.
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Table 4.3 Constants of Burgers model estimated from results of experiment.

Rock type Temperature E, i E, 1b
[°C] [GPa] [GPa-s] [GPa] [GPa-s]
Granite 20 60.0 1.7x10° 290 1.9x10°
90 58.0 3.4x10° 150 1.9x10°
Sandstone 20 5.6 9.0x10* 55.1 2.2x10*
90 3.5 2.1x10* 27.5 2.7x10°
Sandstone'® RT* 10 7.7x107 38 7.1x10°

* Room temperature

5000 . T n .
Experiment /
4000 —— 20°C S/ .
kS
= _ 4
& 2000 : "
% Burgers model
1000 — 20°C -
granite ~ TTTUUoo 90°C
0 1 1 1 1 1
10° 10" 10® 10® 10* 10° 10°
Time [s]

Fig. 4.7 Relationship between time and strain predicted by Burgers model.
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Table 4.4 Constants of Norton-type equation estimated from results of experiment.

Rock type A n a

Granite 1.55x107 0.50 1.22x10?

Rocksalt'® 8.1x10° 2.4 5.16x10"

—
S
a

o 7
2, 107 Norton .

10° | ° .

<

10.10 i @ = Experimental value |

granite

1 O'11 1 1 1 1
0 20 40 60 80 100

Temperature [°C]

Strain rate

Fig. 4.8 Relationship between temperature and strain rate obtained by Norton-type equation.
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Fig. 4.9 External view of the canisters kept thermally-steady at 95 °C.
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Fig. 4.10 Stress-strain curve of granite in uniaxial compression: (a) 20 °C, (b) 95 °C.
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Fig. 4.11 Stress-strain curve of sandstone in uniaxial compression: (a) 20 °C, (b) 95 °C.

108



250 T T T T T T
8 8 0 A
ZOOg """ S O g -
Q 150[ i
=,
@® 100 ]
S ——0°C
50 cOmm o |
(a) grlanlte 1 1 1 1 ) 95I C
OO 30 60 90 120 150 180
Time [day]
50 1 1 1 1 1 ||
—_— o
40 | 20°C |
. "07"95°C
5_“ 30 L . i
=, [ - H O
8 20 | = E‘ i
_____ S _____o______
~ 10 K S 8 .
0 (b) salndstonle . . . .
0 30 60 90 120 150 180

Time [day]

Fig. 4.12 Changes in uniaxial compressive strength with time: (a) granite, (b) sandstone.
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Fig. 4.13 Changes in secant modulus of elasticity with time: (a) granite, (b) sandstone.
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Fig. 4.14 Changes in P-wave velocity with time: (a) granite, (b) sandstone.
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Fig. 4.15 Changes in Porosity with time (submerged at 95 °C): (a) granite, (b) sandstone.
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Table 4.5 Rock forming mineral and chemical formula.

Rock type Mineral Chemical formula
Granite Quartz SiO,
Albite NaAlSi;Og
Anorthite CaAl,Si,04
Biotite K(Mg, Fe)3(SI3A1)010(OH)2
Sandstone Quartz SiO,
Albite NaAlSi;Og
Heulandite (Ca, Na2)Al,Si;0,36H,0
Sepiolite Mg38112030(OH)46~8H20
Muscovite KAlz(Sl3A1)010(OH)2
800 r : :
(a) granite
640 | -
Quartz Feldspar
480 | -
Feldspar Feldspar
320 | i
Quartz
160 Biotite Feldspar
0

800

640

480

320

160

20 [°]

(b) sandstone

Quartz

Heulandite Muscovite
l Sepiotite /

10 20 30 40

20 [°]

Heulandite

Fig. 4.16 Result of XRD analysis: (a) granite, (b) sandstone.
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(2) RIEAKD pH
XBEPFERLIY, fEEB X0 AT U, EWEA, IKEAREOHIMNE £
TWDLZ ENRDLNRoTWD. b DEMESITIRE, £, pH &M% I 0 I THES
PHPIRRE T B A B 207,
VU A OERRBOSITRAD K o lcksh s,
Si0,+2H,0 — H,SiO, (4.33)
ASRIOFERSGEMED L 512, KKE 100 °C LLFOEGETITEHEA, IKEAITX4.34)F X
OHXE3BNCRT LY ICTH LI THL AV T4 MNIEETHZ ERMONTEY, &
IKFDIKFEA A2 LRI OB LY, 2RO pH (R ORBIZHEN 7T 5
DEEZLND.
2NaAlSi;0g+2H +9H,0 — 2Na +ALSi,0s(OH),+4H,Si0, 4.34)
CaALSLOg+H2H+ H,0 — Ca*'+ALSi,05(OH), (4.35)
Fig. 4.17 |Zi2{E /KD pH OFEREE L Z 777, 20 °C Rl B W i3 EfsE, AL bich
TN D pH X EFMEENCH D0, 1A EBLIEALR TV Y., Zh XY, pH WA
BT 21 E EOHIEMORISITEL TRV E D LB CE 5. —J5T, 95°C &<,
TOEAIZBW TR OFRIE & 461 pH 2SHINT A A B Iz, FFl, WAICET
% pH ZALIZHHSAC, 30 HAHET9.5 FTER L, ZO®%IFIFE—EDEEZRL TN D,
FERAEIZBNTHE, A b—var LERLbMRAICEALTHDZ ERbnd. b
T EKFBA T DINMZER L2t EEZHND.

(3) REKDOWEMRIHE

Fig. 4.18~Fig. 422 |TIZ{EAKICEEH L7z iR OEBGIHEREZRT. T 2 TIEERTHNY
T-AbRI A B L OWE O EEMERTHE TH 5 Si, Mg, Fe, Ca B L ALIZHOWTHOHT LT
5. EBITHWIAERS, WEICROZ<EALTVDEEZXLND SIiOREICERT S
&, AERMICIERIRSEO S BRI S & L CIRENE <, 7R ORI ALY
MLTND ZEnohD. 95°C FUOIERE TIEA T L—r a3 LR L S RAIIIZ 190
ppm LA ED Si BNEH L TWD. WA TH 150 ppm F2EEDORFENHIE Sz, 20 °C T
I S BE AR D 57, 1FIFE 10~50 ppm OHEPHIZFHAFE RS DM L TEBY, Aa0
WHIZENZEEIT L T RWZ ERHEIEN D, Mg, Fe, Al ##£1E 0.5~3.0 ppm, Ca
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Fig. 4.17 Changes in pH with time: (a) granite, (b) sandstone.
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Fig. 4.18 Changes in Si concentration with time: (a) granite, (b) sandstone.
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Mg concentration [ppm]
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Fig. 4.19 Changes in Mg concentration with time: (a) granite, (b) sandstone.
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Fig. 4.20 Changes in Fe concentration with time: (a) granite, (b) sandstone.
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Fig. 4.21 Changes in Ca concentration with time: (a) granite, (b) sandstone.
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Fig. 4.22 Changes in Al concentration with time: (a) granite, (b) sandstone.
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FEORELAMEICA DR,
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W5, ¥7c, Fig 4230 XEBRMME S ZILRERLIZbDOTHS.

— il EAER & ORI FRFE R O, EHRIRIED 99.7 %I T 5 F TICE H
1L, e T 140 B, A T43 B Lo o7z, IO —BlEffETR S 23 2 EFIRETO
SREEIE, FERE 25K 90 %, WA TR I8 % THD & FHlST-.

ZIZTIE, AAERRDIRESRM T TlA A KIZRIEL, WFEH T 29T R
LITEH LT HEMR S ORM PREHMI 2R 27, 2720, RIEMHARKTI180 H %
TOEBEREZMNNTIMEL TWDToD, ZUMEHMT 52 LT LY. KVEEDS

122



WEHI AT 5 72 D121E, M THRIREORRE S BE L CREZ(LR & HF
D MH E CTEREIT I LERDHD.

¢

Ho
R
i
3
=

123



Table 4.6 Constants of Voigt model estimated from results of experiment.

Rock type  Temperature o, 2 =6/f
[°C] [MPa] “ p [day]
Granite 95 212 0.102 4.48x10 0.940 140
Sandstone 95 18 0.222 1.94x10™! 0.865 432
10° E T T T rrrrrg
: (a);
[ 212MPa 191MPa ]
—
T 10° b E
% 3 E
7y 18MPa 14MPa
) 1 [T 'O'--O'O'--o'“"“"“-----"-_
S 107 E
——granite
--o--sandstone
10° 10’ 10? 10° 10*
Time [day]
(b)_
o
- -
——granite -
--o--sandstone T
Ommm = (oL T T R ey ———— 'O----_
100 150 200
Time [day]

Fig. 4.23 Estimated uniaxial compressive strength vs. time at 95 °C: (a) whole, (b) enlarged.
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Table 5.1 Physical properties of granite used in this study.

Rock type granite
Density [kg/m’] 2.58x10°
Uniaxial compressive strength [MPa] 171
Elastic modulus E;s [GPa] 50.7
Poisson’s ratio [-] 0.28
Porosity [%] 1.0

(b)

Fig. 5.1 External view of rock specimens (¢30 mm x 4 60 mm): (a) tensional crack, (b) saw cut

plane.
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Fig. 5.2 Schematic diagram of pressure cell used in this study.
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Fig. 5.3 External view of pedestal and rock specimen.
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Table 5.2 Conditions of flow-through experiments.

Fracture Confining Temperature pH of Differential
Sample type pressure . permeant pressure
[MPa] [°C] [MPa]
El tension 10.0 20-90 7 0.5
E2 tension 5.0 25-90 7 0.04-0.10
E3 tension 5.0 25-90 7 0.04-0.10
E4 saw cut 5.0 25-90 7 0.10-0.13
ES saw cut 10.0 25-90 7 0.05
E6 tension 5.0 25-90 11 0.015-0.02
E7 saw cut 5.0 25-90 11 0.015-0.03
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Table 5.3 Hydraulic aperture obtained by flow-through experiments.

Fracture  Confining Hydraulic aperture [um]
Sample type pressure pH Start End of RT* End
[MPa] ar nd o n
El tension 10.0 7 2.5 L.5 1.2
E2 tension 5.0 7 4.9 3.8 2.0
E3 tension 5.0 7 7.9 3.8 2.0
E4 saw cut 5.0 7 7.9 32 1.3
ES saw cut 10.0 7 15.0 3.0 4.8
E6 tension 5.0 11 33.1 7.6 3.2
E7 saw cut 5.0 11 15.0 6.0 3.0

* RT: Room temperature condition
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Fig. 5.4 Change of hydraulic aperture obtained by result of flow-through experiments: (a) E1, (b)

E2.
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Fig. 5.4 (continued) Change of hydraulic aperture obtained by result of flow-through experiments:

(c) E3, (d) E4.
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Fig. 5.4 (continued) Change of hydraulic aperture obtained by result of flow-through experiments:

(e) E5, (f) E6.
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Table 5.4 Composition of oxides in Mizunami granite.

Oxide Result [wt.%]
SiO, 65.47
AlLO, 11.56
K,0 7.39
Fe,05 6.24
CaO 3.75
Na,O 3.40
TiO, 0.55
MgO 0.54
MnO 0.24
Cr,0; 0.13
Others 0.66

144



wib
= 5.9
0 (5.9)
¢
¢, == (5.10)

ZIT, ¢ TR [s], ¢, 13IEE(LE IR [(mol/L)/s], ¢; 13 E IR FE [mol/L]1 TH % .
Fiz, T THWDKESERB OELIXVAR 2 B0 L 7R O 2 -V T 5.
EBIHIRE A Fig. 5.512/8F. Fig. 5.5a)Z/R L7z El OFERS Si, Ca¥ L Na D
A O THITHB L TREAREEARLTND ZERb2s. £7-, HEE 90 °C 12 |
ASHIRIZENODOERRED EHLTWDL 2 E0NMERTE L. FICSIICERT S L,
1 A—F—FEH LTS, 2k, IREO EFIZL ARSEADORDDEMR LIz D &
EZ NS, Fig. 5.50b)-()Z"d E2~ES IZB W T L [ABEOMHE 278 LT\ 5. E2~ES5 T
TRTCHICBOTIRE LRI THEED LRANEETH Y, REKRGEEEHERT 5 2
ENTETZ, £, 2EREZELT, Mg, Fe BEIXMMOTHEREICLS, BXZE 1 4—
H—FE/NSWBEEZRL TS, Mg Fe IZBRERNCEAT L LETHY, BERNLR
LW ICHTE OV EIIBEMREICHARD LD nWZ EREZ 6.

pH~11 Tl NaOH KA 25K STV 5728, Na DEENREL 72> TW\b. Fig.
55(OIZRT E6 OFERMND, =TI Mg ZR< 2 TOMEOEMBENFHELELY ©
@< RD EWVIFERDFE LN, RITER FIZB T 2B HIRE AT 2 & Si, Al K,
CalREED E pH SR TEWEERAZ TR L TEY, FHT SIIZOWTIX 1 A—4F —LL LR EE
MHBONDZENHRTE D, — 5T, BERZWNKT 505ED Mg, Fe (25T pH
DEIZ L DIREAEITIT > T VMR T D2 Z LI TE R o, ZO/MEND, AR RN
%y RS 2 TR OV TIE, FOEMREN pH OFELEZZ T C2ERMIZE L o> T
HEZEZDZENTESH. LA, Fig 5.5 E7 OFERTIX, WERE TP MESRM
e U CHRIBEN/NSVMEL 72> TE Y, pH OEBIIA LN TWRWER Lo 7.
Fo, TAHYEMETIEPESEEIZE SIRERFEITE S RWVBRE R T2

2T, SEER & ANERE R OB AiE (BN B RIS OWTELRT L. AN

WIS KFUS T A T o Bl CUSR 3 54T 2 LB ORI L, W7 AT T«
SHEIZER L TV R WHE R R TORM TIEAOEAENT 260 L EX6N5. Fig
5.6 (XBEALERVEARE (FEVWMR) B X ORIBE O B iR mE el g X 588 D2 b4 il
THEFATHD. Bl L0 HE BRERRICER T 5 ERERE LT M, B X

145



—
e

20°C 90 °C

—
[)
-~

-
o
[

-
o
&

O8N0 4

-
o
IS

E1 Tension 10MPa pH~7

)
=
= E
= 3
o ]
3
) b
£
e E
(O] 5 1
O 10° ¢ i
c E E
8 F ]
‘B 10° & E
()] E E
= C ——Si 1
~~ 10-7
c —E—Al 3
O E ]
= . N —a— K ]
®© 10 3 ——Fe 3
€ —O0—Ca
g 107° 3 —V—Nag
S Kk 0.5MPa E
10-10 1 1 1 L
0 200 400 600 800 1000
Time [hr]
107 ¢ ;
= 0
5 25°C

)

=

= 3 E
(@] N ]
E 10°L E
o F ;
£ 107"k
= F E
) C ]
O 10° L ]
Q2 10° ¢
(O] ]
-'9 -
7
o ——Si 3
—~ —u— Al 1
c —a—K 3
S ——Fe -
© 108 L —O0— Ca
— E E
= E —— Na 3
) i —e— Mg
O 10° L o
c : :
o E 0.1MPa_| _ 0.04MPal | _ 0.1MPa ]
O 100 > —> < : : >

0 200 400 600 800 1000
Time [hr]

Fig. 5.5 Change of effluent element concentrations: (a) E1, (b) E2.

146



25°C | 90 °C (c)

E3 Tension 5MPa pH~

Concentration / residence time [(mol/L)/s]

N—-’—.\. 3

-7 i :

10 3 ——Si 3

F —a— Al

10® L ——K ]

——Fe 3

N —O0— Ca ]

10° £ —+—Na »

3 0.04MPa | 0AMPa_ * M9 3

10'10 — 1 L i L -
0 200 400 600 800 1000

Time [hr]
107 g . . . .
g 25°C , 90 °C (d) 3

N
o
N

E4 Saw cut 5MPa pH~7

N
o
&

%)

= d
—
> 3
o ]
E
m :
- ]
8 10°
c 3 E
% K ]

-6
D 10 = E
() E ]
— R i
~ 107 E —0—Si |
8 E —m— Al
= . C —_r K ]
E 10° E —2—Fe 3
e E Ca 7
- F —o—Ca 7
Q 490 [ —¥*—Na ]
8 —— Mg j
o F 0.1MPa ol 0.13MPa o
O L . . 1 . i
0 200 400 600 800 1000
Time [hr]

Fig. 5.5 (contnued) Change of effluent element concentrations: (c) E3, (d) E4.

147



—
e

25°C

/s]

>l 90 °C (e)
E5 Saw cut 10MPa pH~7

-
o
N

Concentration / residence time [(mol/L

—{—Si
—a— Al
—_— K
107 ——Fe
—O0—Ca
} —+— Na
10°
—e— Mg
0.05MPa
10'10 [ 1 1 I I ]
0 200 400 600 800 1000
Time [hr]
107 ¢ . . . .
F 25°C e 90°C () 7
i m
10° [ d
10 L

Concentration / residence time [(mol/L)/s]

10°®
2 E6 Tension 5MPa pH~11 3
-7 i 7
107 —0—Si 3
C —— Al 1]
10° [ +—K ]
—>—Fe 3
X —O0—Ca ]
10° £ ——Na -
E —_— E
3 0.015MPa P 0.02MPa Mg 3
1070 ) ! ol I I
0 200 400 600 800 1000
Time [hr]

Fig. 5.5 (continued) Change of effluent element concentrations: (e) ES, (f) E6.

148



v

25 °C 90 °C Q)

Ly A

E7 Saw cut 5MPa pH~11
L —1—S
10° £ —=—Al

E —a K
—=—Fe
—o0—Ca
—v—Na

ﬂ\]—-«m
—a

—'A—ﬁ\ﬁ\’x
0.03MPa 0.05MPa

<
<

\

Concentration / residence time [(mol/L)/s]

1 1 1
400 600 800 1000

Time [hr]

Fig. 5.5 (continued) Change of effluent element concentrations: (g) E7.

Fig. 5.6 Schematic of mineral dissolution model.
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Fig. 5.7 SEM micrographs of minerals precipitated on surface of fracture: (a) carbonate, (b)

massive calcite, (c) spherical calcite, (d) amorphous silica.
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Fig. 5.8 Change of pH of water obtained from flow-through experiments.
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Fig. 5.9 SEM micrographs of fracture surface at basic condition’s test: (a) amorphous silica, (b)

surface of plagioclase.
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BIRSEAEL 20, IFEHER OB TEAIENEITE DL EZ RS, MR E
Saw-cut LR & FIIRD X7 o L ZAFHIU(SUSI03) A TH 5. AT > U AHIERIME RS
FOBREENERS L it L TRELS, Thbb, JIPie B8 ime & g L Tha<
RHELDOEBEZLNDN, RRBESGNECRWGRIKE LCTRALE. 22T, fEia s
AT 2 L ZAFRO I HEERIK O R Em R I O W T3 5 . %Ik T 2B KBRS R S 4]
HE BRI A, 4 um? (X102 mH)~96 um?, A7 > L 28T 5 pm’~7um> TH Y, %
WROEIF N A—F—FRETHDH. £, Hertz D FHIEREAREL G DHEE L 72 AR O F))
WA IS I FE 25 0358 %, AT o L A 0.146 % & 2.5 (EFEE DEWLH 5 )3
FEIT NN L0 n, BAREZRGFTT 2 ETIEmHE OFEWIT/NI W H O Ll L.
FEBR T AT O FEER & [FERIZ 25 °C TRHAA L, SIRRE CHEAKMEMTIEES & 72> 7= MR
T, FFREITARFE L7 F £ 90 °C £ TR L 7o, INEVZ 1T 90 °C IZ AR L 72 R 18 C 5Bk %k
fe Lz, F£7z, BAKIEITRE LBl a BRET 2 080 D AKX 5 ml/day O & 4% fEfR T
X LHBKIEIZEE L, &2 5 ml/day £ D MG AR F L2 G & Ic@ K EA ST 5.
FKEDOHIPHIL 50~200 kPa TH 5.

72¥, T 2 TCOANESRE OFEKMEORHE & L CidZEiEE K (5. 2. 3. KEFEHAOIRSK)
ZHWD.
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Table 5.5 Experimental conditions.

No. type [MPa] °C]

E4 Granite Water 5.0 25-90 7
ES Granite Water 10.0 25-90 7
E7 Granite NaOH Solution 5.0 25-90 11
ES8 Granite 0il 5.0 25-90 -
S1 Steel 0il 5.0 25 -
S2 Steel 0il 5.0 90 -

Fracture type: saw-cut
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5.5.2. EMBERBLIUEE

KHBKERTHE LN HBBROREE(LZ Fig. 5.10 (RT. 2 2 TEEBRT A% 5
A O R 21772 5 72, O TH 2R OB Z2F T/RLTWD. Fig.
5.10@UZ R HERIE, THERLA A 27K E 721X NaOH /KISHE & % U - RStk CofE R
%, B4 ITEMEMIREOERFERTH Y, WHEIXS5MPa THD. FEiE=RIIBAE 3.53
um’ TH 5 DEIRE R A ARBRROE TR SN, 1.37x<10° T 0.75 pm® £ T
DL TS, 20K, BANOIREZERHIZ 90 °CIZ EHSE5 L, TITIET LREH
(2 2.84x10° BT 0.15 um® 1272 > TV 5. E5 (T HIED 10 MPa DEAETH 5. FEERBA ML
12 95.5um” TH 5, A FFH S LHEFTO 1.44x10° T 1.1 pm® 35 £ TR LT
5. TO%IBED LR, FidERiT— B 4.0 pm® L £ THIN L 2% B 208 L.

IEETEIARE pH 11 & L7270 ) R CORBRFERTH 5. FHEBILBHERIC 26.1
um’, 9.36x10° P T2.0 um’ FEETH S, HBE EFITE Y 51207 um® FBEE THA LT
W5,

Fig. 5.10(b)IZ7~ 9 E8 1 LB @ik z o U oA A L & LI REMEETH 5. FimRiTE
BRBRAARFIC 13.4 pm’ FLEECH 5%, BB ORISR L, 2.34x10° HH#ICIE 4.0 pm®
BELR->TWS., 7, BEEFICEY EHIC09um* BREETHY LTS, 720
VIR GRAE D FEBRAE AT 7 & NI BRARTEL % ORIMR B E O T IXA b Tnign. Eiz,
KT ORI COERMR LR LTI, S51Z, Fig. 5.100IIRT AT LA
WL A A A RN ERGE R TIE, 25 °C &2 HB VT 6.6 pm® 25 6.0 pm” ~E
TL, 90 °C &HCHENTIZ 45 pm® 725 3.5 um® ~MEF L TW5A. 2 2 T ERBIMAHE
DEMARBRFEOR T ILAONTE LT, BBEOK FEIA bIERS L B L ThE.

B EBR, IR R 3R SR DOREZER O M X0 B AR AN R )

IR 5. FEBREERNG, HBEO LRI FEENREIML TWDHDIE ES OH L
STV, BERITHEL KITTIE EHEMIIREBNZ LIz Z oK 7ZiF Th o7z &
EZ2oND. WRENETTEWRIC L2 I LANNSK R b0 LEEZDLN, &
WFREMOREENIMFER N 2O TH D L ITB 2. £70, RE EAFIT =t
[FIRHZIZRE L T\ o 7es, MEK L O EERICE Y ES O “Fn” 234 CEEAK B
AL LT b D EEBEZ B, BIFMYRBIG LS.
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Fig. 5.10 Variation in permeability obtained by result of flow-through experiments: (a) granite,

water-flow, (b) granite, oil-flow, (c) steel, oil-flow.
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5.6. ILZ - NEERIEADLZET(H

AR OO Y J5 A Rt OALFVER (SRS MRIER) Tl AEie m b < O gL
FRIC K> TBREABA L, FARMEIIIETT 2. W7 AU T ¢ 38l L TW 2RV E R
R CTOWMTIEEAMIE LRI 5. REBRTIE, SRR BS W CuRRE SIS
K VSRR R S 4L, BREME T LTV D 2 & B AN L Tnbd Z &
MIMMRD. —HT, RERRERIEOFBRAER» S N FEROZR T HIERAESL T L D
PERBOENAT L AHICEB W T HEZEWMENE T2 2 e RSN, ZhbnZ &
I IRFRSNE CIISEMEIRB G T o DAL FERMB AT 20102 T, FREIC LD T AN
VT ¢ RIS OMEE, BRSO HERANELTWEEEZLND. £, HHERST
ALY T RO IPRIE DB L - THIPEMRICE R EL 2 b D EEZ HND.
AR TIZ NS OBR AT « NFEAEH LFFATWS. T7bb, Fhd O ER
FM T COBEKRERTIIALT: - NNFEBAERIC LV ZRENEN LD EZZTND.

Z T, ERBREZERONT S ZEICLY, b - EERIERH OB KRE~DE
AT D2 L BRAD.

5.6.1. @BHrETI
FHICH 720, BN OB KER TIIEER CTHIHBBRNERD 2 Lnb, Zh bkt
1 - BN 5 72 OISR ¢ 123 1) D IEHULBIRE K, () ZRGIDICERT 5.

K(t)

n(t)—-lg(o)

(5.11)

I, K@) EEE o BI 2FEIER, K©O0) IZVEERRTHD.

TR FEBRAE R O H RIS EVE T 228, IR TBRITREICFEIE L 220,
H L —EEITESEHAA LN Z LD, 7R % I —EMICEZET 560
CRE L, EFUEEREORFMZE(LO PRI E LTXGA)ZREL, FMiT 22 & & L.

K, () = K, (@) + (1=K, (0) Jexp(~ct) (5.12)

ZIT, K, (o) FEHCERRODGEE, ¢ XIEOEKTHS. £/, FHER

IHAFLZ 99.9 %iliiir 32 Wi £, 13 X(5.12) 0 B RROEY HET 5 Z LN TX 5.

exp(—ct,) =1-0.999

PRELI 5.13)

c
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PLEDORZAWNT, E4~E8 B LRSI, S2 OEEBFEEZEIFE L, EFELEIRREOILHE
K, () BLWe&RD, SbIT, ,#2HELE.

5.6.2. BITHERSLUER

IEHAEZE R R DOUHE K,\() & Z I 99.9 %MiiT 9 2 FEf ¢, 2% H L7=. Table 5.6 [2%
NOEH U L RER R 277, £72, Fig 5.11 ICERE L BRSITIC L > TE O
T Z W L CORT. ERIEIET 2y M T, SHMHIZFERTRL TS, ok, (ERAET
I, IR E IR TR RS 2 L, £, ®IRREBOFZREOYHIEZ E D O H
HTHoTZ LR END, HRFMEOLDGHRERZ R L TV D. Fig. 5.11 & REREN
SHWTT S &, MRERMEZFH TE WS, 2L, fEREEMM L7z ES, E7 220
T O FEREITIZ S S ERRKEL BMAABZBREOR T2 HHTE TB LT, RERK
DIEHAR.

(IR REFIC DWW TR 21772 5. Fig. 512 B IS8T 5 ¢ & iEfMsit o
&Y. BMAME (k) B4 12, RYEMRSAT E8 TITNORBFH AN L, 1.5 f5RE
L%, LaL, TAH ) &k ET TIRZIEEDOIURIFH Y E4 & i LT 1 A — & — L
THE STV DL FERE 2N & 72 BS IR W TIRIUGRIR RIS 14 IS TR0, )
PAERORBE LR TE 5. Fig. 5.12(b) (ZAT v L AFHOILRIE & 5E oG %2 R~
BED EFAIZED, LSERENORRHNAR 2D 2 DR TE .

Fig. 5.13 IZIERUE R OIHE 2 7R3, HERE Of R DS TIEdE, 70
UMIZE DL L FIRTFRBEE THERRITEL T L, NEREME TR TR NN &850
5. ETo, MRETZERE N ~ORENRE SMOFIFITHTI =L —DERD
LT ENDMND. AT ULV ABORIEI BIXIRE OREN R TE, Eha L oD
RIE O & OB CURARIBCER I LB RN & 3R T & 7.

VIED X 91, Siaett, WRE, R J OB OME OEIT & 0 @K REN
gy, - I ER OB LR TE .

5. 7. HEBMEIC L AT EREDOROEEL

AR ODIE Y, TE RS 0O H—ABE i & O 7235 K 2B K ONE TR O VR MR S s 4y
Fr&v, SEMEMRIC L DBKIEOEN RSN, T2, REEOV Y a A A %
AWTZERIZ LY, BARECRET IEERAOEBIZ O W T HRF L. ZhE CRE
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Table 5.6 Results of regression analysis.

Sz;lr:fle S?}Ill;ile K,(0) [5(51] [tss] R
E4 Granite  0.343 2.38x10° 2.90x10° 0.742
E5 Granite  0.039 1.07x107 6.46x10° 0.359
E7 Granite  0.335 2.87x107 2.41x10° 0.198
ES Granite  0.643 1.58x10° 437x10° 0.877
S1 Steel 0.923 1.40x10°° 4.93x10° 0.880
S2 Steel 0.757 9.43x107 7.33x10° 0.995

Fracture type: Saw-cut

K, (0): Convergence value of normalized permeability
c¢: Constant value: Refer to Eq. (5.12)
t;: Time when K,=K, (), K,(t;)= K, (0)+{1- K,,(0)}*0.001

159



Normalized Pearmeability [-]

Normalized Pearmeability [-]

—— 5MPa, pH7 [E4]

—— 10MPa, pH7 [E5]
1.0 1 T T T I T T T

—— 5MPa, pH11 [E7]
—— 5MPa, Oil [E8]

(a) Granite T=25°C

10°

10°

1.0 preie== I
" -_ LA i m\mm”mw—.
0.6 N _-
04 N _
02 [ T 25°C [S1] ]
| | =2 90°C [S2] A
[ (b) Steel Oil-fow -

0.0 \ 1 1 L I 1 1 1 L L L 1 I L
10° "’

Fig. 5.11 Comparison results of normalized permeability: (a) granite, (b) steel.
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Fig. 5.12 Comparison results of convergence time: (a) granite, (b): steel.
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Fig. 5.13 Comparison results of normalized permeability: (a) granite, (b): steel.
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T O B AR 2 L 2 K 2R Al L Tk D8 b & L CRMIB L T& 722y, T2 Tld, E#E
B 7 AL fE 1A OO ZE RSB RTAf & A2 72 BRI I3 E A TR 00 58 7 % AE e o5 ikl iR &
HNT, =il /LIS 38V TANERE I (& T (B B 2 B A1 simmr 9~ 2 AR foe i Fre s iy 52
B 92 L CANLE B &2 JE U, AR 36 K ORISR A 5 RAE 3 RS DWW TR L7z,

1. EBRA*
(1) fEEAE L O RR

FEBCH WA RE & L, Fig. 5.14 (239 X 9 ICHA: = 7 o e im 2 dil 5 i
*f UHEELIZ Saw-cut AEGEM, RGN, A BN AT 7o, ERANER X
JERSIRRERIZ LV, HAWAREFEHE X Protodjakonov B — it A Wrakiadé 2 W CTH A
WidnZ Lok ke, Fe, BELTEAFNOEMEMEZREST 720101 ¥

7 MR B R U7 RRATHEIZEAR 30 mm, &S 60mm & L, bR E AT
Z 5/100mm LAY & L7z,

Fig. 5.15 |[ZFefedlin BB O EpkE 2 ~7 . k4 EZRHE LANIcEy L, BAW
A A KRETFT Y a A A VTl L, JRERERMEZ AW TREZ —EIZRD. 2
DR, BiA A ARKBLOY Y a v F A A TRANEME LIREEE, T2 Wet IRHE
L O Non-wet IRAE L MES. HEERIAZ E/VICHEE L TV DBUET = —712it, AU v b &
RITTERY, BAHNETEN NEGEEANICRAT DREICL TS, 7205, Wet
RRECIIMEA A > AKIZ L > THMIEMN AT, Non-wet IRRETIXT U 2 v A A /WA
IR AT 2 DR IR C WA TH 5. S HITHRD 72 O BUE T =

(ZA Yy RO & REE L, R OMEAARZ F o b D % Dry JREE &

L7z.

(2) FEENOWETT ik

Frgeslfr 258 Cl, £ HEIRRE (BVNIRE 25°C) Tz Bte L7, EMEAMD
RIFEALZRE LT, 2ORIBEZ BA S, ®iERE (BVNIERE 80°C) T [RIERIZE
ML 2 JIE Uz, A /713 H T 200 m AR OVRE A 48E L7z SMPa & L7, TEEZANL
FEEART 2L VT AT 7ot BOBAN 2 b B ECRHlT 2 Z & Ic k0572, &
FLEHAIR DO FEREIX 0.1 pm T 5. 0¥, EfEMZERT DR EOEMITL—F —
MRt CHRBHCHIE L, AR L TS, LR TR~ 2% F28ksE RN hr st o 3 H
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Fig. 5.14 External view of rock specimens used for sustained loading test (¢30 mm X # 60 mm): (a)

saw-cut, (b) tension, (c) share.
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Fig. 5.15 External view of apparatus for sustained loading experiments.
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MRTHD. Wet IRBIZIBWTIE, ERAKTICHIDEMRT D720, MHERAKZERRL T
ICP-AES 353 K3 W CYR MR LR OWRENE 21772 > 7. Non-wet IREECTITFLMEARI LA
U727z, RERIEIZIT/ > T, 7238, WEEIRRER L O Non-wet JREETH 5 fit
RIRIZZENZNA AL kB L OV ) A v Cafn S, FEERIMIT A g itk
KCiL e HIH, AEfimaA LW ERICISWTIL2 B &L L.

() WEAENLOFHMN ST 15

TV % 25°C 775 80 °C 1T LA L7e e, LI & 0 ki ds K OFRBREEH B
M3 578, ZAMEEITR O MEND DS, NEfima A LW EEREZ Tt -
T2 FERAE IR DIREZACIT KL D IEMEERL O ZALR (LLTF IR L IE5) 2k, H{(5.14)
% AV CERMEANL & Ml 1 L7z

AL, = AL, — (T - T,) (5.14)
ZZC, AL JTIREEREIE L7 [mm], AL VEFHIIZENL[mm], o (XREZEIC X 5 FHIZE
o2 (WERED) [mmr C), TIXEHUTREEC], 7, IXERBIEREOIRECITH 5.

Z O, R EFICET DRI ARBRIRH] & ik U ORI T2, TR EAREC
HAFEBIILZ V=T ERITHEAEL TN DO EIRET S, 7o, SA OB RFFEIC
ST HBHEOEBINENVERESNTVWEZENDL Y, ZhLDEBEBITEHRTES LD
ET5. SOICHMICEIL3 BRETHL-ORBRPICEAEZTICZ UV —7ERITAET
BRNHEDETD.

T2 T PR E O AR T O 72 WOVBE B AR 2 TN T SEBR S S B SR 0 - I SRR R 5.41x107
mm/°C & 72> 7. LIk O R OMREMIELZ Oz vz,

ZDE DT U TROIZENIILL T OB TEREINCEMG L7z, FEBRFE R b ERE AL
IR DRERIC K& <, WEBICEPEE L 20, —EMEICBERT 22 ™Az 5. 20
7o, ENORREERATRT L L L.

5(t) =6, +(5, — 8,){l —exp(~c1)} (5.15)
ZITC, SOEEEH c\CBIT DAL, & IFMHIZERL, STt = ollIT DA (NHRAE), ¢
TEE, IR TH B.

ZOWE, BEAEBHHEN S OEBRETH D70, §,=0&700, BEMORFEITK

BIODEDITEKTZENTES.
6(1)=6,{l - exp(~cn)f (5.16)
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AW TIEFEBRME R A2 BT L, INHRES, & T AT 99.9 %M 2K (IR ¢ %
FE LM+ 5.

5.7.2. REBREIUEE

Table 5.7 (2 F2BRfs K7~ & FH U7 DORAE, IORERH, IREREZRT. B3R E IE,
IEZATRLTND. RERKEIY, Bl L7l & ERE OB MEWERFER S &

, HUMEPHGECE RWEABRZ T bND. F, UL LTE, Thbbigks

RLTWARERLH Y, ZHOIEFHIE S L CEMEMDS/ NS W), 1FEALHELRTY
RNZ ERRLTWD . SR AR RERE I O W TIRERBD S WO LT,
Saw-cut 33 & OV ZIAEGE M I 3R EARELDMERWAE R & 72 > T DL Saw-cut 36 L OV EZRAE
fot il C It A WA GE L2 kT L CHERRE A S K & W oo, FRfellir I L 2 MEAN AT A
WrRifeim & e LT, E72, FHURORE &l L CH M/ s <, FHIZERLIC
EHOENEL, WERBDNRS Kot flR LB HND.

(1) SEMVEMRGATT K ONRE DR

Fig. 5.16~Fig. 5.18 |3¥ AWrAE i i iR D Dry, Wet, Non-wet IKAED FEERE G 416
ERNRLT=bDTH S, F£7z, Fig. 5.19 1% Saw-cut A HE LA D Wet S DfER T
b5, KFo7ay MIEREREZRL, FERIILGA0ICE DV ROz R L TWD. £
7o, FEBRITFEIRREE & SRR 2 A FE i L TV 5728, IREDEELZ R 5720
& R 2 Rl A ICEB L TV D,

Dry {REE Tl /LNIREE 25 °C TOLHEIE-1.68x10" mm, [ FRIIZBIAED 5 2.19x10°
e, B/VNIREE 80 °C TONUHRMEIL-7.12x107 mm, UCHRFFRIZBIAD 5 4.62x10°
ElpoTo BE LRSI, BORFMIT 3 A —F —RBREENE S AR R 2157, Fig. 5.16
73 B FEER O W E FFH CITRE O LA X0 W ORFEIC I W CEMGRER K& <, B
HERENWZ EDRRATHINS.

Wet JRHE(No. 6-1)I2FV T 25 °C TOULHMEIL-8.07x107° mm, [LREFRHEEIMA D 6
2.44x10°Fh & 721, 80 °C TOYAAEIE-7.79x107 mm, ULHFERTIZBALAD © 3.88%10° 70 & 72
STz, Wet GfF T TR, WORIER & Hic, RES EF LT, Zihswn. 2o
ZEDOIREDORBIN LM ORBENRRE W EBR[MZ25.

Non-Wet 5 T Tl 25 °C TOUHAEIE-3.26x 107 mm, LA RERHIZBIEAD 5 4.14x10° £,
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Table 5.7 Results of regression analysis of sustained loading test.

Sample Fracture . Temperature 0o t )
Condition R

No. type [°C] [mm] [s]
1 Saw-cut Dry 25 1.45%x10°  1.64x10°  0.3023
80 3.40x10*  6.59x10*  0.0272
2 Saw-cut  Non-wet 25 7.78x10"  1.11x10°  0.1139
80 7.54%10°  1.04x10°  0.2705
3-1 Saw-cut Wet 25 6.70x10*  3.73x10°  0.1299
80 7.40x10*  2.05x10°  0.0106
322 Saw-cut Wet 25 2.81x10°  1.01x10"  0.0781
80 -1.46x10°  7.88x10°  0.3032
3-3 Saw-cut Wet 25 8.10x10*  8.12x10*  0.0611
80 8.89x10%  5.07x10°  0.0026
3-4 Saw-cut Wet 25 203x10"  242x10°  0.5764
80 3.01x10°  1.35x10°  0.3813
4 Share Dry 25 -1.68x10"  2.19x10°  0.3584
80 7.12x10°  4.62x10°  0.7567
5 Share Non-wet 25 326x10°  4.14x10°  0.5186
80 416x10°  892x107  0.7782
6-1 Share Wet 25 8.07x10°  2.44x10°  0.8847
80 779% 107 3.88x10°  0.4916
6-2 Share Wet 25 -1.06x10"  553x107  0.4075
80 5.41x10°  837x10°  0.3051
7 Tension Wet 25 1.08x107°  4.10x10°  0.0094
80 1.10x10°  4.56x10°  0.0167

J.: Convergence value of displacement
t,: Time when 6= &t,)= 6..%x0.999
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Fig. 5.16 Result of sustained loading test of dry state share sample: (a) 25 °C, (b) 80 °C.
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Fig. 5.17 Result of sustained loading test of wet state share sample: (a) 25 °C, (b) 80 °C.
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Fig. 5.18 Result of sustained loading test of non-wet state share sample: (a) 25 °C, (b) 80 °C.
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Fig. 5.19 Result of sustained loading test of wet state saw-cut sample: (a) 25 °C, (b) 80 °C.
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Table 6.1 Physical properties of rocks used for analysis.

Rock type Density Poisson’s Elastic Specific Thermal Coefficient of
ratio modulus heat conductivity thermal
expansion
[kg/m’] [GPa] [k)/(kgK)] [W/(mK)] [1/K]
Granite 2650 0.25 35 0.997 3.25 7.7 % 10°
T T
O
O
o, 80 630 days 7
o 400 days
2 60 -
o
o
g' 40
kS
20
1 day
O 1 1
0.0 5.0 10.0 15.0

Distance from opening's surface [m]

Fig. 6.11 Temperature distribution around openings.
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Fig. 6.12 Principal stress directions around the opening: (a) before storage, (b) after 1000 days.
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Fig. 6.15 Phenomena accompanying the heat change in the case of heated water storage in rock
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Fig. 6.16 Schematic diagram of analysis conditions.

Fig. 6.17 Part of divided elements for analysis.

Table 6.2 Thermal properties of granite and heated water used in analysis.

Granite Water (100 °C)
Density [kg/m’] 2650 958.4
Specific heat [kJ/(kg-K)] 0.997 4.216
Dynamic viscosity [Pa-s] 0.284 x 107
Thermal conductivity [W/(m:K)] 3.25 0.682
Thermal expansion [1/K] 0.78 x 107
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Fig. 6.18 Change of temperature distribution around openings with time.
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205



e L.

AR oD & 912, BOKHTRER (S IZ 2208 a8 IR E H OIRE M AL T, THUTHED
BYSMFEAEL, 2o, KR ELIZENT D, 2 E TORGORRE, SEOFEKEERIZ
JEHBEOREICEVENRTEZ 8D TEY Y, o T, BBOBAEEITHET
ITene B2 bhs. £, BBICBHR EOREGHFET U, O DFE KM%
T2 5. UL, ZZTIHEBRNEDOF—F —OFAKBHE THIUL, IRESMICEESL
FIETHEIIEET 2 2L & L, BROBKFERIT—HTHD LRELE. £, BB
DR DOFRATETT T Darcy HINZHED H D & L, FIHMREE TITARDFRILIT AW & D L AUE
L, BUKOIRENFIZ 100 °C —E TR L7235 8 I DWW TIT 217 5 .

FEATAE B & BYTEG 1 4R DI FE 43T % Fig. 6.21 12737, (IEB AR 13107 em/s (F
WHETAY 1310 darcy) OFERTH 5. FALERBICIBO Tl b ZALUE 72885 O 3 KR 503
CORETHD. OB, EREEALT TIREMN R LT K2 E L B ICBE

728, ZERO FAITTHEE ERT28ENIAL oo TV D, W ZE RO FEITTITIRE EF
T ARENI. (DNTB AR 1x10% em/s (G 6M@Mmﬂmw)®%%?%é.ﬁ
e A R I B W TR [E R Tl b B KRB K & Wi CORETHD. ZOBE,

%

BESAITIFIEROD IR CEVRE D L OMNTRER I E A ERICIRE DM L 72 o7, Zh
SOFER LY, BRI 13107 cm/s LLF O 82 TITHFT K X R AZIOH TR DRI
WEEAITIE, P KORRRSBITEH CEI LD EEZLND.

f—

6.5, BISHERBICEAT HEER

BUS T ORI RO —o> 0I5k L LT, ZEHREICEEW, 2 M9 2 &L 2/8E Lz, £7,
HERSENE V2 EAMEHC LA TE S L ICRBESE, Zhz AV TSRO
FESAT DR EALZ MR LTz, S OIS A0 2 W TS DRI 2470, BB IC K 58
JEHEIRDOBEI SN T EZE LY,

BUKOPRHBIIERR E LTIE, ZAREICEDTRMBE T A =0 7T 282 MEL
7o, Fio, BUSIERE IR A [FRFIZAT 9 FIEIZ OV TH B L.

B, ZIZTHWLEEWN R X0 S T2 B O EIZ DWW TIEERIZ LV RO 72 E
ZHVTNG Y

206



Fig. 6.21 Temperature distribution in the case of considering convection of underground water: (a)

coefficient of permeability = 1x107 cm/s, (b) 1x10™ cm/s.
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Fig. 6.22 Rectangular element used to analyze temperature distribution by FDEM in the case of

composite problem.
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Fig. 6.23 Triangular element used to analyze temperature distribution by FDEM in the case of

composite problem.
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Table 6.3 Thermal properties of insulating materials, resin and granite used in analysis.

Thermal diffusivity =~ Thermal conductivity

[m?%/s] x 107 [W/(m-K)]
Insulating material 1 12.60 0.0379
Insulating material 2 5.19 0.0195
Urethane resin 0.46 0.0334
Granite 12.30 3.25
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Table A.1 Uniaxial compressive strength of rocks at high temperatures.

Uniaxial compressive strength [MPa]
Temperature [°C]

Rocks 15 60 100
Granite (dry) 214 194 192
Granite (wet) 182 171 166

Andesite (dry) 181 179 170
Andesite (wet) 139 130 123
Sandstone (dry) 94 88 83
Sandstone (wet) 64 56 51
Tuff (dry) 17 16 16
Tuff (wet) 5.5 52 5.0
Mudstone (dry) 8.8 - 8.6
Mudstone (wet) 2.4 - 2.3

Table A.2 Tensile strength of rocks at high temperatures.

Tensile strength [MPa]
Temperature [°C]

Rocks 15 60 100
Granite (dry) 9.0 8.6 8.5
Granite (wet) 8.0 7.7 7.4

Andesite (dry) 14.3 12.8 12.4
Andesite (wet) 12.7 11.5 11.0
Sandstone (dry) 7.7 7.4 7.0
Sandstone (wet) 5.8 5.4 4.9

Tuff (dry) 2.5 2.1 2.0

Tuff (wet) 1.1 1.0 0.8
Mudstone (dry) 1.0 - 0.2
Mudstone (wet) 0.5 - 0.04
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Table A.3 Tangential Young’s modulus of rocks at high temperatures.

Tangential Young’s modulus [GPa]
Temperature [°C]

Rocks 15 60 100
Granite (dry) 59.5 58.8 57.6
Granite (wet) 54.8 57.2 58.4

Andesite (dry) 44.8 43.5 41.0
Andesite (wet) 43.4 43.6 44.1
Sandstone (dry) 26.2 24.8 23.7
Sandstone (wet) 16.3 15.5 15.1

Tuff (dry) 4.1 4.1 3.9

Tuff (wet) 1.3 1.3 1.3
Mudstone (dry) 1.8 - 0.6
Mudstone (wet) 0.6 - 0.3

Table A.4 Poisson’s ratio of rocks at high temperatures.

Poisson’s ratio [-]
Temperature [°C]

Rocks 15 60 100
Granite (dry) 0.194 0.193 0.191
Granite (wet) 0.191 0.191 0.191
Andesite (dry) 0.214 0.212 0.206

Andesite (wet) 0.249 0.245 0.240
Sandstone (dry) 0.152 0.148 0.145
Sandstone (wet) 0.170 0.165 0.164

Tuff (dry) 0.155 0.152 0.146

Tuff (wet) 0.229 0.224 0.222
Mudstone (dry) 0.198 - 0.186
Mudstone (wet) 0.350 - 0.352
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Table A.5 P-wave velocity of rocks at high temperatures.

P-wave velocity [m/s]

Temperature [°C]

Rocks 15 60 100
Granite (dry) 4632 4607 4569
Granite (wet) 5119 5093 5060

Andesite (dry) 4695 4673 4626
Andesite (wet) 4818 1803 4834
Sandstone (dry) 3806 3787 3716
Sandstone (wet) 4423 4398 4324

Tuff (dry) 2305 2264 2200

Tuff (wet) 2455 2416 2366
Mudstone (dry) 1920 - 1744
Mudstone (wet) 2103 - 1904

Table A.6 S-wave velocity of rocks at high temperatures.

S-wave velocity [m/s]

Temperature [°C]

Rocks 15 60 100
Granite (dry) 2689 2659 2587
Granite (wet) 3007 2960 2940

Andesite (dry) 2861 2788 2728
Andesite (wet) 2893 2878 2811
Sandstone (dry) 2435 2425 2401
Sandstone (wet) 2526 2506 2444

Tuff (dry) 1487 1476 1416

Tuff (wet) 1597 1546 1510
Mudstone (dry) 1133 - 1102
Mudstone (wet) 626 - 560
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Table A.7 Normal strain of rocks with rising temperature.

Normal strain [-] x107°
Temperature [°C]

Rocks 40 60 80 100
Granite (dry) 118 266 422 671
Granite (wet) 155 315 518 768

Andesite (dry) 120 241 366 545
Andesite (wet) 103 221 356 494
Sandstone (dry) 103 241 480 750
Sandstone (wet) 107 262 493 763

Tuff (dry) 95 225 468 696

Tuff (wet) 101 248 485 742
Mudstone (dry) 93 199 326 558
Mudstone (wet) 123 169 454 672

Table A.8 Tangential coefficient of thermal expansion of rocks at high temperature.

Tangential coefficient of thermal expansion [1/ °C] x 10°
Temperature [°C]

Rocks 40 60 80 100
Granite (dry) 5.88 7.40 7.84 9.62
Granite (wet) 7.74 8.02 10.14 12.51

Andesite (dry) 6.00 6.06 6.23 6.96
Andesite (wet) 5.60 5.88 6.74 6.90
Sandstone (dry) 5.25 9.00 13.75 14.25
Sandstone (wet) 5.75 9.00 12.75 13.00

Tuff (dry) 5.00 9.25 11.25 12.75

Tuff (wet) 5.00 9.50 12.50 12.75
Mudstone (dry) 5.53 6.54 8.22 9.32
Mudstone (wet) 7.27 8.07 8.92 9.95
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Table A.9 Thermal diffusivity of rocks at high temperature.

Thermal diffusivity [m*/s] x107

Temperature [°C]

Rocks 15 40 60 80 100
Granite (dry) 12.00 11.99 12.31 12.50 12.50
Granite (wet) 12.00 12.20 12.27 12.50 12.50

Andesite (dry) 9.22 9.32 9.33 8.91 9.33
Andesite (wet) 9.78 9.80 9.82 9.29 9.82
Sandstone (dry) 7.81 7.44 7.26 7.18 5.58
Sandstone (wet) 5.95 5.95 6.20 5.95 6.20
Tuff (dry) 5.66 5.48 5.52 5.51 5.53
Tuff (wet) 3.87 3.98 3.90 3.84 3.96
Mudstone (dry) 4.95 4.80 4.95 4.86 5.21
Mudstone (wet) 3.67 3.62 3.65 3.58 3.56
Table A.10 Specific heat of rocks at high temperature.
Thermal diffusivity [kJ/(kg-K)]
Temperature [°C]

Rocks 15 40 60 80 100
Granite (dry) 0.900 0.913 0.921 0.933 0.963
Granite (wet) 0.908 0.921 0.929 0.963 0.980

Andesite (dry) 0.896 0.904 0.917 0.925 0.933
Andesite (wet) 0.900 0.908 0.925 0.929 0.942
Sandstone (dry) 0.925 0.933 0.942 0.950 0.959
Sandstone (wet) 0.959 0.971 0.980 0.988 1.005

Tuff (dry) 0.904 0.971 0.925 0.933 0.950

Tuff (wet) 1.511 1.520 1.532 1.545 1.577
Mudstone (dry) - 0.892 0.875 0.846 0.867
Mudstone (wet) - 1.486 1.440 1.444 1.436
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Table A.11 Uniaxial compressive strength after undergoing thermal hysteresis.

Uniaxial compressive strength [MPa]

Rocks Temperature Number of cycles

Range of hysteresis [°C] 0 1 2 3 5 10
Oshima granite (dry) 15 200 185 178 175 172 167
15 °C-100 °C 100 190 177 172 169 167 165
Oshima granite (wet) 15 182 170 167 161 160 153
15 °C-100 °C 100 166 162 161 160 157 150
Oshima granite (dry) 15 200 198 - 196 189 185
15 °C-60 °C 60 194 195 - 190 188 185
Oshima granite (wet) 15 182 172 - 164 162 162
15 °C-60 °C 60 171 170 - 162 158 155
Inada granite (dry) 15 180 172 - 165 162 159
15 °C-100 °C 100 180 171 - 161 158 154
Inada granite (wet) 15 156 151 - 144 141 136
15 °C-100 °C 100 138 131 - 127 118 109
Andesite (dry) 15 182 179 - 180 178 176
15 °C-100 °C 100 175 174 - 174 174 173
Andesite (wet) 15 136 135 - 135 135 135
15 °C-100 °C 100 135 135 - 134 134 134
Sandstone (dry) 15 242 240 - 236 232 229
15 °C-100 °C 100 240 240 - 234 233 231
Sandstone (wet) 15 163 163 - 157 154 152
15 °C-100 °C 100 158 155 - 153 151 151
Tuff (dry) 15 16.8 16.0 15.3 14.7 14.2 14.1
15 °C-100 °C 100 15.6 14.8 14.3 13.6 13.1 13.0
Tuff (wet) 15 5.8 5.6 5.5 52 5.0 4.9
15 °C-100 °C 100 5.0 4.8 4.7 4.6 4.4 4.3
Tuff (dry) 15 16.8 16.3 - 15.1 14.6 14.2
15 °C-60 °C 60 16.0 15.0 - 14.6 13.8 13.4
Tuff (wet) 15 5.8 5.6 - 5.4 5.3 5.1
15 °C-60 °C 60 5.2 5.0 - 4.8 4.6 4.5
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Table A.12 Tensile strength after undergoing thermal hysteresis.

Tensile strength [MPa]

Rocks Temperature Number of cycles

Range of hysteresis [°C] 0 1 2 3 5 10
Oshima granite (dry) 15 9.01 8.62 8.51 8.30 8.17 8.08
15 °C-100 °C 100 8.49 8.13 8.01 7.90 7.78 7.76
Oshima granite (wet) 15 8.04 7.65 7.61 7.30 7.22 7.19
15 °C-100 °C 100 7.36 7.14 6.99 6.72 6.68 6.53
Oshima granite (dry) 15 9.01 8.68 - 8.48 8.44 8.32
15 °C-60 °C 60 8.85 8.46 - 8.32 8.20 8.16
Oshima granite (wet) 15 8.04 7.91 - 7.82 7.68 7.36
15 °C-60 °C 60 7.68 7.53 - 7.38 7.25 7.11
Inada granite (dry) 15 7.82 7.50 - 6.90 6.80 6.50
15 °C-100 °C 100 6.00 5.55 - 5.29 5.12 5.11
Inada granite (wet) 15 6.55 6.40 - 6.31 6.27 5.97
15 °C-100 °C 100 4.73 4.57 - 4.34 4.27 3.94
Andesite (dry) 15 13.97 13.79 - 13.79 13.55 13.52
15 °C-100 °C 100 13.77 13.74 - 13.62 13.59 13.55
Andesite (wet) 15 12.68 12.32 - 12.22 12.21 12.12
15 °C-100 °C 100 12.27 12.07 - 11.86 11.89 11.79
Sandstone (dry) 15 16.63 16.28 - 15.59 16.08 16.01
15 °C-100 °C 100 12.40 14.94 - 14.95 14.91 14.98
Sandstone (wet) 15 11.67 11.54 - 11.56 11.58 11.58
15 °C-100 °C 100 10.54 10.44 - 10.25 10.00 10.00
Tuff (dry) 15 2.46 2.31 2.21 2.03 1.99 1.95
15 °C-100 °C 100 1.98 1.89 1.81 1.76 1.61 1.60
Tuff (wet) 15 1.07 0.97 0.95 0.92 0.89 0.88
15 °C-100 °C 100 0.82 0.76 0.74 0.70 0.68 0.67
Tuff (dry) 15 2.46 2.21 - 2.12 2.08 1.95
15 °C-60 °C 60 2.14 1.92 - 1.83 1.72 1.68
Tuff (wet) 15 1.07 0.97 - 0.91 0.90 0.88
15 °C-60 °C 60 0.96 0.89 - 0.86 0.89 0.87

237



Table A.13 Tangential Young’s modulus after undergoing thermal hysteresis.

Tangential Young’s modulus [GPa]

Rocks Temperature Number of cycles

Range of hysteresis [°C] 0 1 2 3 5 10
Oshima granite (dry) 15 59.5 59.4 58.7 56.9 56.4 55.7
15 °C-100 °C 100 57.6 54.5 53.5 52.9 50.5 50.0
Oshima granite (wet) 15 54.8 52.4 51.9 51.6 49.8 49.6
15 °C-100 °C 100 58.4 57.1 55.5 53.7 54.0 52.5
Oshima granite (dry) 15 59.5 59.1 - 58.7 58.4 58.1
15 °C-60 °C 60 58.8 58.5 - 58.3 57.8 57.8
Oshima granite (wet) 15 54.8 54.5 - 53.9 53.1 52.7
15 °C-60 °C 60 57.2 56.8 - 56.4 55.9 55.6
Inada granite (dry) 15 58.1 57.1 - 56.3 554 55.0
15 °C-100 °C 100 56.0 54.5 - 54.1 52.5 52.0
Inada granite (wet) 15 52.6 51.0 - 49.8 49.1 48.1
15 °C-100 °C 100 57.1 55.1 - 54.5 54.0 53.8
Andesite (dry) 15 43.0 52.8 - 433 429 42.8
15 °C-100 °C 100 42.2 42.4 - 423 423 41.0
Andesite (wet) 15 42.8 42.6 - 42.4 42.1 41.1
15 °C-100 °C 100 43.5 433 - 43.1 43.5 43.1
Sandstone (dry) 15 45.9 45.6 - 45.1 44.6 45.2
15 °C-100 °C 100 45.5 45.2 - 44.9 44.0 43.8
Sandstone (wet) 15 41.8 41.6 - 4.02 4.02 3.99
15 °C-100 °C 100 42.5 42.4 - 42.2 42.2 41.9
Tuff (dry) 15 4.11 4.02 3.93 3.80 3.74 3.71
15 °C-100 °C 100 3.91 3.69 3.65 3.56 3.42 3.37
Tuff (wet) 15 1.33 1.32 1.31 1.26 1.27 1.25
15 °C-100 °C 100 1.26 1.21 1.19 1.18 1.17 1.17
Tuff (dry) 15 4.11 4.03 - 3.97 3.91 3.87
15 °C-60 °C 60 4.08 3.97 - 3.92 3.87 3.85
Tuff (wet) 15 1.33 1.31 - 1.29 1.28 1.27
15 °C-60 °C 60 1.29 1.26 - 1.25 1.24 1.22
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Table A.14 Poisson’s ratio after undergoing thermal hysteresis.

Poisson’s ratio [-]

Rocks Temperature Number of cycles

Range of hysteresis [°C] 0 1 2 3 5 10
Oshima granite (dry) 15 0.194 0.189  0.188  0.186  0.184  0.184
15 °C-100 °C 100 0.191 0.186  0.182  0.180 0.179  0.178
Oshima granite (wet) 15 0.191 0.185 0.181 0.180 0.179 0.179
15 °C-100 °C 100 0.192 0.189 0.184 0.183 0.182  0.182
Oshima granite (dry) 15 0.194 0.192 - 0.189  0.188  0.187
15 °C-60 °C 60 0.193 0.190 - 0189 0.186 0.184
Oshima granite (wet) 15 0.191 0.189 - 0.187 0.184 0.183
15 °C-60 °C 60 0.191 0.189 - 0187 0.185  0.183
Inada granite (dry) 15 0.181 0.179 - 0177  0.174  0.173
15 °C-100 °C 100 0.174 0.170 - 0164 0.162 0.161
Inada granite (wet) 15 0.193 0.190 - 0187 0.184  0.183
15 °C-100 °C 100 0.187 0.184 - 0.181 0.178  0.176
Andesite (dry) 15 0.218 0.216 - 0216 0217 0215
15 °C-100 °C 100 0.217 0.215 - 0216 0216 0.214
Andesite (wet) 15 0.225 0.223 - 0222 0.221 0.220
15 °C-100 °C 100 0.220 0.220 - 0219 0219 0.218
Sandstone (dry) 15 0.156 0.155 - 0153 0.153 0.149
15 °C-100 °C 100 0.155 0.154 - 0152 0.153  0.151
Sandstone (wet) 15 0.192 0.191 - 0185 0.184 0.181
15 °C-100 °C 100 0.190 0.190 - 0183 0.180  0.175
Tuff (dry) 15 0.155 0.154  0.154  0.153  0.150  0.148
15 °C-100 °C 100 0.146 0.146  0.144  0.141 0.134  0.135
Tuff (wet) 15 0.229 0.224 0223  0.221 0.221 0.218
15 °C-100 °C 100 0.222 0.221 0217 0216 0216  0.210
Tuff (dry) 15 0.155 0.154 - 0153  0.151 0.150
15 °C-60 °C 60 0.152 0.151 - 0153 0.150 0.149
Tuff (wet) 15 0.229 0.224 - 0223 0222 0219
15 °C-60 °C 60 0.224 0.222 - 0220 0.221 0.220
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Table A.15 P-wave velocity after undergoing thermal hysteresis.

P-wave velocity [m/s]

Rocks Temperature Number of cycles

Range of hysteresis [°C] 0 1 2 3 4 5 7 10
Oshima granite (dry) 15 4583 4551 4540 4530 4515 4499 4492 4488
15 °C-100 °C 100 4569 4538 4532 4515 4508 4506 4485 < 4484
Oshima granite (wet) 15 5119 5088 5028 5010 4958 4956 4954 4928
15 °C-100 °C 100 5060 5029 4965 4957 4896 4864 4845 4818
Oshima granite (dry) 15 4583 4574 4558 4529 - 4525 4502 4504
15 °C-60 °C 60 4578 4566 4541 4525 - 4512 4488 4500
Oshima granite (wet) 15 5119 5081 5050 5005 - 4965 4960 4930
15 °C-60 °C 60 5029 5071 5010 4970 - 4965 4935 4925
Inada granite (dry) 15 4336 4265 4211 4191 - 4156 4129 4109
15 °C-100 °C 100 4098 4029 3987 3956 - 3928 3910 3894
Inada granite (wet) 15 5354 5156 5114 5052 - 5030 4938 4914
15 °C-100 °C 100 4603 4465 4414 4360 - 4308 4291 4254
Andesite (dry) 15 4695 4688 4699 4711 - 4689 4688 4689
15 °C-100 °C 100 4676 4680 4675 4677 - 4674 4669 4671
Andesite (wet) 15 4826 4817 4838 4833 - 4838 4821 4800
15 °C-100 °C 100 4822 4815 4812 4815 - 4823 4819 4815
Sandstone (dry) 15 4670 4640 4630 4626 - 4625 4622 4620
15 °C-100 °C 100 4650 4640 4640 4635 - 4620 4615 4617
Sandstone (wet) 15 4800 4750 4745 4743 - 4744 4742 4741
15 °C-100 °C 100 4750 4735 4735 4734 - 4733 4730 4725
Tuff (dry) 15 2305 2277 2267 2236 2208 2191 2153 2129
15 °C-100 °C 100 2200 2151 2106 2078 2055 2030 2003 1993
Tuff (wet) 15 2455 2406 2384 2354 2292 2275 2233 2222
15 °C-100 °C 100 2366 2311 2260 2221 2209 2184 2149 2132
Tuff (dry) 15 2305 2303 2289 2280 - 2274 2268 2263
15 °C-60 °C 60 2264 2258 2246 2234 - 2230 2223 2222
Tuff (wet) 15 2455 2443 2428 2414 - 2407 2404 2401
15 °C-60 °C 60 2416 2394 2387 2373 - 2366 2363 2360
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Table A.16 S-wave velocity after undergoing thermal hysteresis.

S-wave velocity [m/s]

Rocks Temperature Number of cycles

Range of hysteresis [°C] 0 1 2 3 4 5 7 10
Oshima granite (dry) 15 2689 2621 2615 2597 2591 2588 2586 2577
15 °C-100 °C 100 2587 2559 2541 2533 2504 2484 2479 2477
Oshima granite (wet) 15 3007 2977 2972 2965 2951 2941 2919 2913
15 °C-100 °C 100 2940 2914 2989 2875 2862 2845 2837 2832
Oshima granite (dry) 15 2689 2673 2663 2654 - 2647 2646 2627
15 °C-60 °C 60 2659 2635 2616 2606 - 2598 2597 2589
Oshima granite (wet) 15 3007 2994 2981 2965 - 2964 2961 2954
15 °C-60 °C 60 2960 2949 2936 2935 - 2927 2927 2919
Inada granite (dry) 15 2760 2745 2744 2743 - 2744 2740 2738
15 °C-100 °C 100 2730 2720 2721 2719 - 2718 2717 2716
Inada granite (wet) 15 2840 2835 2835 2833 - 2832 2830 2825
15 °C-100 °C 100 2800 2790 2788 2787 - 2786 2785 2782
Andesite (dry) 15 2861 2865 2855 2859 - 2849 2848 2847
15 °C-100 °C 100 2789 2791 2786 2785 - 2785 2780 @ 2781
Andesite (wet) 15 2893 2891 2890 2888 - 2890 2895 2888
15 °C-100 °C 100 2851 2850 2845 2842 - 2840 2843 2837
Sandstone (dry) 15 2760 2745 2744 2743 - 2744 2740 2738
15 °C-100 °C 100 2730 2720 2721 2719 - 2718 2717 2716
Sandstone (wet) 15 2840 2835 2835 2833 - 2832 2830 2825
15 °C-100 °C 100 2800 2790 2788 2787 - 2786 2785 2782
Tuff (dry) 15 1487 1471 1454 1443 1433 1416 1395 1373
15 °C-100 °C 100 1416 1380 1358 1342 1329 1317 1397 1287
Tuff (wet) 15 1597 1559 1540 1525 1497 1481 1461 1437
15 °C-100 °C 100 1510 1485 1447 1424 1410 1395 1379 1365
Tuff (dry) 15 1487 1481 1476 1470 - 1467 1465 1463
15 °C-60 °C 60 1476 1472 1467 1460 - 1458 1456 1456
Tuff (wet) 15 1597 1581 1573 1568 - 1567 1565 1563
15 °C-60 °C 60 1546 1538 1534 1532 - 1529 1529 1526
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Table A.17 Normal strain with thermal hysteresis.

Normal strain [-]x1 0°

Rocks Temperature Number of cycles
Range of hysteresis [°C] 0 1 2 3 4 5 6 7 8 9 10
Oshima granite (dry) 15 0 100 164 198 211 217 221 226 231 241 251
15 °C-100 °C 100 711 731 785 798 808 815 820 822 828 833 838
Oshima granite (wet) 15 0 154 195 238 268 278 282 287 292 297 296
15 °C-100 °C 100 759 797 804 834 851 855 865 870 875 880 880
Oshima granite (dry) 15 0 30 45 75 95 110 115 125 125 135 135
15 °C-60 °C 60 165 185 225 225 299 319 329 334 394 399 409
Oshima granite (wet) 15 0 40 60 95 110 120 125 130 135 140 140
15 °C-60 °C 60 220 280 360 410 440 440 450 450 460 460 470
Inada granite (dry) 15 0 150 199 229 249 259 259 259 269 269 279
15 °C-100 °C 100 827 857 867 887 907 927 937 947 967 977 977
Inada granite (wet) 15 0 200 300 340 370 400 420 420 410 420 430
15 °C-100 °C 100 930 1010 1070 1110 1150 1170 1200 1210 1220 1220 1230
Andesite (dry) 15 0 61 75 8 90 93 94 95 95 94 95
15 °C-100 °C 100 525 540 565 568 569 570 572 572 573 573 574
Andesite (wet) 15 0 71 80 96 99 102 103 104 106 106 106
15 °C-100 °C 100 570 590 599 605 608 810 612 611 612 612 613
Sandstone (dry) 15 0 110 140 148 149 151 152 152 151 153 153
15 °C-100 °C 100 570 600 615 619 620 621 623 622 621 623 622
Sandstone (wet) 15 0 120 150 157 160 161 162 163 163 161 163
15 °C-100 °C 100 630 650 651 657 658 659 658 659 660 661 661
Tuff (dry) 15 0 75 100 120 130 140 159 169 179 189 199
15 °C-100 °C 100 629 650 696 724 734 750 760 760 770 780 795
Tuff (wet) 15 0 95 120 130 145 160 175 185 190 195 200
15 °C-100 °C 100 759 799 843 853 863 873 888 908 918 928 938
Tuff (dry) 15 0 42 48 63 87 93 96 105 108 114 114
15 °C-60 °C 60 250 262 316 358 382 394 406 418 418 430 430
Tuff (wet) 15 0 54 102 114 131 161 161 185 197 197 203
15 °C-60 °C 60 253 301 325 349 385 420 443 442 442 454 466
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