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Foreword

This report is the technical report of Task 2C of the DECOVALEX II project,
describing the numerical predictions of the in situ experiment of a coupled thermo-
hydro-mechanical behaviour of a heater-buffer-rock system in the Kamaishi Mine,
Japan. The previous tasks at the same site, Task 2A and 2B concerned with the
predictions and model calibrations for the coupled hydro-mechanical processes and
properties of fractured rock mass of the site, due to excavation of a test pit. The work
and results were reported in an earlier report of the project. Presented in this report are
the background of the project and Task 2 in general, and the problem definition,
numerical approaches, methods and results of Task 2C in particular. The report is a
summary of the research reports written by the research teams and discussions held
during the project workshops and task force group meetings. The opinions and
conclusions in this report, however, are only the authors, not necessarily a collective
points of view of the funding organisations of the project.
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CHAPTER 1 INTRODUCTION

The DECOVALEX II project is an international co-operative research project
supported by a number of national radioactive waste management organizations of
different countries. They are AECB and OH (Ontario Hydro) of Canada, EA and
Nirex of UK, ANDRA and IPSN of France, SKI and SKB of Sweden, ENRESA of
Spain, STOK of Finland and PNC of Japan. The project studied four tasks:

Task 1: numerical simulation of the RCF3 pump test at Sellafield, UK;
Task 2: numerical simulation of the in situ T-H-M experiment at Kamaishi Mine,

Japan;
Task 3: monitoring of current development in rock fracture research; and
Task 4: report on treatment of T-H-M processes in Performance Assessment works for

nuclear waste repositories.

The project started in 1995 and is scheduled to be finalised in March, 1999. This
report concerns the Task 2 of the DECOVALEX II project.

Task 2 of the DECOVALEX II project is the numerical modelling of the in-situ T-H-
M experiment of a fractured rock - buffer - heater system at Kamaishi Mine, Japan.
The experiment was carried out inside a test pit drilled in the floor of a 5 x 7 m alcove
excavated near an existing drift at the 550 m level (Fig. 1.1a and b). The test pit has a
circular cross section of diameter 1.7 m and a depth of 5 m, filled with bentonite
which contains an electric heater (Fig. 1.1c). Four research teams studied Task 2 with
different computational models. They are: AECB, CLAY ( standing for Clay
Technology AB, supported by SKB, Sweden), LBNL (standing for the Lawrence
Berkeley National Laboratory, USA, supported by SKI, Sweden) and KIPH (standing
for a composite team by Kyoto University, Iwate University, PNC and Hazama
Corporation, supported by PNC, Japan). The task is divided into three subtasks: Task
2A, Task 2B and Task 2C.

Task 2A was defined as a blind prediction to the coupled hydro-mechanical behaviour
of the fractured rocks due to the excavation of the test pit. The calibration of the
numerical models against measured results of pore pressures, flow rates and rock
deformation before filling up of the test pit formed Task 2B. These two subtasks were
performed to establish well calibrated fields of hydraulic conductivity and mechanical
deformability of the fractured rocks at the test site. They were necessary for further
simulations on interactions between the rock and buffer materials during heating
experiments, as required for Task 2C, with a higher level of confidence on rock mass
models. The works were completed and reported in [1].

Presented in this report is the definition, simulation and results of Task 2C for
predicting the fully coupled thermo-hydro-mechanical behaviour of the complete
heater-buffer-rock system at the test site, especially the interactions between the
different components and interfaces (heater-buffer, buffer-rock, solid-water) and
buffer property determination. The problem was treated as a near-field problem, like
Task 2A and 2B models. The same four research teams studied this case.
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Fig. 1.1 a) 3D view of the test site location in the Kamaishi Mine; b) Spatial
relationships of the test pit, test cavern and nearby tunnel and excavations; c)
Layout of the test pit and test cavern.



2 THE T-H-M EXPERIMENT

Extensive monitoring was carried out throughout the experiment to measure the
thermal, hydraulic and mechanical responses of intact rock, rock fractures and buffer
material, chiefly inside boreholes. Figure 2.1 shows the mapped fractures at the floor
of the test drift. Three major fractures, numbered 1, 2 and 3 were identified during the
mapping and were considered in the numerical models for Task 2 (A+B).

A large number of boreholes were drilled around the test pit to monitor the hydraulic
and mechanical responses of the rock to the excavation of the test pit and heating
experiment. Pore pressure was monitored by pressure transducers in boreholes KBHl
- KBH6 (Fig. 2.2) and water was collected at wall and bottom of the test pit before the
filling in of the buffer material for evaluation of the flow rates . The rock strains
relative displacement across main fractures 1 and 2 were monitored by strain gauges
and displacement transducers in the boreholes KBM1-KHM6 (Fig. 2.3 and Fig. 2.4)
throughout the experiments.

Extensive laboratory experiments were carried out by PNC to determine necessary
properties of buffer material, fractures and intact rock [1-x]. Figures 2.5 - 2.10
illustrates the locations of the sensors installed in the buffer material for pore pressure,
temperature, heat flux, strain gauge, water content (humidity) measurement during the
heating experiment. The water content and density of the buffer material were
sampled and tested during different stage of heating test along two sampling lines
(Fig. 2.11) using steel pipes and at different levels of the buffer material. Figure 2.12
shows the locations of the load cells installed in the buffer. All the monitored
variables were recorded as functions of time. The heating capacity is 10 KW.

I. o Borehole for pore Pressure transducer
• Pore pressure transducer
• Strain gauge & Strain meter
A Borehole for TRIVEC

1—I Borehole for Joint deformeter

• Joint deformeter
® Joint transducer &

Surface displacement transducer

-••15

- 1 6

Fig. 2.1 Fractures mapped at the floor of the test drift.
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Fig. 2.3 Locations of strain gauges and strain meters inside the mechanical
monitoring boreholes.
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BBC

PC-13H

PC-9H»-

170cm

0 Hygrometer O Pressure cell

Oz] Strain gauge O Psychrometer

X Thermocouple

33cm 52cm i

85cm

Heat flux sensor

Pore pressure transducer

Fig. 2.5 Locations of sensors in buffer (pore pressure cells).
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Fig. 2.9 Locations of sensors in buffer (strain gauge transducers).
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Table 2.1 lists the labels of sensors used for monitoring inside the buffer material for
temperature, heat flux, pore pressure, water content and strain.

Table 2.1 Labels of the sensors for different measurement variables
Variable
Pore pressure
Temperature

Swelling pressure
Heat flux
Strain
Water content

Sensor label
PC-1H - PC-15H (BP-5 transducer)
TT-1 - TT28 (thermocouple T35T, K)
PC-IT - PC-15T (BP-5 transducer)
Glass fiber, HM-1T-HM10T (HMP233h)
PS-1 - PS-30 (PS25-50S)
MF-1-MF-6(MF-9L)
KM-1 - KM-12 (strain gauge KM-50F)
WE-1 - WE-40 (PCT-55), HM-1H - HM-10H (HHP233H)

The sensor techniques and measuring point co-ordinates are listed in detail in Fujita et
al. (1996a). The laboratory experiments carried out for determination of buffer
material properties are described in Fujita et al. (1996b).

All the sensors were arranged along three observation lines (or sections) O-DDA, O-
BBC and O-CD as shown in Fig. 2.13.

PC-4H.4T

E-3

PC-3H.3T

PC-2H.2TCD

Fig. 2.13 Observation lines or sections (view at the bottom of the test pit).
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3 DEFINITION OF TASK 2C

The Task 2C was divided into two subtasks: Task 2C-1 and Task 2C-2. Task 2C-1 is a
subtask considering both numerical calibrations of the necessary bentonite properties
against laboratory tests and simulations of the buffer behaviour during the heating test.
The later was optional either without rock or with rock just as a rigid heating transfer
medium without deformation and water conduction, see Figs. 3.1aand3.1b,
respectively. Two alternative types of boundary conditions were defined at the rock-
buffer interface for the optional simulations. One is zero water flux condition and
another is linearly variable water flux condition. The subtask was defined to help
properly understand buffer material behaviour and to determine the associated buffer
material properties requested by the numerical models.

Subtask 2C-2 is the main subtask defined to simulate fully coupled thermo-hydro-
mechanical behaviours of the complete heater-buffer-rock system. An example of
Task 2C numerical model geometry is shown in Fig. 3.2 in which the buffer and
heater is surrounded by deformable rocks which also conducts water and heat. The
exact dimension of the model (besides the dimension of the buffer and heater
components) and boundary conditions at the outer rock boundary surfaces are
determined by the research teams, except the top surface (representing the floor of the
test drift) where a constant temperature of 12.3 ° C and a constant water table (0.4 m
from the floor due to a flooding pool) were determined by the experimental design.
Totally 24 points were selected inside the buffer material where results of
temperature, water content, void ratio and stress of the buffer material were to be
evaluated and compared. The locations of these points are shown in Figs. 3.3 -3.5 for
different variables (temperature, water content, void ratio and stress). Their
coordinates are listed in Table 3.1. Tables 3.2 and 3.3 presents the locations and labels
of the output points in the rock for pore pressure, temperature, displacement and total
stress.

Tc-12.3*0
Constant temperature

Tc = 12.3 "C
Constant temperature

3
cr

Heat transferHeat transfer

(a) (b)

Fig. 3.1 Model geometry of Task 2C-1 with two optional boundary conditions.
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Tc=12.3t:
Constant temperature

Fig. 3.2 Example of geometry and boundary conditions for Task2C-2.

Table 3.1 Co-ordinates of the
Variable

Temperature

Water content
(BW1-BW8)

Void ratio
(BE1-BE8)

Stress

Section

O-DDA

0

O-DDA

0

O-DDA

0

output locations in buffer material
Point label

BT1
BT2
BT3
BT4
BT5
BT6
BT7
BW1 (BE1)
BW2 (BE2)
BW3 (BE3)
BW4 (BE4)
BW5 (BE5)
BW6 (BE6)
BW7 (BE7)
BW8 (BE8)
BP1
BP2
BP3
BP4
BP5
BP6
BP7
BP8

Co-ordinate (m)
X
-11.382
-11.067
-11.372
-11.229
-11.067
-11.347
-10.718
-11.347
-11.051
-11.347
-11.208
-11.079
-11.347
-11.051
-10.571
-11.051
-11.325
-11.032
-11.325
-11.032
-11.325
-11.032
-10.571

y
-10.100
-10.200
-10.103
-10.140
-10.200
-10.035
-10.386
-10.035
-10.157
-10.035
-10.092
-10.146
-10.035
-10.157
-10.356
-10.157
-9.964
-10.116
-9.964
-10.116
-9.964
-10.116
-10.356

Z
-2.857
-2.857
-5.357
-5.357
-7.387
-7.307
-7.387
-3.607
-3.607
-5.357
-5.357
-5.357
-6.857
-6.857
-6.857
-2.857
-4.407
-4.407
-5.357
-5.357
-6.357
-6.357
-7.387
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Fig. 3.5 Locations of the output points in the buffer material for stress (BP1-
BP8).
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Table 3.2 Locations and labels
in the rock mass.

Variable

Pore pressure
(RH1-RH18)

Temperature
(RT1-RT18)

Label

RH1 (RT1)
RH2 (RT2)
RH3 (RT3)
RH4 (RT4)
RH5 (RT5)
RH6 (RT6)
RH7 (RT7)
RH8 (RT8)
RH9 (RT9)
RHIO(RTIO)
RH11 (RT11)
RH12(RT12)
RH13(RT13)
RH14(RT14)
RH15(RT15)
RH16(RT16)
RH17(RT17)
RH18(RT18)

of the output points for pore pressure and temperature

Borehole

KBH1

KBH2

KBH3

KBH4

KBH5

KBH6

Section

KBH1-1
KBH1-3
KBH1-5
KBH2-1
KBH2-2
KBH2-4
KBH3-1
KBH3-3
KBH3-5
KBH4-1
KBH4-3
KBH4-5
KBH5-1
KBH5-3
KBH5-5
KBH6-1
KBH6-3
KBH6-5

Co-ordinate (m)
X
-10.338
-10.338
-10.338
-10.301
-10.301
-10.301
-9.226
-9.335
-9.462
-8.656
-8.806
-8.944
-11.603
-11.603
-11.603
-12.035
-12.035
-12.035

y
-11.764
-11.764
-11.764
-12.237
-12.237
-12.237
-10.342
-9.785
-9.129
-10.314
-9.663
-9.068
-9.036
-9.036
-9.036
-8.896
-8.896
-8.896

z
-3.598
-6.523
-10.023
-3.667
-5.567
-9.567
-3.525
-6.446
-9.881
-3.530
-6.965
-10.107
-3.633
-6.783
-9.883
-3.532
-7.082
-10.032

Table 3.3 Locations and labels of the output points for displacement and
in the rock mass.

Point label

RD1
RD2
RD3
RD4
RD5
RD6
RD7
RD8
RD9
RD10

Borehole

KBM4

KBM5

KBM6
KBM7

Level (m)

-0.5
-2.5
-4.5
-6.5
-0.5
-2.5
-4.5
-6.5

total stress

Co-ordinate (m)
X

-9.629
-9.629
-9.629
-9.629
-9.176
-9.176
-9.176
-9.176
-11.107
-9.087

y
-9.283
-9.283
-9.283
-9.283
-8.848
-8.848
-8.848
-8.848
-11.871
-9.902

z
-3.003
-5.003
-7.003
-9.003
-2.936
-4.936
-6.936
-8.936
-6.359
-4.821

Results at the above introduced output points with labels from BT1 - BT7, BW1 -
BW8,BP1-BP8, RH1-RH18, RT1-RT18, and RD1-RD10 produced by all
research teams will be collected as discrete functions of time of heating and cooling.
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CHAPTER 4 CHARACTERIZATION AND PROPERTY DETERMINATION
OF THE BENTONITE BUFFER MATERIAL

The bentonite used as the buffer material for the Kamaishi in situ experiment is OT-
9607. Although many of its material properties for heat transfer, fluid flow, swelling
pressure and mechanical stress/deformation were determined in laboratory tests
(Fujita et al., 1997), some of its properties required by numerical models could not be
directly determined by laboratory means. It is therefore necessary to determine the
necessary material properties of bentonite, required by their numerical models, by
back analysis through numerical simulations of certain types of laboratory tests. Four
such tests were carried out, namely the water infiltration test, the thermal gradient
tests, the swelling pressure test and the shrinkage test. The first three tests were used
by all four research teams while the letter one was used only by the CLAY team. This
chapter presents the identification of bentonite properties and related parameters
through analytical or numerical calibration simulations against the first three tests,
using the FRACON code for AECB model (Nguyen, 1999), the ABAQUS code for
CLAY model (Borgesson & Hernelid, 1998), the THAMES code for KIPH model
(Chijimatsu, et al. 1999), and the ROCMAS code for LBNL model (Rutqvist et al.,
1999). In addition, the results of suction tests for determination of the retention curve
of the bentonite will also be present since it represents one of the most important
properties for the modelling.

4.1 The laboratory Tests and Results

4.1 1 Suction test

When fully or partially saturated clay or soil samples are dried, negative water
pressure (suction) develops in the samples, and this suction pressure is the major
driving force for the water flow and mechanical deformation of the partially saturated
clay/soil materials. The relation between the suction pressure and the degree of
saturation (%) is called the water retention curve of the material. Figure 4.1 shows
three water retention curves under constant temperatures 25 °C, 40 °C and 60 °C,
respectively. The samples were 13 mm (diameter) x 9 mm (height) in size and each
was subjected to a wetting and drying (by oven) process.

The results from the suction test were presented as suction (negative pressure) versus
water content co. The degree of saturation of the material, S, however, can be related
to the gravimetric water content co by

(4.1)

where $ is the porosity, p(/ the dry density of the bentonite material and pu. is the
density of water. The suction-water content curve can, therefore, be converted easily
into suction-saturation degree curves, which was used for most of the Task 2C
problem. The effect of temperature on the water retention curve is negligible (Fig.
4.1). It is difficult in general to capture the complete water retention curve by close-
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Fig. 4.1 Water retention curve of the OT-9607 bentonite used for the Kamaishi in situ
T-H-M experiment, determined in laboratory by PNC (Fujita et al, 1997).

form solutions. Therefore, it is preferable to use tabulated data of the measured water
retention curve need to be used in the numerical modeling with proper interpolations
and end condition modifications (e.g. setting suction pressure equal to zero at 100%
saturation).

4.1.2 Water infiltration test

A water infiltration test was carried out in laboratory to test the development of water
saturation of the OT-9607 bentonite under different temperatures, in order to quantify
properties such as water diffusivity, moisture capacity, relative permeability of the
bentonite material. The test was carried out using OT-9607 bentonite samples of 20
mm (diameter) x 20 mm (height) in size, setting in stainless steel cells, with water
supplied at the bottom of the sample through a metal filter (Fig. 4.2). Thin sections of
2 mm in thickness were taken from the sample at different periods of water infiltration
(wetting) so that water content of the samples at different locations could be measured
as functions of time. The tests were carried out under constant test temperatures,
25 °C, 40 °C and 60 °C, respectively. Figure 4.3 shows the distribution of the water
content as functions of the vertical distance measured from the bottom of the sample
and at times 4, 24, 48 and 96 hours, respectively.

Denoting Q as the water flux, K as the total hydraulic conductivity including both
liquid and vapor forms of water flow, (p as the water potential, and 6 as the volumetric
water content, the flow equation can be written (Fujita et al, 1997)

(4.2a)
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Fig. 4.2 Set-up of the infiltration test (Fujita et al., 1997).

P
<p =

?U
(4.2b)

where P is water pressure, z the elevation head, p° the reference water density, g the

gravitational acceleration and De the total water diffusivity, given by

(4.3a)

Defining the moisture capacity, C, by C = 39 /8cp , the total water diffusivity can then
be written as

K
(4.3b)

and accounts for both liquid and vapor forms of the water flow. The volumetric water
content 6 and gravimetric water content co in equation (4.1) are related by

9=1-* * -
Pv

(4.4)

Figure 4.4 represents the water diffusivity as a function of volumetric water content,
evaluated according to Philip and de Vries (1957) from the infiltration test results

Da = • -X-

]_

2 3Z }=':. dz

(4.5)

where t is infiltration time, ? is the length of the specimen and
0<zz<??is the distance from the bottom of the specimen.
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Fig. 4.3 Water infiltration test results as water content (5) versus vertical distance at
time equal to 4, 24,48 and 96 hours under temperature 25 °C, 40 °C and 60
°C, respectively (Fujita et al, 1997).
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Fig. 4.4 Water diffusivity versus volumetric water content at temperatures 25 °C,
40 °C and 60 °C, respectively, (Fujita et al., 1997).

4.1.3 Thermal gradient (KID-BEN) test

The thermal gradient tests were carried out to quantify properties characterizing the
water flow driven by thermal gradient in partially saturated bentonite. The test was
conducted on a compacted bentonite sample of 50 mm in diameter and 100 mm in
height, which was placed in an apparatus named KID-BEN. Applying two constant
temperatures, Tx and T2 with 7̂  > T2, at the bottom and top surfaces of the sample,

respectively, with a constant initial temperature of 25 °C, an upward water movement
was created by thermal gradient, mainly by molecular diffusion of vapor in air due to
the gradient of vapor density. The temperature at locations of different distances
measured from the bottom of the sample was measured and the water content was
measured from the weight loss by drying of the sample in oven. Figure 4.5 illustrates
the principle of the test. Four tests were performed with different boundary
temperatures and heating time:

Table 4.1 Test specifications of the KID-BEN test

Temperature at top (T2, °C)
Temperature at bottom (T1, °C)
Heating time (hour)

Test 1
25
35
96

Test 2
25
55
96

Test 3
25
75
96

Test 4
40
60
400

The results are shown in Fig.4.6 as temperature and volumetric water content versus
the vertical distance measured from the bottom of the sample.
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Fig. 4.5 Set-up of the thermal gradient (KID-BEN) test (Fujita et al., 1997).
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Fig. 4.6 Results of the thermal gradient (KID-BEN) test as temperature (a) and
volumetric water content (b) vs. vertical distance (Fujita et al., 1997).

4.1.4 Swelling pressure test

Bentonite material swells (volume expansion) with the presence of water. If the free
volume expansion is restrained, a swelling pressure will build up in the bentonite in a
similar fashion as thermal expansion of solid. The swelling behaviour depends on the
chemical composition of the bentonite and has to be determined by experiments. For
the bentonite OT-9607 used by Task 2, the swelling test was conducted on a sample of
20 mm in diameter and 20 mm in thickness, placed in a rigid cell of stainless steel to
restrain the volume expansion (Fig. 4.7a). The initial saturation degree was set at
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Fig. 4.7 The set-up (a) and results of the swelling pressure test /Fujita et al., 1997).

66% with water supplied at a metal filter at the bottom of the sample, similar to the
way the water infiltration test was performed. During water percolation, the total
vertical stress of the sample was measured versus time.

A large number of additional tests were also performed to determine the needed
properties and parameters of the bentonite, such as hydraulic conductivity tests,
compaction tests, shrinkage tests and the triaxial tests. As examples, the relationships
between the water content and the Young's modulus, the uniaxial compressive
strength and thermal conductivity of the butter are shown in Figs. 4.8. The above
experimental results and curves were use by research teams as the basis of their
numerical determination of particular properties by best-fitting of the experimental
curves through adjusting the values of those parameters.

27



500

10 15 20

Water content [%]

a)

10

b)

15 20
Water content [%]

10 15 20
Water content [%]

c)

25

25

Fig. 4.8 Measured data showing relations between water content and a) thermal
conductivity, b) Young's modulus and c) uniaxial compressive strength of
the buffer (Fujita et al., 1997).
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4.2 Physical Processes and Constitutive Models of Bentonite

The numerical simulations of the above mentioned laboratory tests were carried out
using computer codes FRACON (by AECB), ABAQUS (by CLAY), ROCMAS (by
LBNL) and THAMES (by KIPH), respectively. The basic characteristics of these
codes are presented in previous DECOVALEX reports. The bentonite properties
which were back-calculated from these numerical simulations are different from team
to team, depending on different assumptions about the constitutive models of the
bentonite for different physical processes considered.

4.2.1 AECB model

In the AECB model the bentonite was assumed to be a poroelastic continuum of a
generalized Biot's type. The physical processes considered are the heat conduction,
pore water in saturated /unsaturated porous media, vapor flow driven by temperature
gradients, and mechanical deformation. These processes are described by the
following governing equations

Heat conduction (energy conservation)

f dT

dx:
V

K<vf- N = P c i r (4-6)

ox, at

where K,;/ is the heat conductivity tensor (W/m/°C), T the temperature, t the time, q

the heat source (or sink), p the bulk density \kglnt'), and C is the specific heat

(J/kg/°C).

Water flow in saturated or unsaturated medium (mass conservation)

dSdP _ dP
( 4 -7 )

where ki} is the saturated permeability tensor (m2); Kr is the non-dimensional relative

permeability of unsaturated medium and is a function of the degree of saturation S,
Kr (S = 0) = 0, Kr(S = 1) = 1; fi is the water viscosity (kg/m/s); pw is the water
density. Both water viscosity and water density are functions of temperature. The term
DTv represents the thermal diffusivity of vapor, the term n the porosity, and the term

BH, the coefficient of water compressibility (P~l). The symbols pw and [35 are the

thermal expansion of water and solid, respectively. P and T are water pressure and
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temperature, respectively. For Task 2C model, it was assumed that the bentonite has a
uniformly isotropic saturated water permeability represented by a single scalar k.
Equilibrium equation (momentum conservation)

(4.8)

where G (Pa) and X (Pa) are Lame's elasticity constants, (3 is the volumetric thermal

expansion coefficient of the solid matrix and Fj is the body force.

The function %(S) represents the effects of the partial saturation and varies between 0
and 1 with %(S = 1) = 1. Symbol u- stands for the displacement vector (m). The two
Lame's constants can be expressed by more often used Young's modulus (E) and
Poisson's ratio (v) by

G= ^ , > . = - * _ (4.9)
( l+v)( l-2v) 2(1+v)

The parameter Kd is the bulk modulus of the solid skeleton and is defined as

K,= (4.10)
d 3(1-2v)

The Bishop's concept of effective stress for unsaturated media was also assumed,
given by

j j iP (4.11)

where o ; / is the total stress tensor, o,:/ is the effective stress tensor, and 5i;/ the

Kronicker delta. For the bentonite used for Task 2C, its thermal conductivity tensor
was assumed to be uniformly isotropic and therefore can be replaced by a scalar K,
which depends on its saturation degree S. It was further assumed that the thermal
conductivity K is related to S through a linear function, which was specified with end
conditions K (5 = 0) = 0.5 and K (S - 1) = 1. The function is therefore expressed as

K(S) = 0.5 + 1.55 (Se[0,l]) (4.12)

The specific heat of the medium (both solid and water), (pC) in the RHS of equation
(4.6), was assumed to be function of S as given by

s s Cw (4.13)

where subscripts s and w stand for the solid and water phases, respectively.
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The volumetric thermal expansion coefficient ((3W) and viscosity (\i) of water were

obtained from tabulated data in physics handbooks as the best-fitting functions of
temperature (T), given by

: 4.684xlO"5 +7.486x

= 2.285x10° + 1.01x1 (Tlog10(7)

(4.14)

(4.15)

The parameters needed in all above governing equations are summarized in Table 4.1.

Table 4.2 Property identification list - AECB model
Property
Heat conductivity of buffer, K;/ = K

Bulk density of buffer, p

Specific heat of buffer, C

Saturated water permeability of
buffer, kn = k (m2)

Relative permeability of the
unsaturated buffer, Kr

Viscosity of water, \i

Density of water, pw

Thermal diffusivity of vapor,
DTr{m

2/s)
Porosity of buffer, n
Compressibility of water, Bw

Thermal expansion coefficient of
water, (3U,

Thermal expansion coefficient of
solid skeleton of buffer, (3, ("C"')

Lame's first elasticity constant G

Lame's second elasticity constant X

Bulk modulus of the of buffer, Kd

Volumetric thermal expansion
coefficient of solid matrix, p ("C"1)

Function %(S)

Method of determination
K = 0.5 + 1.5S (assumption)

pC = (l-n)psCs+SnpwCw

pC = (l-n)psCs+SnpwCw

k = 1.6x10~20 (assumption)

Kr = Kr{S) (numerically determined by
calibration of the infiltration test)

\i = 2.285X10"5 +1.01xl0~3log10(r)

(from physics handbooks, de Marsily, 1986)

Pw = PJ7") • N o t S i v e n i n r e P o r t

DTv = 10~" (numerically determined form

calibration of the KID-BEN test).
0.389 (initial values, lab. data)
Bw = BW(T) • Not given in report

(3w=4.684xl0"5+7.486xl0"6r

(from physics handbooks, de Marsily, 1986)
(3, = P =3xlO~4 (assumption)

G =v£[(l +v )(1 - 2v)]"' (from elasticity)

1 = 0.5£/(l +v) (from elasticity)

Kd = £[3(1 - 2v)]"' (from elasticity)

p = p =3x10^ (assumption)

X (S) £[0,1] when Sc[0,l]
Determined by numerical calibration of the
swelling test.

Known parameters: E= 50 MPa, v=0.4.
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(Note: in the original report (Nguyen, 1999), the compressibility and specific heat of
water are expressed by the same symbol Cw. To avoid confusion, the compressibility

is expressed by Bw in this report).

Out of the 17 parameters, 14 were assumed to be either constant or functions of state
variables (temperature or saturation degree, based on laboratory experiment by PNC
(Fujuta et al, 1997). The remaining three, the relative permeability of the unsaturated
buffer, Kr, the thermal difussivity of vapor, DTv, and the function %(S) in the

Bishop's model of effective stress (eq. (4.11)), were determined by numerical
calibrations against the infiltration test, thermal gradient (KID-BEN) test and the
swelling test, respectively.

4.2.2 CLAY Model

In the CLAY model for bentonite behaviour, carried out in Task 2C-1, the following
processes were included:

heat conduction;
water flow and vapor flow;
coupling between pore water and pore gas;
deformation and stress and thermal expansion of water and solid skeleton;
mechanical coupling between solid skeleton and pore water.

The temperature, void ratio and the degree of water saturation were taken as the state
variables. The Bishop's effective stress concept was used for unsaturated bentonite.
The bentonite was assumed to be porous medium with an elasto-plastic mechanical
behaviour.

The governing equations used to describe the bentonite behaviour are the equations
for momentum conservation (equilibrium equation), energy conservation (for heat
transfer) and mass conservation, considering flow of both water and vapor, with
different constitutive equations for fluids and solids, defined in the ABAQUS code.
These equations are described briefly below, followed by related material models.

a) Momentum, conservation (mechanical equilibrium)
The momentum conservation is written in an integral form, over a volume Q with
boundary surface T

jaa ,6s, JQ = Jr tfiVjdT + JQ ffivjdCl +1 Snp .gfiVjdQ (4.16)

where a , is the total stress (tensor), £, the strain (tensor), t-s and /;. the surface

traction and body force (per unit volume) vectors and \. is the deformation velocity

vector, respectively. Symbol g • represents the gravity acceleration vector. S and n are

the degree of saturation and porosity of the medium. The last term in equation (4.16)
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represents the contribution of the weight of water, given separately from other types of
body forces / . . Bishop's equation of effective stress in unsaturated bentonite is

written in the form

(4.17)

where P is pore pressure. The assumption of %(S) = S is adopted.

b) Mass conservation (fluid continuity)
The mass conservation equation is written for field points in the form of

\^(jpw)^(pwwqwj) (4.18)
J at dXj

where qw. is the vector of flow rate, J.

The Darcy's law for unsaturated medium is adopted in the form of

^ (4.19)

where qK is the flow rate of water, ktj is the permeability tensor of medium

(bentonite), and <j) is the piezometric head

( | > = — +z (4.20)

Assuming that the bentonite is isotropic and homogeneous, the permeability tensor
can be reduced to a scalar, k. In the CLAY model, the hydraulic conductivity (unit:
m/s) rather than the permeability (unit: m2) was adopted. The hydraulic conductivity
of partially saturated, Kp (m/s), is assumed to be a function of both degree of

saturation S and hydraulic conductivity of the fully saturated medium, Kmt (m/s),

according to

Kp=ShKsat (4.21)

where the exponent 5 is a constant varying between 3 and 10. The water transport
driven by gravity and density gradients was also considered in the model.

The water vapor flow is often be assumed to be a combined diffusion process driven
by both temperature and pressure gradients, given by

where qv is the flow rate of water vapor, pv is the vapor pressure, DTv is the thermal
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diffusivity coefficient of water vapor (the same as that defined in the AECB model),
and D n. s the isothermal vapor diffusivity. In the present CLAY model, however,

pressure effect was neglected (Dpv = 0), therefore only the thermal diffusion was

considered, same as that in the AECB model. The thermal diffusivity of vapor, DTv,

was assumed to be a function of saturation, given by a piecewise function,

characterized by a basic diffusivity, £>£., and two constants a and b, according to

DTv=Dh
Tv, (0.3<S<0.7) (4.23a)

, (S > 0.7) (4.23b)
.2 0.3

DTv = Dh
Tv s i n { ^ - M (S < 0.3) (4.23c)

The thermal diffusivity of vapor is therefore a constant (=D£V) when S = 0.3 - 0.7, and

is zero when S=0.3 and 0.7.

The constitutive equation of water (static) in the unsaturated porous medium is given
by

(4.24)

where pp is the pore pressure of the partially saturated bentonite is always negative,

p° is the density of water in the reference configuration, aH, is the linear

thermal expansion coefficient of water at the current temperature ,T, oĉ 1 is the

thermal expansion coefficient at initial temperature of water, 7], at this point in the

medium and 7*v° is the reference temperature of water for thermal expansion

calculation. The symbols Kw and p^ are the bulk modulus and density of water.

Both quantities plKw and the thermal volume expansion of water, e*, are assumed to

be small. To simulate the coupling between the pore water and pore gas in the

unsaturated bentonite, the pore pressure of the partially saturated bentonite, p,, was

assumed to be a function of the saturation degree and independent of the void ratio of
the medium, written

PP = PP(S) (4-25)

which was to be determined by numerical calibration of the laboratory tests.

c) Energy conservation (heat transfer)
The energy conservation equation is written in an integral form for the heat transfer
(without coupling with mechanical deformation) by
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dUf p — dQ = \(qh), (4.26)

where U is the internal energy, r the heat source density, qh is the heat flux vector, and

p the density of the medium.

The specific heat of the bentonite was assumed to be an average of specific heats of
water and solid skeleton of the bentonite, as a function of water ratio w, given by (Fig.
4.9a)

800 4200M;
C- — i (4.27)
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Fig. 4.9 The specific heat (a) and thermal conductivity (b) of bentonite for Task 2C as
function of water ratio and saturation degree, respectively , by the CLAY
model.

Fourier's heat conduction law was assumed for the heat transfer, written

dx.
(4.28)

where K,;/ is the tensor of heat conductivity of the medium. In the CLAY model of

Task 2C, the thermal conductivity of the bentonite was assumed to be isotropic and
homogeneous, so that it was reduced into a single scalar K, which is also assumed to
be a function of saturation degree,K = f(S), constructed from the tested heat
conductivity, see Fig. 4.9b.
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The thermal expansion of the solid skeleton was not considered (by assuming the solid
thermal expansion coefficient av = 0 ) and only the thermal expansion of water (with

thermal expansion coefficient aw ^ 0) was considered.

Mechanically, the bentonite was simulated by a non-linear poro-plasticity model with
a Drucker-Prager yielding function. The hydro-mechanical coupling of the
poroelasticity model was established through an empirical logarithmic relation
between the void ratio e, and effective stress o \

Ae = J^Aln(a') (4.29)

where Kh is the bulk modulus of the porous medium. The Drucker-Prager plasticity

model was characterized by three material parameters: the internal friction angle cp,
the cohesion CD_P, the dilation angle V|/ and a yield function F. Water was
mechanically treated as an elastic medium, and pore air was not considered in
mechanical process.

The disadvantage of Bishop's effective stress model for rigid soils was partially
compensated in the CLAY model by considering the effect of "moisture swelling", by
which the volumetric strain of the partially saturated medium, ev, is changed by an
increment which is a function of saturation degree:

A£v = Ae, = / (S ) (4.30)

Table 4.2 summarizes the properties and parameters used in the clay model, 26 in
total. Out of these 26 parameters, 6 were determined by numerical calibrations against
laboratory tests of bentonite samples. They are:

• The hydraulic conductivity in partially saturated bentonite, K t = Ss Kw, which is

physically equivalent (but not the same) to the relative permeability of partially
saturated buffer, Kr, defined in the AECB model;

• The basic thermal diffusivity of vapor by temperature, Djv, which is equivalent to

the same parameter DTv in the AECB model;

• Parameters a and b for determining the thermal diffusivity of vapor when
S e [0,0.3] or 5 e [0.7,l];

• Moisture swelling function, Aev = f(S), as a function of the saturation degree.

The hydraulic conductivity of the saturated bentonite of buffer, Kh, is plotted in Fig.

4.10a as function of temperature and void ratio, e. The dependence on e is not
measured directly from the bentonite OT-9607, but from other bentonite materials
(Borggesson et al., 1995). Based on results from triaxial tests of bentonite samples, the
four parameters characterizing the Drucker-Prager plasticity model used in the CLAY
model were determined. Figure 4.10b shows the yield function F. The values of the
other three parameters are listed in Table 4.3.

36



The functional parameters in Kp = S5Kmt and Aev = f(S) are to be back-calculated

through numerical calibrations as tabulated data too, so that they can also be
conveniently used in numerical computations.

Table 4.3 Property identification list -
Property
Heat conductivity of buffer, K^ = K

Specific heat of buffer, C

Saturated water conductivity of
buffer, Kif = Ksul (m/s)

Hydraulic conductivity in partially
saturated buffer, Kp (m/s), as

function of 8, S and Km in eq. (4.21).

Basic isothermal diffusivity of vapor
by temperature, D*v, see equation

(4.23).
Parameter a to determine D*v., see

equation (4.23).
Parameter b to determine Z)*v, see

equation (4.23).
Basic thermal diffusivity of vapor by
pressure, Dpv

Matrix suction (the negative pore
pressure in partially saturated
bentonite), Pp

Bulk modulus of the porous buffer
skeleton, Kh

Bulk modulus of water, Kw

Bulk modulus of the solids of the
buffer, Ks

Poisson's ratio of the bentonite, v
Linear (or volumetric) thermal
expansion coefficient of water, aw

Linear (or volumetric) thermal
expansion coefficient of solids, as

Function %(5) in Bishops effective
stress definition

CLAY model
Method of determination
Tabulated measured data as function of void
ratio e and saturation degree S. K = /, (e,S).
See Fig. 4.5b.
Tabulated measured data as function of void
ratio e and saturation degree S.
C = f2(e,S). See Fig. 4.5a.

Tabulated measured data as function of void
ratio e and temperature T. KSM = f,(e,T).

See Fig. 4.6.
Tabulated data of Kp .

Determined from numerical calibration
against the infiltration test.

As functions of parameters a, b and S.
Determined by numerical calibration against
the temperature gradient test.

Determined by numerical calibration against
the temperature gradient test.

Determined by numerical calibration against
the temperature gradient test.

D = 0. (assumption).

Tabulated measured data as function of
saturation degree, equation (4.22). See Fig.
4.7.

JSTt=0.11
(for poroelasticity model)

J5TW = 2.1x10* (KPa)

Ks =2.1xlO8 (KPa)

v = 0.4 (for poroelastic model)
aw=3.0xl0" 4

av = 0 (assumption)

%(S)=S. (assumption)
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(Continue)

Moisture swelling function, A£v, as a

function of the saturation degree.

Density of water, pw

Density of bentonite solids, p.

Drucker-Prager yield function F.

Drucker-Prager cp (friction angle)
Drucker-Prager parameters \j/
(dilation angle)
Drucker-Prager parameter CD_P

(cohesion)
Initial water ratio, w
Initial saturation degree, S
Initial void ratio, e
Poissons ratio of bentonite skeleton
V , .

A£, = /5(S) .

Determined by numerical calibration against
the swelling pressure test.
pw=\000kg/m'

p, = 2780% /m3

Tabulated measured data as Von Mises
stress versus plastic strain. See Fig. 4.8.
cp = 30°
\|/ = 0°

CD_P =100KPa.
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Fig. 4.10 a) Measured hydraulic conductivity Kh as a function of void ratio e

and temperature T for saturated bentonite; b) The yield functio of the
Drucker-Prager plasticity model, used in the CLAY model.



4.2.3 KIPH Model

a) Governing Equations

To consider the water/vapor movement (Philip, J.R. and de Vries, D.A, 1957) and

heat induced water movement (de Vries, D.A, 1974), the continuity equation used in

the extended THAMES code is written

(4.31a)
dh ae dh du.t. dT
-— p, — - — P,Sr—± + pl0nSr$T — = 0
dt d\|/ dt dt dt

where £>e is the isothermal water diffusivity, 9 the volumetric water content, \j/ the

water potential head, K the intrinsic permeability, £ the unsaturation parameter with c,

= 0 indicating full saturation and h, = 1 the partial saturation. Symbol (1/ is the viscosity

of water, p/ the density of water, g the gravitational acceleration. Parameter DT is the

thermal water diffusivity, n the porosity, Sr the degree of saturation, pV the

compressibility of water, P^ the thermal expansion coefficient of water, z the

elevation head, «,- the displacement vector, T the temperature, h the total head and t the

time. The subscript, 0, indicates values of parameters at the reference (initial) state.

This equation means that the water flows in the unsaturated zone is expressed by

diffusion equation and in the saturated zone by Darcy's law.

The energy conservation equation which considers also the energy change by

evaporation, is given as

(pCv I ^ + nSrPlCvlV,T,-KTmT,ii+LlDev ^ f a - |

\ (4.31b)

where (pCv)m is the specific heat of the material consisting of water and the soil

particles, Cvi the specific heat of water, Vi the velocity vector of water, KTm the

thermal conductivity of consisting of water and the solid particles, L is the latent heat
of vaporization per unit volume and Dev is the water vapor diffusivity.
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The equilibrium equation takes the swelling behavior into account and is given by

•pb,=0 (4.31c)

where C//w is the elastic matrix, p the density of the medium, b-t the body force, % the

parameter considering the effective stress, %= 1 for full saturation, otherwise % = 0.

Symbol F is the called swelling pressure coefficient and f$ is defined as

{3=(3A + 2^i)av (4.32)

where A and p, are Lame's constants and a, is the thermal expansion coefficient. The

symbol n stands for the swelling pressure which was assumed to be function of water

potential head \|/ as written

7t(9,) = p,g(A\|/) = p,g^|/(ei)-\|/(e0))= p,g t^dd (4.33)

where Qo is the volumetric water content at the initial state. This consideration is based

on the theory that swelling pressure is equivalent to the water potential by Nakano et

al. (1984).

b) Parameter identification

Water movement in unsaturated porous media is known as a transfer

process in both vapor and liquid phase, which requires the two-phase

flows in the modeling.

The effect of temperature on water diffusivity can be examined by separating the

contributions of the vapor and liquid phase. In the KIPH model, the water vapor
diffusivity under isothermal condition, D9v is represented by the equation by Philip &

deVireos(1957)

* ^ ^ ( 4 . 3 4 a )
P,

and the liquid water diffusivity is given by Drake's equation
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where a is the air filled porosity, % the tortuousity, Da the diffusion coefficient for

water vapor in air, v the mass flow factor, p* the density of saturated water vapor, hr

the relative humidity, and k the unsaturated hydraulic conductivity for liquid phase.

The mass flow factor is calculated from

v=PT/(PT-P) (4.34c)

where Pj is the total gas pressure. Values of the diffusion coefficient for water vapor,

Da , and the density of saturated water vapor, p*, were obtained from the literature.

The relative humidity, hr, was obtained by the psychrometric measurement.

It is assumed in the model that the total water diffusivity De is the sum of vapor

phase diffusivity D6v and liquid phase diffusivity Dm . Since water moves in the vapor

phase at the dry condition and in the liquid phase at the wet condition (Takeuchi, et

al.,1995), vapor phase diffusivity and liquid phase diffusivity are defined under the

conditions

= 0, Lim^QDei=0 (4.35)

where, 9, is the saturated volumetric water content. Using hyperbolic function forms,

the vapor phase and liquid phase diffusivity can be are expressed as

Therefore, the water diffusivity is expressed as

DQ(6) = Dev + Da =—Ul ~ ' — + — ^ (4.36)
(9-&,)(£,-9,) b2(Q-b2)

where, a\,a2,b\ and b2 are the coefficients and were obtained from the fitting of data

of water diffusivity measured at each temperature, given by

a,=3.68xl0" 8 r -2 .08xl0" 7 ; a, = -3.58xl0"9r-2.19xl0"7

(4.37)
bx = -l.OxIO"3; b2 = 0.41; 0v = 0.389

The thermal water diffusivity was assumed as a function of temperature

(4.38)
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where parameters DT0, a and To were to be determined by numerical calibration of

the KID-BEN test.

The swelling pressure coefficient F is to be obtained by numerical calibration of the

swelling pressure test.

The specific heat, (pCv)m and the thermal conductivity, Kjm, of buffer material are

given as the function of gravimetric water content, co, as

'42.6 + 4.190)^

100 + co J

= (0.050®+ 0.503)

(4.39)

(4.40)

Table 4.4 summarizes the bentonite properties used in the KIPH model.

Table 4.3 Property and parameter identification list - the KIPH model.
Property & parameter
Heat conductivity of buffer, KTm

Specific heat of buffer, (pCv)m

Thermal expansion coefficient of
buffer, a, , (/°C)

Total diffusivity of water, D e , of

buffer
Thermal water diffusivity, DT, of
buffer
Intrinsic permeability of buffer, K

Swelling pressure coefficient, F,
of buffer
Initial dry density of the buffer

Density of the buffer

Initial porosity n0 of buffer

Young's modulus of buffer (MPa)
Poisson's ratio of buffer

Method of determination
Empirical function, see equation (4.40).

Empirical function, see equation (4.39).

a, = 1.0x10"*

Empirical function, see equation (4.36).
Confirmed by calibrating the infiltration test.

Empirical function, see equation (4.38).
Numerical calibration using KID-BEN test.

1.6xl0-20(m2)

Constant, see equation (4.31C). Numerical
determination using the swelling pressure test

1650 (kg/m3)

1870 (icg/m3)

0.389

250
0.3

4.2.4 LBNL Model

The LBNL model used the enhanced ROCMAS code to simulate coupled T-H-M
behaviour of fully or partially saturated thermoporoelastic material, based on Biot's
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basic concept. The thermal process simulated in the code is weak non-isothermal
without considering the phase change of water beyond 100 °C.

a) Governing equations

The three conservation equations, the mass conservation of water and vapor (equation
(4.41), the energy conservation (equation (4.42)) and the momentum conservation
(equation 4.43)), are presented below with all properties and parameters.

^ : (4-41)
dT

<\>Sp% RJ.2

= V-

pwCJ>S

dt

-v-(z)n,vr)

dT RT2 dt
(4.42)

- V • [(KM + LDTv) • VT - H2
dt

f
I n,

- r 0 ) -8^ (5 - 5 0 ) -

pv • + H.^^ —

p,/ = 0

)dt

(4.43)

where a is Biot's coupling constant, T the isotropic linear thermal expansion
coefficient of solid, pp the fluid compressibility, p r the fluid thermal expansion

coefficient, y w the fluid density by weight, [Lw the fluid viscosity, £, the coefficient of

swelling, [i and X the Lame's elasticity constants, (j) the porosity, pv the solid mass

density, pv the average solid mass density, pv vapor mass density, pvS the saturated

vapor mass density, pw the water mass density, p° the reference water density, Cx

the moisture capacity, TQ = 25 °C the reference temperature, e the volumetric elastic

strain, T the temperature, R the specific gas constant, S the degree of saturation, / the

body force per unit mass, kw the water permeability, Km the thermal conductivity of

the bentonite (solid-fluid mixture), Dv the effective molecular diffusivity of water

vapor in air, Lo the latent heat of vaporization of water at To, Km the thermal
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conductivity of the buffer, and CvS, Cvw, CPv the volumetric specific heat capacity of

solid, water and vapor, respectively. The other parameters used in the equations are
functions of above parameters given by

(4.44a)

(4.44b)

(4.44c)

(4.44d)

-RT

h = el

100

A, = A

100

dT RT2

A, = A Pv
RT

- CPvpv)(T -To) - PvL0

(CPv-Cvw)(T-T0)

(4.44e)

(4.44f)

(4.44g)

(4.44h)

(4.44i)

(4.44J)

: = _ (4.44k)

(4.441)

/ST.. =0 .5 + 1.25

(4.44m)

(4.44n)

(4.44o)

The equation, (4.43n) is a definition of the Biot's poroelastic stress tensor, in which
symbol So is the initial saturation degree at reference temperature To = 25°C. The

parameter fTv in equation (4.441) is called enhanced thermal diffusion factor.
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Equation (4.44o) indicates that the thermal conductivity of the bentonite is a function
of the saturation degree, similar to but different from that used in the AECB model.
The heat capacity of the bentonite, denoted (pC)M , is given by

(4.45)

and the Lame's elasticity constants X and JLI are related to the Young's modulus (E)
and Poisson's ratio (v) (cf. Equation (4.9) with X=G).

b) Parameter identification

In the LBNL model, the saturation degree S is defined by equation (4.1). The water
retention curve measured in terms of suction versus water content was then converted
into tabulated data of suction versus saturation degree and used directly in the
modeling of Task 2C problems.

The moisture capacity Cs was quantified as tabulated data by using equation (4.44m),

where the slope of the water retention curve, defined in terms of suction (negative
pressure, P) and saturation degree (S) at discrete pairs of (S, P) as shown in Fig. 4.1,
were numerically calculated in tabulated form.

The hydraulic conductivity K (see equations (4.2), (4.3) and (4.4) for interpreting the
infiltration test results), was assumed to be a product of a relative permeability kr

(which was assumed to be a function of the saturation degree) and a hydraulic
conductivity of saturated medium Ksut (which was assumed to be a function of
temperature), written

K = k,.(S) • Ksat(T) = kr{S) • km,^-g (4.46)

where ksut is the saturated permeability of the medium.

For the bentonite OT-9607 used for Kamaishi in-situ T-H-M experiment, it was

measured that (j) = 0.39 and p^ = 1600% / m3, and pw = 991kg I nt1 (at temperature

=25 °C), and kmt = 1.6xl0~20 (m2), respectively. The relative permeability is then

written as

k,. = ^ ^ (4.47)
K.sat

which was then back-calculated, in tabular form, from the numerical calibration of the
infiltration test. The moisture capacity C, was back-calculated from the slope of the

water retention curve (Fig. 4.1 la) and water diffusivity £>e was obtained from the

same infiltration test results, Fig. 4.1 lb.
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30 50 60 70

Temperature (°C)

b)
Fig. 4.11 Measured moisture capacity calculated from water retention curve using

equation (4.44m) (a) and measured saturated hydraulic conductivity (b).

The law describing the water vapor flow is the same as that used in the CLAY model
(cf. equation (4.19), (4.43d) and (4.43e)) in which the isothermal vapor diffusivity
DPv and thermal vapor diffusivity DTv were calculated internally in ROCMAS code.

The effective molecular diffusion coefficient £>„ was assumed to be

- n I Tabs I~ A l J
1.8

,27315;
(4.48)

according to Vargaftik (1975) ind Dv0 was back-calculated using the infiltration test.
Table 4.5 summarizes the parameters involved in the LBNL model and their
identification methods.
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Table 4.
Type

Buffer

Fluid

(water)

5 Property and parameter identification list - the LBNL model.
Parameter
Biot's effective stress
parameter a

Thermal expansion
coefficient p(l/°C)

Swelling coefficient £

Moisture capacity C(

Hydraulic permeability kw

Relative permeability kr

Saturated permeability kmt

(m2).
Thermal conductivity,
Km(W/m°C)

Lame's two elasticity
constant, |i and X

Young's modulud, E (GPa)

Poisson's ratio, v

Porosity, (f>

Mass density p

Solid mass density pv

Average solid mass density

P,
Volumetric specific heat
capacity of solid, CvS

Thermal expansion
coefficient (3r

Mass density pw

Value or identification technique
a = 0.0
Determined from numerical simulation of the
swelling test.
P = lxlO'6 , see equation (4.44a).
Laboratory measurement (Fujita et al., 1997).

Determined from numerical simulation of the
swelling test.
See equation (4.43k). Tabulated data.
Determined by discrete slope values of the
water retention curve from the suction test.
K = K = kr- K,t(pJ[iw)g (equation

(4.46)), if the vapor flow is ignored.
See equation (4.46), tabulated data.
Determined from numerical simulation of the
infiltration test.

km = 1.6xl0~20. (cf. Equation (4.46))

Laboratory measurement (Fujita et al., 1997).
See equation (4.44o).
Laboratory measurement (Fujita et al., 1997).

Determined by using Young's modulus (E)
and Poisson's ratio (v), equation (4.9).

E = 0 1
Laboratory measurement (Fujita et al., 1997).
v=0.3
Laboratory measurement (Fujita et al., 1997).
<j) = 0.389
Laboratory measurement (Fujita et al., 1997).
p = 2000 (%/m3)
Laboratory measurement (Fujita et al., 1997).
p,=1600(£g/m3)

Laboratory measurement (Fujita et al., 1997).

Laboratory measurement (Fujita et al., 1997).
CvS = 426 (J/kg °C) (=dry specific heat)

P7 .=4.0xl0'4 .
Laboratory measurement (Fujita et al., 1997).
See equation (4.44d).
Laboratory measurement (Fujita et al., 1997).

47



(continue)

Fluid

(water)

Vapor

Initial mass density of water

P°
Compressibility (3;) (I/Pa)

Density by weight, yw

Viscosity, |nu,

Volumetric specific heat
capacity, Cm

Effective molecular
diffusion coefficient of
vapor Dv0

Thermal diffusion
enhancement factor fTv

Vapor mass density pv

The saturated vapor mass
density pv5

Volumetric specific heat
capacity of vapor, CPv

The specific gas constant R
The latent heat of water
vaporization (at To), Lo

p° =997 (kg/m3) a t r 0

See equation (4.44d).

P/,=4.4xl0"10

Laboratory measurement (Fujitaet al., 1997).

See equation (4.44e). Empirical relation.

Cw=4180(J/kg°C)

Laboratory measurement (Fujita et al., 1997).
D v 0=2.0xl0" 5 ( rn 2 /5) .
Determined from numerical simulation of the
infiltration test.
fTv = 1.0 for Test 1-3 and 1.7 for Test 4.

Determined from numerical simulation of the
thermal gradient (KID-BEN) test.
From Vargaftik( 1975).

From Vargaftik( 1975)

CPv = 1900(J/kg°C)

461.5 (J/kg°C)
L0 = 2Axl06 (J/kg).

4.2.5 Summary and comparison of the bentonite properties

Some key models and properties of the bentonite used by the research teams are listed
and compared in Tables 4.6 - 4.9.

Three teams (AECB, CLAY and KIPH) used the Bishop's concept of effective
stresses, which was proposed for non-expansive soils initially and not considered to be
valid for these soils either. This limitation affects the behaviour of the computational
models of the bentonite. The Biot's theory of poroelasticity was used by the LBNL
team, which in theory is not limited to rigid solid skeletons and can consider full
coupling between the pore pressure and linear elastic deformation of the solid lattice.

The relationship between the thermal conductivity and the degree of saturation used
by the CLAY, KIPH and LBNL teams are very close, but the AECB curve is slightly
higher than the others (see Fig. 4.12). For the specific heat of the bentonite, the LBNL
model considered all contributions from solids, water and vapor, while in the AECB
model the effect of the vapor was ignored. They are closed-form derivations by taking
the bentonite as a composite material. In the CLAY model, the tabulated experimental
data of specific heat as function of water ratio was used, and the KIPH team used
empirical relations linking the specific heat and water content.
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The saturated permeability used by the teams are shown in Table 4.8. The AECB and
LBNL teams used identical constant values of the saturated permeability, while CLAY
team used tabulated data of the saturated hydraulic conductivity as functions of void
ratio and temperature (cf. Fig. 4.10). The relative permeability (or conductivity) is
determined by numerical calibrations against the infiltration test by AECB, CLAY and
LBNL teams, but was not used by the KIPH team.

Table 4.6 Effective stress models and properties
Team

AECB

CLAY

KIPH

LBNL

Model: a;/ =o / ; + Aâ -

Bishop's model

Aa^xCW*

Biot's theory:
Aa,:/=a55,P

Property

%(5)c[0,l] when Se[0,l] (numerically
determined by calibration of the swelling test).
X(S) = S.
Assumption
X(5)= 1 when S = 1, otherwise %(S) = 0.

a = 0 (equivalent to %(5) = 1 for S= 1
and%(5) = 0 otherwise).
Determined by calibration of the swelling test.

Table 4.7 Thermal properties (n, § - porosity)
Team
AECB

CLAY

KIPH

LBNL

Thermal conductivity,K
0.5 + 1.55

K = f(e, S), tabulated
data (Fig. 4.5b)
0.503 + 0.050)

0.5 + 1.25

Specific heat capacity (pC)
(l-n)psCs + SnpwCw

(pC) = g(e, S),
tabulated data (Fig. 4.5a)
(\-n)psCs + SnpwCw,

Cs = 0.426 KJ/kg -K,CW= 4.19 KJIkg • K

(1 -4»p,Cw + pu.QJS + p,C,J>(l -S) + Hh^-±£)

Table 4.8 Hydraulic properties
Team

AECB

CLAY

KIPH
LBNL

Saturated conductivity, Ksat{mls),

or saturated permeability, k (m2)

/t = 1.6xlO"20

Kml = f(e,T), tabulated data

(Fig. 4.6)

k = l.6xW-20

k = \.6x\Q-20

Relative permeability, kr or relative

conductivity, Kr

Numerical calibration of kr using
the infiltration test
Kr = 5 s (5 = 3). Numerical

calibration of 8 using the infiltration
test
Not used
Numerical calibration of kr using
the infiltration test
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Table 4.9 Vapor flow models and properties
Team Model Vapor diffusivity
AECB

Tv 3 x ;

Drv=lCr!1 (m2/s).
Determined by numerical calibration
using thermal gradient test.

CLAY Dpv=O;DTv=D»v, (0.3<5<0.7);

.2 0.3 J

fc-M (5<0.3);
^ ,a = 6, b= 10

- Determined by numerical
calibration using thermal gradient test.

KIPH Water and vapor flows not
distinguished. - (9-^)(^-es.)

Closed-form approximation.
LBNL

dT RT2

Dv0 - Determined by numerical
calibration using thermal gradient test.

0.2 0.4 0.6

Degree of saturation, S

0.8

Fig. 4.12 Thermal conductivity as function of degree of saturation in the models.
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4.3 The Numerical Calibrations and Results

The numerical calibrations were carried out against three tests, the infiltration test, the
thermal gradient (KID-BEN) test and the swelling pressure test, to determine values of
some significant properties of bentonite OT-9607 that could not be directly measured
or deduced from experiments. Table 4.10 summarizes the parameters that were
determined by numerical calibrations and their corresponding tests. The suction test
was not simulated, but the resultant water retention curve which was simplified by
ignoring the temperature dependence, as shown in Fig. 4.13, was used to derive some
necessary parameters, such as heat capacity in the LBNL model.

Table 4.10 Parameters which were back-calculated by numerical simulations
Test type
The
infiltration
test

The
thermal
gradient
(KID-
BEN) test

The
swelling
test

AECB
Relative
permeability kr

Thermal vapor
diffusivity, DTv

Function %(S) in
Bishop's effective
stress law

CLAY
Relative
hydraulic
conductivity
Kr=Ss

Thermal vapor
diffusivity, Dh

Tv,

and exponents a
andb

Moisture
swelling
function

KIPH

Thermal
water
diffusivity
DT, DT0, a
and To in eq.

(4.39)
Swelling
pressure
coefficient F

LBNL
Relative
permeability kr

and effective
molecular
diffusion
coefficient, Dvo

Thermal
diffusion
enhancement
factor fTt.

Biot's coefficient
a and swelling
coefficient £,

1000 -,

100 -
CO
a.
S

V)

a.
10 -

!oAECB
jo CLAY

ioLBNL

1 T

0.2 0.4 0.6

Saturation degree, S

0.8

Fig. 4.13 Simplified water retention curves in the numerical model.
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4.3 1 The Infiltration Test

The AECB and LBNL models are 3-dimensional FEM models. The AECB model
consists of 10 layers of elements of 20-noded brick elements, and the LBNL model
consists of 20 layers of FEM elements, as shown in Fig. 4.14a. The CLAY model is
a 2D representation with non-uniform FEM mesh of 4-noded elements. The boundary
conditions are identical to all models, i.e. the top surface is assumed impermeable and
the bottom surface is a rigid surface with zero pressure. The four vertical sides are all
free and rigid surfaces.

At all other
surfaces: no
water and
heat fluxes,
and fixed zero
displacement

P = 0
at bottom
surface

Fig. 4.14 Geometry and boundary conditions of the numerical models for the
infiltration test.

Figures 4.15-17 compare the measured and numerical results of the infiltration test,
plotted as the degree of saturation versus the vertical distance (mm) measured from
the bottom of the sample. The agreement between the measured and numerical results
is very good for the KIPH and LBNL model results, but relatively large gaps still
exist between the AECB and CLAY results and the measured data in the lower half of
the models. The cause for such discrepancy may be the ignorance of the vapor flow in
air in the AECB and CLAY models, and the difference in other related parameters
such as mesh resolution. For the AECB and LBNL models, the relative permeability
are returned from the calculations as tabulated data. For the CLAY model, the
returned parameter is the exponent 8 in equation (4.21) for the relative conductivity.
The value of 5 = 3 is a standard value and is not changed by the CLAY calibration
model of this test. Thus, the calibration can be considered as a validation test, and
which may explain the less agreement with the measured results. The relative
permeabilities are compared in Fig. 4.18. Figure 4.19 shows the experimental and
back-calculated data on the total water diffusivity as function of saturation degree. It
indicates that the vapor flow dominates when the saturation is less than 0.3 and the
liquid water flow dominates when the saturation is in the range between 0.3 and 1.0.
The good agreement between the measured and calculated results of the KIPH model
indicates that the closed-form expression of total water diffusivity used by KIPH (cf.
equation (4.35)) is also valid. The simplified water retention curves without
considering temperature effect in the numerical models can also be seen as an
acceptable assumption.
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Fig. 4.15 Vertical distribution of the degree of saturation - numerical and test results
for the infiltration test at 25 ° C for 4 and 24 hours, respectively.
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Infiltration test - 25C-48 hour

C/J
CD

T3
C

o
13
CO

CO

1.5

1.2

0.9 -i

0.6

0.3

0

0 10

Vertical distance (mm)

15 20

Infiltration test - 25 C - 96 hour

5 10
Vertical distance (mm)

15 20

54



1 -.

<r> 0 .8 -
c
o

tj 0.6

o 0.4 ]
CO I

0.2 -

0 -

Infiltration test - 60 C - 4 hour

10

Vertical distance (mm)

15 20

CO

on
,

at
u

03

O
0)
CD
Ui
m
Q

1.4-
1.2-

1 -

0.8-

0.6-

0 4 -

0.?-
0 -

Infiltration test -60 C- 24 hour

8 10 12

Vertical distance (rrrn)

14 16 18 20;

COc"g

|

1.2 -

1 -

| 0.8 -

co 0.6 -

CD

2
0.4 -

2
§> 0.2 ^

Infiltration test - 60 C - 48 hour
-«—AECB

-^s^KIPH

-e—LBNL

• Exp.

10

Vertical distance (mm)

15 20

Fig. 4.17 Vertical distribution of the degree of saturation - numerical and test results
for the infiltration test at 60 ° C and 4, 24 and 48 hours, respectively.
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Degree of saturation, S

0.8 1.0

Fig. 4.18 Comparison of the relative hydraulic permeability values by the AECB and
LBNL models, for the infiltration test.

1O-
7 I o Experimental results

Calculated water diffusivity due to vapor flow (Dpv).

- Calculated water diffusivity due to liquid flow

B 10°

O.O O.1 O.2 O.3 O.4 O.S O.6 O.7 O.8 O.9 1.0

Saturation

1 .E-07

1.E-10

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Degree of saturation, S

Fig. 4.19 Experimental and back-calculated water diffusivity due to liquid flow and
vapor flow in air by the LBNL model.
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4.3 2 The thermal gradient (KID-BEN) Test

The geometry and boundary conditions of the FEM models for AECB, CLAY and
LBNL teams for the thermal gradient (KID-BEN) test is shown in Fig. 4.20, with 3D
representations for AECB and LBNL models and a 2D representation for the CLAY
Model. The boundary conditions are the same for all. The top and bottom surfaces are
impermeable with different temperatures set as that described for the series tests 1, 2,
3 and 4, respectively. The vertical side is also impermeable and has no heat flux.

The results of simulation were compared as the vertical distribution of temperature
and water content, between the experimental and numerical data, as shown in Fig.
4.21. The agreement is generally good for all models, especially for the temperature
distribution by the CLAY and LBNL models for the water content. The slightly larger
discrepancy in temperature between the AECB model and experimental data may
again be caused by heat convection caused by vapor flow in air. The returned key
parameters are:

AECB model: DTv = 1 .Ox 10"" (w2 / s);

CLAY model:D*v = 1.5x10"" (m2/s,K), a = 6 andb= 10;

KIPH model: DT0 = 5.OxlO"8 cm2/(s»°C), a = -1.5 for T < 60 °C and 1.5

for T >60 °C, and To = 60 °C,
LBNL model: fTv = 1.0-1.7, a = 1.8, Dv = 2.0x10"6 {m~Is).

4.3 3 The swelling pressure test

The geometry and boundary conditions of the calibration models are shown in Fig.
4.22, again with 3D representations for AECB and LBNL models and 2D

Top: Zero normal
displacement; No
water flux; Constant
and temperature
T2<T1

Vertical side:
Zero normal
displacement;
No water flux;
Convective heat flux
for LBNL and KIPH
model

Bottom: zero normal
displacement, no water flux
Constant temperature Tl > T2

Fig. 4.20 Geometry and boundary conditions for KID-BEN test simulation.
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Fig. 4.21 Vertical distribution of temperature and water content - numerical and test
results for the thermal gradient (KID-BEN) test.

representation for the CLAY model. The measured variable is the vertical pressure
generated by the water inflow into the sample from the bottom surface and the results
are shown in Fig. 4.23. The agreement is reasonably good, especially between the
measured and calculated pressure values for the LBNL model. The returned key
parameters values are the tabulated %(S) for AECB model, F = 0.19 for the KIPH
model and Biot's parameter a = 0.0 and ^ = 0.011 for the LBNL model, respectively.
In Fig. 4.24, the assumed %(S) = S in the CLAY model and equivalent %(S) = 0 for
S & 1 and %(S) = S when S = 1 in the KIPH and LBNL model were compared with
tabulated values of the AECB model. The large discrepancies between the concepts
and parameter values for the effective stress functions are obvious and may lead to
different stress and deformation responses in the bentonite. To better simulate the
swelling behaviour, a moisture swelling correction function Aev,(£) was used in the

CLAY model to correct the Bishop effective stress law, using volumetric strain as
a function of the degree of saturation. This correction function was calibrated using
the shrinkage test. The resultant function is shown in Fig. 4.25.
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Top: zero normal
displacement, no
water and heat fluxes

20 mm

A

20 mm

Vertical side:
zero normal
displacement,
no water and
heat fluxes.

Bottom:
P = 0, zero
normal
displacement,
no heat flux

Fig. 4.22 Model geometry and boundary conditions for simulation of the swelling
pressure test.
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Fig. 4.23 Time history of vertical pressure by test and numerical results for the
swelling pressure test.

4.4 Summary on the identification of bentonite properties

The physical laws for vapor flow is similar among the AECB, CLAY and LBNL
models, also the values of the vapor diffusivity are very similar. Both the AECB and
the CLAY models considered the vapor flow by temperature gradient only, but the
thermal vapor diffusivity used by the CLAY model is almost 50% higher than that
used in the AECB model. In the LBNL model, both temperature and pressure
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Fig. 4.24 The % (S) function used in the AECB model for the Bishop's effective
stress model, calibrated by simulation of the swelling pressure test.
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Fig. 4.25 Back-calculated increment of volumetric strain as function of degree of
saturation, determined by simulation of the swelling pressure test by the
CLAY model.

gradients are considered to drive the vapor flow, with the vapor diffusivity as function
of temperature and vapor mass density. In the KIPH model, the vapor flow were not
explicitly separated from the water flow, but the vapor diffusivity was separately
expressed from water diffusivity, as a function of the volumetric water content.

One of the most important questions raised during the course of Task 2C is the
validity of Bishop's effective stress law.
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CHAPTER 5 MODEL1ING OF TASK 2C-2

5.1 Computational Models

5.1.1 The AECB Model

Figure 5.1 illustrates the geometry and boundary conditions of the AECB model for
Task 2C-2. The basic assumptions are:

• Rock mass was assumed to be an equivalent homogeneous poroelastic continuum
without any explicit fractures;

• Bentonite response is axisymmetric from the view that the bentonite is much less
permeable than the rock mass;

• Heater is not represented in the model;
• No explicit representation of interfaces between rock and bentonite and between

bentonite and heater.

The initial water content of the bentonite was set to be 15 %, and the rock mass
surrounding the test pit was assumed to be initially fully saturated, at a hydrostatic
condition. The initial temperature in the whole model, both bentonite and rock, is 12
°C. No initial stress was imposed. The stress generated in the model is therefore the
thermal stresses in both rock and bentonite and swelling pressure in bentonite. The
type of elements used are 20-noded brick elements. The elements are concentrated on
the bentonite with very coarse mesh designed for the rock mass. The heater was not
represented in the model and the heat source are represented by the nodes on the wall
of the bentonite close to the heater. The concrete lid at the top of the bentonite was
represented as a separate material.

The governing equations of the rock behaviour are the same as that for bentonite
described in §4.1, but with different property values. The specific heat of the rock is
given by

(PC)m=(\-n)psCs+SnpwCw (5.1)

where pv = 2740(kg/m3), pw = 1000(*/m3),C, = l\Q(Jlkgi"C and

Cu. = 4190 (7 /kg/"C), respectively. The thermal vapor diffusivity of the rock mass

was assumed to be DT - 1 .Ox 10~20 (m21 s). Other properties of rock and concrete lid

are listed in Table 5.1. The water retention curve and the relative permeability curve

versus saturation of rock were recommended by PNC as that shown in Fig. 5.2.

5.1.2 The CLAY model

The CLAY model for Task 2C-2 was created by the 3D FEM code ABAQUS, and
contains two horizontal and two vertical fractures, see Fig. 5.3. The two vertical
fractures were assumed to be orthogonal and served as symmetric planes. Thus

61
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Fig. 5.1 Geometry and boundary conditions of the AECB model for Task 2C-2.
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Saturation ratio

J—•—J 0.0
1.0

Fig. 5.2 Water retention curve and relative permeability curve of the porous rock for
the Task 2C-2, recommended by PNC.
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Fig. 5.3 Geometry of the CLAY model for Task 2C-2.

resultant model is a 14 symmetric one in geometry. The model consists of about 3600
elements and 10x10x20 m3 in size. For the locations of the two horizontal fractures,
one intersects the test pit at a depth of 2.5 m from the floor of the test drift, and the
other located 5 m below the bottom of the test pit. A disturbed zone was set in the
wall of test pit, simulated by a layer of thin elements of thickness = 1 cm. The
fractures are represented by thin layer elements of 4 cm in thickness. The model
therefore have six boundaries: two horizontal (the upper surface representing the floor
of the test drift, and the bottom), two vertical symmetry planes that intersect the centre
line of the test hole, and two outer vertical boundary surfaces. The boundary
conditions are specified below.

a) Thermal boundary/initial conditions:
The upper horizontal boundary has a constant temperature of 12.3 °C and a thermal
film coefficient (heat transfer coefficient) of a = 5 W/m ,K. The lower horizontal
surface and two outer vertical surfaces have a constant temperature of 12.3 °C and the
two vertical symmetry planes are thermally isolated. An initial temperature of 12.3 °C
was set for the whole model.

b) Mechanical boundary/initial conditions:
No attempt was made to evaluate the mechanical response of the rock and the thermal
expansion was not considered. The upper horizontal boundary is free, the horizontal
lower and the two vertical outer rock boundaries are fixed, and the two vertical
symmetry planes are fixed in the direction perpendicular to the surfaces and free in the
other directions.
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c) Hydraulic boundary/initial conditions:
The hydraulic boundary conditions are the same as that used for test case 2B. The
upper horizontal boundary has a constant water pressure of 3 kPa and the lower
horizontal boundary has a constant initial water pressure of 150 Kpa. The vertical
boundaries have no flow boundary conditions. The following initial conditions were
applied for the buffer material: Void ratio e0 = 0.67, degree of saturation Sr0 = 0.62,

pore pressure Po = -5300 kPa,, mean effective stress p0 = 3286 kPa. For the rock

matrix, the initial conditions are: e0 = 0.0038, Po = 0 kPa . For the disturbed zone: e0

= 0.01, Po = 0 kPa . For the rock fractures: e0 = 0.01, PQ = 0 kPa .

The thermo-hydro-mechanical analysis was performed with a staggered coupling
sequence. After applying an initial value of the degree of saturation, the temperature
evolution was calculated at first, then the hydro-mechanical simulation followed by a
repeated temperature calculation using calculated degrees of saturation from the
hydro-mechanical calculation and so on until convergence of the solutions. In the
temperature calculation the temperature of the heater was linearly increased to 90°C
during 1 hour and then kept constant during 257 days. Then the heat generation was
stopped and the heater allowed to cool for 183 days.

The properties of materials with exception of the bentonite are listed in Table 5.1.
Some additional properties not listed are those for the rock fractures and disturbed
zone: i) Fractures: thermal conductivity X = 2.6 W/m,K, heat capacity c = 836
Ws/m,kg, hydraulic conductivity K = 510"6m/s, Young's modulus E = 61-106 kPa,
Poisson's ratio v = 0.3, and thermal expanssion coefficient a = 0. ii) Disturbed zone:
X = 2.6 W/m,K, c = 836 Ws/m,kg, K = 10"12 m/s, E = 61-106 kPa, v = 0.3, and a = 0.

5.1.3 The KIPH model

A 2-D axisymmetric model was used by the KIPH team for Task 2C-2, 20 m x 20 m
in size, and is shown in Fig. 5.5. The heater was explicitly represented in the model
that contained three material types: rock, buffer (bentonite), and steel (heater and lid).
All material were assumed to be elastic continuum (steel) or poroelastic continuum
(rock and buffer) and the interfaces between heater/buffer and buffer/rock were not
considered as discontinuities except for the change of material properties across them.
The unsaturated behaviour of rock was estimated using its water retension curve and
relative permeability are the same as that shown in Fig. 5.2. Figure 5.5 shows also the
boundary conditions of the KIPH model:

1) Mechanical boundary conditions: zero normal displacement in all outside
boundary surfaces of the model, except for the top surface.

2) Thermo-hydraulic boundary conditions: constant temperature (12.3 °C) and
constant hydraulic head (according to a 40 cm head at the level of test pit floor) at
all outside boundary surfaces.

The heater has a constant temperature of 100 °C, and the initial water content of the
buffer is 15%. The model was simulated using FEM code THAMES.
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Fig. 5.5 Geometry and boundary conditions of the KIPH model for Task 2C-2.

5.1.4 The LBNL model

The LBNL model using FEM code ROCMAS consists of 11158 elements and 12192
nodes, with explicit representations of heater and four main fractures intersecting the
test pit, Fig. 5.6. The continuum materials contained in the model include the rock at
both far and near-field, bentonite, heater and heater guide and the concrete lid.
Detailed geometry of the near-field is shown in Fig.5.6b and 5.6c for the test pit and
heater-bentonite system, respectively. The boundary and initial conditions adopted in
the model are illustrated in Fig. 5.7. It should be noted that this model is consistent in
the presentation of rocks and fractures in the team's Task 2 (A+B) model. The
mechanical properties and the saturated permeability of the rock and fractures were
that obtained from the calibration modeling of Task 2B and the bentonite properties
are obtained from calibrations against laboratory tests as presented in Chapter 4 of this
report. All continuum materials were assumed to be poroelastic continuum. Note that
the lid material is concrete in the LBNL model and steel in the KIPH model. No
explicit representations of the interfaces between the heater and bentonite, and
between bentonite and rock of the test pit. The properties of the rock fractures are:
normal stiffness = 30 GPa/m, shear stiffness = 3 GPa/m, friction angle = 30 degree,
cohesion = 0, and hydraulic transmissivity = 2.1x10"'° -5.7xlO~s (m2 / s),
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50 m

List of materials:
1) Far-field rock mass
2) Near-field rock
3) Fracture 1
4) Fracture 2 upper part East
5) Fracture 2 lower part East
6) Fracture 2 upper part West
7) Fracture 2 lower part West
8) Fracture 4 upper part
9) Fracture 4 lower part
10)Bentonite
11) Heater
12) Heater guide
13) Concrete lid

a) Whole model

Fracture 2 East

Fracture 4
Fracture 2 West

Frarfnm 1

m

Concrete lid

Heater guide

Heater

Bentonite

5 m

b) Near-field rock and fractures

5 m

1.7 m

c) Materials emplaced in the test pit.

Figure 5.6 Finite element model of the in situ T-H-M test site for modeling of
Task 2C-2. a) A wire-frame view of the whole model; b) detailed view of
near-field rock and fractures intercepting the test pit; c) detailed view of
the heater and bentonite inside the test pit.

66



Outer far field boundary:
No displacement
Temperature T= 12.3 °C
Fluid pressure: Pw = 0.1 MPa

Initial conditions in rock mass:
Stress: av = 7 MPa

CTH= 17.3 MPa (N28°W)
Gh=6.2MPa

Pressure: Pw = 0.1 MPa (saturated)
Temperature T = 12.3 °C

a) Outer boundaries and rock mass
Drift walls and floors outside pool:
Heat transfer coefficient =10 wrn°C

= 0.0

t
7m

1
5m

V
Water pool:
T=12.3°C
Pw = 3 kPa (30 cm
water)

C^J Mid Heater:

T=100 °C

Initial conditions bentonite:
Saturation S = 68%
T =12.3°C
No stress

b) Drifts and test pit

Fig. 5.7 Boundary and initial conditions for the finite simulation with ROCMAS.

depending on the fractures (cf. Jing et al. 1998). Table 5.1 summarizes the properties
of rock, steel heater and heater guide, and the lid at the top of the test pit used by all
models.
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Table 5
Type

Rock

Lid

Heater
and
heater

guide

. 1 Material properties used for models of Task 2C-2
Property
Porosity (-)
Biot's coefficient, a
Wet specific heat

(J/kg-"C)
Thermal conductivity

iWlm"C)
Thermal expansion
coefficient (1/°C)
Young's modulus
Poisson's ratio
Hydrulic permeability

(m~ )* or conductivity
(m/s)**

Density (kg/m3)

Saturated hydraulic
permeability (m~ )* or
conductivity (m/s)**
Porosity (-)
Young's modulus
Poisson's ratio
Biot's coefficient, a
Wet specific heat

(J/kg-"C)
Thermal conductivity

(Wlm-'C)
Thermal expansion
coefficient (1/°C)

Density (kg/m''')
Hydraulic
permeability (m~ )* or
conductivity (m/s)**
Porosity (-)

Young's modulus
Poisson's ratio
Biot's coefficient, a
Wet specific heat

(J/kg-"C)
Thermal conductivity

{W/m-"C)
Thermal expansion
coefficient (1/°C)

AECB
0.01

See
eq.(5.1)

4.0
(S=l)

0.25 xlO"4

60 (GPa)
0.3

1.0xl0~ls*

1.0xl0"21*

0.01
25 (GPa)
0.2

See
Eq.(5.1)

4.0
(S=l)

0.25 xlO"4

Not
modelled

CLAY
0.0038

836

2.6

0

61.1
0.3

l.OxlO"13**

0

0
18.5(GPa)
0.25

920

1.8

0

0

0

210 (GPa)
0.3

460

53

0

KIPH

833

2.7

1.0 xlO"6

28.1 (GPa)
0.3

1.98X10"9**

7800

l.OxlO"20**

200(GPa)
0.3

460

53

1.64X10"6

7800

l.OxlO"20**

200 (GPa)
0.3

460

53

1.64xlO~6

LBNL
0.03
1.0
833

2.7

8.21 XlO"6

30 (GPa)
0.3

l.OxlO"'7-

1.Ox Iff"16*

2300

1.0 XlO"21*

0.01
25 (GPa)
0.167
1.0
460

1.88

1.6xlO"6

7800

l.OxlO"27*

l.OxlO"4

200 (GPa)
0.3
1.0
750

100.0

1.64 XlO"6
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5.2 Results

5.2.1 Temperature evolution in buffer and rock

Figures 5.8 - 5.10 compare the measured and predicted temperature evolution,
following both the heating (up to 258 days) and cooling (up to 515 days) periods at the
monitoring locations BTl - BT7, in the bentonite (cf. Table 3.1). The same
comparison is shown in Figs. 5.11-15 for temperature variations in rock at monitoring
locations RT1-RT18. For the 2D axi-symmetric model of the KIPH team, only the
RT13, Rtl4, RT16, RT17 and RT18 can be included in the model and the results are
therefore presented and compared only at these locations for the KIPH model. Similar
restrictions also occurred to the lA symmetric 3D models of AECB and CLAY teams
at other monitoring locations. The measured temperature evolution histories and the
numerical results generally agree very well, and remarkable at some locations such as
at BT3-6, in the bentonite and RT1, RT4, RT13-14 and RT16-17 in rock, especially
the predictions by CLAY and LBNL models.

The discrepancies, however, do exist, and are relatively significant at a few locations,
for example at BTl and BT2 for AECB and KIPH models in buffer, and at RT15 and
RT18 for AECB model, in rock. The reasons for these larger discrepancies can be
many, from mesh resolution effects (e.g. the AECB model has very coarse mesh
resolution in rock, but fine mesh in bentonite), model geometry (2D axi-symmetric
geometry by KIPH compared to other 3D representations), to important physical
processes (omission of heat convection by vapor flow, e.g.).

The reason for the KIPH model's lower temperature at BTl and BT2 is that: 1) the
locations of BP1 and BT2 are very close to the concrete lid; and 2) in the KIPH model
the lid was taken as steel instead of concrete, with much higher thermal conductivity.
In the AECB model, the temperature at the rock-buffer interface was fixed at 95 °C,
slightly lower than the measured value of about 100 °C. This may explain some of the
discrepancies between the AECB predictions and measured results.

! Terrperature in buffer - BT1 j

20,
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•
0

-Exp.

AKB
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WFH

LBN.

BP n m
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0 50 100 150 200 250 300

Time (day)

350 400 450 500 550

Fig. 5.8 Temperature evolution in buffer at BTl.
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Fig. 5.9 Temperature evolution in buffer at BT2-4.
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Fig. 5.10 Temperature evolution in buffer at BT5-7.

71



Temperature in rock-RT1

100 150 200 250 300

Time (day)

350 400 450 500 550

3 5 ,

Temperature in rock-RT2

o o o o o o Exp. |

50 100 150 200 250 300 350 400 450 500

Time (day)

18 i

Temperature in rock - RT3

50 100 150 200 250 300 350 400 450 500

Time (day)

Fig. 5.11 Temperature evolution in rock - RT1-3.
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Fig. 5.12 Temperature evolution in rock - RT4-6.
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Fig. 5.13 Temperature evolution in rock - RT7-12 (LBNL data only) and RT13-14.
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Fig. 5.14 Temperature evolution in rock - RT15-17.
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Fig. 5.15 Temperature evolution in rock - RT18.

5.2.2 Water content in bentonite

The agreement between the numerical and experimental results varies considerably
from sensor to sensor, as shown in Figs. 5.16-19, but good agreement was generally
maintained at most of the sensors. The KIPH model provided consistent good data
very close to the measured ones, except at BW4 where the measurement was not run
properly and continuously. The measured water content curves quite often lie between
the prediction curves between the predicted curves.

At most of sensors, the predicted water contents made by the CLAY model are lower
(although slightly) than the others. This is explained by the fact that the hydraulic
conductivity of the rock in the CLAY model (IE-13 m/s) is much smaller than that
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Fig. 5.16 Water content evolution at monitoring point BW1.
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Fig. 5.18 Water content evolution in buffer - BW5-7.
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Fig. 5.19 Water content evolution in buffer - BW8.

Used by the other teams (1E-9 - IE-10 m/s). Higher hydraulic conductivity of rock
matrix means faster water supply from rock to buffer, and the lower hydraulic
conductivity of rock means a lack of water supply from the rock matrix, therefore,
most water supply must come from fractures and interior water redistribution in buffer
itself.

At the sensors BW1 and BW6, which were located near -buffer interface and a highly
permeable rock fracture, the water content increase is small and slow. This may
indicate either the rock (matrix and fracture) did not supply enough water to the buffer
(implying possible very low hydraulic conductivity) or the effect of sealing of the
rock-buffer interface, by the compacted buffer which reduces the rock permeability
near the buffer.

The special drying and wetting behaviour measured at BW5 indicates the effect of its
close location to the heater. The AECB and CLAY provided the best fit for drying
(during heating) and wetting (during cooling) period, respectively. The LBNL model
predicted slightly faster drying and slower wetting processes at this location. The
KIPH prediction provided the best fit on average. The possible explanation is the
difference in hydraulic conductivity (permeability) and thermal vapor diffusivity.

5.2.3 Total pressure in buffer

The total pressure in buffer was measured at eight sensors BP1 - BP8. However, only
the results from sensors BP1, BP3, BP5 and BP7 were regarded as reliable and are
therefore used for comparison with the predicted numerical results, which are shown
in Figs. 5.20 - 23, respectively. For each sensor, results are compared in two plots,
with the first one showing all results and the second for details.
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Fig. 5.20 Total pressure in buffer- BP1: a) All results; b) Details.
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Fig. 5.22 Total pressure in buffer - BP5: a) All results; b) Details.
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Unlike the water content, the predicted and measured results of pore pressure do not
agree very well in general. The data shown by the LBNL model provided more or less
consistent approximations to the magnitudes of the total pressure measured, but the
trend of variations for heating (before day 258) and cooling (after day 258) were not
well captured. The KIPH model provided a very close approximation at BP3, but not
at other sensors. The CLAY and AECB models produced much larger magnitudes of
total pressures compared to the measured ones. For the AECB model, one of the
possible reasons for higher total pressure in the buffer is the assumption that the heater
was rigid.

' t o 1

The reasons for the discrepancies can be many, such as differences in boundary
conditions, water content distribution, especially the swelling pressure laws relating
the swelling pressure to saturation degrees. The numerical calibration of the buffer
properties were conducted for high saturation (66% or higher) conditions, and the
resultant properties may not be able to cover low saturation situations such as met in
the in situ experiment, where saturation degree is about 10% or lower. Another factor
is the low stress environment at the test site (< 0.5 MPa), which cannot provide a
dominant driving force to determine the total stress. The complex process of swelling
of buffer and thermal expansion of all materials played the major role.

From the instrumentation, except for BP3, all other three working sensors (BP1, BP5
and BP7) were located near the heater and their pressure responses showed very
insignificant variations over time. This may indicate very small reversible pressure
behaviour of the buffer during cooling. Thermal expansion of the heater may be the
dominating mechanism for maintaining the total pressure at these three sensors. Since
both AECB and CLAY team did not consider thermal expansion of heater, this effect
may therefore not be simulated and therefore cause significant discrepancies.

5.2.4 Pore pressure in rock

Pore pressure results are compared in Figs. 5.24 - 5.32, at sensors RH1 - RH18,
respectively. The data from CLAY model are equivalent hydrostatic water pressure
exerted on the two vertical fractures that were also used as two vertical symmetric
planes of the model. The KIPH model is a 2D axi-symmetrical one and can only have
results on a selective number of sensors out of the 18 in total.

The figures show that at locations of some sensors, the hydrostatic water pressure
provides acceptable approximations to the measured pore pressure responses in rock,
with slight to moderate fluctuations around the static pressure, e.g. at RH1, RH13 and
RH16. The effect of heating and cooling seems to play no significant role. At sensors
RH8, RH9, RH12 and RH15. The measured pore pressure correspond to the heating
and cooling phases very closely. At rest of the 18 locations, the pore pressure behaves
quite erratically and with also no significant correlation to the heating-cooling phases
of the experiments.

One explanation of this behaviour is the location of the sensors. For example, the
locations of RH 1, RH 13 and RH 16 are very near the test floor in boreholesKBH 1,
KBH5 and KBH6 (cf. Fig. 2.2) where the hydraulic conditions is dominated by the
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Fig. 5.24 Pore pressure in rock at sensors RHl and RH2.
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Fig. 5.25 Pore pressure in rock at sensors RH3 and RH4.
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Fig. 5.26 Pore pressure in rock at sensors RH5 and RH6.
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Fig. 5.27 Pore pressure in rock at sensors RH7 and RH8.
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Fig. 5.28 Pore pressure in rock at sensors RH9 and RH10.
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Fig. 5.29 Pore pressure in rock at sensors RHl 1 and RH12.
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Fig. 5.30 Pore pressure in rock at sensors RH13 and RH14.
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Fig. 5.31 Pore pressure in rock at sensors RH15 and RH16.
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Fig. 5.32 Pore pressure in rock at sensors RH17 and RH18.
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pool at the floor of the test drift. The locations of sensors RH8, RH9, RH12 and RH15
are basically in or near the lower ends of boreholes KBH3, KBH4 and KBH5, where
the water content was controlled by the thermal gradient to a great extent. The pore
pressure changes from no pressure or low values to positive or large values when
thermal gradient changes from positive (heating) to negative (cooling), such as at
RH8, RH9 and RH12. At RH15, the situation is reversed with development of very
high negative pressure during cooling statge. At other locations, their erratic
behaviour might be caused by the influence of main fractures intersecting the
boreholes.

The predicted magnitude of pore pressure are in generally fair agreement with the
mean values of the measured ones at most of the sensors, but the fluctuations of the
measured results was basically not captured. The numerical data show general steady
behaviours.

5.2.5 Displacement in rock

Figure 5.33 compares the vertical displacements at sensors RD1-RD8 between the
measured and AECB results, as functions of time. It seems that the prediction is much
overestimated for the heating phase at sensor locations RD1, RD2, RD5 and RD6, but
acceptable at the cooling phase. Please note that measured data exist only at four time
points, at day 63, 161, 339 and 433, respectively, from the start of heating. The main
reasons for the discrepancy may be the overestimation to the thermal expansion
coefficient for the rock and coarse mesh in the part for rock representation in the
AECB model.

In Fig. 5.34 the predicted interval displacement along boreholes KBM4 and KBM5,
by the LBNL model, are compared with the measured data, at time of the 161 day
after start of heating. Both the trend of variation and magnitude of the predicted and
measured displacements agree very well, considering this is a blind prediction.

The relatively larger displacement produced by the LBNL model is due to the higher
value of the thermal expansion coefficient the team selected from the measured core
values. The good agreement between the LBNL results for the vertical displacement in
KBM4 and KBM5 and the measured data is due to the inclusion of the nearby drifts in
the larger LBNL model.

An important reason for the discrepancy between the measured and predicted
displacement data is that point-wise measurements and predictions, rather than
measurements and predictions over a larger area to compare the trend or pattern,
rather than the point-wise values. Due to the impossibility of knowing and
representing accurately the local material inhomogeneity and fracture geometry by any
numerical model, it is difficult to use such point-wise measurements and predictions
for interpretation of the physical processes involved.
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CHAPTER 6 CONCLUDING REMARKS AND LESSONS
LEARNED

6.1 General Conclusions Regarding Task 2C

Task 2C is a problem composed of two subtasks: Subtask 2C-1 concerns numerical
calibration of necessary bentonite properties that could not be determined by
laboratory test directly and optional numerical simulation of the heater-buffer
interactions with two alternative boundary conditions. The second subtask, Task 2C-2,
requires numerical simulation of a complex in situ T-H-M experiment in fracture
granite rock surrounding a heater-buffer system in the near field. Significant processes
and issues were the heat transfer, water flow and pressure, rock deformation, and
interactions between heater, buffer and rock. The interaction between buffer and rock
in general and the effect of main rock fractures on water distribution and re-saturation
of the buffer in particular, are of great interest.

Great progress was made in subtask 2C-1 regarding determination of physical
properties of bentonite by means of numerical simulation of laboratory tests:
infiltration tests, thermal gradient tests (KID-BEN) and swelling pressure tests. These
simulations are necessary because some of the bentonite properties used by the
different research teams could not be directly determined by laboratory experiments.
Considerable development of computer codes have been carried out by some teams in
order to improve the codes' capability to handle complex constitutive behaviour of the
bentonite material, including two phase water flow (liquid and vapor), evaporation
and condensation, heat conduction and convection, swelling pressure, partial
saturation and effective stresses. The simulations of these laboratory tests led to
determination of basically three types of bentonite properties: relative permeability,
thermal vapor diffusivity and effective stress function, with remarkable agreements
achieved between numerical calculations and experimental results through numerical
calibrations.

Task 2C-2 was based on two model calibrations: calibration of the hydro-mechanical
property fields of rock by Task 2B and calibration of the laboratory tests of bentonite
behaviour as performed during subtask 2C-1. The aim of Task 2C-2 is numerical
prediction of the fully coupled T-H-M behaviour of the heater-buffer (bentonite)-rock
system and the interactions between the different components. Due to the complexity
and uncertainties in the material behaviour, the fracture geometry and properties, the
scale and time effects and the lack of reliability of sensors and data for a long-time in
situ experiment, good agreements between the predicted and measured results should
not be expected for all sensors. Despite all this limitations, remarkable agreements
were achieved for a large number of the prediction variables in buffer, especially the
temperature and water content distributions, and the temperature in rock. The
prediction of pore pressure in rock was also acceptable in general, but the prediction
of total pressure in the buffer and displacement in the rock are not very good
compared with measured results. The reasons for the latter disagreements could be
many as mentioned above, but chief among them are the limitations of the different
"effective stress" principles for the bentonite used by the research teams, the
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uncertainty of the hydraulic boundary and the in situ conditions, and the complex in
situ fracture properties (both geometrical and hydro-mechanical).

The results of Task 2C indicate that numerical modeling can provide highly confident
results of temperature distribution and reasonably highly confident results of the water
flow and pressure distribution when only one medium, rock or buffer, is present. The
level of confidence decreases when interactions between multiple media (rock and
buffer, e.g.) are concerned and for prediction of mechanical behaviour of the fractured
rocks in low stress environment for near-field problems.

Besides the continuous development of theories and codes, the success of Task 2C
depends entirely on the success of the Kamaishi in situ T-H-M experiment. Despite of
some inevitable drawbacks, the experiment was carried through with a great
administrative and technical efforts by the PNC/JNC staff, which produced valuable
supports to the verification of models and codes, and the understanding of the
complex T-H-M behaviour of the buffer-fractured rock system.

6.2 Some Scientific Lessons Learned

There are many scientific and operative lessons that can be learned from Task 2C, and
the list may increase also with the continued evaluation of the experiments and
numerical modeling works in near future. To provide a short summary, the following
subjects may serve as the main scientific lessons learned at the time being:

• Our current capability of modeling coupled hydro-mechanical processes in
fractured rocks with complex fracture geometry is still rather limited, basically due
to lack of knowledge about the fracture geometry and uncertainty in their in situ
properties.

• Our current knowledge of the de-saturation in rock and the EDZ issue is rather
limited for predictions of high confidence.

• Despite great progress in characterization and parameterization of bentonite used
in Task 2C, our current models and knowledge of the physical behaviour of
partially saturated swelling clays are still very limited, such as effective stress
behaviour, vapor flow and water retention processes.

• Our current knowledge of the rock-buffer interaction, especially the hydraulic
interactions, is very limited for confident numerical predictions.

• Very limited effect on the hydraulic behaviour of the buffer from the surrounding
rock and fractures could be observed by the measurements. This may be due to the
following reasons:

- The in situ experiment was not maintained long enough so that possible larger
hydro-mechanaical interaction between the rock and buffer at the longer period
could not be observed;

- The hydraulic conductivity of the rock is much higher than that of the buffer so
that whether fractures in rock are considered or not did not result in much
difference in the hydraulic behaviour of the buffer;

- The rock fractures near buffer might have been sealed by buffer material during
installation of the buffer material;
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• Very limited mechanical effect on the buffer from the surrounding rock was
aslo observed, which may be caused by

- The low stress field in the test area makes the rock and rock fractures
mechanically inactive, besides the fact that thermal expansion and stresses
induced by heating has also limited effect due to low power input and small
magnitudes of the temperature gradient;

- Pointwise measurement of mechanical behaviour may perhaps not be nearly
enough to capture essential aspects and patterns of the mechanical responses.

There is still lack of knowledge about the swelling pressure behaviour of
unsaturated bentonite, especially regarding the validity of the effective stress
models. More comprehensive laws of effective stress than Bishop's need to be
considered in simulation of unsaturated clay materials.
Reliability of the field measurement over long time needs to be verified and
improved for reliable numerical verifications with e.g. on site sampling and
calibration of sensors and material.
Proper design and implementation for the study and characterization of the rock-
buffer interface, with and without fractures in rock.
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