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Abstract

Buffer materials being considered as engineered barriers in nuclear fuel waste (NFW) disposal systems possess a pronounced
nonlinear behaviour in the unsaturated state. In order to simulate such non-linear responses,the authors adopted an incrementally
nonlinear poro-elastic approach where the coefficients of the governing equations are assumed to be functions of suction and the
void ratio. These functions are in turn developed from a state-surface equation obtained from suction-controlled oedometric tests.
In this paper we show the derivation of the governing equations of the poro-elastic model. A finite element computer code,
FRACON, was developed by the authors to numerically solve the above equations. We first use the code to simulate laboratory tests
to characterize the swelling properties of a typical bentonite. That same bentonite was used in the FEBEX in-situ heater experiment,
conducted at the Grimsel site, Switzerland. The FRACON code was also used to perform blind predictions of the FEBEX heater
experiment. It is shown that the model correctly predicts drying of the bentonite near the heaters and re-saturation near the rock
interface. The evolution of temperature and the heater thermal output were also reasonably well predicted by the model. The trends
in the total stresses developed in the bentonite were correctly predicted; the absolute values however were underestimated probably
due to the omission of pore pressure build-up in the rock mass.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Concepts for deep geological disposal of nuclear fuel
waste (NFW) that are being studied in Canada and
other countries rely on the host rock, on clay materials
(buffer and backfill) and on the waste containers as
barriers against contaminant migration to the biosphere.
The focus of this paper is on the modelling of the buffer
material. The radiogenic heat released from the waste
container results in elevated temperatures around the
container, creating a thermal gradient with the atten-
dant thermal stresses and strains in the partially
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saturated buffer. This thermal gradient also causes
moisture movement in the buffer through a diffusive
process, resulting in drying near the canister and re-
wetting near the buffer-rock interface. The buffer
responds mechanically to that change in water content
by either shrinking or swelling. These thermo-hydro-
mechanical (THM) processes are strongly coupled, and
highly nonlinear. In the last decade, much effort has
been provided in the laboratory and in-situ experimen-
tation in conjunction with the development of mathe-
matical models to simulate the THM behaviour of
unsaturated buffer material. The Kamaishi Mine project
in Japan is one such example [1-5] of a comprehensive
experimental and theoretical research program invol-
ving international cooperation. The FEBEX project [6]
is another research project which was recently com-
pleted. The FEBEX in-situ experiment was performed in
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one section of a horizontal tunnel in a granitic rock
formation at Grimsel, Switzerland. The tunnel section
was provided with two heaters and filled with pre-
fabricated bentonite blocks that were placed around the
heaters. The THM response of both the bentonite and
the surrounding rock was monitored during the experi-
ment. The authors belonged to the Canadian team,
among many international teams, participating in the
prediction of the FEBEX experiment within the inter-
national DECOVALEX III Project. The present paper
describes the development of our mathematical model
to simulate the THM behaviour of the bentonite
used in the in-situ heater experiment and summarizes
the results of the model predictions of the THM
response of the bentonite during the FEBEX in-situ
experiment.

2. A brief overview of THM models for unsaturated clays

For completeness, we provide here a brief review of
models that have been proposed for examining the
THM behaviour of unsaturated clays. This review is by
no means comprehensive; a more thorough discussion
could be found in Rutqvist et al. [4].

Partially saturated clay materials are basically multi-
phase materials, consisting of the solid skeleton with a
mixture of air and water flowing through the pore space.
The air can be dissolved in the liquid water, or be
present in a gaseous state; the water could also be
present in a gaseous or liquid state. In order to develop
mathematical models for the coupled THM behaviour
of such a system, one has to satisfy conservation laws for
mass, energy and momentum in addition to a number of
assumptions pertaining to constitutive relations. This
approach results in the following four governing
equations for: mass balance for the air phase, mass
balance for the water phase, energy balance and
momentum balance [7-10]. The mechanical behaviour
of partially saturated soils depends on at least two
independent stress state variables, such as the net stress
and suction. A state space surface approach as proposed
by certain authors [11,12] or a recent elasto-plastic
approach proposed by Alonso et al. [13] could be used
to formulate constitutive relationships governing net
stress, suction and strain.

Recently, researchers involved in the prediction of the
Kamaishi Mine Experiment have assumed a constant
and small gas pressure (equal to atmospheric pressure)
in their models, thereby reducing the governing equa-
tions to three: mass balance for the water phase, energy
balance and momentum balance [3-5]. The primary
unknowns of the equations are temperature, displace-
ment and the capillary pressure. This simplification
seems to be justified from the reasonable predictions
obtained by these researchers and independently by

other investigators [14], when maximum temperatures
are not significantly higher than 100 °C, which indeed is
the design maximum temperature for HLW disposal in
granitic rocks. Furthermore, one single state variable,
such as the modified effective stress proposed by Bishop
and Blight [15] or by Biot [16] in his classical work was
adopted by the investigators working on developing the
predictions of the Kamaishi Mine Experiment. Gener-
ally, it is recognized that the adoption of one single state
variable has shortcomings [17] since non-recoverable
strain due to wetting-drying could not be simulated.
However, for the highly compacted bentonite that is
maintained in a constrained condition, such as that used
in the Kamaishi Mine in-situ heater experiment and
similar systems intended for HLW disposal, this
approach could prove to be sufficient.

The model we present in this paper is based on the
classical Biot’s poro-elastic approach, extended to
partially saturated materials. A state surface equation
as experimentally derived from suction controlled
oedometric tests was used to express the constants of
poro-elasticity as functions of the void ratio and the
applied load. The equations of poro-elasticity were
expressed in an incremental form to accommodate the
pronounced nonlinearity associated with this behaviour.
The model was first used to simulate laboratory
experiments on the FEBEX bentonite , then for the
prediction of the in-situ FEBEX experiment.

3. Governing equations of the model

The governing equations of the mathematical model
developed by the authors are derived from energy
balance, mass balance and momentum balance con-
siderations.

3.1. Energy balance

Assuming thermal equilibrium between the phases
and heat conduction as the dominant mechanism of heat
transfer, the energy balance equation reduces to the
following (for justifications of these assumptions, see

e.g. [18]):
0 oT oT
a_xi<'<” a—xj>+q=pCE, (1

with T, the temperature of the medium (°C), x; the
thermal conductivity tensor (W/m/C), p the density of
the bulk medium (kg/m®), C the specific heat of the
medium (J/kg/C) and ¢ the heat source (W/m?>).

3.2. Momentum balance

Neglecting inertial effects, the momentum balance
equation reduces to the equation of equilibrium of the
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porous medium:

L+ Fi =0, (2)

where o is the total stress and F; is the body force.
Within Biot’s theoretical framework, the consti-
tutive equation for poroelasticity was extended to
include thermal effects and partial saturation and
can be written in incremental form as follows (see

e.g. [4]):
doy = 2Gdej; + 0,4 deg

+ 0;(Adey — pKp dT) + 6,05 dp, (3)
where G, A are the Lame’s constants; o is the pseudo-
Biot’s coefficient; S is the degree of saturation; p is

the liquid pressure; and e; is the small strain tensor
defined by

1 (Ou; Ou;
=3 (Eer e @

The effective stress increment in Eq. (3) would be
given by

do—;'j = 2Gde; + o4 dey + d;(Adey — fKpdT). (%)

Substitution of Eq. (4) into Eq. (3) yields:

0% du; . 07 du; odp
G ijﬁxj +(G+A) ax,ﬁxj +aS ax,»
T
o 2T ar —o, (©)
ax,-

where Kp the bulk modulus is given by

2G E
Kp=1+—

3731 —2v) M

The final equation of momentum balance (6) is
written in incremental form; to take into account
the nonlinear behaviour, the poro-elastic coefficients
of the equation are expressed as functions of
suction and net stress by adopting the concept
of a state surface equation [11,12]. This equation
relates the void ratio to the applied net stress and the
suction. Based on results of oedometric tests, Lloret and
Alonso [19] proposed the following state surface
equation:

e=A+ Bln(—a,)+ Cln(s + p,) + DIn(—0))In(s + p,),

®)
where e is the void ratio; p, is atmospheric pressure; A,
B, Cand D are empirical constants; o/, = (4% /3) — P is
the mean net stress and s = p — p, is the suction, where

D, is the gas pressure. Since we assume that the gas
pressure is small and constant:

dg,, = da),. )

The increment of the void ratio can then be expressed
as

Oe Oe Oe Oe
= m ~_ = m ~_ . 1
de 397 do,, + r ds 397 do,, + o dp (10)

m m

From Eq. (3), in the isothermal case, the increment of
the mean total stress is given by

do,, = Kpde, + aSds (11)

with de, = dey, the increment of the volumetric strain.
The volume variation is given by simple phase

relationships:

_de

T l+4e’
Substituting the right-hand side of Eq. (10) into Eq.

(12), one has:

de,

(12)

1 Oe ., Oe
dev = 1——{—8 |:60';7’1 dO'm =+ a dS:l . (13)

Comparing Egs. (10) and (12), one obtains:

1 1 Oe
() = 14
Kp (1 + e) ooy’ (19
—oS Oe
Ko :(l—i-e)a. (15)

Performing differentiation of the state surface equa-
tion (8), one obtains:

(1+e)a’
Kp=——"—-"_ 16
P T B+ Din(s +p,) (16)
and
1 o, C+ Dln(—crm). (17)

~  SB+DIn(s+p,) s+p,

From elementary phase relationships in soil me-
chanics, S = (Gs/e)w, where w is the water content
and G is the specific weight of the solids.

For suction varying between 2.0 and 385.0 MPa,
empirical equations relating water content and suction
could usually be determined for bentonite, indepen-
dently of the dry density. For example, the suction
characteristics of the bentonite used in the FEBEX in-
situ heater experiment could be represented by the
following empirical function [20]:

w=136.1—-12.0logs, (18)

where log is the decimal logarithmic function (base 10),
wis in %, and s is in MPa.
From Eq. (7), one can show:

7 e_A_Cln(S+pa)
= — . 19
’ exp( B+ DlnGs +py) (19
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Substituting Eq. (19) into Egs. (16) and (17), Kp and «
are expressed entirely as functions of s and e.

3.3. Water mass balance

The equation of mass balance of the pore water,
neglecting vapour storage is

0 0
- aTC[(Q/i + 0,) = *(”Spf)

=nS a@t + npg %f + Sp¢ Zt (20)
where Q;; and Q,; (kg/(m?s) are respectively the liquid
water mass flux and the water vapour mass flux relative
to the solid; n is porosity; S is the degree of saturation
and p; (kg/m%)is the density of water. For liquid water
flux, we use an extended form of Darcy’s law applicable
to a partially saturated medium (see e.g. [21]):

kij ap
L= — — k,, -— il 21
oy P ,u (E)xj + pfgz) (21)

where k;; is the intrinsic saturated permeability [m?] and
k. is the relative permeability. The water vapour flux on
the other hand is assumed to be driven solely by the
thermal gradient:

oT
ox;’
where Dy (m?/s/°C) is the thermal vapour diffusivity
coefficient.

We now expand the right-hand side of Eq. (20). The

constitutive relationship for the pore fluid could be
written as

Qi = —peDr — (22)

d
dpe = pr (04 T ) 23)
f
with Ky = bulk modulus of fluid and f; = Coefficient of
volume thermal expansion of the fluid. Then:
Opr 1 Gp oT
nS ap = TSP <K a P @9

Usually S is experimentally determined as a function of
suction:

oS dsy os dsy op

— = — | =. 2
ot — (ds) or (dp) ot 23)
In Eq. (25) and in the following equations, we assume

small and constant gas pressure, and with the conven-
tion of tension-positive for the liquid pressure, so that

ds = dp. (26)

In addition to suction, the degree of saturation S
depends also on the degree of compaction. Conse-
quently: S = S(p,n). On the other hand, it is often
experimentally found that the water content could be
expressed as a sole function of suction [19]: w = w(s).

Since S = Gyw/e = (Gsw/n)(1 — n), we obtain:

d_Sst(l—n)@_M@. (27)
dp n dp

We now follow Bishop’s [22] procedure to express the
increment of porosity dn due to change in stress doj; and
temperature d7. The increment of total stress can in
turn be represented in terms of two components: an
increment in the average fluid pressure (mixture of gas
and liquid):

dP=Sdp+(1 - S)dp, = Sdp (28)

and an increment in the effective stress da;j.
The change in volume of the solid due to Sdp is

Sdp

S

AV, =1 -n)V

The total volume change due to Sdp is

Sdp
dv="r X

S

The changes in volumes due to dgj; are:

Vdoy,
dVv, = —3Ks ,

Vdo,
dV = —kk,

3Kp

The changes in volume due to d7 are:

AV, = (1 —n)VB,dT,

dV = VpdT.
We have:
dn= 29V -2 dVs
V
1 1\d
dl’l=nS;i<—p (K—D—F> akk _(l—n)ﬁ)dT
(29)

Since:

do—;ck = 3KD <d€kk — S[?p

S

- par )
with some re-arranging, Eq. (28) becomes:

dn=m—-a)S ?{_p +oadew + (1 — o) — (1 —n)p)dT
(30)

With the use of Egs. (24)—(27), (29) and (30), the right-
hand side of Eq. (20) could be expanded as follows and
the final equation for the water mass balance (20) could
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be written as follows:

3 (pikik, (op d oT
R it St /AML ' )= (D —
axi < Hu (an + pfgj ax,- T 6x,;

+pi [—_”’S + Gl = m) St S(S - GS”"W)
dp n

Ky
—oal|0 0 [Ouy
X nKsa] RIS (aZL)
0
oS =y~ (L =mp) S =0 ()

Egs. (1), (6) and (31) are the governing equations of
our mathematical model to simulate the THM beha-
viour of partially saturated clay material. The equations
are solved numerically by the finite element method with
the computer code FRACON developed by the authors
[18].

4. THM properties of the FEBEX bentonite

The FEBEX bentonite is a Spanish clay considered as
the most suitable material for sealing and backfilling of
NFW repositories for the Spanish concept [6] for the
following reasons: it has a very high content of
montmorillonite, low permeability and good retention
properties, and is capable of developing large swelling
pressures. The characteristics of the FEBEX bentonite
are discussed in details in the reports produced by the
Spanish research institutions CIEMAT and UPC-DIT
[6-20]. In this section, we will only summarize the
properties required for our THM model. A large
number of such input parameters are required. Certain
parameters specifically refer to thermo-physical con-
stants that are applicable to either the solid phase or the
fluid phase, and these parameters can often be
determined from published data. Other parameters that
specifically refer to coupling phenomena require special
experiments for their determination. A large number of
these parameters have been determined through the
course of the experimental research programs at both
CIEMAT and UPC-DIT [20] for a pure bentonite to be
used in the FEBEX in-situ heater experiment. The
values of these parameters as shown below were directly
or indirectly determined by CIEMAT and UPC-DIT,
unless otherwise noted. Also, it is convenient to
categorize these values as follows.

4.1. Physical properties

The physical properties for the compacted bentonite
have been determined by using standardized test
procedures proposed by ASTM. The properties relevant
to the in-situ T-H-M modelling are as follows.

Initial porosity (n) = 0.411 (non-dimensional)

Dry density (pq) = 1600 kg/m3

Density of the fluid (p;) = 1000 kg/m’

Specific weight of the solids (Gs) = 2.7

Dynamic viscosity of the pore fluid (u) = 2.285 x
1073 +1.01 x 1073 log(T) kg/m/s (from [23])

4.2. Thermal properties

The properties relevant to the THM modelling are as
follows:

Coefficient of volumetric thermal expansion of the
porous skeleton:

B =195x1073°C!

Coefficient of volumetric thermal expansion of the solid
material:

B =195x1073°C!

Coefficient of volumetric thermal expansion of the
liquid (water):

Br=4.684 x 107> 4+7.486 x 10°°T°C"!

(assumed equal to f)

(from [23])

Coefficient of thermal vapour diffusivity:

Dt =10"""m?/s/°C (Assumed value from experience
gained with similar projects [1-5])

Coefficient of the thermal conductivity:

Kk =0.57 +0.617978S (W/m°C™")

Specific heat of the solid (¢s) = 8307J/kg/°C and specific
heat of water (¢r) = 4190J/kg/°C (from [23])

4.3. Hydraulic properties

The saturated hydraulic conductivity K of the
compacted bentonite has been determined using speci-
mens of the FEBEX bentonite that have been com-
pacted to various dry densities py. The dry densities
varied between 1.47 and 1.84g/cm’®. The empirical
relationship derived from these tests takes the form:

log K = —2.96p, — 8.57, (32)

pq could in turn be expressed as a function of the
porosity from simple phase relationships as

pa = Gs(1 — n)p,,. (33)

The permeability k of the poro-elastic material is defined
through the conventional relationship:

_ Ky
Tw

where y,, is the unit weight of water. In the FRACON
code, the porosity of the bentonite is updated at each
time step and using Egs. (32)-(34), the permeability is
also updated.

The unsaturated hydraulic conductivity of the bento-
nite is highly dependent on the degree of saturation S.
The experimental results provided by CIEMAT give an

k (m?), (34)
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empirical relationship for the “relative permeability” or
“relative hydraulic conductivity” of the bentonitic
material in terms of the degree of saturation as follows:

_KS) _K©S) _
=B, &)

where k"and K" refer to the respective values at full
saturation. These relationships are used in the FRA-
CON computations with 77 = 4.64.

From a knowledge of the “‘suction-water content
relationship” obtained for a porous material, where
the moisture variations are allowed to take place at a
constant dry density, it is possible to define the “‘water
retention curve”’. With bentonitic materials, this rela-
tionship is an essential requirement for the modelling of
the hydration of the bentonite. On the basis of
experimental data, CIEMAT and UPC have proposed
the use of the following modified van Genuchten
expression to describe the water retention curve. This

basic expression is
L1774 A
s\ s "
1 — 1——| , (36
N (PO) [ Po} (0

where S is the residual degree of saturation, Sp,.x is the
maximum degree of saturation, s is the suction
(measured in MPa), and P, (measured in MPa) and 4,
/s are material parameters.

All material parameters encountered in the modified
van Genuchten expression have been determined by
CIEMAT by suction controlled oedometer tests on
confined samples with dry densities in the range 1.58 to
1.75g/ecm?®. The parameters of the van Genuchten
expressions are highly dependent on the state of
compaction, hence on the dry density of the material.
Since volumetric deformation could be important
during the in-situ T-H-M experiment, we used instead
the suction-water content relationship proposed by UPC
and CIEMAT:

w=36.1 —12.0logs. (37)

According to UPC and CIEMAT, the above relation-
ship does not depend significantly on the degree of
compaction of the bentonite.

kr

S = SO + (Smax - SO)

4.4. Mechanical properties

The two important mechanical properties in our
model are the bulk modulus and the psecudo-Biot’s
coefficient, as detailed in Section 2. Assuming
P, = 0.1 MPa, the following values were obtained by
best-fitting the state surface Eq. (8) to experimental
results obtained by suction-controlled oedometric tests:

A=0.76, B = —-0.0552446, C = —0.0406413,
D = 0.00479977.

Fig. 1. State surface for the FEBEX bentonite.

Fig. 2. Bulk modulus of the FEBEX bentonite.

Fig. 3. Pseudo-Biot coefficient.
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With the above values, the state space equation (8),
the bulk modulus, Eq. (16), and the pseudo Biot
coefficient, Eq. (17) are represented as shown in
Figs. 1, 2 and 3, respectively. Assuming the Poisson’s
ratio (v) = 0.30, the values of the Young’s modulus to be
input to FRACON are calculated according to Egs. (14)
and (17). The Biot’s coefficient on the other hand is
input to FRACON using Egs. (15) and (17).

5. Simulation of laboratory experiments on FEBEX
bentonite

In order to gain confidence in the THM model
implemented in the FRACON finite element code,
we have wused the code to conduct computa-
tional simulations of two types of laboratory experi-
ments. It is important to note that no parametric
studies have been conducted, but rather, a direct
prediction was carried out using the properties described
in Section 4. The sources and justification for the values
assumed for these properties were also detailed in
Section 4.

5.1. Swelling pressure tests

These tests were performed with oedometers under
either strain control or stress control conditions.
The oedometer samples were uniaxially compacted
bentonite clay contained in oedometer rings 4.93 cm in
diameter and 1.20cm in height. The samples were
placed between two porous stones and water was
supplied at the base of the cylindrical sample. In
this first series of experiments a constant volume
condition was achieved by the application of an axial
stress to compensate for the volume expansion of the
compacted bentonite induced by water uptake. The
experimental values of the pressures that are needed to
be applied to maintain the zero volume change
condition could be best fitted with an empirical relation-
ship of the form:

Ps = exp(5.9pp — 7.9), (38)

where Pg is the swelling pressure expressed in MPa and
pp 1s the dry density of the compacted bentonite
expressed in g/cm®.

5.2. Swelling under constant stress

Another set of oedometer tests was conducted to
determine the time-dependent development of axial
strain in oedometric samples subjected to a constant
axial stress. The sample preparation procedure was
exactly the same as that described previously for tests
involving water uptake under constant volume. Both
CIEMAT and UPC-DIT have carried out such tests.

The results of interest to the computational modelling
exercise concern the time-dependent evolution of swel-
ling strains under constant axial stress.

5.3. Comparison of modelling results with experimental
data

The computational modelling involving the FRA-
CON Code utilizes 20-noded brick elements in the
discretization of the one-dimensional region. Although
the region being modelled is one-dimensional, a three-
dimensional representation of the region is employed
with suitable adaptation of the boundary condi-
tions that are required to satisfy one-dimensionality.
Briefly, the one-dimensional region is modelled by 20-
noded elements. The boundary conditions on the
displacement, traction and pore pressure variables
required to satisfy the one-dimensional behaviour of
the element are shown in Fig. 4. (Note that the views
shown are for the x—z plane; similar conditions apply for
the y—z plane.)

In Fig. 5, the results of the FRACON predictions are
compared to the experimental results for the swelling
tests under constant volume. The predictions show the
evolution of the pressure with time while only the
ultimate values are experimentally recorded. The FRA-
CON code predicts the correct experimental trend
for the ultimate (steady state) values of the swelling
stress: with a higher initial dry density, the swelling
stress is higher. The FRACON code slightly under-
predicts the ultimate swelling pressure for the lower
initial dry density (1.6g/cm®) and overpredicts this
value by approximately 40% for the higher density
(1.7 g/lem?).

In Fig. 6, the results of the FRACON predictions are
compared to the experimental results for the strain
development under constant axial load. The trend and
magnitude of the strain evolution are reasonably well
predicted, with some overestimate of the response time.
This shows that the hydraulic characteristics of the

. u,=0 pxyL)=0 A 00 p(xy,L) =0
=
z O 5 5 VYVVVVY 5
op p p P
—L=0 — =0 —=0 — =0
ox IC CI 0x X IC ox
u,=0 IQ CIUXZO u,=0 b CI u,=0
O x O X

@ u,=0  p(xy0)=0 (b) u,=0 p(xy0) =0

Fig. 4. Schematic view of the one-dimensional problems associated
with the moisture uptake and swelling tests. (a) Boundary conditions
for the swelling test under constant volume and (b) boundary
conditions for the swelling test under constant stress.
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Fig. 5. Comparison of model prediction to experimental results of swelling pressure tests.

0.09

0.08 1
— FRACON calculation
-= Experimental data

0.07 1
0.06 1
0.05 1
0.04 1

Strains

0.03 1
0.02 1
0.01 1

Dry density: 1.7 g/lcm3

Initial water content: 11.7 %

Vertical stress: 2 MPa

0 . . .
1.00E+02 1.00E+03 1.00E+04 1.00E+05

1.00E+06 1.00E+07 1.00E+08 1.00E+09

Time (s)

Fig. 6. Comparison of model prediction to experimental results of swelling tests under constant applied vertical stress.

sample being tested might be slightly different from
the ones used in the FRACON code as detailed in
Section 5.

6. Prediction of the bentonite response in the FEBEX in-
situ experiment

The FEBEX gallery is circular in cross section, with
diameter 2.28 m and length 70.4 m. It was excavated at a
depth of approximately 450m, in granitic rock. Two
electrically powered heaters, with nominal diameter
0.9m and length 4.54m, were emplaced at the end of
the gallery. Blocks of compacted bentonite were
emplaced around the heaters to form a 17.4m test
section, isolated from the rest of the gallery by a
concrete plug (Fig. 7).

The bentonite and heaters were installed between
July 1, 1996 and October 15, 1996. Heating commenced
on February 27, 1997 (set at time = 0), in the following
three stages:

(1) Constant power output of 1200 W per heater for 20
days.
(i1)) Constant power output of 2000 W per heater for the
next 33 days.
(iii) Constant temperature control (between 95 and
100 °C) on the surface of the heaters from day 53.

The research teams participating in the DECOVA-
LEX project were requested to predict temperature,
relative humidity and stresses at selected locations and
at times in the bentonite after the commencement of the
heating (from day 0).
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6.1. General modelling approach

Based on a review of the information [20,24] provided
by the UPC and the authors’ experience with similar
type of in-situ experiments [1-5] the general following
approach was adopted.

6.1.1. Conceptualisation

The conceptual model is schematically represented in
Fig. 8. We assume radial symmetry around the axis of
the FEBEX tunnel, with a radius of influence of

approximately 11m from the centreline of the tunnel.
The FEBEX gallery is intersected by several structural
features, such as fracture zones and lamprophyres zones,
which are more hydraulically conductive than the
relatively intact rock mass. However, in this paper, the
above features were ignored and an equivalent homo-
geneous porous medium approach was adopted for the
modelling of the rock mass. The above assump-
tion originates from past experience gained from
observations made at the Kamaishi Mine in Japan
[1-5] where it was found that the THM behaviour of the
bentonite was not influenced by the presence of discrete
fractures in the rock mass but rather by the contrast in
the permeability of the bentonite, and the bulk perme-
ability of the rock mass. In our attempt to predict the
response of the rock mass [25], these structural features
had to be included.

6.1.2. Sequence of transient analysis using the FRACON
code

In modelling the response of the bentonite, we
computationally simulate as closely as possible, the
actual test sequence. Each of the following phases were
modelled with the FRACON code, with the results of
the last time step of each phase being used as starting
conditions for the subsequent phase:

(1) t = —180 day to ¢ = 0: the emplaced bentonite was
allowed to re-saturate isothermally.

(i1) ¢ = 0 to 20 days: the heaters were set at an output of
1200 W each.
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Complete mesh
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Fig. 9. Finite element mesh for the modelling of the FEBEX T-H-M
experiment.

(iii) # = 20 to 53 days: the heaters were set at an output
of 2000 W each.

(iv) t = 53 to 450 days: the surface of the heaters was set
at 100 °C.

6.2. Finite element discretization

The finite element mesh for the simulation of the
THM problem using the FRACON code is shown in
Fig. 9; it comprises 876 isoparametric elements and 5093
nodes. It should be noted that the model is axisym-
metric. However, since in its current version the
FRACON code has only three-dimensional elements, a
3D representation is adopted.

Three material types are represented in the finite
element model:

(i) The bentonite with constitutive equations and
properties as previously described.

(i1)) The rock mass which is assumed to be homoge-
neous and linear elastic, as justified in Section 1.

The following values of the elastic constants and the
permeability were based on our previous modelling
of the excavation of the FEBEX gallery [26]:
E=10GPa, v=037,  kgia =5 x 107" m?;
Kaxial = 5 % 107 "% m?2.

(iii) The concrete which is also assumed to be homo-
geneous, isotropic and linear elastic, with the follow-
ing assumed properties: E =30GPa, v=0.2,
k=10""m?.

The outside boundaries of the rock mass are assumed
to be fixed against normal displacement, and are
specified to remain at a constant temperature (12 °C).
The measured steady state pressure in the rock in the
vicinity of the gallery varies between 0 (atmospheric)
and less than 1 MPa. These values are very small to
influence the hydraulic response of the bentonite. For
the sake of simplicity, we have assumed that the outside
boundary of the rock mass is maintained at a constant
pressure of OMPa. The heaters are not explicitly
modelled; instead, the boundaries between the heaters
and the bentonite are assumed to be fixed at zero normal
displacement and zero fluid flux (very rigid and
impermeable heaters), and an imposed power output is
specified at either a constant rate or constant tempera-
ture depending on the sequence of heating. The initial
conditions (at time = —180 days) are T =12°C
throughout the model, p = 0 in the rock and concrete,
and initial water content of 13.4%.

6.3. Comparison of predicted and measured results

We now present the results for different T-H-M
output parameters at points and along sections where
these parameters were experimentally measured. It
should be noted again that the model was used to
perform “blind predictions™, i.e. the measured values
were provided to the research teams only a posteriori.

6.3.1. Relative humidity
The relative humidity H, is a function of suction and
temperature as given in the Kelvin’s equation:

H, = Exp(—sm,v,,/R/(T + 273.16)), (39)

where my, is the specific volume of water (0.001 m?/kg),
vy is the molecular mass of water vapour (18.016 x 1072
kg/mol) and R is the universal gas constant (8.314321]J/
(mol K)).

The evolution of relative humidity at three points
ElH, E1C, EI1G, is shown in Fig. 10. As expected, the
results show that resaturation is faster near the rock
(E1G). Near the heater (point E1H) the drying effects
persist up to and probably well beyond 1000 days. At
point E1C, midway between the heater and the rock, the
relative humidity increases in the early stages up to
approximately 15-20 days, most likely as a result of
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vapour condensation. After this time, the relative
humidity decreases when the thermal pulse reaches the
point E1C, until approximately 100 days, when it
increases again, due to water input from the rock mass.
Fig. 10 also shows excellent agreement between the
predicted and experimental results for the evolution of
the relative humidity. It should also be noted in Fig. 10,
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Fig. 12. Temperature distribution along axial direction RCI.

that at ¢t = 0, the relative humidity is not the same for all
points. This comes from the fact that time zero
corrresponds to the time when heating is started. Before
time zero, there is a period of isothermal resaturation as
explained in Section 6.1.3 (corresponding to phase i).

6.3.2. Temperature

The distributions of temperature along one radial
section and one axial section are shown in Figs. 11 and
12, respectively. It could be seen, from both the
predicted and measured values, that a steady state
thermal regime is attained not too much later than 90
days. The model generally underpredicts the values of
temperature, due to the constant temperature conditions
of 12°C imposed on the outer boundaries of the finite
element model. The predictions could be improved if
these boundaries were defined at larger distances.

6.3.3. Stresses

The evolution of total radial stress at points E2Gl,
E2G2 (near the rock interface) and E2H1 (near the
heater 2) are shown in Fig. 13. Compressive stress values
of up to 1.4 MPa were calculated at the rock interface
(E2G2). Near the heater the stresses are predicted to be
small, attaining a maximal value of 0.1 MPa and
originating from thermal expansion of the bentonite.
The model predicts that a steady state stress regime is
attained very rapidly in the bentonite, due to swelling of
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the bentonite from resaturation. The measured values
however show that the stress is still increasing at 1000
days. We believe that heating of the surrounding rock
mass results in thermal expansion of the porewater and
the solid matrix. Since the coefficient of thermal
expansion of the water is higher than that for the solid

matrix, this results in an increase in the porewater
pressure. This water pressure increase was in fact
predicted in our simulation of the rock mass response
[25] and would be transmitted to the total stress
measured in the bentonite. That phenomenon is,
however, neglected in the present model since we impose
a zero pore pressure in the rock mass.

6.3.4. Heater output

The power output from the heaters is shown in Fig.
14. The output is predicted to be almost the same for the
two heaters. During the temperature control phase, the
power would have to be increased initially to raise the
temperature at the surface of the heaters to the pre-set
value of 100°C; this power will then decrease to an
asymptotic value. The power output predicted by the
model agrees very well with the measured value,
although the measured output from heater 2 (near the
concrete block) is higher than that from heater 1.

7. Conclusions

The FEBEX T-H-M experiment performed at the
Grimsel site, Switzerland, is a valuable and important
project which should lead to an improvement in the
understanding of the behaviour of the bentonite barrier
around heat-emitting nuclear fuel waste (NFW) contain-
ers. Such large-scale field experiments should always be
undertaken with the simultaneous development of
constitutive and computational models to interpret the
experiments. In our contribution to this work, we have
followed the process of model development and
calibration with laboratory experiments prior to using
the developed computational model to perform predic-
tion of the response of the in-situ experiment. The
FEBEX bentonite possesses strong nonlinear behaviour
in the unsaturated state. In order to simulate such
behaviour, we have adopted an incrementally nonlinear
poro-elasticity approach. In this approach, the coeffi-
cients of the poroelastic equations are assumed to be
functions of suction and the void ratio, and summarized
by the state-surface equation which has been derived
from suction-controlled oedometric tests performed by
the Spanish research organizations UPC and CIEMAT.

The equations of poro-elasticity were solved with the
finite element code FRACON. The FRACON code was
used first to predict the bentonite response in laboratory
H-M experiments. The swelling behaviour upon resa-
turation of the bentonite under both constrained and
free swelling conditions were adequately predicted by
the model. The model was then used to predict the
bentonite response in the in-situ T-H-M experiment at
the FEBEX gallery. The FRACON code correctly
predicted that the bentonite would resaturate from the
rock interface. Near the heater, it also correctly
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predicted that initial drying will take place, followed by
a slow resaturation. The model predicted that at the end
of 1000 days of heating, resaturation of the bentonite
was still incomplete, a fact that is confirmed by
experimental data. The model predicted thermal beha-
viours in the bentonite which are also consistent with the
experimental results. For example, the power output
predicted from the model agrees well with the measured
output and, comparably to the experimental data, the
temperature distribution was predicted to reach a steady
state regime in over 90 days. However, the absolute
values of temperature were under-predicted, due to
artificial boundary conditions imposed on the finite
element mesh. Due to re-saturation, the bentonite has a
tendency to swell. Since this swelling is impeded by the
surrounding rock, a compressive radial stress of the
order of 1.5MPa is predicted near the rock interface.
The measured values of radial stress show values higher
than the predicted values. We believe that thermally
induced pore pressure increase in the surrounding rock
mass is an additional component contributing to
increases in stress. That component was neglected in
our computations.
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