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Ab~ra~ 

The paper presents the application of a Galerkin finite-element technique for the numerical solution of the 
differential equations governing coupled heat flow and moisture movement in a clay buffer. Attention is focussed on 
the axisymmetric modelling of the hygro-thermal processes encountered in the single borehole emplacement configura- 
tion developed for laboratory simulation. The numerical results derived for the time-dependent temperature 
distributions within the granite block and the residual moisture distribution within the buffer are compared with the 
respective experimental results. 

1. Introduction 

The long-term objective of a clay buffer is to 
provide an engineered geological barrier for the 
sorption of radionuclides which could be released 
as a result of the eventual disintegration of the 
waste containers. The assessment of the radionu- 
clide transport characteristics of the buffer is of 
primary importance to the long-term reliability 
and safety of the disposal scheme. Such transport 
characteristics of bentonite clays and bentonite 
clay-sand mixtures are in turn influenced by their 
hygro-thermal history. For example, the potential 
for swelling of the buffer is an important property 
which will ensure the buffer to be free of cracks, 
voids and other defects. The degree of swelling of 
the buffer can be influenced to varying degrees by 
the absolute values of the temperatures in a buffer 
material and the moisture availability (see e.g., 
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Pusch, 1981, 1983; Couture, 1985; Oscarsson et al., 
1990). Similarly, moisture depletion from the 
buffer at high temperatures can lead to cracking 
of the buffer which can enhance the mass trans- 
port characteristics (Cheung et al., 1987; Garisto 
and Garisto, 1990). The assessment of the 
hygro-thermal performance of clay-based sealing 
materials has been the subject of recent research 
(Radhakrishna et al., 1984; Pusch et al., 1985a,b; 
Hueckel et al., 1987; Tsang, 1987; Atabek et al., 
1990; GOven, 1990; Pusch, 1990; Fujita et al., 
1991). In a comprehensive treatment of heat and 
moisture movement in a partially saturated porous 
geological medium, such as a clay buffer, it is 
necessary to take into consideration the coupled 
processes of heat transfer, moisture transport by 
flow and diffusion phenomena and the deform- 
ations, both swelling and shrinkage, that are asso- 
ciated with heat conduction and moisture transport 
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processes. Prior to a comprehensive modelling of 
all such coupled processes it is desirable to examine 
certain simplified models which have, in the past, 
been successfully applied to the study of the cou- 
pled processes of heat conduction and moisture 
transport. For the applicability of such reduced 
modelling in the description of hygro-thermal per- 
formance of clay buffer systems, the influences of 
the mechanical processes on the hygro-thermal 
behaviour, or vice versa, should be of secondary 
importance. Alternatively the fabric of the porous 
buffer must be constrained from deformation 
during the heat conduction and moisture transport 
processes. It is reasonable to assume that the 
hygro-thermal behaviour of the buffer compacted 
within a borehole located in a granite block will 
create conditions in which heat transfer and mois- 
ture transport could be identified as dominant 
processes. 

In the context of the current research program, 
the coupled heat transfer and moisture transport 
model proposed by Philip and De Vries (1957) 
provides a preliminary basis for characterizing the 
hygro-thermal behaviour of  buffer materials con- 
sisting of  bentonite clay and crushed quartz sand 
(Yong et al., 1990; Mohamed et al., 1990; and 
Selvadurai, 1995a). Radhakrishna et al. (1990) 
have used the Philip-De Vries model to examine 
the transient heat and moisture transport in a 
compacted clay buffer located in a borehole in a 
concrete block. This paper focusses on the applica- 
tion of a finite-element technique for the solution 
of the coupled heat and moisture transport in 
porous geological media governed by the Philip- 
De Vries model. The numerical scheme is used to 
examine the coupled processes of heat transfer and 
moisture transport in the granite block experi- 
ments (Selvadurai, 1995b), involving the borehole 
emplacement model. The numerical computations 
examine the transient heat conduction processes 
within the granite block and the transient heat 
induced moisture transport processes within the 
buffer. The results derived from the numerical 
computations are compared with experimental 
data derived from the separate experiments in 
which the buffer region is either completely sealed 
from moisture loss or the buffer-rock interface 
provides moisture supply to the buffer region. 

2. Fundamental equations 

The phenomenological theory of coupled heat 
transfer and moisture transport in a porous geolo- 
gical material developed by Philip and De Vries 
(1957) yields the following differential equation 
which governs moisture movement in the unsatu- 
rated porous solid under the combined action of 
thermal and moisture gradients: 

,~0 ,)K o 
--  V(D T V T )  + V" (Do I70) + - -  ( 1 ) 

~t ?z 

where 0 is the volumetric moisture content; T is 
the temperature ( C ) ;  V is the gradient or del 
operator; DT is the thermal moisture diffusivity, 
Do is the isothermal moisture diffusivity; Ko is 
the unsaturated hydraulic conductivity and 0 = 
W~'d/?' w, where w is the conventional moisture 
content based on weight; "/d is the dry unit weight 
of the soil and 7w is the unit weight of water. The 
terms Do and DT are made up of two components 
related to the liquid (1) and vapour (v) phases 
(i.e., D o = D o l + D o v ;  D T = D T I + D T v  ). The last 
term on the right-hand side of Eq. 1 accounts for 
gravitational effects. The differential equation gov- 
erning heat transfer in the porous medium is given 
by: 

~T 
t~c ? t  = V . ( 2 V T ) - p L  V(Do,,VO) (2) 

where pc' is the volumetric heat capacity of the 
porous medium, 2 is the thermal conductivity; L 
is the latent heat of vaporization and Do, ̀ is the 
isothermal vapour diffusivity. In general, it is 
assumed that all the hygro-thermal parameters 
depend on the temperature and volumetric mois- 
ture content in the porous medium. Examples of  
such variations, applicable to bentonite clay 
quartz sand mixtures are given by Mohamed et al. 
(1990) and Selvadurai (1995a). 

The boundary conditions governing Eqs. 1 and 
2 are divided into two categories; an essential 
(Dirichlet) boundary condition and a natural 
(Neumann or Robin) boundary condition. 
Referring to Fig. 1, the essential boundary condi- 
tion for the temperature field can be written as: 

T = T, on xi ~ S1 (3)  
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Fig. 1. Domains for T(xi, t) and O(x~, t). 

Also, the defined boundaries are assumed to be 
stationary such that: 

S l k . ) s 2 = g 3 t o S 4 = S ,  SE~'~ ( 8 )  

S , ~ $ 2 = $ 3 n S 4 = 0  (9) 

The description of a problem will be complete 
when suitable initial conditions are imposed on T 
and 0 i.e.: 

T = T o ;  0 = 0  o in x i~ f2  (10) 

when t = to. 

3. Numerical results 

3.1. The variational formulation 

Since the heat flow within the medium can be 
expressed in the form: 

h = - 2 V T  + LDov I70 (4) 

(where h is the rate of heat lost at a boundary), 
one can write a general expression for the heat 
lost at the boundary $2 as: 

t3T O0 
2 ~n - L Do~ ~n + aT T + bTO + cT = O, 

(5) 
o n  x / E  S 2 

where n is the outward unit normal on $2, and 
aT, bT and cT are constants chosen to fit a certain 
type of boundary. Similarly, on a boundary with 
prescribed volumetric moisture content we have: 

0=0 ,  on x i e S 3  (6) 

and the natural boundary condition for the mois- 
ture loss from region $4 can be expressed in the 
form: 

0T 00 
DT--;Z-Ct + Do ~n + Konz + aoT + boo + Co = O, 

(7) 
o n  x / E  3 4 

where the constants ao, bo and co are chosen to fit 
a particular boundary. The boundary conditions 
given by Eqs. 3, 5, 6 and 7 are applied to the 
domain (f2) when t > to where to is an initial time. 

The coupled system (Eqs. 1 and 2) can be solved 
in a variety of ways, especially in relation to 
specific boundary/initial value problems. For 
example Dempsey, (1978) has applied the Philip 
and De Vries (1957) model in conjunction with a 
one-dimensional implicit finite-difference method 
to study the coupled heat transfer and moisture 
movement in an unsaturated soil. A two-dimen- 
sional integrated finite-difference method which 
incorporates the Philip and De Vries model is 
presented by Radhakrishna et al. (1984). A 
number of investigators including Abdel-Hadi and 
Mitchell (1981); Geraminegad and Saxena (1986); 
and Thomas (1985, 1987) have applied finite- 
element techniques to study the two-dimensional 
transient effects of coupled heat and moisture flow 
in porous geological media. In this paper, we 
present the application of a finite-element scheme 
to the study of transient coupled heat transfer and 
moisture transport under axisymmetric conditions. 
The applications of finite-element techniques to 
the study of transient coupled processes in porous 
solids have also been discussed quite extensively 
in the articles by Comini and Lewis (1976); Strada 
and Lewis (1980); Thomas et al. (1980); and Lewis 
and Roberts (1984). 

The integral or weak form of the governing 
equations 1 and 2 can be obtained via the Galerkin 
weighted residual technique, (see e.g., Zienkiewicz, 
1977; Lewis et al., 1981, 1983; and Bathe, 1982). 
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By introducing an arbitrary weighting function 6 T 
for the temperature field we can obtain, using Eqs. 
2 and 5 and Green's theorem, a result of the form: 

V6T(ZVT-pLDovVO)+pcaT d~2 
7 

+ ( aT(aTT+bTO+CT)dS=O (11) 
.JS 2 

The Eq. 1 1 is the functional form for the temper- 
ature field which will be used in the finite-element 
formulation. Similarly, by introducing an arbitrary 
weighting function b0 for the volumetric moisture 
content we can obtain, using Eqs. 1 and 7, and 
Green's theorem, a result of the form: 

f~{  Kon: . 0 0 )  ~30 + 60 ~ ~ dr2 [760(DT VT + Do I70) + c~z 

+ ~ 60{aoT+boO+co}dS=O (12) 
d s  4 

The Eq. 12 is the functional form for the volu- 
metric moisture field which will be used in the 
finite-element formulation. 

3.2. Finite-element jormulation 

In this study attention is restricted to the class 
of six-noded triangular elements and eight-noded 
quadrilateral isoparametric elements used to 
discretize the axisymmetric domain g2. Avoiding 
details of the development it is sufficient to note 
that the functional forms Eqs. 11 and 12 for an 
element (e) can be reduced to the following forms: 

{6r },T, * [[K~rr] {T }e + [K~,ol {O }e 
e = l  

{+} 1 +{M~-} - ~  , - { P ~ }  = 0  (13) 

{30}e r* [[KaollOIe+[KgrllT}e 
e = l  

{+} 1 +{M~} ~- e -  {P~} = 0  (14) 

respectively, where { } r *  denotes the transpose. In 

Eqs. 
defined by: 

[K~,,r] = fa+ 2[B]r*[B] dg2 

+ fa ar[N]r*[N] dS 
~2ec~S 2 

[K'~o] = fa+ D°[Blr*[B] d~2 

+ fo bo[N]r*[N] dS 

[K~o] = L Dov[B] [B] d£2 
e 

+ £ br[N]r*[N] dS 
Qer%S2 

[K~+,] = f,,° Odal+'*[B] dQ 

+ fo ao[N]r*[N] dS 
~ e ( ~ S 4  

[M~,I = f,~ pc[N]r*[N] dg2; 
e 

[M;,I = £, [NI"*[NI dQ 
e 

{P~} = - fo [N]r*cr dS; 
~ 2 e  F'*S 2 

1P~ } = - f0aoms+ [NI r * co dS 

;o r* - [B=]  Kon~ d£2 
e 

13 and 14, the matrices [K}-r], [K~0], etc., are 

(15) 

In Eq. 15, [N] is the matrix of interpolation func- 
tions. After assembling the matrices of all elements 
and their corresponding loading vectors, we can 
write the resulting systems of matrix equations as 
follows: 

[KrT] {T } + [Kr0] 10} + [Mr] {T} = {Pr}; 
(16) 

[Koo] {0} + [K0r] {T} + [Mo] {0} = {Po} 
where {'} indicates the time derivative. 
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3.3. Time integration and iterative schemes 

In order to obtain the recurrence relations in 
the time domain for the matrix equations 
(Eqs. 16), we can apply the difference scheme 
proposed by Zienkiewicz (1977), i.e. : 

{T} = [{T,+a,} -- {rt}]/At; 

{0} = [{0,+.~t} - {O,}]/At 
(17) 

{T} = ~{Tt+a,} + (1 -- ~z) {Tt}; 

{0} = ~{0,+at } + (1 -- ct) {0,} 

where At is a single time step and ~ is the weighting 
factor between At such that 0 < ~ < 1. A complete 
discussion of  the choice for the value of ~ is given 
by Zienkiewicz (1977). It is sufficient to note that 
for 0 < ~ < 0.5, the scheme is conditionally stable; 
the conditionality arising from the fact that the 
time step has to be less than a certain critical 
value. For 0.5 < a < 1, the scheme is uncondition- 
ally stable which indicates that the time step can 
be large. In such a case one can accelerate the 
solution scheme at time scales where the solution 
approaches its steady state. Other refined forms of 
automatic time step selection techniques are also 
available the details of  which are given in Lewis 
et al. (1981, 1983). 

Using Eq. 15, Eq. 16 can be written as: 

~At[Kro] -] 
{[3/o] + ~At[Koo]} d , O,+ a, , 

{[Mr] + ~At[KrT]} 

~3t [Kor] 

Qo 
where: 

[QT] = [FTT F¢o[Tt7 FP¢7 
Qo LFoT FooLOtJ + AtLt'oJ 

(18) 

(19a) 

and: 

Fxx = {[MT ] -- (1 -- c0A t[kxw ]} 

Fxo = - (  1 - oOAt[kxo ] 

Fow = - (  1 - ~)At[kox ] 

Foo = {[M0] -- ( 1 - ~)At[koo]} (19b) 

The Eq. 18 is the system equation for the temper- 

ature and volumetric moisture content at time 
t + A t .  The vector on the right-hand side is 
obtained from the boundary conditions of  the 
problems and also from the values of  {T}and {0} 
at time (t). At the first time setup or at the initial 
condition: 

w en  =to 
0, 0o 

Due to the nature of  the coupled physical con- 
straints LDov and Dx, the system matrix defined 
by Eq. 18 will, in general, be non-symmetric. In 
order to avoid storage in the solution of the non- 
symmetric system, one can apply the Gauss-Seidel 
iteration scheme (Lewis et al., 1983), i.e. : 

[[MT] + aAt[KTT]] {Tt+a,} "+1 

= { Q r } t -  ~At[Kro] {0t+a,}" (21) 

[[M0] + ~At[Koo]] {Tt+,~t} n+l 

= {Qo} t -  ~At[Kor] {T~+n,}" (22) 

where { }" indicates the iteration number and: 

{ Tt+~ ' t={T ,  Ot} (23) 
Ot+AtJ 

The convergence of the iteration procedure 
employed in Eqs. 21 and 22 depends on the values 
of the hygrothermal parameters in a specific prob- 
lem. In the event there is no coupling between the 
two basic processes of heat transfer and moisture 
transport we have LDov = Dx = 0, consequently 
one iteration is sufficient. For the coupled problem 
we have to assign certain convergence criteria 
which will ensure the termination of the iteration 
process at any stage. Since the system matrices in 
21 and 22 are symmetric, the elimination in the 
upper triangular regions is applied once at the 
beginning of  the iteration. The reduced left-hand- 
side matrices can be re-used for any number of  
iterations during a single time step. 

4. Modelling of the borehole emplacement scheme 

The primary objective of the computational 
modelling is to apply such a procedure to the 
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study of the single borehole emplacement labora- 
tory experiment described in a companion paper 
(Selvadurai 1995b). Although the single borehole 
experiment involving the granite block has a three- 
dimensional configuration, in this study it is mod- 
elled as an axisymmetric problem. This approxima- 
tion is justified in view of the central axisymmetric 
location of the borehole, the square cross-section 
of the granite block and the insulating boundary 
conditions on the outer boundary of the granite 
block (Fig. 2). (The ratio of  the diameter of the 
borehole to the outer width of the insulation region 
is approximately 1:5.) 

The heater: The heater is modelled as a rigid 
impermeable cylinder. It is assumed that the heater 

exhibits perfect contact with the buffer region. In 
the experiments, the surface temperature at the 
mid-section of the heater is maintained at a con- 
stant value of either 80 ° or 100°C. The temper- 
atures at the upper and lower levels of the heater 
are monitored via the thermo-couples located 
within the heater. In the numerical computations, 
the temperature histories at these locations are 
specified according to the measured values. The 
temperature distributions on the heater surface are 
assumed to vary linearly between the central, upper 
and lower levels of  the heater. 

The buffer region: The buffer material is com- 
pacted within the borehole in the granite block at 
a gravimetric moist unit weight of  approximately 

insulation 

compacted 
buffer 

heater 

instrumented 
granite block 

impermeable membran 
= -!- with / without geotextile 

:: liner 

A & 
! 

concrete 
floor 

E A ~ ~ " 

] air gap 
Z ! 

Fig. 2. Axisymmetric model of the granite block test facility. 
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19.5 kN/m 3 at a gravimetric moisture content of 
approximately 17.5% and a volumetric moisture 
content of 0o = 29%. The heater is placed in a 
cylindrical cavity drilled into the buffer region. 
The interface between the buffer and the heater is 
assumed to exhibit a perfect contact with no 
moisture influx to the heater region. The experi- 
mental determination of the hygro-thermal param- 
eters governing the compacted buffer material 
was carried out by Mohamed et al. (1990) and 
Selvadurai (1995a). In these studies, two sets of 
functional representations were determined for the 
hygro-thermal parameters governing the Philip-De 
Vries model. The parameters used in the numerical 
computations are the following: the parameters 
determined by Mohamed et al. (1990) take the 
form: 

Do = (0.0320 + 0.00296T + 0.93220) x 10 -s m2/s 

D r  = (0.6852 + 0.0591T -- 2.1380) x 10 -9  m2/s  K 

Dov = 0 (24) 

2 = ( -0 .2539 + 0.00352T + 0.626100) J/m s K 

and, the parameters determined by Selvadurai 
(1995a) take the forms: 

Do = (0.0122 + 0.00132T) e 0"1040 × 10 -8  m2/s  

Dr  = ( -0 .108 + 0.0200T + 1.8050) 
× 10 -11 m2/s K (25) 

D0~ = ( -0 .216 + 0.040T + 3.6100) × 10 -14 m2/s  

2 = (2.685 + 0.00205T - 0.2150) J/m s K 

In general, the volumetric heat capacity of  the 
buffer material can vary with 0; in the ensuing 
computations, the value of  the heat capacity is 
assumed to be constant: i.e. pc = 3 x 10 .6 J/m 3 K. 

The granite block." The granite block is modelled 
as a cylinder of  external diameter 920 mm. The 
moisture boundary condition at the buffer-bore- 
hole (rock) interface is such that there is no 
moisture transport either to or from the granite 
block. The thermal properties of the granite are 
assumed to be isotropic, homogeneous and temper- 
ature independent. The thermal conductivity and 
heat capacity of  the granite, determined from 

one-dimensional transient tests are as follows: 

2 = 2.50 J/m s K; pc = 2.38 x 10 6 J / m  3 K (26) 

The cylinder rests on the concrete floor of  the 
laboratory of  thickness 150 mm. The reinforced 
floor slab is underlain by an airspace. Thermo- 
couples were installed near the surface and base 
of the floor slab, in the vicinity of the granite 
block location, to ascertain the appropriate far 
field temperature boundary conditions. The ther- 
mal conductivity and heat capacity of the concrete 
are specified (Selvadurai, 1988) as follows: 

2 = 1.28 J/m s K; pc = 1.50 x 106 J/m 3 K (27) 

The outer cylindrical boundary and the upper 
surface of  the rock is provided with an insulation 
layer of finite thickness. The outer surface of  the 
insulating layer is prescribed with constant temper- 
ature which corresponds to the ambient temper- 
ature of  the laboratory. The thermal properties of  
the insulation is estimated from published data. 
The thermal conductivity and heat capacity of the 
polystyrene bead insulation are taken as follows: 

2 = 0 . 1 5 5 J / m s K ;  p c = 0 . 2 x  106j /maK (28) 

These values also account for the porous nature 
of the insulation. 

Finite-element discretizations: A series of finite- 
element discretizations of the heater-buffer rock- 
mass region were initially employed to ascertain 
the optimum mesh refinement. The Fig. 3 illus- 
trates the final finite-element mesh configuration 
employed to model the granite block, the base 
support and the insulation regions. Eight-noded 
isoparametric elements are used to model the three 
regions. The Fig. 3 also indicates the thermal 
boundary conditions and the temperature continu- 
ity conditions associated with the heater-buffer, 
buffer-rock, buffer-insulation, rock-concrete and 
insulation-concrete interfaces. Refering to Fig. 3: 

T b = Th ( r  , Z) E Sbh ; T b = Tg(r, z) ~ Sb~; 

Tb = Ti(r, z) ~ Sbi (29) 

T r = To(r, z) ~ arc; T~ = Ti(r, z) 6 Sri 

In Eq. 29, the subscripts h, b, g, i and c refer to 
the heater, buffer, granite, insulation and concrete 
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Fig. 3. Finite-element discretization of the granite block test 
facility. (To is the ambient temperature in the laboratory). 

regions, respectively. Suitable mesh refinement 
(Fig. 4) is provided in the buffer region to observe 
moisture distribution patterns at various times. In 
the modelling of the buffer-rock (Sbr) and buffer- 
insulation (Sbi) interfaces, it is necessary to accom- 
modate two types of boundary conditions. In both 
experiments conducted in the experimental facility, 
an impermeable membrane is incorporated at these 
interfaces. In the experiments involving moisture 
influx at the outer boundary of the compacted 
buffer, it is assumed that the volumetric moisture 
content is maintained at its saturation value. 

Boundary and initial conditions." To complete the 
finite-element modelling it is necessary to specify 
appropriate boundary conditions pertaining to 
buffer-heater interface, the buffer-rock interface 
and the outer boundary of the rock. 

(a) The buffer-heater interface." The temper- 
ature histories at the mid-section, the upper level 
and the lower level of the heater are monitored 
during each experiment. In the experiment where 
the mid-section temperature is maintained at 100°C 
the temperatures induced at the upper and lower 
levels are at 94 ° and 86°C, respectively. The surface 
temperatures along the cylindrical surface are 
assumed to vary linearly over the length of the 
heater. In the experiment where the mid-section 
temperature of the heater is maintained at 80°C, 
the steady-state temperatures at the upper and 
lower levels of the heater are 75 ° and 68°C, respec- 

tively. The prescribed temperature distribution at 
the buffer-heater interface is denoted by Th. In 
addition to these temperature boundary conditions 
it is assumed that there is no moisture loss at the 
buffer-heater interface. The relevant boundary 
conditions on the buffer-heater interface (Sbh) are: 

T(r, z) = Th; (r, z) ~ Sbh; 
(30) 

Do VO + Dr VT = O; (r, z) ~ Sbh 

(b) The buffer-rock interface: In the numerical 
modelling of the experiments we need to consider 
two types of interface conditions at the buffer- 
rock (Sbr) and the buffer-insulation (Sbi) interfaces. 
In both experiments, the provision of an imperme- 
able barrier at these interfaces results in only heat 
conduction processes within the granite block 
region. In the generalized treatment the values of 
the hygro-thermal parameters Do, Dx, Day and Ko 
for the granite block region are set equal to zero 
to effectively achieve the impermeable interface 
condition at the buffer-rock and buffer-insulation 
interfaces. 

In a second test, moisture influx is provided at 
the outer boundary of the buffer region, by using 
a porous geotextile filter liner. In this instance, it 
is assumed, that the boundaries Sbr and Sbi are 
maintained in a fully saturated condition, i.e. : 

O(r, z) = 0s; (r, z) s Sbr t..) Sbi (31) 

where 0s is the volumetric moisture content of the 
compacted buffer at complete saturation. The ini- 
tial volumetric moisture content (0o) of the buffer 
is approximately 0.29, at a void ratio of  e0 ~- 0.62. 
This corresponds to 0s = 0.377. It is also convenient 
to express 0~ as a multiple of 00, i.e. 0~= 
(0~/0o) = 1.3. 

(c) The boundary of the granite block: The outer 
boundary of  the granite block is provided with 
a layer of styrofoam bead insulation. The meas- 
urement of  temperatures within the insulation 
indicates that the layer maintains a temperature 
equal to the ambient laboratory temperature 
(T o ~ 20°C). In the numerical modelling, the outer 
boundary of the insulation layer is treated as an 
isothermal boundary with T(r, z)= T o. Similar 
considerations apply to the base of the floor slab 
which is exposed to the air cavity. In this case the 
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Fig. 4. Finite-element discretization of the buffer region. Moisture boundary conditions. 

ambient temperature in the air cavity Ta is approxi- 
mately 18°C. 

(d) Initial conditions: In order to complete the 
formulation of the problem, it is necessary to 
prescribe appropriate initial conditions for the 
volumetric moisture content distribution in the 
buffer region and the temperature distribution 
within the buffer-rock system. It is assumed that 
there is no moisture loss from the compacted 
buffer during the installation of the heater, i.e. in 
the buffer region, 0 = 0o at t/> 0. Also, it is assumed 
that prior to the commencement of the experi- 
ments, the entire buffer-rockmass system is in 
thermal equilibrium at the ambient temperature of 
the laboratory. 

5. Numerical  results 

In order to present the results in a concise 
fashion, attention will be focussed, separately, on 
the two experiments conducted with heater temper- 
atures of 80 ° and 100°C. In the ensuing discussions, 
the hygro-thermal parameters used in the computa- 
tions are those defined by Eq. 25. In instances 
where comparisons are made between computa- 
tions derived from the two sets of hygro-thermal 
parameters defined by Eqs. 24 and 25, specific 
comments will be made to distinguish between the 
sets of results. 

The Figs. 5 and 6 illustrate comparisons of 
temperature contours within the granite block 
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derived from the numerical computations and from 
the experiments at specific time intervals of 1000 
and 2000 h, respectively. In general, the compu- 
tational predictions follow closely the heat con- 
duction patterns observed in the experiment. 
A detailed examination of the heat conduction 
pattern can also be obtained by examining the 
time-dependent temperature distributions at criti- 
cal locations of the rock mass. For this purpose, 
it is convenient to select thermocouples which are 
situated at the mid-plane of the heater and along 
the axis of the granite block. The Figs. 7 and 8 
indicate, respectively, the comparisons of the time- 
dependent variation of temperature within the 
granite block obtained for locations at the central 

plane of the heater and along the axis of the 
granite block. In the case of the temperature 
variations along the axis of the granite block, 
discrepancies of approximately 5°C in the actual 
magnitude of the temperature can be observed. 
Although specific factors which contribute to the 
discrepency cannot be highlighted it is evident that 
thermal equilibrium is achieved in a relatively short 
time and the trends indicated in the computational 
estimates are generally consistent with the experi- 
mental data. The computational scheme is also 
used to obtain time-dependent variations in the 
volumetric moisture content within the compacted 
buffer which occurs as a result of the heating 
action. In the experiment where the heater temper- 
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ature is 80°C, the buffer-rock interface is imperme- 
able and there is no moisture influx or efflux from 
the buffer region. The Fig. 9 presents comparison 
of the residual volumetric moisture content distri- 
butions derived from the experiment (terminated 
at 2000 h) with equivalent results of computations; 
i.e., NUM1 and NUM2, respectively, refer to the 
computational estimates derived by using hygro- 
thermal parameter sets given by Eqs. 25 and 24, 
respectively. The computational estimates for the 
residual volumetric moisture content distributions 
indicate trends which are consistent with experi- 
mental results. 

The computational scheme is also used to 

develop results for the second experiment where 
the heater temperature at the mid-section is 100°C 
and moisture influx takes place at the buffer-rock 
interface. The Figs. 10 and 11 illustrate compari- 
sons between the experimental results and compu- 
tational estimates for temperature contours within 
the granite block derived via the hygro-thermal 
data set given by Eq. 25. The results for the time- 
dependent temperature distributions within the 
granite block at the mid-section level of the heater 
and along the axis of the block are shown in Figs. 
12 and 13, respectively. The results of the temper- 
ature distributions indicate that at the higher 
heater temperature and in the presence of moisture 
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influx, the temperatures experience a gradual 
increase to stable values whe.eas, the computations 
predict the relatively early attainment of steady- 
state temperatures. The comparisons between the 
normalized residual volumetric moisture content 
distributions (at 2000 h) obtained in the experiment 
and those derived from the computations are given 
in Fig. 14. It is evident that the experimental results 

indicate a greater degree of drying around the 
mid-section of the heater. The volumetric moisture 
content distributions indicated by results NUM1 
and NUM2 can also be used to compute the 
overall increase in moisture within the buffer at 
the termination of the experiment. It is found that 
the computational estimates for the moisture 
increase within the buffer range from 16.2% 
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(NUM1) to 14.7% (NUM2). These results com- 
pare favourably with the experimental result of 
18.7%. 

6. Conclusions 

In a borehole emplacement configuration the 
dominant processes will be confined to heat 
transfer and moisture migration. This research 

examines the applicability of the model proposed 
by Philip and De Vries (1957) to the study of the 
hygro-thermal processes within the compacted 
buffer. The coupled differential equations govern- 
ing the Philip-De Vries model are numerically 
solved by adopting a Galerkin finite-element 
formulation. The numerical modelling is used 
to examine the hygro-thermal processes in the 
experimental investigations involving a borehole 
emplacement scheme (Selvadurai, 1995b). The 
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observations derived from the comparisons are 
summarized in the ensuing paragraphs. 

(1) The theoretical estimates for the temper- 
ature distributions within the granite block com- 
pare favourably with equivalent results derived 
from the experiments. In the experiment with the 
lower heater temperature (80°C), the attainment 
of steady-state thermal equilibrium is predicted 
accurately. With the higher heater temperature 
(100°C), the computations predict a relatively 
early attainment of thermal equilibrium in the 
buffer-rock system which is not consistent with 
experimental observations. It may be noted that 
the hygro-thermal parameters used in the computa- 
tions are based on tests which were conducted at 
80°C and this factor may influence the overall 
accuracy of the computational estimates. Both 
moisture retention within the buffer and moisture 
absorption results in a buffer region indicate that 
the buffer region is able to conduct heat without 

the development of contact resistances at the 
buffer-heater or buffer rock interfaces. In in- 
stances where the moisture can be lost from the 
buffer region (Selvadurai, 1995b) there is evidence 
of the development of impedence to the heat 
transfer processes. In such instances it is impor- 
tant to consider the shrinkage and cracking that 
accompanies moisture loss from the buffer. 

(2) The numerical results for the time and spat- 
ial variations of the volumetric moisture content 
within the buffer indicate gradual variations either 
due to moisture re-distribution in a closed buffer 
region or moisture influx due to a saturated buff- 
er rock interface. In the experimental results, the 
localization of moisture loss in regions close to 
central plane of the heater would suggest the 
presence of hygro-thermal anisotropy in the buffer 
which could result from the compaction process. 
Apart from this localized effect, the numerical 
computations indicate trends which are consistent 
with experimental results. In the situation where 
moisture influx to the buffer region is present, the 
overall increase in the moisture within the buffer, 
derived from the computations compare favoura- 
bly with experimental observations. 

(3) Considering the magnitudes of the average 
values of the hygro-thermal parameters it is evident 
that the intrinsic time factor (with units of s -1) 
for the heat conduction process 2p/~l 2 (where)t is 
the average thermal conductivity, ~ is the average 
heat capacity and l is a length parameter associated 
with the initial value problem) is much larger than 
the intrinsic time factor/3o/l 2 associated with the 
isothermal moisture diffusion process (where/3o is 
the average isothermal moisture diffusivity) (i.e., 
(/30~/2) is of the order of 10-2 ) .  Consequently, 
thermal equilibrium in the buffer material is 
achieved much earlier than moisture equilibrium. 
There are certain computational advantages asso- 
ciated with this observation. In such circumstances, 
the coupled heat conduction and moisture trans- 
port can be reduced to a simplified approximate 
analysis in which the transient heat conduction is 
first solved to establish the steady-state temper- 
ature distributions within the buffer region. These 
time-independent but spatially varying temper- 
atures are provided as an initial condition to the 
thermally-induced moisture flow process. In 
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making such a simplification it is implicitly 
assumed that the moisture depletion within the 
buffer region does not lead to a substantial alter- 
ation of the thermal conductivity (,~) and heat 
capacity (fir) of the buffer material. The experi- 
mental observations relating to temperature distri- 
butions within the granite block would suggest 
that this is a reasonable approximation for situa- 
tions where the buffer experiences no moisture 
depletion during the heat conduction process. 
Separate numerical results for the volumetric mois- 
ture content distributions within the buffer, derived 
via the simplified analysis, agrees closely with 

results derived via the complete coupled analysis. 
The simplified scheme is, of course, computation- 
ally more efficient than a complete coupled 
analysis. 

(4) The results of the present series of experi- 
ments, indicate that the buffer is able to maintain 
its thermal integrity even in situations where there 
is significant loss of moisture from the buffer. 
During the moisture sampling process, at the ter- 
mination of the experiment, the condition of the 
buffer was also inspected. There is no evidence of 
shrinkage of the buffer as a result of the moisture 
depletion process. Similar observations are appli- 
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cable to the situation where there is no moisture 
influx but moisture containment within the buffer 
by the presence of an impermeable liner. 

(5) The hygro-thermal modelling is a simplifi- 
cation of the general hygro-thermo-mechanical 
processes that can be present in a compacted 
bentonite buffer region. In situations where mois- 
ture influx or moisture depletion is expected to 
introduce significant volume changes in the buffer 
region, it is likely that these deformations may 
have influences on particularly the moisture trans- 
port processes. For example in the experiments 
involving moisture influx, a geotextile liner- 
impermeable membrane system is placed at the 

buffer-rock interface. If the buffer experiences swel- 
ling due to moisture influx and induces compres- 
sion of the geotextile liner, then, the outer bound- 
ary of the buffer region will have a correspondingly 
higher saturation volumetric moisture content 0s, 
due to the swelling induced increase in void ratio. 
This would alter the boundary condition on the 
volumetric moisture content at the outer boundary 
of the buffer. An increase in 0s at the outer 
boundary of the buffer will result in an increased 
estimate for the time-dependent moisture distribu- 
tion pattern and a corresponding overall increase 
in total moisture uptake. In the computations, it 
is assumed that there is no increase in the value 
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of  O, due to any possible influences of the compres- 
sion of  the geotextile liner. In a buffer compacted 
in a borehole environment, the buffer is con- 
strained from excessive radial and axial deform- 
ations, due to the stiffness of  the rock, the frictional 
effects at the buffer-rock interface and the backfill 
surcharge that can be applied at the surface of  the 
buffer. Under such circumstances, the hygro-ther- 
mal modelling provides an adequate model for the 
study of  heat transfer and moisture movement 

within the buffer region. The experiments con- 
ducted during the course of  this research are 
limited in number and scope. Nonetheless, the 
experimental results for temperature and volumet- 
ric moisture content distributions show trends 
which are consistent with computational predic- 
tions where the sets of  input hygro-thermal param- 
eters for the computational model are derived from 
separate one-dimensional tests. The results also 
indicate that the hygro-thermal parameters der- 
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ived from one-dimensional experiments involving 
closed buffer columns can be effectively utilized to 
examine situations involving moisture influx to the 
buffer region. 

(6) The accelerated uptake of water to the 
compacted buffer region is beneficial from the 
point of view of the heat conduction process and 
for maintaining the buffer in a defect free state 
during the heat conduction process. From the 
observations of this research, a possible means of 
achieving accelerated moisture uptake would be to 

allow the buffer region to experience controlled 
swelling at the outer boundary, during moisture 
uptake. The advantage of such an approach should 
be weighed against the possibility of surface ero- 
sion of the softened swelled buffer region which 
could result from a hydraulic gradient across an 
emplacement borehole. 
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