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SUMMARY 
The problem of fully coupled consolidation and heat flow around a rigid cylindrical heat source buried in 
clay has been studied. The governing equations of the problem are summarized in the paper and a finite 
element time-marching scheme to obtain an approximate solution to the governing equations is described. 
The stress-strain behaviour of the skeleton of the saturated soil has been represented by both a linear elastic 
model and the modified Cam clay soil model. The results of a limited parametric study are presented with 
the aim of understanding the major mechanisms of soil behaviour close to buried canisters of hot radioactive 
waste. A range of soil properties has been included in the study, and the effects of soil disturbance during 
canister emplacement have also been considered. 

1. INTRODUCTION 

The problem of heat flow and consolidation around heat sources buried in clay has generated 
considerable research interest recently. This is due particularly to the encounter of such behavi- 
our in the disposal of radioactive waste. In some proposed disposal methods metal canisters of 
vitrified radioactive waste are to be buried in the seabed or in deep formations of clay of low 
permeability. In the multi-barrier system,' the canister forms the first barrier, but in the long time 
scale considered, the soil surrounding the canister provides the long-term protection against 
contamination. In this case the canister acts as a heat source after emplacement, although its 
power diminishes gradually with radioactive decay. Obviously, the thermomechanical behaviour 
of the soil surrounding the canister is of great importance in assessing its effectiveness as a barrier. 
The excess pore pressures generated due to heat transfer may cause water to flow away from the 
canister, thus increasing the area of potential contamination. Furthermore, the generation of high 
excess pore pressures could ultimately result in hydrofracture of the soil. Fractures of this type 
can occur in the soil close to the canister, seriously compromising the effectiveness of the soil as 
a long-term barrier. It is also important to assess reliably the effect of disturbance created during 
the emplacement of the canister on the subsequent thermomechanical bahaviour. 

This paper describes finite element analyses carried out of the fully coupled consolidation and 
heat flow around a rigid cylindrical heat source buried in clay. The canister is assumed to be of 
sufficient length so that it can be considered as an infinitely long heat source. The stress-strain 
models for soil employed in the analyses are the linear elastic model and a version of the modified 
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Cam clay model, with incorporated thermal behaviour. The analyses were aimed at understand- 
ing the mechanisms of soil behaviour close to the canister and the influence on this behaviour of 
various soil parameters and the disturbance during canister emplacement. Realistic values have 
been assumed for soil properties although no attempt has been made to model a specific field 
problem. 

2.  LITERATURE REVIEW 

Hickox and Watts2 and Wickensj have reported the results of numerical analyses of heat flow 
and pore pressure dissipation around a decaying cylindrical heat source in a rigid porous 
medium. Their analyses have demonstrated that the temperature drops sharply away from the 
heat source. The differential thermal expansion between pore water and soil particles was found 
to be the dominant factor in determining the pore pressure field. However, the contribution from 
soil compressibility has not been considered in calculating the pore pressures in the above 
analyses. 

Booker and Savvidou4 presented a semi-coupled solution for consolidation around a spherical 
heat source buried in a poroelastic medium using the Laplace transform techniques. The 
semi-coupled theory neglects the contribution from mechanical terms to the heat equation, which 
is generally considered insignificant for most practical cases. Their results indicated that the 
generation of excess pore pressures and the reduction of effective stresses are relatively small in 
more permeable soils. However, a major reduction in effective stress takes place in the radial 
direction close to the heat source. Smith’ presented the fully coupled solution for the heat flow 
and consolidation around an infinitely long cylindrical heat source buried in an elastic soil. The 
distributions of temperature and pore pressure are somewhat similar to those given by Booker 
and Savvidou for the spherical source, but the rate of dissipation is much slower than in the 
spherical case due to the infinite extent of the cylindrical source. An interesting aspect of both the 
above solutions is that the rigidity of the heat source has no influence on the behaviour of the 
surrounding soil. 

Lewis et aL6 presented a fully coupled finite element formulation of consolidation of non- 
isothermal elastoplastic media. They obtained good agreement between their finite element 
results for the problem of thermoelastic consolidation around a cylindrical heat source and the 
approximate analytical solution for the same problem given by Booker and S a v ~ i d o u . ~  Indepen- 
dently, Britto et al.’ presented a fully coupled finite element formulation of heat transfer and 
consolidation behaviour. Britto et a/.* also presented comparisons between the observed behavi- 
our in the centrifuge of a heated cylindrical canister embedded in clay and the finite element 
predictions made using the modified Cam clay stress-strain model. In all cases they found good 
agreement between the observed and predicted temperatures. Good agreement was also found 
between the observed and predicted pore pressures in normally consolidated soil but not in 
overconsolidated soil. 

Finite element analyses of fully coupled thermal consolidation around canisters have also been 
carried out by a research group at ISMES in Bergamo, Italy. For example, Heuckel et a/.9 
presented a set of constitutive equations for the fully coupled thermoelastoplastic behaviour of 
a clay and also reported the finite element results of consolidation behaviour around a heated 
canister buried in clay. They concluded that thermal plastic yielding is beneficial in reducing the 
peak pore pressures around the canister, but also causes a large reduction in shear strength in the 
soil close to the canister. 
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3. GOVERNING EQUATIONS AND FINITE ELEMENT FORMULATION 

The derivation given below is similar to that used by Britto et aL7 for the fully coupled finite 
element formulation, but unlike the latter the symmetry of the governing equations is ensured. 

3.1. Equilibrium 

Let G be the vector of stress increments of a body due to the applied loading and temperature 
change. G is defined here with the usual geomechanics convention of compression positive. In the 
absence of body forces, equilibrium of the body can be expressed in a Cartesian co-ordinate 
system as 

a T n  = o (1) 

where n = (ox, oyr oz,  T~~~ T . ~ ,  7,,)T and 

alax o o a/ay 
o a:] o ajay o aidx alaz 

o o alaz o alay alax 

3.2. Strain-displacement relations 

Using the geomechanics convention of positive compressive strains, these relations in matrix 
form are given by 

& = - a u  (2) 

where E = ( E ~ ,  E,,  E , ,  y,.., y y z ,  y,JT is the vector of strain components and u = (ux ,  uy ,  u , ) ~  is the 
vector of displacement components. 

3.3. Principle of efective stress 

changes. Hence it is convenient to use 
There is no evidence to indicate that the principle of effective stress is affected by temperature 

G = G’ + ap (3) 

where G’ = (o:, o;, a;, z S y ,  sYz, T J * ,  a = (1, 1 , 1 , 0, 0, O)T and p is the pore water pressure (a scalar 
quantity). 

3.4. Constitutive relationship 

In the absence of thermal effects the rate form of the stress-strain relationship may be 
expressed as 

6‘ = D& ( 4 4  

where the superior dot indicates a rate. D is a matrix of material parameters which for a linear 
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isotropic elastic material is given by 
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D =  

A + 2 G  A A 0 0 0  

A 1 + 2 G  A 0 0 0 
1- 1 A + 2 G  0 0 0 

0 0 0 G O O  

0 0 0 O G O  
0 0 0 O O G  

where 2 and G are Lame constants. The derivation of D for the modified Cam clay model has 
been described in detail elsewhere, e.g. Reference 10. 

In the presence of temperature changes equation (4a) may be expressed as 

6‘ = K’fida + DC: (4b) 

where 0 is the temperature increase. K ’  is the effective bulk modulus of the soil given by 

f l  is the coefficient of effective thermal volume expansion of the soil. Usually f l  is negative as an 
increase in the temperature causes a volumetric compression. It is implicitly assumed in deriving 
equation (5) that the stress changes induced by temperature changes, but not necessarily the 
thermal strains, are isotropic. There is no experimental evidence either to support or to contradict 
this assumption. However, the advantage here is that a displacement finite element formulation 
with the modified Cam clay model gives rise to a symmetric stiffness matrix, unlike the case where 
isotropic thermal strains are assumed. 

3.5. Continuity condition 

be expressed as 
Assuming that the pore water and soil grains are incompressible, the continuity condition can 

j: = &, + 

where VT = (a/dx, d/ay, 8/82) is the gradient operator, v = ( u x ,  u,,, u , ) ~  is the seepage velocity, 
E, = aTE is the volumetric strain, c1 = (1 - n)aS + nuw is the coefficient of undrained thermal 
volume expansion, and n is the porosity of the soil. Under undrained conditions, there is no 
seepage water flow throughout the soil, i.e. the left-hand side of equation (6) equals zero. Under 
fully drained conditions there is no generation of excess pore pressure anywhere. 

It is important to distinguish clearly between the meanings of the soil parameters a and 
p introduced above. As mentioned previously, c1 is the coefficient of undrained thermal expansion 
and it describes the overall expansion of both the solid particles and the pore fluid within a soil 
element that occurs purely as a result of a temperature change. On the other hand, B, which is the 
coefficient of effective thermal volume expansion, describes the volume change of a soil element 
associated purely with flow of the pore fluid and hence the dissipation of positive pore pressures 
generated originally by heating of the soil. 
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3.6. Conservation of energy 

The complete coupling of mechanical and thermal processes has been investigated by several 
researchers using different methods. The equation adopted here has been derived by Smith.5 
Convection terms are not included in this derivation as Hickox and Watts’ have shown that they 
can be safely ignored in relatively impermeable clayey soils. Consequently, for linear material 
behaviour, the conservation of energy is described by 

1; - VT( k )  dt = (; - p2Kf)B - ~ r p  - ~ K ’ E ,  (7) 

where hT = (hx ,  h,, h , )  is the heat flux, rn = (1 - n)pscs + npwc, is the heat capacity of the soil and 
t is the time interval considered, during which the absolute temperature increases by the amount 
9 to the value T. ps, p ,  and cs, c, are the densities and the specific heats of the soil grains and the 
pore water, respectively. A rate form of equation (7) is appropriate for non-linear material 
behaviour. The last three terms on the right-hand side of equation (7) represent the contribution 
from mechanical effects, which are usually very small and can often be neglected. Britto et al.’ 
used only the first term (rnO/T) in their finite element formulation. However, the inclusion of the 
last three terms preserves the symmetry of the formulation. When the last three terms are small T, 
can be replaced by the absolute ambient temperature, To, without any significant loss of accuracy. 

3.7. Water flow 

It is assumed that the water flow is governed by Darcy’s law, i.e. 

v = - ( ; ) v p  

where y, is the unit weight of water and k is the permeability of the soil which is assumed to be 
isotropic. However, k is assumed to be a function of temperature. 

3.8. Heatpow 

It is assumed that the heat conduction through the soil is governed by Fourier’s law, i.e. 

h = - f V 8  (9) 
where f is the thermal conductivity of the soil. 

3.9. Virtual work 

In the absence of any increase in body force, the equation of virtual work relating the internal 
strain energy to the work done by the surface tractions F can be written as 

where Bu represents a virtual displacement field consistent with the displacement boundary 
conditions and BE represents the associated virtual strains. 
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If the boundary points are either impermeable or subjected to a specific pore pressure, and the 
virtual pore pressure field, 6 p ,  is consistent with these conditions, then equations (6) and (8) give 

in which v, is the velocity of water outflow across the boundary S .  
Similarly, if the boundary points are either insulated or subjected to a specified temperature, 

and the virtual temperature field, 60, is consistent with these conditions, then equations (7) and (9) 
vield Is [ 60 (; ) ] dS = jv [,0 ( K . P  at + c1 aP dt - (; - - K’g2  ): - - VT f ,VO )] dV (12) 

in which hn is the heat flux across the boundary S .  

3.10. Finite element formulation 

A complete analysis of the fully coupled thermomechanical behaviour should include all 12 
equations given above. The finite element method may be used to obtain an approximate solution 
to these governing equations. 

Suppose that the continuous values of u,p and 0 can be represented by their values at selected 
nodes, i.e. 

where 6, q and c are the vectors containing the appropriate nodal values, and Nu, N, and 
No contain the shape functions of the displacements, pore pressure and temperature, respectively. 
The following derivatives of the shape functions are useful here: 

u = N U 6 ,  p=N,q, O=N,C (13) 

B = - dN,, E, = VN,, Eo = VN, (14) 
Substituting equations (13) into equations (10)-(12) yields 

K6 - LTq - MTC = ru 

where 

d6 dc 
- L -  -@q + Q- = rp 

dt dt 

- M - + Q T - -  Y c + X -  = r o  
dq dt ( $) d6 

dt 

K = jv BTDBdV, 

MT = jv BTK’flaN, dV, 

Q = jv uN%N, dV, 

LT = BTaN,dV s, 

rp = Is NEv, dS, re = ( + ) d S  
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The solution of the set of equations (15) is obtained using a time-marching procedure. For the 
time interval t - At to t the time integrals of q and c may be evaluated numerically, for example, 

q d t z  A t q , - a , + t A t A q  LA, 
where 0 < 5 < 1 and Aq is the change in q in the time interval At.  For stability of this 
time-marching scheme, 5 must be greater than or equal to one-half (Reference 11). A value of 1 has 
been used to obtain the numerical solutions presented in this paper. The incremental solution of 
the set of equations (15) is then given by the system of equations 

K - LT - Q MT ] ~~] = [ r p A : f i q  A t ]  
- L  - ( A t @  
- M  QT - 5 A Y - X  ro At + Yc At 

4. NUMERICAL MODELLING 

This section describes the finite element analyses carried out to model the heat flow and pore 
water pressure dissipation around a long, rigid cylindrical heat source buried in clay. 

4.1. Finite element program 

The formulation presented in the last section has been encoded in a general finite element 
program called AFENA (Reference 12). The analyses were made using either the linear elastic 
model or the modified Cam clay model for the stress-strain behaviour. An incremental tangential 
stiffness formulation was used in modelling elastoplastic behaviour. Even though the program is 
capable of handling anisotropy in permeability and heat conductance, only isotropic properties 
were used in the analyses presented in this paper. 

The program has the facility to allow the permeability, k,  and the thermal properties, a and rn, 
to vary with voids ratio and temperature. At any stage in the analysis the permeability is modified 
using the expression 

where e and p are the voids ratio and the kinematic viscosity of water at time t ,  respectively, and 
ei and pi are the initial values. c1 and rn are calculated using the expressions 

c1 = ~ , (1  - n) + cr,n 
m = p,c,(l - n) + pwcwn 

The kinematic viscosity, p, and the coefficient of volume expansion of water, cw, are linearly 
interpolated from a table of properties given by Chapman.13 The accuracy of the computer code 
was checked exhaustively against existing solutions including the coupled elastic solutions for 
spherical and cylindrical heat sources given by Booker and Savvidou4 and Smith,3 respectively. 

4.2. Idealization of the problem 

The parameters of the problem were chosen to represent a real situation as close as possible. 
Figure 1 illustrates the configuration of the problem addressed in this paper. It shows a cylin- 
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6m 

//hm Ground surface 

15m to 30m 

Figure 1. Typical canister embedment 

Interface element 

Figure 2. Finite element mesh 

drical canister, typically 0.6 m in diameter, embedded vertically in an initially one-dimensionally 
normally consolidated soil. The canister was assumed to be nearly rigid in comparison to the 
surrounding soil and was assigned a large elastic stiffness. It carries a decaying radioactive source 
of initial power 1.8 kW with a 30 yr half-life. The finite length of the canister was not considered in 
the analysis and it was modelled as an infinitely long source. However, typically in practice it may 
be on the order of 6 m long, as indicated in Figure 1. Since the effect of gravity was also ignored 
there was no variation of field variables in the circumferential and vertical directions. Figure 
2 illustrates the finite element mesh used for the analyses. It contains 59 eight-noded axisymmet- 
ric, isoparametric quadrilaterals, one representing the canister, 58 the soil, and one interface 
element. The radial length of the elements varied from 0.025 m near the canister to 48 m near the 
outer boundary of the soil. The height of the elements was 2 m. 
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The pore pressure and temperature at the boundary between the canister and the surrounding 
soil were unspecified. This boundary was modelled by an interface element which had the ability 
to separate if the radial effective stress at the interface became tensile. The pore pressure at the 
interface was maintained at zero after a separation occurred. However, if the inner cylindrical 
boundary of the soil returned to its original position, the interface element was re-established. The 
thermal boundary condition at the interface was not changed as a result of separation, and this 
assumption means that the effect of heat transfer on the surrounding soil is maximized. The outer 
boundary of the soil was set at a radial distance of 325 m from the centre of the canister. It was 
assumed to be permeable and conductive. 

4.3. Finite element analyses 

Three series of analyses, namely A, B and C, were carried out. A using the linear elastic soil 
model and the other two using the modified Cam clay stress-strain model. In all the analyses, 
initially the soil was assumed to be one-dimensionally normally consolidated with an effective 
vertical stress, oii equal to 300 kPa and a coefficient of earth pressure at rest, K,, equal to 0.69. 
This initial stress state represents a depth of embedment in the range from 15 to 30 m, depending 
on the position of the watertable. In the series A and B, it was assumed that the emplacement of 
the canister did not disturb the soil around it. In the series C, it was assumed that a borehole was 
excavated prior to the placement of the canister; the excavation phase was modelled as cavity 
unloading using a time period of 1000 s. The excess pore pressure at the cavity boundary was 
assumed to be zero during the cavity unloading. Thereafter, the canister was assumed to be 
placed in the borehole without further disturbance and delay, and the internd boundary was 
assumed to be impermeable unless separation occurred. In all other aspects the series C was the 
same as the series B. Separation at the interface between the canister and the surrounding soil was 
allowed only in the series B and C analyses. 

Three analyses with different initial soil permeabilities were carried out in each series. The 
initial values assumed for the coefficient of permeability were 2-5 x lop9, 2.5 x lo-'' and 
5.0 x lo-" m/s. The value of 2.5 x m/s might be considered somewhat high for a waste 
disposal site, but it is consistent with the value adopted by Britto et a1.' for kaolin in their 
centrifuge and analytical studies. In the series A, none of the material properties was allowed to 
vary from the initial values. In contrast, in the series B and C, the permeability, k ,  the coefficient of 
undrained thermal volume expansion, c1, and the thermal capacity of the soil, m, were allowed to 
vary with temperature and voids ratio according to expressions (18) and (19). 

4.4. Material properties 

The initial pore pressure in the soil prior to the emplacement of the canister was assumed to be 
zero. The initial temperature of the soil was assumed to be 300 K. The material properties used in 
the elastic analyses (series A) are given in Table I. The elastic bulk modulus of the soil, K ' ,  was 
calculated from the elastic properties of the initially normally consolidated soil using the 
expressions 

The coefficient of undrained thermal expansion, c1, was calculated using expression (19) and an 
absolute temperature of 333 K. The thermal capacity of the soil was calculated using expression 
(19) and the initial voids ratio. 
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Table I. Parameters for the elastic analyses 

Parameter Units Value 

K' k Pa 10 358 
Vl Dimensionless 0.25 
a 1°C 2.982 x 

K*c Dimensionless 0.69 
m kJ/m3/"C 3386 

B /"c - 5.0 x 10-4 

k = ki m/s 2.5 10-9 
2.5 x lo-'' 
5.0 x 10-1' 

Yw kN/m3 9.8 1 

TO "K 300 
f kW/m/"C 1.5 x 10-3 

Table 11. Parameters for the modified Cam clay analyses 

Parameter Units Value 

M 
1 

ecs 

V' 

a 
U S  

a, 

k 

K 

B 
k = k ,  

m 
cs 
CW 

Ps 
P w  

Y W  

f 
K n c  

TO 

Dimensionless 
Dimensionless 
Dimensionless 
Dimensionless 
Dimensionless 
1°C 
1°C 
1°C 
1°C 
m/s 
mls 

k J/m 3/0C 
kJ/kg/"C 
kJ/kg/"C 
kg/m3 
k / m 3  
kN/m3 
kW/m/"C 
Dimensionless 
"K 

0.90 
0.25 
0.05 
2.44 
0.25 

equation (19) 

Tables by Chapman13 

equation (18) 

3.5 x 10-5 

-5.0 x 10-4 

2.5 x 10-9 
2.5 x lo-'' 
5.0 x lo-" 

equation (19) 
0.937 
4.186 

2610 
lo00 

9.8 1 

0.69 
1.5 x 1 0 - 3  

300 

The parameter values for the modified Cam clay model are given in Table 11. Most of them are 
taken from the values for kaolin used by Britto et al.' in their analyses of soil heating. One 
exception is the value of b; a higher value of fi  has been used in the present work, as the value used 
by Britto et al. appears to be low in comparison to the data on other soils (Reference 14). The 
analyses were carried out with a constant value of b, although the experiments have shown that 
fl may decrease with the degree of overconsolidation (Reference 14). Unlike the analyses carried 
out by Britto et al.,' in the analyses described here a, m and k were allowed to vary with the 
temperature and voids ratio. 
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5. NUMERICAL RESULTS 

The results of the series A, B and C finite element analyses are discussed in this section. 
Predictions of the nodal values of displacement, temperature and pore pressure, and the stresses 
at the centroid of the elements are presented graphically in Figures 3-19. The stresses and pore 
pressure have been normalized by the initial vertical effective stress, oii = 300 kPa. The displace- 
ments have been normalized by the radius of the canister, b. The time after canister emplacement, 
t ,  has been normalized using a time factor, T, given by 

k't T = -  
b2 

where k' is the thermal diffusivity of the soil given by 

f k' = - 
m 

Since k' varies in the modified Cam clay analyses due to change in voids ratio, its initial value 
before canister emplacement was used for the normalization. In the three analyses performed in 
each series, the ratio c,/k'  (c, is the coefficient of consolidation) was based on the initial elastic 
properties of the soil, so that c,/k'  = 10.73, 1.07 and 021, respectively. 

5.1.  Temperature distribution 

Figure 3 illustrates the isochrones of temperature in the analysis A2, i.e. the linear elastic 
analysis with k = 2-5 x lo-'' m/s. The predicted maximum temperature is at the canister surface 
and occurs at a time factor of 950, i.e. a period of 7.9 yr after the canister emplacement. The initial 
rise in the temperature at any point is much slower than the rate of decrease in the temperature 

ANALYSIS A2  
(ELASTIC : k = 2.5E-10 m/s) 

0 
1 10 100 loo0 

NORMALISED RADIUS (rib) 
T = k'W(b*b) 

Figure 3. Isochrones of temperature change ~ case A2 
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towards the end of cooling. The differences in the temperature distribution in the linear elastic 
analyses and modified Cam clay analyses were insignificant. This is due to negligible contribution 
from mechanical terms to the heat equation (7), and also due to the relative insensitivity of the 
thermal capacity of the soil to changes in voids ratio. 

ANALYSIS A2 
(ELASTIC : k = 2.5E-10 m/s) 

1 
T=4.9E3 

I I 
1 10 100 loo0 

NORMALISED RADIUS (r/b) 
T = k’t/(b%) 

Figure 4. Isochrones of radial displacement - case A2 

ANALYSIS A2 
(ELASTIC : k = 2.5E-10 m/s) 

0.5 

1 10 100 
NORMALISED RADIUS (rlb) 

Figure 5. Isochrones of pore pressure - case A2 

T = k’*t/(b%) 
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5.2. Linear elastic analyses 

Figure 4 illustrates the isochrones of radial displacement in the analysis A2. There is no radial 
displacement at the canister since it was specified as zero in this case. The displacement 
distribution is characterized by radial expansion at large distances and by radial contraction close 
to the canister. Figure 4 clearly shows the advancement of expansive and contractive fronts with 
time. Similar behaviour was also observed in the analyses A1 (k = 2.5 x m/s) and A3 

ANALYSIS A2 
(ELASTIC : k = 2.5E-10 m/s) r/l 3 0.8 , 

0.7 

9 0.4 

0.3 

w 0.2 

8 $ 0.1 

g o  g -0.1 

=4.9E2 (4 
v 

1 10 100 loo0 
NORMALISED RADIUS (r/b) 

T = k'*t/@%) 

-1 
5 ? 1  

ANALYSIS A2 
(ELASTIC : k = 2.5E-10 m/s) 

10 100 
NORMALISED RADIUS (r/b) 

T = k'*t/(b%) 

Figure 6. Isochrones of stress components - case A2 
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ANALYSIS A 2  
(ELASTIC : k = 2.5E-10 m/s) 

10 100 loo0 
NORMALISED RADIUS (r/b) 

T = k'*t/@%) 

ANALYSIS A2 
(ELASTIC : k = 2.5E-10 m/s) 

2 0.7 
3 0.6 
a 
n 

E+ 
0.5 

0.4 1 j iI(=4.9E2 

(4 ' 0.3 
1 10 100 loo0 

NORMALISED RADIUS (db) 

Figure 6 continued 

T = k'*t/(b%) 

(k = 5.0 x 10- l 1  m/s). The reason for these rather unusual contractive strains is the magnitude of 
B used in the analyses. A smaller value of fl may not produce such contractive behaviour. The 
maximum values of contractive and expansive radial strains in all the analyses were substantial, 
in the order of 10- 15%. The main differences in the displacement predictions in the three analyses 
were that in the more permeable cases the maximum radial expansion was reduced, the maximum 
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radial contraction was increased, and the advance of the contraction front was quicker than in the 
less permeable soils. 

Figure 5 illustrates the isochrones of excess pore pressure in the analysis A2. Significant pore 
pressures were generated even at large distances (r/b > 100) away from the canister. Like the 
temperature distribution, the rate of rise in the pore pressure was much slower than the rate of 
dissipation. The maximum pore pressure at a point occurs before the maximum temperature. 
Significant pore pressures remain even after the half-life period of the radioactive heat source has 
expired. The characteristics of the distribution of pore pressures found in the analyses A1 and A3 
were also similar to those described above. However, the magnitude of maximum pore pressure 
was much larger in the less permeable soil. 

Figures 6(a)-6(c) illustrate the isochrones of effective normal stresses in the analysis A2 in the 
radial, circumferential and vertical directions, respectively. The distributions of circumferential 
and vertical stress are similar and show the occurrence of tensile stresses in the vicinity of the 
canister in the middle period of heat dissipation; both illustrate stresses monotonically increasing 
away from the canister. The effective radial normal stress also became negative at some distance 
away from the canister. However, the maximum tensile stress occurs in the circumferential 
direction. 

Figure 6(d) shows the isochrones of total radial stress obtained in the analysis A2. At the 
canister no increase in total radial stress (above the initial value of 0.69 chi) is predicted. This 
interesting behaviour confirms the independent theoretical solution for the same problem given 
by Smith.' 

Figure 7 illustrates the effective stress paths in deviator (q)-mean effective stress ( p ' )  space of 
four points situated at radial distances defined by r/b = 1.25,2.42,447 and 9.95. For comparison 
purposes, the modified Cam clay yield locus corresponding to the initial in situ stress state and the 
critical state line are also shown in Figure 7. It is interesting to see the difference in stress paths of 
points close to the canister and those well away from it. The stress paths of points close to the 
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canister show a general increase in the deviator stress with a decrease in the mean normal stress 
towards the middle period. Further from the canister, the stress path involves an overall 
reduction in both the deviator stress and the mean stress during the middle period. However, the 
figure also indicates that the states of stress at all points return to the original condition at large 

ANALYSIS B2 
(MODIFIED CAM CLAY : k = 2.5E-lOm/s) 

8 2 0.05 3 
!lo a 
w 
2 -0.05 

r 1 

I T=4.9E3 1 

I 1 " z -0.1 I,..--, 
1 10 100 1000 

NORMALISED RADIUS (db) 
T = k' W@*b) 

Figure 8. Isochrones of radial displacement - case B2 

ANALYSIS B2 
(MODIFIED CAM CLAY : k = 2.5E-10 mls) 

0.4 

v1 
v1 0.3 
2 

2 0.2 
n 

i 

0 
1 10 100 

NORMALISED RADIUS (r/b) 

Figure 9. Isochrones of pore pressure - case B2 

T = k'*t/(b*b) 



ANALYSIS OF FULLY COUPLED THERMOMECHANICAL BEHAVIOUR 193 

times, at the end of heating and consolidation. This is to be expected for a linear elastic soil. 
Similar behaviour was also observed in the other two elastic analyses, A1 and A3. The main 
difference between the analyses is that the intermediate changes in stresses near the canister are 
greater in less permeable soils. The separation between the soil and the canister, had it been 
allowed, could have occurred only in the analysis A3 in which the permeability of the soil was the 
lowest ( k  = 5 x l o - "  m/s). However, the results of all the analyses suggest that fracture could 
have occurred in the soil close to the canister where the effective stresses were predicted to be 
negative. 
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5.3. Modijied Cam clay analyses-series B 

Figures 8 and 9 illustrate the isochrones of radial displacement and pore pressure in the 
analysis B2 in which the initial soil permeability was 2.5 x lo-'' m/s. The distributions of radial, 
circumferential and vertical effective stresses and total radial stress in the same analysis are shown 
in the Figures 10(a)- 10(d). The various distributions are basically similar to their counterparts in 
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the linear elastic analysis A2, but there are differences in the stress magnitudes (cf. Figures 
lO(a)-lqd) and 6(a)-6(d). Even though very little yielding occurred in the analysis B2, there are 
significant differences in the stresses predicted at very large times in the analyses B2 and A2. Since 
the material behaviour in both cases was predominantly elastic, this shows the inadequacy of 
using constant values for properties like k and a (as in case A2), when these parameters are 
actually functions of temperature and voids ratio (as assumed in case B2). 

Figure 11 illustrates the effective stress paths of points at radial positions given by 
r/b = 1.25,2.42,4.87 and 9.95. Most of the soil follows paths that lie largely inside the initial yield 
locus, indicating predominantly elastic behaviour for this case. While the last two points, which 
are well away from the canister, follow stress paths similar to those observed in the linear elastic 
analysis, this is not the case with the points closer to the canister (cf. Figures 7 and 11). Unlike the 
linear elastic case, in the analysis B2 no increase in the deviator stress occurred simultaneously 
with a reduction of mean normal effective stress close to the canister. Furthermore, the mean 
effective stress was always compressive in the non-linear analysis. In general, the change in 
deviator stress at intermediate times during heat dissipation was smaller in the modified Cam clay 
analysis than in the case of a linear elastic soil. 

Figure 12 illustrates the variations with time of total pressure, effective pressure and pore 
pressure on the canister and the temperature at the canister boundary. The change in total 
pressure on the canister during heat dissipation is not large, with a maximum of 22.5% reduction 
over the initial pressure. The pore pressure at the canister reaches a maximum value well before 
the occurrence of the peak temperature, at a time of 0.8 years after the canister emplacement. 
Unlike the linear elastic analysis, in the analysis, B2 the effective stresses never became tensile and 
hence no separation occurred. 

Similar behaviour to that described above was also found in the analyses B1 and B3. No 
separation occurred in any of the three analyses and the effective stresses were compressive 
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everywhere throughout the heat dissipation. Except in the analysis B3, in which a maximum of 
3% increase over the initial pressure occurred, the pressure on the canister was always below the 
initial pressure. The stress paths in the analysis B3 were similar to those in the analysis B2. In 
contrast, the stress paths in the analysis B1 were similar in shape to the linear elastic stress paths. 
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Some numerical instability was encountered with the solution at  some distance away from the 
canister during the analysis B3. The exact reason for the instability is not clear; however the 
complexity of the stress path which traverses close to the critical state into the softening region 
may be a factor contributing to this numerical instability. It is well known that the modified Cam 
clay model does not perform well in this region of stress space. 
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5 .4 .  Modijied Cam clay analyses - series C 

Figure 13 illustrates the distribution of radial displacement and pore pressure due to simulated 
excavation of a borehole prior to canister emplacement in the analysis C2 ( k  = 2.5 x lo-'' m/s). 
The distributions of radial, circumferential and vertical effective stress and the total radial stress 
at the same stage are shown in Figure 14. During the small excavation period (1000 s), very little 
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drainage occurred and the soil behaviour was almost completely undrained the pore pressures 
remained negative and the effective stresses near the hole were compressive even after the 
complete removal of the lateral pressure at the borehole. Failure occurred near the borehole with 
a few elements reaching the critical state, however, no numerical problems were encountered. 

Figure 15 illustrates the variation with time of the stresses and normal displacement at the 
interface between the canister and the surrounding soil. A separation occurred at the interface at 
a time factor of 0.6 (half a day after the canister emplacement). The relative displacement at the 
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interface increased initially after the separation but decreased at large times, although the contact 
was never re-established. After the separation the pore pressure at the canister boundary was 
specified as zero and drainage towards the canister was then permitted. The total pressure on the 
canister was zero except in the period immediately before and after separation during which time 
a small radial pressure developed at the interface. 

Figures 16 and 17 illustrate the isochrones of radial displacement and pore pressure, respective- 
ly, during heat dissipation in the analysis C2. The isochrones of effective and total radial stress 
and the stress paths followed by some selected points in the same analysis are shown in Figures 
18(a)-18(b) and 19, respectively. The values shown in the above figures include the effect of 
borehole excavation. In the analyses B2 and C2, in the areas away from the canister (r/a > 3), the 
displacement distributions due to heat dissipation are similar (cf. Figures 16 and 8). However, 
even in these areas the magnitudes of the radial displacements differ substantially in the two 
analyses. In comparison to the case B2, in the analysis C2 the maximum pore pressure at any 
point is considerably smaller and the rate of consolidation higher (cf. Figures 17 and 9). This is 
due to the drainage towards the canister after the separation. The distributions of total and 
effective radial stresses in the two analyses are also different. The stress paths of points in the 
vicinity of the canister in the analysis C2 (Figure 19) show a horizontal trajectory towards the 
critical state line followed by unloading almost parallel to the critical state line. The soil 
behaviour in the analysis C2 during heat dissipation was mainly elastic with a little yielding, and 
the stress paths for this period indicated a general increase in both deviator and mean effective 
stress. The contrasting behaviour in the two analyses C2 and B2 in the vicinity of the canister is 
due to two reasons, namely, the effect of borehole excavation and the occurrence of separation in 
case C2. 

The modified Cam clay yield locus drawn in Figure 19 corresponds to the in situ stress state 
prior to canister emplacement. In Figure 19 some of the paths describe elastic behaviour, but 
close to the canister (e.g. r /b  = 1.25) the stress state involves some initial hardening and move- 
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ment onto the ‘dry’ side of critical state during cavity creation, followed by elastic unloading and 
reloading with heating and cooling, as mentioned previously. 

The behaviour in the analyses C1 was similar to that in the analysis C2 described above. 
However, numerical problems manifesting themselves as ripples in the stress distributions 
occurred in the analysis C3, and therefore the results of this analysis are considered unreliable. 

6. CONCLUDING REMARKS 

The following conclusions may be drawn from the numerical results of the analyses presented in 
this paper. 

1. The temperature and pore pressure generated after a canister emplacement may be substan- 
tial and may propagate to considerable distances over a long period. However, the peak 
values may be less and the consolidation and heat dissipation may be quicker if the finite 
length of the canister is considered. Smaller peak pore pressures are predicted in more 
permeable soils. The temperature distribution is virtually independent of the mechanical 
behaviour of the soil, illustrating the negligible contribution from the mechanical terms to 
heat transfer. 

2. The selection of reasonable material properties for linear elastic analyses is difficult. 
However, an elastic analysis which incorporates the correct variation of properties with the 
temperature and voids ratio and allows tensile fracture may give results similar to a more 
sophisticated modified Cam clay analysis. 

3. Separation of the surrounding soil from the canister may not occur in cases where the 
canister is placed without much disturbance. It is difficult to model the exact manner in 
which a soil may get disturbed during the canister emplacement. However, the analyses 
presented here illustrate that a decrease in effective radial stress near the canister during 
emplacement may increase the possibility of separation. It is difficult to assess the possible 
damage due to a separation, as the behaviour subsequent to a separation is likely to be very 
complicated. There may be some beneficial effects as well, with the flow of water towards the 
canister after a separation reducing the outward migration of potentially contaminated pore 
fluid, and also accelerating the heat and pore pressure dissipation, thus reducing the tensile 
stresses. 

4. The total pressure on the canister seems to be not significantly larger than the in situ soil 
pressure in all the cases examined. 

5 .  The analyses presented here were carried out with a constant value for the coefficient of 
effective thermal volume expansion of the soil, /?. However, /? is known to vary with the 
degree of overconsolidation and also possibly with the stress ratio. Since the stress paths of 
the points close to the canister show large variation in the stress ratio and the degree of 
overconsolidation, the analyses presented here could be improved by using a suitable 
variation of p. 

Finally, the predictions presented here are based on a limited understanding of the funda- 
mental thermomechanical behaviour of clays that is available at present in the literature. These 
results should be verified in a laboratory or a field situation before they can be applied 
confidently. More research, experimental as well as analytical, on the fundamental thermo- 
mechanical behaviour of soils, particularly thermal behaviour under deviatoric stresses, tensile 
fracture, and thermomechanical stress-strain models, is necessary for further progress in this 
field. 
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NOTATION 

vector (1, 1, 1, 0, 0, o)T 
outer radius of the canister 
specific heat of soil grains 
coefficient of consolidation 
specific heat of pore water 
matrix of elastoplastic parameters 
voids ratio 
voids ratio at unit pressure on the critical state line 
thermal conductivity 
shear modulus 
vector of heat flux 
coefficient of permeability 
initial coefficient of permeability 
thermal diffusivity of soil 
effective bulk modulus 
Coefficient of lateral earth pressure (1-D normally consolidated soil) 
heat capacity 
porosity 
excess pore pressure 
effective pressure 
octahedral deviator stress 
vector of excess pore pressures 
radial distance from the centre of the canister 
time interval 
time factor (k'tlb') or absolute current temperature 
absolute ambient temperature 
vector of displacement components 
seepage velocity vector 
coefficient of undrained thermal volume expansion 
coefficient of volume expansion of soil grains 
coefficient of volume expansion of pore water 
coefficient of effective thermal volume expansion 
engineering shear strain 
unit weight of water 
vector of strain components 
volumetric strain 
temperature increase 
gradient of swelling line in e-ln p' space 
gradient of normally consolidation line in e-ln p' space, modified Cam clay 
Lam6 parameter, elastic soil model 
kinematic viscosity of water 
gradient of critical state line 
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V’ effective Poisson ratio 
P S  density of soil grains 
pw density of pore water 
b 
b’ 
oii initial vertical effective stress 

vector of total stress increments 
vector of effective stress increments 
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