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SYNOPSIS

This paper examines the geomechanical interactions that take place in a borehole of a thermally 
inactive nuclear waste disposal vault during fluid-induced separation at the buffer rock mass inter
face. The buffer considered is a clay or clay-sand mixture which can exhibit either linear or non
linear material properties. Numerical methods, such as boundary-element and finite-element 
techniques, are employed to study this interaction problem. Results presented in the paper indicate 
the manner in which fluid pressures which act at the buffer rock mass interface are transmitted to 
the buffer waste-container interface.

INTRODUCTION

The Canadian research and development program 
for nuclear fuel waste disposal can be divided 
into three major areas of study: 1) immobili
zation of used fuel and fuel-recycle waste,
2) disposal of the immobilized waste, which in
volves geochemical and geotechnical research, 
and 3) environmental and safety assessment. The 
program is concentrating on the concept of im
mobilizing nuclear fuel waste in cylindrical 
metal containers for subsequent disposal in an 
underground vault, excavated at a depth of 500 
to 1000 m in plutonic rock of the Canadian 
Shield (Rummery and Rosinger, 1982).

Used fuel or immobilized fuel-recycle waste 
would be placed in metallic containers for 
final disposal. Several container designs with 
different aspect ratios are being considered 
(Cameron, 1982). Relatively short, broad con
tainers could be placed within the rooms, where
as long, narrow containers could be placed in 
boreholes drilled into the room floors (Figure 
1). In both cases the containers would be 
surrounded by a clay or a clay/sand mixture of 
a very low permeability, called the "buffer", 
that would support the container and protect it 
from corroding chemicals in the groundwater 
(Bird and Cameron, 1982).

The current design concept is a single-level 
vault, approximately 1700 m by 3600 m, consist
ing of 822 rooms arranged in 16 rectangular 
arrays. The rooms would be 195 m long, 7.5 m 
wide and 5.0 to 6.2 m high (Acres Consulting 
Services Limited 1980a and 1980b). Based on 
current forecasts of growth of electrical energy 
demand, a vault would start operation early in 
the 21st century, and would have an operating 
life of approximately 50 years before being 
permanently sealed.
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Figure 1 : Schematic Waste Container Emplacement 
Configurations (Bird and Cameron,1982)

VAULT SEALING

The fuel waste containers could fail gradually 
by corrosion or mechanical damage, some hund
reds of years following emplacement. Once a 
container is breached the waste form will 
slowly start to dissolve by the action of 
groundwater in the pores of the surrounding 
buffer.

Isolation from the biosphere of radioactive 
isotopes (radionuclides), released by dissol
ution of the waste form is effected by a system 
of multiple barriers, each one engineered to a 
high degree of integrity (Nuttall et al., 1982). 
These barriers are: 1) the buffer, 2) the back
fill in the rooms, drifts and shafts, and 3) 
the seals and plugs for the shafts and site ex
ploration boreholes. These engineered barriers 
supplement the natural barrier provided by the 
host rock, and are shown schematically in 
Figure 2.

The buffer separates the fuel waste containers 
from the host rock, and is a combined physical 
and chemical barrier, designed to:

a) minimize groundwater access to the container,
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Figure 2: Engineered Barriers and Components of 
the Vault Sealing Program (Lopez et 
al., 1984)

b) dissipate radiogenic heat from the 
containers,

c) provide mechanical support for the container, 
and

d) retard the migration of radionuclides from 
failed containers by providing a low-perme- 
ability, low-diffusivity and high-sorption 
medium.

The backfill is primarily a physical barrier, 
whose main functions are to prevent groundwater 
ducting through vault drifts, dissipate heat, 
and minimize deformation of the host rock.

Shaft and drift seals will be required to iso
late backfilled emplacement rooms from other 
areas of the vault, and to seal selected zones 
of service shafts to prevent them from becoming 
preferential paths for groundwater flow. In 
addition, local regions of high fracture density 
in the shafts and drifts will require grouting 
to decrease their permeability. Plugs must be 
designed to achieve the permanent closure of 
boreholes drilled during site investigations 
so that they do not become preferential paths 
for water flow and release of radionuclides.

FACTORS AFFECTING THE THEORETICAL MODELLING OF 
BUFFER-CONTAINER-ROCK MASS INTERACTION

Current design concepts for the waste disposal 
facility regard the flooding of the disposal 
vault as inevitable (Cameron, 1982). It is 
assumed that full hydrostatic pressures of the 
order of 10 MPa could be developed at a depth 
of 1000 m in the disposal vault during its 
anticipated lifetime. At present there is no 
estimate of the time required for the generation 
of the full hydrostatic pressure in the disposal 
vault. This time-scale is influenced by a num
ber of factors, including the groundwater flow 
characteristics in existing fissures of the 
rock mass, alteration in the fluid conductivity 
patterns of existing fissures due to the creat
ion of the vault, the creation of new fissures 
due to stress relief or thermal effects and 
thermomechanical influences on the fluid flow 
characteristics. In the absence of specific

data on the fluid influx rate, it is prudent 
to assume that the full hydrostatic head could 
obtain at the location of the waste disposal 
facility at its completion. The Geomechanics 
Research Programme at Carleton University has 
examined several aspects of the interaction 
between the container, buffer and rock mass, 
caused by the influx of water into the waste 
disposal vault. The modelling focusses on the 
situation in which the container-buffer-rock 
mass system may be regarded as being thermally 
inactive; that is, the condition of the buffer 
material is such that there is no interaction 
between the generated heat and the incoming 
fluid. Such a situation can occur at the end 
of construction of the facility when insuffic
ient time has elapsed for the occurrence of 
either steady-state or transient heat conduction. 
In the modelling, it is assumed that water can 
enter the buffer and backfill regions through 
natural fissures or fissures that may be 
created by stress relief of the surrounding rock 
mass (Figure 3). The theoretical studies focus 
on the mechanical processes that would occur in 
the container-buffer-rock mass system by virtue 
of fluid pressures transmitted via cracks in the 
rock mass.

fracture plane and the waste 
disposal vault (Selvadurai, 1984a)

Several processes can occur due to the influx 
of water into the buffer region. For example, 
in the initial stages of water influx, the 
fluid pressures could cause separation between 
thé relatively impermeable buffer and the rock 
mass,leading to the lateral or axial displace
ment of the container (Figure 4). Alternatively, 
the water could enter the buffer region via 
cracks or fissures which may develop by pro
cesses similar to hydraulic fracturing or 
thermally-induced desiccation effects (see e.g., 
Radhakrishna, 1984) (Figure 5). Finally, an 
intact buffer system which is subjected to 
prolonged fluid pressures, similar to that 
illustrated in Figure 4, could experience swell
ing. The fluid-induced mechanical processes 
that can be encountered in a container-buffer- 
rock mass system are varied and quite intricate.
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Sactfon through X -X

Figure 4 : Fluid-induced separation at the
buffer-rock mass interface - plane 
strain configuration.

For this reason it is prudent to examine a 
variety of possible loading situations. Such 
analyses should provide assessments of the 
displacements of the waste container and the 
stresses that are induced at the buffer- 
container interface by virtue of fluid-induced 
or swelling-induced pressures.

Sacrion through X —X

Figure 5: Fluid Pressures in a desiccation- 
induced cracked zone in the buffer 
material - plane strain configur
ation.

FLUID-INDUCED SEPARATION AT THE BUFFER-ROCK 
MASS INTERFACE

The theoretical studies by Selvadurai (1984a, 
1984b) investigated the fluid-induced inter
action between the container-buffer-rock mass 
system in the absence of any swelling phenomena. 
Either the presence or the development of 
fissures in the rock mass will subject the 
buffer-container system to fluid pressures that

are naturally present in the rock mass. These 
fluid pressures can act at arbitrary locations 
of the buffer rock mass interface and induce 
separation at the respective locations. Con
sidering the geometry of the buffer-container 
system and the possible location and orientat
ion of the zones of separation it is evident 
that the state of deformation in the system is 
generally three-dimensional (Figure 3). The 
analysis of such a three-dimensional, container- 
buff er- rock mass region which incorporates 
several cells of the emplacement room will be 
the subject of future investigations. In this 
paper attention is restricted to the situation 
in which fluid-induced separation takes place 
over a wide region of the buffer-rock mass 
interface. The extent and location of the 
separation zone is assumed to be such that an 
approximate state of plane strain deformation 
exists over a section of the waste container 
(Figure 4). The plane strain model of the 
container-buffer-rock mass interaction 
essentially yields a plausible upper bound 
loading configuration for the estimation of 
the displacements of the container and the 
pressures that are generated at the buffer 
container interface. To complete the modelling 
of the problem it is necessary to examine the 
performance and mechanical characteristics of 
the individual components in the disposal 
facility.

The Rock Mass

In these studies the rock mass is treated 
essentially as a rigid medium. The stiffness 
and strength characteristics of the rock mass 
are expected to be considerably higher than 
those of the buffer region. It is also assumed 
that the fractures or fissures which transport 
the groundwater into the vault region do not 
experience any relative displacement, either 
along or normal to the plane of the fracture.
In essence, the rock mass is modelled as an 
intact region and the fractures are merely 
artifices to transmit the fluid pressures.
Also, attention will be restricted to a single 
cell of the vault configuration and the in
fluence of neighbouring cells (or voids) will 
be neglected

The Waste Container

The waste container is modelled as a rigid 
cylinder. During the container-buffer-rock mass 
interaction, the cylinder experiences a rigid- 
body translation. The boundary between the 
container and the buffer can exhibit a variety 
of interface characteristics, ranging from 
completely smooth to completely bonded cond
itions, with Coulomb friction or finite frict
ion occupying intermediate positions. The 
exact mechanical characteristics of the 
container-buffer interface cannot be described 
with certainty. The frictional characteristics 
of a buffer-container interface system are 
currently under experimental investigation. In 
a series of experiments the frictional 
characteristics of candidate container mater
ials such as Inconel 625, titanium and copper, 
in contact with various buffer compositions 
(i.e. various mixtures of bentonite clay and 
sand compacted to a specified density), were 
investigated. Preliminary results indicate 
that for a pure bentonite/(dry)-copper inter
face, the interface friction angle is of the
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order of 20-2 3° for maximum normal stresses of 
the order of 200 kN/m . In the present investi
gation the interface between the container and 
the buffer was assumed to exhibit bonded 
conditions. The analytical studies can be 
extended to include interface characteristics 
which model more closely the actual conditions 
of any experimental arrangement.

The Buffer Region

The mechanical behaviour of the buffer, as well 
as any multiphase geological material, can be 
influenced by a variety of factors, which in
clude (a) grain size, grain shape, size distri
bution, surface texture, clay mineralogy and 
the mechanical properties of the individual 
soil particles, (b) the configuration of the 
soil structure or the soil fabric, including 
physico-chemical and mechanical bonding, (c) 
the intergranular stresses, stress history, 
current stress state and loading ratés, and
(d) the presence of soil moisture, degree of 
saturation, permeability and drainage charcter- 
istics of the various phases. The above factors 
generally pertain to soils which display marked 
non-linear, irreversible and time-dependent 
phenomena and to soil masses which exhibit ani
sotropic and non-homogeneous material proper
ties. It is evident that any attempt to solve 
the container-buffer-rock mass interaction 
problem, or any other type of soil-structure 
interaction problem, by taking into account all 
such material characteristics, will be a com
plex task. Firstly, the correct mathematical 
forms of the stress-strain-time relationships 
should be postulated and, secondly, all of the 
material constants, material functions, or 
material functionals (i.e. history-dependent 
material functions) which govern these formu
lations need to be accurately determined from 
laboratory or in-situ tests. Therefore, to 
make any progress in the analytical treatment 
of soil-structure interaction problems such as 
the container-buffer-rock mass interaction dis
cussed here, it is necessary to idealize the 
mechanical behaviour of the buffer mass by 
taking into account specific aspects of its 
mechanical response. For example, in the 
simplest time-independent mechanical model, the 
buffer is assumed to be an isotropic elastic 
continuum. Linear elastic soil models, by 
definition, ignore elastic-plastic or irrever
sible phenomena. In general, all soils exhibit 
irreversible phenomena even when they are sub
jected to stress levels well within the working 
stress range. Within the working stress range, 
however, reversible deformations are assumed to 
dominate. In such circumstances it is possible 
to carry out the linear elastic analysis of a 
soil-structure interaction problem using 
reduced values of the material properties (e.g. 
linear elastic moduli. Poisson's ratios, etc.) 
to account for the existence of irreversible 
effects. Such analyses represent useful first 
approximations for the treatment of soil- 
structure interaction problems.

In certain situations, the buffer materials can 
be subjected to load levels at which significant 
yield or failure zones may develop. In these 
circumstances it is necessary to take into 
account the effects of irreversible deformations. 
Currently, there are a multitude of mathematical 
models that can be used to describe the mech
anical behaviour of soils which exhibit both

reversible and irreversible time-independent 
phenomena. Current developments in soil plas
ticity are quite extensive and no attempt will 
be made to provide an exhaustive coverage of 
the subject (see, e.g., Gudehus, 1977; Desai 
and Christian, 1977; Chen and Saleeb, 1982;
Pande et al., 1983; Selvadurai, 1985). Every 
soil model that has been proposed for the 
examination of non-linear phenomena in soils has 
its respective advantages and disadvantages.
For example, the more fundamental elastic-ideal 
plastic approach has a well-developed mathe
matical basis. With accurate yield criteria and 
flow rules (associative and non-associative) 
these elastoplastic models can account for 
fundamental processes, such as dilatancy and 
collapse of the soil fabric. These models are, 
however, incapable of duplicating very 
accurately non-linear stress-strain phenomena 
in the pre-and post-yield ranges. The non
linear soil models, such as the incremental 
stress-strain relationships, are capable of 
duplicating more accurately features of non
linear stress-strain phenomena. Certain 
incremental soil models, are, however, limited 
in their mathematical foundation and are in
capable of duplicating dilatancy and strain- 
softening phenomena, and effects of non
coincidence of principal stress increments and 
principal strain increments at near-failure 
loads. Despite these limitations the incre
mental models have been used quite extensively 
for'the analysis of many complex soil-structure 
interaction problems in geotechnical engineer
ing. The accurate constitutive modelling of 
the buffer behaviour in the inelastic range can 
be achieved only upon completion of an exten
sive program of testing. Such testing should 
include the determination of non-linear stress- 
strain relationships, volume change character
istics and strength criteria for specific 
buffer compositions at the anticipated levels 
of external loading. In this paper both linear 
elastic and incrementally non-linear stress- 
strain relationships of the hyperbolic type 
have been used to examine the container-buffer- 
rock mass interaction during fluid-induced 
separation.

NUMERICAL RESULTS

The modelling of the container-buffer-rock mass 
interaction is restricted to the situation in 
which fluid-induced separation causes a state 
of plane strain in the central region of the 
waste containers. The linear elastic analysis 
is performed by employing a boundary-element 
formulation of the problem. Details of the 
boundary-element analysis of problems in linear 
elasticity are given by Brebbia (1978) and 
Banerjee and Butterfield (1981). The interface 
between the rock mass and the buffer is assumed 
to be smooth and the interface between the 
buffer and the container is assumed to be 
bonded. The extent of fluid-induced separation 
at the buffer-rock mass interface is an unknown 
parameter in the calculation. In a complete 
analysis of this interaction problem an iter
ative technique should be used to determine the 
extent of the separation zone. In the present 
paper the extent of the separation zone is 
prescribed; this gives a useful upper bound for 
the displacements of the container and the
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normal stresses generated at the buffer-container 
interface. The fluid pressures in the separat
ed zone are assumed to be either constant or of 
a non-linear harmonic type. Figure 6 illust
rates a typical result for the rigid displace
ment of the container due to fluid-induced 
separation at the interface. Similar results 
for the contact stresses developed at the 
buffer-container interface are given in Figure
7. In the particular instance where fluid in
duced separation takes place over the entire 
buffer-rock mass interface radial symmetry 
exists and the solution of the linear elastic 
problem can be obtained in exact closed form.
The radial stress (â ) induced at the buffer-

container interface is given by

2 (1-v)________
{l+(aQ/bo)z (l-2v) } (1)

where PQ is the fluid pressure in the separat

ion region, \> is Poisson's ratio for the buffer 
material, aQ is the inner radius of the annular

buffer region and bQ is the outer radius of the 
buffer region.

Figure 6 : Displacements of the rigid con
tainer due to uniform fluid pressure 
in the separation zone - results of 
the boundary-element analysis
[pW P0]-

The non-linear incremental finite-element 
technique first proposed by Duncan and Chang 
(1970) and later refined by Duncan et al. (1980) 
has been used in the non-linear finite-element 
analysis of the buffer-container-rock mass 
interaction. Comprehensive accounts of the 
analysis, which utilizes the FEADAM non-linear 
finite-element code and the associated hvper- 
bolic stress-strain formulations, are summar
ized in the reports by Duncan et al. (1980) and 
Selvadurai (1984b). Also, in the non-linear 
analysis the region of fluid-induced separation 
at the buffer-rock mass interface is prescribed 
and the fluid-pressure in the separation zone 
is assumed to be constant. All other inter
faces (i.e. the non-separated zone of the 
buffer-rock mass interface and the buffer-con- 
tainer interface) are assumed to be bonded.

The non-linear analysis has been carried out 
for the following groups of material parameters: 
(i) cohesion c = 0, 0.1, 0.2 MPa; (ii) angle of 
internal friction $ = 0, 20, 40°; (iii) for the 
purpose of normalizing the results the initial 
elastic modulus E ^  is set equal to 100 MPa;

(iv) Poisson's ratio at zero deviator stress is 
taken to be 0.3 and 0.4; (v) the failure ratio 

is set equal to 0.9; (vi) the factors m and

n which characterize the modulus exponent are 
such that m = n = 0,0.25 and 0.50; (vii) the 
initial stress state in the plane strain region 
is such that the total horizontal stress is 
0.10 MPa.

The finite-element model of the buffer-contain- 
er-rock mass system is shown in Figure 8.
Figure 9 illustrates a typical variation of the 
normalized container displacement ( 6  / po aQ) ,

with the extent of the separation zone as de
fined by P. The normal contact stresses that 
are developed at the buffer-container and 
buffer-rock mass interfaces are shown in Figure 
10. In the limiting case when there is complete 
separation at the buffer-rock mass interface, 
the interaction problem exhibits a state of 
axial symmetry. Selvadurai (1984c) has develop
ed an analytical solution to this problem for 
the particular case where the buffer material 
exhibits an ideal elastic-plastic response 
characterized by a Tresca-type yield condition 
(i.e. c ^ 0 ; 4> = 0) . A Hencky-type deform
ation theory is used to describe the total 
strain-stress relationships. The stress 
developed at the buffer-container interface is 
given by

Oj , a 2 c 2 -, c

r  = 1+ j {1 - <£r> «¡r> }+ I 1o^
o

where 0 P / c  a n d  c  i s  t h e  r a d i u s  o f  t h e
o  o

elastic-plastic interface, which is determined 
from the characteristic equation

( 1-2 v ) [ { (^)2 - lHi3+l-(^) (r̂ ) > -2 log,
(r2)]

c 2
= (r2 ) (l+\>) [ ( 1-2v) 3 - 1 (l-2v) (

a 2 c ?

e2» <ir> J
O O

Smooth -  Smooth 

V „-  0.4

Figure 7 : Normal stresses at the container- 
buffer and buffer-rock mass inter
face .
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Figure 8: Finite-element model of the con
tainer-buffer-rock mass system.
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Figure 9: Displacements of the rigid con
tainer due to a uniform fluid 
pressure of 6 MPa in the separatio, 
region.

Figure 11 illustrates the manner in which the 
normal stress at the container-buffer interface 
is influenced by the extent of plastic yielding 
in the buffer region. The value of 0 = 2.3 
corresponds to the situation where plastic yield 
is initiated at r = aQ and the value of 3 = 6.2

corresponds to the situation where the entire 
buffer region undergoes plastic yield.

CONCLUSIONS

In this paper a theoretical model for solving 
the problem of fluid-induced separation at the 
buffer-rock mass interface of a borehole in a 
nuclear waste disposal vault has been described 
The fluid-induced separation is a plausible 
loading of the buffer region where full hydro-

C -0 .2  MPo

» ,‘ 0.4

Figure 10: Normal interface stress

Figure 11: Normal contact stress (ck) at the

container-buffer interface due to 
uniform pressurization of the 
buffer-rock mass interface - ana
lytical results (Selvadurai, 1984c)

static pressures at the vault level are trans
mitted via fractures or fissures to the buffer- 
rock mass interface. Furthermore, such 
separation can be enhanced by higher perme
ability (compared with the buffer material) at 
the interface. During such a separation pro
cess the container can experience non-symmetric 
lateral movements. Also, the stresses in the 
separation zone are amplified at the buffer- 
container interface. Such effects are reduced 
in situations where the buffer materials 
exhibit non-linear stress-strain phenomena. 
Currently available non-linear finite-element 
codes can be successfully applied to study 
this type of time- and temperature-independent 
■>uffer-container-rock mass interaction problem.
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