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Foreword 
 
    DECOVALEX is an international consortium of governmental agencies associated 
with the disposal of high-level nuclear waste in a number of countries.  The 
consortium’s mission is the DEvelopment of COupled models and their VALidation 
against EXperiments. Hence the acronym/name DECOVALEX.  Currently, agencies 
from Canada, Finland, France, Germany, Japan, Spain, Switzerland, Sweden, United 
Kingdom, and the United States are in DECOVALEX.  Emplacement of nuclear waste 
in a repository in geologic media causes a number of physical processes to be 
intensified in the surrounding rock mass due to the decay heat from the waste.  The four 
main processes of concern are thermal, hydrological, mechanical and chemical. 
Interactions or coupling between these heat-driven processes must be taken into account 
in modeling the performance of the repository for such modeling to be meaningful and 
reliable. 
    The first DECOVALEX project, begun in 1992 and completed in 1996 was aimed at 
modeling benchmark problems and validation by laboratory experiments.  
DECOVALEX II, started in 1996, built on the experience gained in DECOVALEX I by 
modeling larger tests conducted in the field. DECOVALEX III, started in 1999 
following the completion of DECOVALEX II, is organized around four tasks. The 
FEBEX (Full-scale Engineered Barriers EXperiment) in situ experiment being 
conducted at the Grimsel site in Switzerland is to be simulated and analyzed in Task 1. 
Task 2, centred around the Drift Scale Test (DST) at Yucca Mountain in Nevada, USA, 
has several sub-tasks (Task 2A, Task 2B, Task 2C and Task 2D) to investigate a number 
of the coupled processes in the DST.  Task 3 studies three benchmark problems: a) the 
effects of thermal-hydrologic-mechanical (THM) coupling on the performance of the 
near-field of a nuclear waste repository (BMT1); b) the effect of upscaling THM 
processes on the results of performance assessment (BMT2); and c) the effect of 
glaciation on rock mass behavior (BMT3).  Task 4 is on the direct application of THM 
coupled process modeling in the performance assessment of nuclear waste repositories. 
    On September 25, 2000 the European Commission (EC) signed a contract of FIKW-
CT2000-00066 "BENCHPAR" project with a group of European members of the 
DECOVALEX III project. The BENCHPAR project stands for ´Benchmark Tests and 
Guidance on Coupled Processes for Performance Assessment of Nuclear Waste 
Repositories´ and is aimed at improving the understanding to the impact of the thermo-
hydro-mechanical (THM) coupled processes on the radioactive waste repository 
performance and safety assessment. The project has eight principal contractors, all 
members of the DECOVALEX III project, and four assistant contractors from 
universities and research organisations.The project is designed to advance the state-of-
the-art via five Work Packages (WP). In WP 1 is establishing a technical auditing 
methodology for overseeing the modeling work. WP´s 2-4 are identical with the three 
bench-mark tests (BMT1 - BMT3) in DECOVALEX III project. A guidance document 
outlining how to include the THM processes in performance assessment (PA) studies 
will be developed in WP 5 that explains the issues and the technical methodology, 
presents the three demonstration PA modeling studies, and provides guidance for 
inclusion of the THM components in PA modeling. 
    This report gives a summary of the final report of the BMT3 of  the DECOVALEX 
III and its counterparts in BENCHPAR, WP4. The full report is presented in the 
attached CD ROM. 
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Summary 
 
    A number of studies related to past and on-going deep repository performance 
assessments have identified glaciation/deglaciation as major future events in the next 
few hundred thousand years capable of causing significant impact on the long term 
performance of the repository system.  Benchmark Test 3 (BMT3) of the international 
DECOVALEX III project has been designed to provide an illustrative example that 
explores the mechanical and hydraulic response of a fractured crystalline rock mass to a 
period of glaciation.  The primary purpose of this numerical study is to investigate 
whether transient events associated with a glacial cycle could significantly influence the 
performance of a deep geological repository in a crystalline Shield setting.  A 
conceptual site-scale (tens of kilometres) hydro-mechanical (HM) model was assembled 
based primarily on site-specific litho-structural, hydrogeological and geomechanical 
data from the Whiteshell Research Area in the Canadian Shield, with simplification and 
generalization.  Continental glaciological modelling of the Laurentide ice sheet through 
the last glacial cycle lasting approximately 100 000 years suggests that this site was 
glaciated at about 60ka and between about 22.5ka and 11ka before present with 
maximum ice sheet thickness reaching 2500 m and maximum basal water pressure head 
reaching 2000 m.  The ice-sheet/drainage model was scaled down to generate spatially 
and temporally variable hydraulic and mechanical glaciated surface boundary 
conditions for site-scale subsurface HM modelling and permafrost modelling.  Under 
extreme periglacial conditions permafrost was able to develop down to the assumed 
500-m repository horizon.  Two- and three-dimensional coupled HM finite-element 
simulations indicate: during ice-sheet advance there is rapid rise in hydraulic head, high 
transient hydraulic gradients and high groundwater velocities 2-3 orders of magnitude 
higher than under nonglacial conditions; surface water recharges deeper than under 
nonglacial conditions; upon ice-sheet retreat, the gradients reverse; fracture zone 
network geometry, interconnectivity and hydraulic properties significantly influence 
flow domain response; residual elevated heads are preserved for 10 000s years in the 
low-diffusivity rock; and no hydraulic jacking or shear failure occurs at depth.  It was 
found that transient coupled modelling is necessary to capture the essence of glacial 
effects on Performance Assessment.  Model dimensionality also significantly affects 
simulated results. 
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1. Introduction 
 
    This report presents an overview of the contents, objectives, methods and major 
results of Benchmark Test 3 (BMT3) of the DECOVALEX III Project (Tsang et al., 
2005), which is also known as a Work Package 4 (WP4) of the BENCHPAR Project.  
This overview is based on the final report of BMT3 (Chan et al., 2005), team progress 
and/or final reports (Chan and Stanchell, 2003, 2004; Vidstrand et al., 2003; Wallroth et 
al., 2003; Aalto and Hartikainen, 2004) and pertinent papers (Boulton et al., 2004; Chan 
et al., 2004a; Boulton and Hartikainen, 2004) in the book edited by Stephansson et al. 
(2004).   The paper by Chan and Stanchell (2005) complements the contents of this 
report.  Further technical details of literature review, modelling approaches, governing 
equations, material models, results and discussions can be found in the attached CD 
ROM report, and reports and papers cited above.  
 
 

1.1. Background 
 
    DECOVALEX1 is an international co-operative project to support the development of 
mathematical models of coupled Thermal (T), Hydrological (H) and Mechanical (M) 
processes in fractured geological media for potential deep geological nuclear fuel waste 
repositories (Tsang et al., 2005).  The third phase, DECOVALEX III, was initiated in 
July 1999 and ended in December 2003.  A main theme of DECOVALEX III was to 
examine state-of-science issues surrounding the application of coupled THM models to 
geoscientific problems related to deep geologic disposal. 
    Three Benchmark Test Cases (BMTs) were defined by the DECOVALEX 
participants to illustrate through numerical experiments the relevance (or not) of THM 
couplings to flow system evolution and mechanical stability in the context of long-term 
performance of nuclear waste repositories in complex rock structures.  These were: 
BMT1 – Near-field Resaturation, BMT2 – Homogenization of THM Properties and 
BMT3 – Impact of glaciation process on far-field Performance Assessments.  This 
report pertains to Benchmark Test 3 (BMT3). 
    Benchmark Test 3 (BMT3) provides an illustrative example that explores the 
hydraulic and mechanical response of a fractured crystalline rock mass to glaciation.  
The primary purpose is to investigate through numerical simulation whether transient 
events associated with a glacial cycle could significantly affect the performance of a 
deep geological repository in a crystalline Shield setting.   
    In 2000, the DECOVALEX III was coordinated with the European Commission (EC) 
co-funded BENCHPAR project that is aimed at improving the thermo-hydro-
mechanical (THM) coupled processes content of radioactive waste repository 
Performance Assessment (PA).  BMT3 of DECOVALEX was coordinated with WP4 of 
BENCHPAR, which considers the far-field rock mass subject to glacial perturbations. 
 

                                                 
1 Acronym for DEvelopment of COupled (THM) models and their VALidation against 
EXperiments in nuclear waste isolation. See paper by Tsang et al. (2005). 
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1.2. Overview and objectives of Benchmark Test 3 

(BMT3)/Work Package 4 (WP4)  
 
    Evidence from continental deposits and oxygen-isotope ratios in marine sediments 
demonstrates that during the last million years, much of the northern part of the 
Northern Hemisphere has been subject to repeated glacial cycles, with a dominant 
period of approximately 100 000 years, with intervening and relatively brief interglacial 
periods.  The glacial cycles have seen dramatic extensions of permafrost and of ice-
sheets, associated with major eustatic fluctuations of relative sea levels.  These events 
have changed the pattern of mechanical load and hydraulic boundary conditions on the 
Earth’s crust; the patterns of groundwater recharge and discharge and of recharge 
chemistry, such that we expect hydromechanical impacts to have occurred in the 
subsurface.  A number of studies related to past and on-going deep repository 
performance assessments have identified glaciation/deglaciation as major future events 
in the next few hundred thousand years capable of causing significant impact on the 
long-term performance of the repository system (Boulton et al., 1999; Chan et al., 1998; 
Davison et al., 1994; Nguyen et al., 1993; Peltier, 2004; SKB, 1999; SKI, 1996). 
    The BMT3/WP4 (hereafter referred to as BMT3 for brevity) was a generic numerical 
exercise constructed from geological and hydrogeological characteristics of a Northern 
Hemisphere site that is subject to a prescribed time sequence of climatically driven 
glaciation/deglaciation events.  A generic spent-fuel repository was assumed to be 
located in a crystalline rock mass, which consists of low-permeability, low-porosity, 
sparsely fractured intact rock matrix (with 10-19 m2 or lower permeability), traversed by 
an interconnected 3-dimensional network of fracture zones.  These conditions are 
representative of those that would be encountered in a Shield setting. 
    The objectives of BMT3 were: 
 

1. To study, by analytical and/or numerical modelling the long-term evolution of a 
fractured rock mass in which a generic repository is located, as it undergoes a 
glaciation/deglaciation cycle in a time frame of 100 000 years;  

 
2. To assess the impact of the coupled mechanical and hydraulic responses of the 

repository system to a glaciation/deglaciation cycle on its long-term 
performance in waste isolation; and, 

 
3. To improve the scientific basis for supporting the Safety Case for a deep 

geological repository. 
 
    The focus of the work has been on understanding processes associated with glaciation 
and studying the impact of long-term system changes on mechanical stability and 
groundwater flow.  
 
 
1.3. Issues relevant to deep geological disposal 
repository technology 
 
    The BMT3 was considered relevant to making a safety case for a deep geological 
repository in the northern part of the Northern Hemisphere for the following reasons: 
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1. Glaciation/deglaciation is likely the most significant perturbation to a repository 

in a timeframe of 10 000-100 000 years; 
2. Research teams would attempt to develop an insight into groundwater flow 

system dynamics/evolution relevant to PA using realistically anticipated 
boundary conditions at appropriate spatial and temporal scales; 

3. The BMT3 would investigate possible changes to site conditions due to 
glaciation and, if possible, permafrost; 

4. The BMT3 would demonstrate whether or not long-term transient conditions are 
important to geosphere PA; 

5. The BMT3 would identify potentially important processes/mechanisms for 
further investigation, e.g., transient vs. steady-state flow and depth of 
groundwater recharge; 

6. It would aid site characterization by suggesting what subsurface geological 
evidence of past glaciation/deglaciation to look for; and, 

7. It would provide useful information to assist repository design, e.g., the 
hydrostatic pressure acting on a waste container, whether effective principal 
stresses will be rotated, whether rock stability will be deleteriously affected, and 
whether there is potential for fracture zone hydraulic jacking and hydraulic 
shearing. 

 
 
1.4. Scope and organization of the BMT3 study 
 
    The BMT3 was designed as a generic numerical study to investigate the coupled 
thermo-hydro-mechanical (THM) impact of a glacial cycle on the long-term (up to 100 
000 years), post-closure performance of the geosphere in which a hypothetical 
repository is located. Although BMT3 was a generic modelling exercise, simplified data 
from a specific Canadian Shield research area were utilized to make the simulations 
realistic.  Site attributes were largely based on those of the Whiteshell Research Area 
(WRA) in eastern Manitoba, located on the western edge of the Canadian Shield at 255-
290 masl (metres above mean sea level).  Within BMT3/WP4 there were three types of 
numerical modelling studies: 
    
    Type 1: Continental scale coupled THM ice-sheet/drainage modelling; 

Type 2: Site-scale coupled THM permafrost modelling; and, 
Type 3: Site-scale coupled HM rock mass modelling.   

   
    The primary purpose of Type 1 modelling was to generate spatially and temporally 
varying thermal (for permafrost modelling only), mechanical and hydraulic boundary 
conditions for the other two types of (site-scale) numerical models.  Type 2 modelling 
focused on simulating the time evolution of subsurface temperature and permafrost 
although pore pressures and stresses were also calculated.  Type 3 modelling focused on 
calculation of spatial and temporal variations of subsurface heads, displacements and 
stresses. 
    Funding Organizations (FOs) were Ontario Power Generation (OPG), Swedish 
Nuclear Fuel and Waste Management Company (SKB), Finnish Centre for Radiation 
and Nuclear Safety  (STUK), European Commission (EC) by contract FIKW-CT2000-
00066, and UK Nirex.  Among these OPG, SKB and STUK are partners within 
DECOVALEX III while SKB, EC and UK Nirex are partners within BENCHPAR. 
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    Research Teams (RTs) were: Atomic Energy of Canada Limited (AECL), Chalmers 
University of Technology (CTH), Helsinki University of Technology (HUT), and 
University of Edinburgh (UEDIN).  
    The Funding Organizations, their respective Research Teams and their participation 
are summarized in Table 1. 
    The numerical study was undertaken in three phases. In Phase I the UEDIN team 
enhanced its numerical tools for simulations of the climate drive, ice-sheet loading and 
basal thermal and hydrological regime. The HUT team applied the 2D model for soil 
freezing (Mikkola & Hartikainen, 2001) to some preliminary studies on coupled THM 
processes pertaining to permafrost development under nonglacial conditions. The 
Louvain-la-Neuve two-dimensional Northern Hemisphere climate model (LLN 2D NH) 
(Loutre and Berger, 2000) was used to predict the temperatures for the next glacial 
cycle (Loutre, 2001).  Two teams, AECL and CTH, performed 2D site-scale coupled 
HM subsurface modelling using several sets of generic steady-state boundary 
conditions. 

 
Table 1: Funding Organizations (FO), Research Teams (RT), and their participation in 
BMT3/WP4 
 

FO 
(Acronym) 

RT 
(Acronym) 

Project Code Numerical 
Method 

Model 
Type 

ECa UEDIN BENCHPAR RCb FDMc Type 1 
OPG AECL DECOVALEX MOTIF FEMd Type 3 

SKB/ECa CTH Both ABAQUS FEM Type 3 
STUK HUT DECOVALEX RCb FEM Type 2 

a Through the BENCHPAR Project 
b RC  =  Research code 
c FDM   = Finite difference method 
d FEM  = Finite element method 
     
    In Phase II the UEDIN team performed 3D ice-sheet/drainage modelling and 
averaged over 2D swaths to generate transient thermal boundary conditions for the last 
glacial cycle for 2D permafrost modelling by HUT and transient hydraulic and 
mechanical boundary conditions for the 2D transient site-scale coupled HM subsurface 
modelling by AECL and CTH.  The permafrost model was developed further to study 
effects of groundwater salinity on the development of permafrost and perennially frozen 
ground. One-dimensional simulations with some sensitivity analysis on the thermal 
boundary conditions were carried out under both nonglacial and glacial conditions using 
the temperature data predicted by the ice sheet/drainage model as uncoupled from the 
permafrost model.  
    In Phase III UEDIN conducted 3D ice-sheet/drainage simulations to generate 
spatially and temporally variable 2D mechanical and hydraulic boundary conditions to 
be used directly by AECL in its 3D coupled HM site-scale rock mass modelling while 
CTH extended its 2D model to 3D. In addition, UEDIN and HUT coupled their 2D 
versions of ice-sheet/drainage and permafrost models thermodynamically at the ice-bed 
interface and performed simulations pertinent both to the Äspö Hard Rock Laboratory 
site, Sweden, assuming that the site is always above the marine line (Boulton and 
Hartikainen, 2004), and to the WRA, Canada (Aalto and Hartikainen (2004). 
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1.5.  Scope and structure of this report 
 
    In this report we present an overview of the numerical study undertaken as BMT3 of 
DECOVALEX III (also known as WP4 of BENCHPAR). To keep the report to a 
reasonable length, we focus on the 2D coupled HM modelling study conducted by the 
AECL and CTH teams on a scale of tens of kilometres using transient hydraulic and 
mechanical boundary conditions provided by the UEDIN ice-sheet/drainage model. The 
balance of the work is summarized to the extent necessary to provide context. The 
interested reader is referred to a companion paper in the IJRMMS special 
DECOVALEX III issue (Chan and Stanchell, 2005) and other papers and reports cited 
throughout. In Section 2 a summary is given of the BMT3 problem definition and 
description.  This is followed by a description of the modelling approach (Section 3), 
presentation and discussion of simulation results (Section 4) and a summary of 
sensitivity analyses (Section 5).  Finally, the impacts of glaciation on Performance 
Assessment are discussed (Section 6) and some general or conceptual model-specific 
conclusions are drawn (Section 7).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

2. Problem definition and description 
 
    Full details of the BMT3 problem definition and description have been given in two 
versions of the working document known as the “BMT3 Protocol”, posted on the 
DECOVALEX website (www.decovalex.com).  The final version is appended to the 
AECL final research team report (Chan and Stanchell, 2004) as Attachment 1.  A brief 
summary is given in the subsections that follow. 
 
 
2.1. Conceptual model geometry 
 
    The conceptual hydrogeological model for coupled HM modelling within BMT3 was 
based on a simplification of the Revised Whiteshell Research Area (WRA) Model, 
which had been assembled from interpretation of straddle packer hydraulic tests, 
interference tests and steady-state seepage into open boreholes (Stevenson et al., 1996) 
in conjunction with numerical model calibration (Ophori et al., 1996).  The WRA is 
located at approximately (50.5° N; 96° W) near the western edge of the Canadian Shield 
in eastern Manitoba, Fig. 1.   
    The model domain encompassed a volume approximately 25 km x 37 km x 4 km 
(deep) and consisted of sparsely fractured rock, moderately fractured rock and highly 
fractured rock, which included a number of fracture zones/faults.  Fig. 2 shows a 
simplified map of the WRA, as well as the plan view of the conceptual model 
boundaries and the approximately 2 km x 2 km x 10 m (thick) hypothetical repository, 
which was assumed to be located at 500-m depth.  The model boundary follows the 
Winnipeg River system except in the Northeast where it coincides with a major fault.  
The general regional topographic gradient ranges from 0.001 to 0.002 approximately 
from Northeast to Southwest.  Superimposed on this is a higher local topographic 
gradient.  Maximum elevation is 301 masl (metres above present-day mean sea level) 
while the minimum elevation, within Lake Lac du Bonnet, is 255 masl.  Within the 
WRA, the local topographic and hydraulic gradients slope from Southeast to Northwest 
(Davison et al., 1994). 
    Fig. 3 shows one possible simplified representation of the relief.  In general, the 
simplified relief slopes from the right to the left (approximately 280 masl to 255 masl).  
A small height of land (elevation ~ 290 masl) is located approximately in the middle of 
the model domain.  The present-day water table is a subdued replica of the topography.  
For modelling purposes, it was assumed that the model domain was fully saturated with 
the water table coinciding with ground surface. 
    The irregular and complicated 3-dimensional geometry of the structural model of 
fracture zones in Ophori et al. (1996) was considered too complicated for mesh 
generation by some research teams participating in BMT3.  Consequently, this 
structural model was simplified by both reducing the number of fracture zones and 
standardizing their dip angles.  The simplification of the interconnected fracture zone 
network was designed to  reveal flow system characteristics and response during a 
transient glacial event.  Fig. 4 shows the structural model of the fracture zones after the 
initial simplification.  Two vertical sections along the lines labelled AA’ (Section 1) and 
BB’ (Section 2), respectively, in Fig. 2 were utilized in exploratory 2D HM modelling 
in Phase I (Chan and Stanchell, 2003).   
    Based on the experience gained in Phase I, the BMT3 Task Force decided to adopt a 
further simplified representation of the fracture zones, as shown in Fig. 5, to allow the 
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influence of the connectivity of the fracture zone network to be explored in both 2D 
(Phase II) and 3D (Phase III) simulations.  The two vertical sections (Section 1 along 
AA’ and Section 2 along BB’ in Fig. 2) shown in Fig. 6 and Fig. 7 were used as a basis 
for discretization of the Phase II 2D simulations.  Section 1 – the transverse section – is 
in the direction of the local (site-scale) topographic gradient, which corresponds to the 
minimum horizontal in situ stress, σHmin, direction, i.e., approximately Southeast to 
Northwest.  Section 2 - the longitudinal section - is in the general direction of flow of 
the ice sheet(Teller and Fenton, 1980), which was assumed to correspond to the 
maximum horizontal in situ stress, σHmax, direction (approximately Northeast to 
Southwest).  The fracture zones were idealized as planar features of uniform thickness 
(20 m).  Twelve (12) of the vertical fracture zones coincided with the vertical 
boundaries of the model so that only the remaining five (5) fracture zones had to be 
explicitly represented in the interior of the numerical model.  Of the five interior 
fracture zones two were vertical, one was horizontal and two dip at 45°.  In accordance 
with (Ophori et al., 1996) all the vertical fracture zones at he perimeter were assumed to 
extend to the bottom of the model at about 4-km depth, but the dipping fracture zones 
were terminated at shallower depths.   
    A hypothetical, single-level, rectangular repository with dimensions 2 km x 2 km x 
10 m was assumed to be located at approximately 500 m below surface. 
    Various configurations and interconnectivity of fracture zones were considered and 
two of these, shown as Configuration 3 and Configuration 6 in Fig. 8 and Fig. 9 for the 
two sections, were selected for BMT3 simulations.  In Configuration 3 all interior 
fracture zones are interconnected whereas in Configuration 6 the horizontal fracture 
zone is disconnected from the dipping fracture zone.  In particular, in Section 2 Model 
Configuration 6, the long horizontal fracture zone intersects a vertical fracture zone on 
the outside boundary of the model to facilitate a sensitivity study of possible hydraulic 
jacking with higher hydraulic head difference between this dead ended fracture zone 
and the surrounding rock mass. 
    In Phase III 3D simulations were performed using fracture zone configurations 
(derived from that shown in Fig. 5) that are 3D equivalents of Configuration 3 and 
Configuration 6 described above.   
 
 
2.2. Boundary conditions and material properties 
 
 
2.2.1. In situ stress field 
 
    For the purpose of this BMT the mean ambient in situ stress values of the Canadian 
Shield and the B-berg site in the Fennoscandian Shield were used.  Detailed reference to 
compilations of in situ stresses, which formed the basis of values adopted for BMT3, 
can be found in (Chan and Stanchell, 2003).  Mean ambient in situ principal stress 
values (in MPa) are described by the following relationship: 
 
σHmax = 9.2 + 0.047∆z    (0 ≤ ∆z ≤ 900)                (1a)  
σHmax = 36.0 + 0.0172∆z (900≤∆z≤4000)            (1b)  
σHmin = 4.4 + 0.0266∆z (0≤∆z≤900)             (2a) 
σHmin = 17.5 + 0.012∆z (900≤∆z≤4000)            (2b)  
σv = 0.026∆z      (0≤∆z≤4000)               (3) 
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where σHmax is the maximum horizontal in situ stress, σHmin is the minimum horizontal 
in situ stress, σv is the vertical in situ stress and ∆z is the depth (in m) below ground 
surface.   
 
 
2.2.2 Boundary conditions 
 
    Spatially and temporally varying hydraulic and mechanical boundary conditions were 
computed by UEDIN’s ice-sheet/drainage model (Chan et al., 2005; Boulton et al., 
2004) at the ice-bedrock interface and transferred to the site-scale HM models as top 
boundary conditions, further details of which will be provided in later sections.  
Mechanical ice-sheet loading was applied as time-varying vertical normal stress at the 
top boundary.  In areas not covered by ice, boundary head values were prescribed to be 
equal to ground surface elevation.  This ice-free condition existed for brief periods 
during ice-sheet advance and retreat and a long period after the ice sheet has completely 
retreated off the model domain.  Along the perimeter vertical boundaries hydrostatic 
head values were assigned according to the head boundary conditions on the top 
surface.  Mechanically, the side boundaries and the bottom were assigned zero-normal 
displacements, i.e., roller boundary conditions.  The large model area (25 km x 37 km) 
means that the vertical sides of the model are sufficiently distant that boundary effects at 
the sides of the model domain are not expected to be transmitted through the low-
permeability rock matrix to the central area of interest.  However, the horizontal fracture 
zone was assumed to extend along Section 2 to the perimeter boundary to intersect a 
vertical fracture zone in order to study the possible effects of subglacial hydraulic 
pressures being transmitted through this connected pair of fracture zones to the central 
area.   
    Similarly, the bottom of the model domain, at 4-km depth below ground surface was 
separated from the region of interest - the top km – by a few kilometres of very low 
permeability, sparsely fractured rock.  Consequently, modelling results were not 
expected to be sensitive to boundary conditions there.  Accordingly, the bottom of the 
model domain was assumed to be a no-flow, zero-normal displacement boundary. 
 
 
2.2.3 Material properties 
 
    Hydraulic properties for the rock mass and fracture zones, as summarized in Table 2, 
were based on the conceptual model compiled by Stevenson et al. (1996) for the WRA.  
Hydraulically the background rock mass was represented by 13 layers with horizontal 
permeability, kH, decreasing with depth from 10-15 m2 near surface to 3.35 x10-20 m2 at 
the assumed repository level just below 500-m depth and further to 10-21 m2 at 750-m 
depth.  Below this depth, kH remains constant at 10-21 m2.  Vertical permeability was 
assumed to be 10kH for the top 300 m; below this depth the rock mass permeability was 
assumed to be isotropic.  Porosity for the background rock mass was assumed to be 
0.003 from ground surface to 2500-m depth.  Thereafter, porosity decreases downward 
to 0.001.   
    The fracture zones were assumed to have isotropic permeability.  For the vertical 
fracture zones k was assumed to be 10-13 m2 from surface to 400-m depth, below which 
it decreases rapidly to 10-15 m2 at repository level and further to approximately 10-18 m2 

near the bottom of the model.  Porosity of the vertical fracture zones was assumed to 
decrease from 0.05 near surface to 0.005 near the bottom of the model.  The dipping and 
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horizontal fracture zones within the central areas of the model were assumed to have a 
uniform permeability value of 10-13 m2 and porosity of 0.05 at all depths. 
    The repository zone was assigned average effective hydraulic properties (last row of 
Table 2) of the engineered barriers and the rock pillars using a method discussed by 
Chan et al. (1999). 
    For the purpose of coupled HM modelling in BMT3 constant values of pure water 
compressibility, density and dynamic viscosity at 6 oC and standard atmosphere 
pressure, as given in Table 3, were assumed throughout the model domain.   
 
Table 2: Hydraulic properties for Phases II and III 

Rock Mass  
Outside Fracture 

Zones 

Approximate  
Depth 

(m) 

Horizontal 
Permeability  

(m2) 

Vertical 
Permeability  

(m2) 

 
Porosity 

Layer 1 1-100 1.0E-15 1.0E-14 0.003 
Layer 2 100-200 4.5E-17 4.5E-16 0.003 
Layer 3 200-300 6.0E-18 6.0E-17 0.003 
Layer 4 300-400 7.75E-19 7.75E-19 0.003 
Layer 5 400-500 3.15E-19 3.15E-19 0.003 
Layer 6 500-750 3.35E-20 3.35E-20 0.003 
Layer 7 750-1000 1.36E-21 1.36E-21 0.003 
Layer 8 1000-1250 1.00E-21 1.00E-21 0.003 
Layer 9 1250-1600 1.00E-21 1.00E-21 0.003 

Layer 10 1600-2000 1.00E-21 1.00E-21 0.003 
Layer 11 2000-2500 1.00E-21 1.00E-21 0.003 
Layer 12 2500-3200 1.00E-21 1.00E-21 0.002 
Layer 13 3200-4000 1.00E-21 1.00E-21 0.001 
Vertical 
Fracture 

Zones 

Approximate 
Depth 

(m) 

Longitudinal 
Permeability (m2) 

Transverse 
Permeability 

(m2) 

 
Porosity 

Layer 1  0-100 1.00E-13 1.00E-13 0.05 
Layer 2  100-200 1.00E-13 1.00E-13 0.05 
Layer 4  200-300 1.00E-13 1.00E-13 0.05 
Layer 5 300-400 1.00E-13 1.00E-13 0.05 
Layer 5 400-500 1.00E-14 1.00E-14 0.05 
Layer 6  500-750 1.00E-15 1.00E-15 0.05 
Layer 7  750-1000 1.00E-16 1.00E-16 0.05 
Layer 8 1000-1250 1.56E-17 1.56E-17 0.046 
Layer 9  1250-1600 8.44E-18 8.45E-18 0.041 

Layer 10  1600-2000 4.61E-18 4.61E-18 0.035 
Layer 11 2000-2500 2.58E-18 2.58E-18 0.028 
Layer 12  2500-3200 1.37E-18 1.37E-18 0.018 
Layer 13 3200-4000 7.52E-19 7.52E-19 0.005 

Low Dipping 
Fracture 

Zones 

Approximate 
Depth 

(m) 

Longitudinal 
Permeability (m2) 

Transverse 
Permeability 

(m2) 

 
Porosity 

All Layers  1.00E-13 1.00E-13 0.05 
 
 

 Horizontal 
Permeability (m2) 

Vertical 
Permeability (m2) 

 
Porosity 

Repository  5.63E-17 5.63E-17 0.0085 
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    Mechanically, both the rock mass and the fracture zones were assumed to be 
homogeneous, isotropic and linear elastic.  Table 4 gives the rock bulk density, Young’s 
modulus, Poisson ratio and Biot’s hydroelastic coupling coefficient (Biot, 1941) for the 
rock mass and fracture zones.  These values are very similar to those used in Chan et al. 
(1998).  It should be noted that the fracture zones are ten times more compliant than the 
rock mass.  Mohr-Coulomb mechanical failure parameters in the form of cohesion and 
friction angle are also given in Table 4.  These are pessimistic values just sufficient to 
prevent incipient failure of the dipping and horizontal fracture zones under in situ stress 
and hydrostatic pressure conditions. 
 
 Table 3: Fresh water properties 

Fluid Compressibility 4.5 x10-10 Pa-1 
Fluid density, ρo 1.0 x 103 kg/m3 
Fluid viscosity 1.47 x 10-3 Pa⋅s 

 
 
 Table 4: Mechanical and hydromechanical properties for Phase II and Phase III 

Parameter Rock Mass Fracture Zone Units 
Rock Bulk Density, ρs 2,650.0 2,650.0 kg/m3 
Biot’s Coefficient, α 1 1 kg/m3 
Young’s Modulus, E 3.5 x 1010 3.5 x 109 Pa 
Poisson’s Ratio, ν 0.22 0.22  
Cohesion, c’ 5 x 106 3 x 106 Pa 
Friction Angle, φ′ 30 25 o 

Tensile Strength 5 x 106 0 Pa 
 
 
    Coulomb’s shear failure analysis (Jaeger and Cook, 1976) for a brittle material is 
adopted with a linear Mohr envelope. The Mohr-Coulomb failure criterion (adapted for 
a saturated rock mass) states that shear failure will occur when the effective shear stress 
τ′ across a critical plane reaches the critical value: 
 
τc’ = c’ + σ’tan φ’                      (4)
          
where τc’ is the shear strength, σ’ is the effective normal stress across this plane, c’ is 
the cohesion and φ’ is the internal friction angle.  A fracture zone is considered a plane 
of weakness across which shear failure tends to occur.  The stability analysis for this 
situation is similar to that for the rock mass except that the critical angle is now the 
angle between σ1’and the normal to the plane of the fracture zone.  Tensile failure is 
evaluated by comparing any tensile effective normal stress with the appropriate tensile 
strength. 
 
 
2.3. Performance measures 
 
    The primary goal of BMT3 was to investigate, through numerical simulation using an 
illustrative example, how transient events associated with a glacial cycle would affect 
the performance of the geosphere in which a deep geological repository is located.  
Metrics were selected to: i) reveal the magnitude and rate of change in rock mass/flow 
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system response; and ii) provide a basis to understand and communicate possible effects 
on geosphere performance at time scales relevant to repository safety. 
    On this basis the following performance measures were selected: 
 

A. Hydraulic measures including: a) time evolution of hydraulic heads at 
selected locations at repository level; b) head distribution (contour plots) at 
selected times; c) time evolution of average linear groundwater velocity at 
selected locations at repository level; d) total groundwater flux through the 
plan and section areas of the repository; and e) recharge of surface water by 
particle tracking.  

 
B. Mechanical measures including: a) time evolution of mechanical 

displacement at selected locations at repository level; b) displacement 
distribution (contour plots) at selected times; c) maximum displacement of 
fracture zones; d) time evolution of principal effective stresses at selected 
locations at repository level; e) principal effective stress magnitude and 
orientation at selected times; and f) an evaluation of rock stability using 
Coulomb shear failure criterion. 
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3. Modelling approaches 
 
    The only way in which models of slow or rapid change between states that do not 
currently occur in Earth (i.e. there is currently no ice sheet glaciation in the middle 
latitudes) can be tested is through their capacity to simulate geologically known 
attributes of the past. Such geological testing of predictions is a vital complement to 
modelling. It gives confidence that we understand the system in question and provides a 
basis for use of models in scenarios of future geosphere evolution. We have therefore 
focused on simulating glaciation in a way that can be tested by geological observations, 
and applied the model to suggest subsurface impacts at a generic site to explore the 
implications for Performance Assessments.  
    Following is a brief summary of the modelling approach for each of the three types of 
models in BMT3. 
 
 
3.1. Ice-sheet/drainage modelling 
 
    Several steps are involved in ice-sheet/drainage modelling.  A highly simplified 
description follows: 
 
Step 1 – Simulation of the climate drive 
    The simulations covered the whole of the last glacial period from 120,000 years ago 
(120 ka) to the present. The pattern of climate change was derived by proxy from the 
18O record from the Greenland ice sheet (Johnsen et al., 1992), adapted to the region 
using palaeo-climatic data from southern Canada and the northern USA and synoptic 
extrapolations.  
 
Step 2 – Ice-sheet loading and basal thermal and hydrological regime 
    A transient thermo-mechanical ice-sheet model (Boulton and Payne, 1994) coupled 
with the Earth model of Lambeck et al. (1998) was driven by the climate function over a 
prescribed topography of North America with a 15-km resolution.  The Laurentide ice-
sheet/drainage model computes the ice sheet thickness, the temperature at the base of 
the ice sheet and the rate of basal melting in time and space. This was used to compute 
the spacing between channels that are required to exist at the ice-bedrock interface to 
discharge meltwater that cannot be discharged by groundwater flow (Boulton et al., 
2001), and thereby the head distribution at the ice-bedrock interface.  This continental 
scale ice-sheet/drainage model was downscaled to a 200-m resolution to generate 
transient hydraulic and mechanical boundary conditions at the ice-bedrock interface for 
site-scale permafrost and coupled HM subsurface modelling.  

 
 

3.2. Permafrost modeling 
 
    A transient model of permafrost development based on macroscopic thermodynamics 
of mixtures and implemented in a finite-element code (Mikkola and Hartikainen, 2001) 
was driven directly by the climate function when there was no ice sheet present. When 
the ice overrode the site, one of the following approaches was used: 
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i. The temperature at the base of the ice sheet was used as a boundary condition for 
permafrost development (Phase II). 

ii. Excess heat flux from ice shearing and, in case of ice sheet sliding, frictional 
heating was transferred to the subsurface permafrost model through the ice-
bedrock interface (Phase III). 

 
 
3.3. Coupled hydro-mechanical rock mass modelling 
 
    To make the problem more tractable the subsurface HM modelling participants 
agreed to adopt an approximation whereby the effects of temperature, salinity, stress-
dependent permeability, permafrost and large-scale isostasy were omitted.  The AECL 
team used an in-house MOTIF finite-element code (Guvanasen and Chan, 2000), which 
is based on the classical poroelastic theory of Biot (1955). In this code the solutions of 
the fluid flow equation and the mechanical equilibrium equation are iteratively coupled. 
The CTH team employed the commercially available, general-purpose finite-element 
code ABAQUS/Standard 6.3 (ABAQUS Inc., 2002). The porous medium is considered 
as a multiphase material (comprising solid grains, free wetting water and trapped water) 
and an effective stress principle is used to describe its behaviour. Biot’s (1941) 
analytical solution for 1D consolidation in the form presented in Chan et al. (Chan et al., 
2004b) was utilized to guide the selection of an appropriate value for the bulk modulus 
of the “mineral grains” for the low-permeability, low-porosity rock in BMT3. Time-
dependent mechanical and hydraulic boundary conditions were transferred from the ice-
sheet/drainage model to the subsurface rock mass model at the ice-bedrock interface. 
Other boundary conditions have already been described in Section 2.2.2. 
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4. Modelling results and discussions 
 
    The simulations have generated considerable results.  To keep this report to a 
reasonable length, it is only possible to discuss in some detail the rock mass simulation 
results, which relate more directly to geosphere Performance Assessment.  The 
discussion will focus mainly on 2D HM modelling results in Phase II.  Simulation 
results from ice-sheet/drainage modelling and permafrost modelling will be summarized 
briefly. 
 
 
4.1.  Ice-sheet/drainage 
 
    Fig. 10 shows output from a climate/temperature simulation for the last glacial cycle 
for the ground surface at the Whiteshell site (Aalto and hartikainen, 2004; Boulton et 
al., 2004).  It consists of two components.  The first for periods when the site is ice-free 
based on the Greenland ice core record and compatible with palaeo-climate and modern 
synoptic data.  The second is the temperature condition at the ice-bedrock interface, 
based on thermodynamic analysis of the ice sheet. Note that temperatures at the ice-
bedrock interface, at 60ka B.P. (before present) and between 22.5ka and 11ka are higher 
and show less variance than extra-glacial temperatures because of the insulating and 
heating effect of the ice sheet.  The temperature input into the permafrost model, which 
differs slightly from the output of the ice-sheet model, is also shown in Fig. 10. 
    The climate/temperature function was used to drive a glaciological model of the 
Laurentide ice sheet through the last glacial cycle.  Results suggest that the Whiteshell 
site was glaciated at about 60ka and during the glacial maximum, between about 22.5ka 
B.P. and 11ka B.P., which is compatible with geological evidence from the region.  The 
ice front advanced across the model domain in about 100 years. During the 11 000-year 
period of glaciation at this site maximum ice- sheet thickness reached approximately 
2500 m.  
    The model also computes basal melt rates, and from a simplified, 1D description of 
hydraulic conductivity consistent with Table 2, computes the spacing of subglacial 
channels that would be required to drain the ice-sheet bed. Maximum water pressure 
head at the ice-bedrock interface exceeded 2000 m.  Three subglacial channels, with 
significantly reduced (by up to 500-m head) water pressures, developed at the top of the 
site-scale model domain. The channels are low- pressure zones that draw down heads at 
the ice-bedrock interface. Fig. 11a illustrates a time slice of the computed surface form 
of the advancing glacier at Whiteshell and Fig. 11b the contemporary distribution of 
heads at the ice-bedrock interface. The longitudinal head gradients associated with the 
ice front and the transverse gradients associated with channels are much greater than the 
present-day gradient, and, as shown below, create flow velocities at least one to two 
orders of magnitude faster than modern values with strong vertical flow components. 
Ice-sheet/drainage simulation results were transcribed into transient ice mechanical 
loading and hydraulic head boundary conditions at the top of the site-scale HM models 
along the two sections (Fig. 12).  The length of Section 1 is 25.4 km and the length of 
Section 2 is 37.3 km.  For Section 1 the ice sheet was assumed to have uniform 
thickness (not shown in Fig. 12a), which varied with time as computed by the ice-sheet 
model.  In Section 2, at any given time the same curve in Fig. 12 is used for ice 
thickness and head but the scales are different.   
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4.2. Permafrost 
 

    The temperature forcing function for a cold scenario and a warm scenario have been 
used to compute the evolution of permafrost thickness through the glacial cycle, 
together with the unfrozen water content, and the increase of salinity due to freezing. 
The insulation effects of snow cover and vegetation but ignoring water bodies have 
been introduced through the surface temperature boundary condition TB = 0.9TS + 0.5ºC, 
where TS is the output for the ground surface during non-glacial periods from a 
climate/temperature simulation for the last glacial cycle (Fig. 10). Increasing salinity 
acts to depress the freezing point.  
    Under extreme cold periglacial conditions permafrost was predicted to develop into 
depths comparable to or below the assumed 500-m repository horizon (Fig. 13). As the 
glacier overrode the model domain, the warming effect of the ice sheet progressively 
increased subglacial temperatures and caused permafrost to decay to almost zero 
thickness 6000 years after the glacier arrived at the site (Aalto and Hartikainen, 2004) 
During the last glacial maximum large hydraulic heads and gradients developed in the 
thawing zone of permafrost wedge under the glacier. Salinity seems to have only a 
slight effect on temperature distribution but affects development of perennially frozen 
subsurface somewhat more by depressing the freezing point of water. 

 
 

4.3. Rock mass hydraulic and mechanical response 
 
    The simulations generated considerable results.  Selected results are presented herein 
to highlight the predicted magnitude and rate of change of hydraulic and mechanical 
responses within the rock mass to a glacial cycle.  As Section 2 captures the advance 
and retreat of the ice sheet across the WRA, simulation results in this section are more 
interesting.  Accordingly, more simulation results are presented and discussed for this 
section.  A number of points at approximately 500 m below ground surface, as shown 
schematically in Fig. 14, were selected for graphical display of time evolution of 
dependent variables.  These points were selected to illustrate representative coupled HM 
response in the very transmissive fracture zones (Points 1 and 2 in the dipping fracture 
zone and Points 5 and 6 in the horizontal fracture zone) and the much less transmissive 
repository zone (Points 3 and 4).  All results are reported in model time, which starts 
when the ice-sheet arrives at the WRA. Unless otherwise stated, the example results 
presented are taken from the AECL simulations.   

 
 

4.3.1. Hydraulic response 
 

    During glaciation the evolution of subsurface hydraulic head follows the 
advance/growth and retreat/decay of the ice sheet. An example is shown in Fig. 15 for 
two locations at approximately 500-m depth below ground surface – Point 1 in the 
dipping fracture zone and Point 4 in the repository.  The hydraulic head rises rapidly 
from the preglacial value of ~265 masl (equivalent fresh water head in metres above 
mean sea level) to ~2300 masl in about 1000 years after ice-sheet arrival over the WRA 
and quickly returns to preglacial level following glacial retreat. During ice-sheet 
advance, approximately 50% of the head increase in the fracture zones occurs in the 
first 200 years. Simulation results from the AECL and CTH models are generally in 
good agreement. There are, however, important differences. According to the AECL 
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model, in the first few hundred years the head in the dipping fracture zone, e.g., Point 1, 
can be several hundred metres higher than that in the repository, e.g., Point 4, or the 
surrounding rock mass. This is due to the rapid transmission of high head values from 
the top boundary down the very permeable (k~10-13 m2) fracture zone, as illustrated in 
the head contour plot (Fig. 16) at 90 years. In contrast, there is only marginal difference 
between the two CTH curves for the two selected locations.  This difference is likely 
due to a slight discrepancy in their locations of the plotting points.  Head contours plots 
in the CTH team report (Wallroth et al., 2003) exhibit similar contrast between fracture 
zones and the surrounding rock mass to those shown in Fig. 16.  
    During ice-sheet advance there are horizontal hydraulic gradients all the way down to 
the bottom of the model (4km), Fig. 17. This is definitely a mechanical-hydraulic (MH) 
effect due to the compression of pore space by the ice loading. Otherwise, it would not 
be possible for the hydraulic gradient to penetrate to such depth in the very low-
hydraulic diffusivity rock matrix.  The horizontal hydraulic gradient is highest in the top 
300 m of rock below the ice margin and in front of it, but this high transient gradient 
lasts for a few hundred years during the advance or retreat of the ice front/terminus 
across the model domain. This results because of high hydraulic diffusivity in the upper 
part of the rock mass.  
    Head contours for Section 2 Configuration 6 during ice sheet advance, Fig. 18, which 
can be contrasted to Fig. 16, reflect the separation of the dipping and horizontal fracture 
zones by ~100 m of sparsely fractured rock (see Fig. 9). 
    When the ice sheet covers the entire area the hydraulic head is high (corresponding to 
the head boundary condition) down to a depth of about 650 m, Fig. 19 (curves at 2100 
years and 8200 years). A very large downward hydraulic gradient (3-7) is seen localized 
just below this depth.  This is associated with the large permeability contrast in the 
bedrock.  Below 800-900-m depth (depending on time), in sparsely fractured rock with 
permeability of the order of 10-21 m2, the excess pore pressure is entirely due to 
consolidation effect.  This excess pore pressure is equivalent to ~1/3 of the mechanical 
load of the ice sheet, which reaches a maximum value of  
23 MPa. 
    When the ice sheet retreats from the site a reversal of the vertical hydraulic gradient 
can be observed. In the fracture zones the upward hydraulic gradient lasts for 
approximately 100 years, whereas in the rock matrix at depth it can last for tens of 
thousands of years after the ice has disappeared from the WRA. The head in the fracture 
zones is lower than in the surrounding rock mass during the retreat, Fig. 20 (see also 
additional figures in both Chan and Stanchell (2004) and Wallroth et al. (2003)). When 
the trailing edge of ice sheet leaves the site (at 11675 years, Fig. 20a) the largest 
residual heads exist at about 700 m depth. The position of the maximum residual head 
moves downwards with time as the excess pressure gradually dissipates. Around 9500 
years after the ice sheet has retreated from the model domain (at 21200 years, Fig. 20b) 
the highest residual excess pressure (~250 m) can be found at about 800-m depth. At the 
end of the modelling period (100000 years) the residual pressure head in the repository 
zone is about 25 m. 
    During the glacial cycle maximum Darcy velocities are in the order of 1-10 cm/year 
in the fracture zones and 0.1-1 mm/year in the repository zone and the surrounding rock 
mass. These velocities are at least two orders of magnitude higher than their values in 
the nonglacial initial state. The velocities are especially high during ice-sheet advance 
or retreat. For Configuration 3, in which the fracture zones are connected, there is a 
distinct upward flow just before the ice front passes the site at Point 1 located in the 
dipping fracture zone.  For Configuration 6, in which the dipping and horizontal fracture 
zones are unconnected, there is still upward flow with much reduced (by a factor of 
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~50) velocities in the AECL simulation, possibly due to MH effects, but not in the CTH 
simulation. The velocities calculated by the two teams do not agree in detail quite as 
well as the hydraulic heads.  However, the general trends of relatively high Darcy 
velocities during glaciation/deglaciation and the drastic reduction of velocities in the 
fracture zones when they are unconnected (Model Configuration 6) are similar.  Figures 
showing the temporal evolutions of groundwater velocities can be found in a companion 
paper (Chan et al., 2005).  
    In Section 1 the evolution of subsurface hydraulic head during the glaciation follows 
the growth and decay of the ice sheet.  A salient feature in the head distribution in this 
section is that shortly after the arrival of the ice sheet in the WRA, substantially lower 
head values occur spatially beneath the three subglacial tunnels (Fig. 21) that provide 
drainage pathways at the bottom of the ice sheet.  Groundwater flows towards these 
sinks in the upper permeable rock mass.   
    During glaciation, hydraulic heads are predicted to increase by more than 2000 m 
above the present-day nonglacial values, which range from 255 to 290 m.  Large-scale 
horizontal head variations, on the order of several hundred metres over distances of 10 
km (Fig. 21) were predicted by coupled HM simulations, which did not include salinity.  
These variations are at least an order of magnitude higher than the maximum local 
topographic variation of 30 m over a distance of 1 km in the WRA.  Consequently, for 
the illustrative example specific to this case the flow field could be governed by the 
glacially induced head distribution rather than by topographically driven local flow. 
    The depth of surface water recharge within the flow domain was analyzed by particle 
tracking for the entire 100000-year simulation period using the TRACK3D code (Nakka 
and Chan, 1994), which integrates the transient velocity field in time to calculate travel 
times and paths of water-coincident particles.  As illustrated in Fig. 22, surface water 
was predicted to recharge to a depth slightly more than 300 m and then to flow back 
towards ground surface upon deglaciation due to the accompanying hydraulic gradient 
reversal.  This depth of surface recharge is significantly greater than under nonglacial 
conditions. 
    Total groundwater fluxes (volumetric flow rate) through the repository were 
calculated by numerically integrating the Darcy flux across three orthogonal cross-
sectional areas passing through the centroid of the repository. Results are only reported 
here for 3D simulations since integrated fluxes from 2D models do not have a 
physically meaningful dimension. Analyses by the AECL team show that the total 
vertical flux through the horizontal cross-sectional area of the repository is downward 
and varies from a nonglacial topographically (gravity) driven value of 60 m3/year to a 
maximum value of 800 m3/year during glaciation. Total longitudinal horizontal flux 
(along the Section 2 direction) increases from a negligible initial value to about 18 
m3/year while the transverse horizontal flux increases from a negligible initial value to 
about 5 m3/year with direction changing during the glaciation.  
 
 
4.3.2. Mechanical response 

 
    Fig. 23 depicts the evolution of mechanical displacement calculated by AECL and 
CTH for Section 2 Model Configuration 3 in the dipping fracture zone (Point 1) and in 
the repository (Point 4).  
    The downward displacement follows primarily the time varying ice loading at the top 
boundary, with minor time dependence due to the slow variation of pore pressure with 
time (Chan and Stanchell, 2004; Wallroth et al., 2003). From contour plots of 
displacement in Section 1, e.g., Fig. 24, it can be seen that there are larger downward 
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displacements beneath the central subglacial drainage tunnel than elsewhere in the 
surrounding rock.  This is due to water drainage and pore pressure reduction resulting in 
higher effective stress.  Furthermore, vertical displacements on opposite sides of the 
dipping fracture zone differ by a few cm.  This does not imply shear failure (fault 
slipping).  Presumably, this is just elastic displacement across the fracture zone caused 
partly by the lower pore pressure below the central channel and partly by the 
mechanically softer fracture zone - the 20-m thick fracture zone has a Young’s modulus 
equal to 1/10 that of the surrounding rock.  Maximum downward displacement 
occurring at glacial maximum is about 1.35 m for the AECL and 1.7 m for the CTH 
model. Horizontal displacements are much smaller. 
    An examination of simulated effective stresses indicates that the values are affected 
in two different ways, an increase in total stress due to the mechanical loading of the ice 
sheet and a decrease in effective stress due to the increase in pore pressure. 
Consequently, changes in effective stresses are much less than expected from the 
mechanical stresses due to the normal loading of the ice sheet, which has been predicted 
by the UEDIN Laurentian ice-sheet model to reach a maximum value of 23 MPa. As 
shown in Fig. 25, even in the dead-ended horizontal fracture zone in Section 2 
Configuration 6 there is no hydraulic jacking, i.e., no effective tensile stress. This is due 
to the low parabolic profile of the glacier. None of the simulations predicted shear 
failure according to the Coulomb failure criterion, with the fracture zones treated as 
planes of weakness.  At shallower depth (down to approximately 100 m below surface) 
both the fracture zones and the moderately fractured rock mass could be close to failure. 
There is little rotation of principal effective stresses apart from those arising from the 
influence of material heterogeneities as the shear stress exerted by a glacier is small 
compared with the normal stress due to the ice load and the ice front has a gentle 
parabolic slope such that the normal ice load is only a few MPa while the ice front is 
moving across the top of the model domain. 
    It should be noted that during the rapid retreat of the ice sheet, there is a remarkable 
drop in the minimum effective stress in the repository zone (curves for Points 3 and 4 in 
Fig. 25).  For a brief period of time the minimum effective stress is reduced to 
approximately 1.5 MPa.  A plausible explanation may be that once the ice sheet 
disappears from the model domain, the mechanical stress recovers almost 
instantaneously to its initial value while the pore pressure, which has built up to very 
high values during glaciation, can only dissipate slowly through the rock, which has 
very low hydraulic diffusivity.  If the physical mechanism postulated above is indeed 
responsible for the very low minimum effective stress, then under certain adverse 
circumstances tensile stress might potentially develop during or shortly after 
deglaciation.  This mechanism merits further study. 
    In general, the simulation results from the two teams for the primary dependent 
variables of head and displacement are in better agreement than for the secondary 
(derivative) variables of Darcy velocity and effective stress.  
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5. Importance of transient analysis, HM 
coupling, fracture zone connectivity and 
model dimensionality 

 
    Analyses were conducted to investigate the sensitivity of simulation results to several 
factors, including:  
 

 Steady-state vs. transient boundary conditions; 
 Coupled HM vs. uncoupled analyses; 
 Fracture zone connectivity (Configuration 3 vs. Configuration 6); and 
 Model dimensionality (2-dimensional vs. 3-dimensional). 

 
    The primary purpose of this sensitivity analysis is to study how various model 
assumptions can affect simulation results with regard to impact of a glacial cycle on 
repository Performance Assessment. Detailed description of these simulations and 
discussion of the results are the subjects of a companion paper (Chan and Stanchell, 
2005). Key findings considered important to Performance Assessment and Site 
Characterization include: 
 

 Use of steady-state boundary conditions can lead to grossly over-predicted depth 
of surface water recharge. 
 Uncoupled flow simulations can significantly under-predict the hydrostatic 
pressure acting at preferred repository horizons. 
 Due to the counter-balancing effects of mechanical stress and hydraulic 
pressure, changes in effective stresses predicted by HM simulations are much 
less than values predicted by uncoupled mechanical modelling.  
 Different assumptions about the interconnectivity of fracture zones can lead to 
predicted groundwater velocities differing by several orders of magnitude. 
 Comparison of 2- and 3-dimensional flow simulations indicates that assumed 
model geometry could markedly influence predicted flow field geometries, 
particularly in circumstances in which interconnected 3-dimensional fracture 
zone systems are represented. 

 
    In light of the above, numerical investigation of the impact of a glacial cycle on 
repository Performance Assessment should ideally be conducted using coupled 3-
dimensional HM simulations with realistic transient glacial hydraulic and mechanical 
boundary conditions with realistic fracture network connectivity. 
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6. Implications for performance assessment 
 
    Although models of glacier-groundwater, glacier-permafrost-groundwater, and 
glacier-groundwater-shallow mechanical failure systems have been presented 
previously (Boulton et al., 1995), this work is one of the first to assess impacts at 
repository depths using site-specific (though simplified) data.  The Glaciation BMT has 
provided an initial attempt to examine aspects of crystalline Shield groundwater flow 
system evolution and stability as affected by long-term climate change.  While work 
remains, the results herein provide useful insight on the magnitude and rate of change of 
flow domain response as governed by site-specific hydrogeologic and geomechanical 
properties.  Further, these results are unique in that they are cast in terms of the transient 
hydraulic and mechanical boundary conditions that have been derived using a 3D model 
of Laurentide (North American) ice-sheet dynamics over a time frame of 105 years.  
    The results thus far obtained have led to an increased awareness of the role and 
importance of site-specific properties, their spatial distribution, and transient HM 
boundary conditions that most affect geosphere response to glaciation.  Example results 
that may have important implications for Performance Assessment include: 

 Geosphere impacts of glaciation occur on a depth scale and in a time frame that 
are relevant to the Performance Assessment of a Deep Geologic Repository. 
 The depth of permafrost formation was demonstrated to be sensitive to ground 
surface periglacial temperatures, the insulating effect of ice, heat generated by 
the glacier itself, and the geothermal gradient. The calculated penetration of the 
zero-degree isotherm is sensitive to the porosity, permeability and, to a lesser 
extent, salinity in the model.  In cold scenario simulations performed as part of 
this BMT the permafrost was estimated to reach or exceed typical repository 
depths (i.e. ≥500 m), without consideration of the effect imposed by surface 
water bodies. 
 Coupled HM simulations using realistic transient ice-sheet boundary conditions 
yield markedly different flow system evolution (head distribution and flow 
velocity magnitude) than steady-state simulations for the same flow domain.  
This implies that the common practice of assuming a steady-state flow field in 
System Performance Assessment may require serious reconsideration. 
 Hydraulic flow domain response is significantly influenced by fracture zone 
network geometry, interconnectivity and hydraulic properties.  Different 
assumptions about the interconnectivity of fracture zones can lead to predicted 
groundwater velocities differing by several orders of magnitude. 
 During a glacial event mechanical-hydraulic coupling (consolidation) causes 
hydraulic heads within the low-permeability, low-storage rock to increase 
instantaneously by approximately 1/3 of the mechanical ice-load throughout the 
model domain to a depth of 4 km.  No uncoupled model can predict this type of 
response.  Combined with the high water pressure at the bottom of the ice sheet 
and the subglacial effects of drainage tunnels, this generates several hundred 
metres of horizontal head variations over a 10-km spatial scale.  Both the 
magnitude and scale are at least an order of magnitude larger than those 
prevailing under nonglacial conditions.  Consequently, the glacially induced 
hydraulic response completely dominates over the gravity gradient due to local 
topographic variations. 
 High transient horizontal hydraulic gradients (~0.01) develop in the upper 300 m 
of bedrock and last for a few hundred years as the ice sheet advances or retreats 
across the model domain.  Hydraulic heads in the fracture zones are hundreds of 
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metres higher than in the surrounding rock during ice-sheet advance, and 
hundreds of metres lower during ice-sheet retreat.  Localized horizontal 
hydraulic gradients between the low-diffusivity rock and a nearby fracture zone 
can exceed 1 at 500 m below surface during these transient phases.  During most 
of the 11 000-year period of ice coverage, there is a high, localized downward 
vertical hydraulic gradient, up to 7.  This high gradient occurs over a narrow 
range of depth, which propagates downward with time and which appears to be 
delimited at 750-m depth by the very low-permeability (~10-21 m2) rock below.   
Upon ice-sheet retreat, the gradients reverse.  During the glacial cycle maximum 
Darcy velocities are in the order of 1-10 cm/year in the fracture zones and 0.1-1 
mm/year in the repository zone and the surrounding rock mass, 2-3 orders of 
magnitude higher than under nonglacial conditions.  Further study is required to 
determine whether transport in the low-permeability rock is still diffusion 
dominated.  
 Surface water recharges deeper than under nonglacial conditions, but only 
reaches approximately 300-m below ground surface. 
 Due to the counter-balancing effects of mechanical stress and hydraulic 
pressure, changes in effective stresses predicted by HM simulations are much 
less than values predicted by uncoupled mechanical modelling.  Minimum 
effective stress in a horizontal fracture zone at about 500-m depth is 
compressive with a magnitude of few MPa so that no hydraulic jacking is 
predicted.  Neither is shear failure predicted.  Changes in principal effective 
stress orientation during glaciation are generally small except near fracture 
zones. 
 As far as glacial scenarios are concerned, transient coupled HM simulations 
should be conducted to support future Performance Assessment.  Use of steady-
state ice-sheet boundary conditions can lead to grossly over-predicted depth of 
surface water recharge; uncoupled flow simulations can significantly under-
predict the hydrostatic pressure acting on waste containers; and uncoupled 
mechanical stress analysis can result in over-predicting the reduction in the 
principal stress ratio, which, in turn, could lead to an over-optimistic conclusion 
on geomechanical stability in the repository. 
 In a 3D model the fracture zones are better connected than in 2D models of the 
same flow domain.  Consequently, a fracture zone, which appears to be dead-
ended and predicted to have very low groundwater velocity (in the cm/year 
range) in a 2D model, may actually be interconnected in a 3D representation to 
other fracture zones in a complex manner.  A 3D model of the same flow 
domain predicts groundwater velocities in the m/year range for the same fracture 
zone.  In Performance Assessment of a deep geological repository in fractured 
rock with very low-permeability rock matrix, 3D models are more appropriate.     
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7. Conclusions 
 
    Long-term climate change will impact a Deep Geologic Repository for nuclear used 
fuel waste in Scandinavia, parts of Europe and Canada.  As such, the implications of 
climate change and resultant transient boundary conditions on repository long-term 
performance are an important aspect of the repository safety case.  
    In this report we have presented an overview of Benchmark Test 3 (BMT3) of 
DECOVALEX III, the third phase of the international DECOVALEX project. Using a 
site-characterization data based, but idealized, geosphere model and transient hydraulic 
and mechanical glaciated surface boundary conditions derived from a continental scale 
model of the Laurentide ice sheet, the study provided an illustrative example that 
explored the transient mechanical and hydraulic responses of a fractured crystalline rock 
mass to a glacial cycle. Some of the key findings considered important to Performance 
Assessment or Site Characterization were: 
 

 Geosphere impacts of glaciation occur on a depth scale and in a time frame that 
are relevant to the Performance Assessment of a Deep Geologic Repository. 
 Permafrost was estimated to reach typical repository depths (i.e. ≥500 m), 
without consideration of the effect imposed by snow cover or surface water 
bodies. 
 Coupled Hydraulic-Mechanical (HM) simulations using transient ice-sheet 
boundary conditions yield markedly different flow system evolution (head 
distribution and flow velocity magnitude) than steady-state simulations for the 
same flow domain. 
 Hydraulic flow domain response is significantly influenced by fracture zone 
network geometry, interconnectivity and hydraulic properties. 
 Hydraulic diffusivity strongly affects the prediction of the magnitude and time 
rate of change of hydraulic head/gradient during a glacial cycle. 
 During ice-sheet advance there is rapid rise in hydraulic head, high transient 
hydraulic gradients and high groundwater velocities 2-3 orders of magnitude 
higher than under nonglacial conditions; upon ice-sheet retreat, the gradients 
reverse. 
 Surface water recharges deeper than under nonglacial conditions but only 
reaches approximately 300 m below ground surface.  
 Residual elevated heads are preserved for 10 000s years in the low-diffusivity 
rock matrix.  Given the periodic recurrence of glacial events, flow domains at 
nominal repository horizons remain in transient disequilibrium.   
 Both the magnitude and scale of hydraulic head variations are at least an order 
of magnitude larger than those prevailing under nonglacial conditions.  
Consequently, the glacially induced hydraulic response completely dominates 
over the gravity gradient associated with local topographic variations. 
 Due to the counter-balancing effects of mechanical stress and hydraulic 
pressure, changes in effective stresses predicted by HM simulations are much 
less than values predicted by uncoupled mechanical modelling.  
 Comparison of 2- and 3-dimensional flow simulations indicates that assumed 
model geometry could markedly influence predicted flow field geometries, 
particularly in circumstances in which interconnected 3-dimensional fracture 
zone systems are represented. 
 It was found that transient coupled HM modelling is necessary to capture the 
essence of glacial effects on Performance Assessment. 
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      This BMT is one of the first attempts to assess impacts at repository depths using 
site-specific (though simplified) data. We have demonstrated that the application of 
coupled THM codes can provide a systematic framework in which reasoned ‘insight’ or 
‘what-if’ sensitivity analyses can be performed to convey an understanding of local 
scale groundwater dynamics and change during a glacial event. The results provide 
valuable insights into the magnitude and rate of change of site-specific hydrogeological 
and geomechanical response to long-term climate changes.  They clearly demonstrate 
the importance of glaciation scenarios in Performance Assessment and the reality of 
effects that result from HM coupling, and underscore the need for transient analyses of 
these coupled phenomena. 
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Figure 1.  Location of the Whiteshell Research Area and the Underground Research 
Laboratory. 
 
 

 
 
Figure 2. Simplified topographic map of the Whiteshell Research Area showing model 
boundary, hypothetical repository and surface traces of Section 1 and Section 2. 
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Figure 3.  Idealized relief map of the Whiteshell Research Area for BMT3. Elevation in 
masl. 
 
 
 
 

 
 

Figure 4. A 3D view of the simplified Whiteshell Research Area fracture zone structure 
for  Phase I. 
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Figure 5.  A 3D view of the simplified Whiteshell Research Area fracture zone structure 
for Phase II and Phase III. 
 
 
 
 

 
 
 

Figure 6.  Vertical Section 1 of the simplified fracture zone geometry for Phase II.  The 
hypothetical repository is located at 500 m below ground surface. 
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Figure 7.  Vertical Section 2 of the simplified fracture zone geometry for Phase II.  The 
hypothetical repository is located at 500 m below ground surface. 
 
 
 
 

 
 
 
 

Figure 8.  The simplified interior fracture zone configurations in Section 1 for Phase II 
HM modelling. 
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Figure 9.  The simplified interior fracture zone configurations in Section 2 for Phase II 
HM modelling. 
 
 

 
 
Figure 10. Modelled ground surface temperature at Whiteshell through the last glacial 
cycle (Aalto and Hartikainen, 2004; Boulton et al., 2004). 
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Figure 11. a) The modelled form of the glacier surface with the glacier front lying along 
the line A-A’ of Fig. 2.  b) Form of the hydraulic heads due to permeable subglacial 
channels at the ice/bed interface. 
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                                                                         (a) 
 

 
 
                                                               (b) 
Figure 12. Phase II bedrock surface boundary conditions. a) Section 1 hydraulic head; 
b) Section 2 hydraulic head (right scale) and ice thickness (left scale). 
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Figure 13. Modelled permafrost depth through the last glacial cycle. 
 
 

 
 
Figure 14. Locations of points for history plotting, Phase II and Phase III 
 

 

 
 
Figure 15. Evolution of hydraulic head calculated by AECL and CTH for Section 2 
Configuration 3 in the dipping fracture zone (Point 1) and in the repository (Point 4). 
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Figure 16. Hydraulic head contours in the central area from Phase II Model for Section 
2 Configuration 3 at 90 years after ice-sheet arrival at Whiteshell Research Area. 
   
 

 

 
 

 
Figure 17. Hydraulic head contours for the Phase II Model for Section 2 Configuration 
3 at 90 Years after ice-sheet arrival at Whiteshell Research Area. 
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Figure 18. Hydraulic head contours in the central area from Phase II Model for Section 
2 Configuration 6 at 90 Years after ice-sheet arrival at Whiteshell Research Area. 
 
 

  
 
Figure 19. Vertical profile of hydraulic head (masl) through centre of repository at 
various times from Section 2 Configuration 3 simulation. 
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a).  

 
 
b). 

 
 
Figure 20. Hydraulic head contours from Phase II Model for Section 2 Configuration 3 
at a) 11675 years when the glacier has just retreated past the right-hand side of the 
model and b) 21200 years, approximately 9500 years after deglaciation. 
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Figure 21. Hydraulic head contours from Phase II Model for Section 1 Configuration 3 
at 1000 years illustrating influence of the subglacial channels. 
 
 
 
 

 
 
Figure 22. Particle tracks showing recharge of surface water according to Section 2 
Configuration 6 simulations.  Note the very large vertical exaggeration. Short 
horizontal line at 500-m depth shows hypothetical repository. 
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Figure 23. Evolution of mechanical displacement calculated by AECL and CTH for 
Section 2 Configuration 3 in the dipping fracture zone (Point 1) and in the repository 
(Point 4). 
 
 

 
Figure 24. Vertical displacement (m) contours from Phase II Model for Section 1 
Configuration 3 at 2100 years (ice sheet maximum). 
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Figure 25. Evolution of minimum principal effective stress in Section 2 Configuration 6 
at the six selected points. 
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