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FOREWORD

DECOVALEX II project started in November 1995 as a continuation of the DECOVALEX I
project, which was completed at the end of 1994. The project was initiated by recognising the
fact that a proper evaluation of the current capacities of numerical modelling of the coupled
T-H-M processes in fractured media is needed not only for small scale, well controlled
laboratory test cases such as those studied in DECOVALEX I, but also for less characterised,
more complex and realistic in-situ experiments. This executive summary presents the
motivation, structure, objectives, approaches, and highlights of the main tasks and main
achievements of the DECOVALEX II project from 1995-1999. The main source of the
materials came from four technical reports the project prepared by the project Secretariat,
which, in turn, were based on numerous progress reports produced by a large number of
international research teams over the three and half year period. The editors of this summary,
together with the Steering Committee of the DECOVALEX II project, feel very encouraged
by the progresses which have been made during the project time and very positive about the
usefulness of the achievements reached by the project to the larger international community
of scientific research and management of radioactive wastes in different countries. We
sincerely hope that continued efforts be made to forward the research carried out in both
DECOVALEX I and DECOVALEX II projects so that the disposal of radioactive waste
could be managed on a more reliable scientific basis.

L. Jing, the technical secretary
F. Kautsky, the executive secretary
J. L. Knight, the vice chairman
O. Stephansson, the head of the Secretariat
C-F. Tsang, the chairman

Stockholm, September 1999
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1 INTRODUCTION

DECOVALEX (acronym for Development of COupled models and their VALidation
against Experiments in nuclear waste isolation) is an international co-operative project to
support the development of mathematical models of coupled T-H-M processes in the
geosphere and their applications and validation against experiments in the field of nuclear
waste isolation. The DECOVALEX project was started in 1991 and completed in 1994, and
was divided into three Phases: Phase I, II and III. Phase I and Phase II have been successfully
completed with the study of three Bench-Mark Tests (BMT1, BMT2 and BMT3) and one
Test Case (TCI). In the Phase III, five Test Cases (TC2-TC6) were studied. The scientific
outcome of these studies was presented in a series of project reports and a special issue of the
International Journal of Rock Mechanics, Mining Sciences and Geomechanics Abstracts and
in a book edited by Stephansson et al. [1-3].

At the end of DECOVALEX project, the following important issues were recognized for
further research and development: 1) validation of mathematical models and computer codes
for coupled T-H-M processes with large scale field experiments of complex and realistic
initial-boundary conditions, rather than small scale laboratory tests with well controlled test
conditions; 2) understanding the current capacities of developing computational models of
real sites with incomplete data on coupled thermo-hydro-mechanical behaviour and
properties of host rock and buffer materials; 3) understanding the current state-of-the-art of
the constitutive relations of rock discontinuities, which is one of the most crucial and least
understood factors controlling the coupled T-H-M processes in fractured rocks; and 4)
reaching a consensus about the coupled thermo-hydro-mechanical processes related to design
and performance assessment of underground nuclear waste repositories.

Against this background, the DECOVALEX II project was launched on November 6, 1995 at
Harwell, UK, by the majority of the Funding Organisations of the DECOVALEX project,
with the main object of studying two field experiments: 1) the intended shaft excavation for
the Rock Characterisation Facility (RCF) at Sellafield by Nirex., and 2) the in-situ field
experiment of coupled T-H-M processes of an integrated rock-bentonite-heater system at
Kamaishi Mine by PNC, Japan. The original project was thereafter called DECOVALEX I.
Out of nine Funding Organisations of DECOVALEX I project (AECL, ANDRA, IPSN,
Nirex, NRC, PNC, SKB, SKI and STUK), seven continued as Funding Organisations of
DECOVALEX II at the start of the project (AECL, ANDRA, IPSN, Nirex, PNC, SKB and
SKI). AECB (Canada), EA (UK), ENRESA (Spain) and STUK (Finland) joined later as
Funding Organisations. AECL was later replaced by Ontario Hydro (OH) as the Funding
Organisation. The organisation of the DECOVALEX II project is illustrated in Fig. 1.1. The
full names of the Funding Organisations and research teams are listed in Tables 1.1 and 1.2,
respectively. The representatives of the funding organisations have also changed from time to
time, and the names in the list are those currently involved. The project was intended for a
three year period, from 1995 to 1999. The chairman, the executive secretary and the
Secretariat of the DECOVALEX I project were retained for the DECOVALEX II project and
a new vice chairman was elected.



Table 1.1 Funding Organisations of DECOVALEXII, 1995 - 1999

Organisation (Acronym)
Atomic Energy of Canada, Ltd., Canada. (AECL). (Stopped in 1996)
Ontario Hydro (OH), Canada. (Started in 1996)
Atomic Energy Control Board, Canada (AECB)
Agence Nationale Pour la Gestion des Dechets Radioactifs, France (ANDRA)
Environmental Agency, UK (EA)
Institut de Protection et de Surete Nucleaire, France (IPSN)
United Kingdom Nirex Limited, UK (NIREX)
Japan Nuclear Cycle Development Institute (JNC). (Formerly Power Reactor and
Nuclear Fuel Development Corporation (PNC)). Japan
Swedish Nuclear Fuel and Waste Management Co., Sweden (SKB)
Swedish Nuclear Power Inspectorate, Sweden. (SKI)
Empresa Nacional de Residoos Radioactivds, S. A., Spain (ENRESA)
Center for Radiation and Nuclear Safety, Finland (STUK)

Table 1.1 Research Teams of DECOVALEX II, 1995-1998
Institutions of the research teams (Acronym)
Centre d'Informatique Geologique (CIG), Ecole Nationale Superieure des
Mines de Paris, France. (PSM)
School of Civil Engineering., Kyoto University, Kyoto; Faculty of Agriculture,
Iwate University, Iwate, Japan; HAZAMA Corporation, Tsukuba-shi, Japan;
Geological Isolation Technology Section, Tokai Works, JNC, Japan. (KIPH)

ITASCA Consultants s.a. 40, Avenue guy de Collongue, F-69130 Ecully,
France. (ITAf).
Technical Research Center of Finland
Communities and Infrastructure, VTT,Finland. (VTT)

Earth Science Division, Lawrence Berkeley Laboratory, Berkeley, USA.
(LBNL).

ITASCA Geomekanik AB, Stockholm, Sweden. (ITAs).

Division of Engineering Geology, Royal Institute of Technology, Stockholm,
Sweden. (KTH).
Clay Technology AB, Ideon Research Center, Lund, Sweden. (CLAY).
Centre for Land Use and Water Resources Research, University of Newcastle,
Newcastle-upon-Tyne, UK. (UNEW).
Atomic Energy Control Board (AECB), Ottawa, Ontario, Canada. (AECB).
Departamento Ingenieria Hidraulica, Universidad Polite cnica Valencia,, Spain.
(UPV).

Investigators
D. Bruel
A. Rejeb (IPSN)
Y. Ohnishi
M. Tanaka
A. Kobayashi
KAmemiya
M. Chijimatsu
T. Fuiita
D. Billaux

J. Polla
A. Niemi
J. Korkealaakso
J. Vuopio
J. Noorishad
C.-F. Tsang
J. Rutqvist
J. Isrealsson
H. Hakami
N. Outters
0. Stephansson
L. Borgesson
R. Mackay
R. J. Lunn
T. S. Nguyen
J. Gomez-
Hernandez,
H. H. Franssen
E. F. Cassiraga



Steering Committee
One member from each
Funding Organization

Chairman: C.-F. Tsang
Vice-Chairman: J. L. Knight

Funding
Organizations
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SKI

Executive Secretary: F. Kautsky

Project Secretariat:
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Fig. 1.1 Organisation of DECOVALEX II, 1995-1999.



2 OBJECTIVES, TASKS AND APPROACHES

The overall objective of DECOVALEX II is the same as that of DECOVALEX I, i.e. to
increase the understanding of various thermo-hydro-mechanical processes of importance for
radionuclide release and transport from a repository to the biosphere and how they can be
described by mathematical models. Only the emphasis has now shifted from study of
hypothetical benchmark tests and small scale laboratory test cases to larger scale in-situ
experiments. An additional objective is to evaluate how the studies conducted in the
DECOVALEX I and II projects can be used for design and performance assessment of the
radioactive waste repositories. Within these overall objectives, four tasks were defined for the
DECOVALEX II project:

Task 1: Numerical study of Nirex's RCF Shaft excavation at Sellafield, UK. Simulation of
the coupled hydro-mechanical processes of the RCF3 pumping test and responses of
the rock mass to the shaft excavation, including study of the excavation induced
disturbed zone (EDZ).

Task 2: Numerical study of PNC s in-situ THM experiments in Kamaishi Mine, Japan. An
integrated investigation on a complete rock-buffer-heater system under in-situ
conditions over a long period of time.

Task 3: Review of the state-of-the-art-of the constitutive relations of rock joints.
Task 4: A report on the current understanding of the coupled T-H-M processes related to

design and performance assessment of radioactive waste repositories.

Tasks 1 and 2 are the two major commitments of the DECOVALEX II project, and the
physical processes involved in the first two tasks covers almost the whole spectrum of the T-
H-M issues related to waste repositories, see Table 1.4.

Table 1.4 Physical processes involved in Tasks 1 and 2, DECOVALEX II

Tasks Major Physical Processes
Taskl
(Scale:
hundreds to
thousands
of metres)

Groundwater flow through rock matrix and fractures;
Coupled hydro-mechanical responses of rock matrix and fractures to pumping test,

observed through boreholes;
Coupled hydro-mechanical responses of rock matrix and fractures to shaft

excavation with pull rate or time;
Interaction between the deformability and permeability of rock matrix, fractures

and fractured rock masses
Task 2
(Scale:
tens to
hundreds of
meters)

Groundwater flow through rock matrix, fractures, buffer and their interfaces under
both saturated and unsaturated conditions;

Heat transfer through rock matrix, fractures, buffer and their interfaces under both
saturated and unsaturated conditions;

Swelling pressure, possible phase change and multi-phase flow in buffer under
both saturated and unsaturated conditions;

Stress, deformation and failure of rock matrix, fractures, buffer and their interfaces;
Coupled thermo-hydro-mechanical responses of rock matrix, fractures and buffer

over the whole time period of the in-situ experiment;
Interaction between the deformability and permeability of rock matrix, rock

fractures, buffer and their interfaces



Both Task 1 and Task 2 are divided into several phases, reflecting the progress of the in-situ
experiments. The definition of these subtasks had undergone several changes since the
project started. The ones accepted currently are given below.

Task 1 Sellafield shaft excavation
Task 1 A: Blind prediction of hydraulic responses: flowrate at the source zone and pressure at

18 monitoring zones for the RCF3 pumping test.
Task IB: Model calibration against the measured flowrate at the source zone and pressures at

the 18 monitoring zone, and prediction of pressure responses at another 10
monitoring zones.

Task 1C: Prediction of hydro-mechanical responses in Sector 7 of BVG due to shaft
excavation.

Task 2 Kamaishi in-situ THM experiment
Task 2A: Predictive modelling of the effect of the test pit excavation with 4 subtasks:

2A-1: Prediction of fracture distribution on the wall of the test pit
2A-2: Prediction of mechanical effects of the test pit excavation
2A-3: Prediction of water inflow into the test pit
2A-4: Prediction of pore pressure changes in the rocks due to excavation of

the test pit
Task 2B: Model calibration against measured results during excavation of the test pit.
Task 2C: Prediction of T-H-M behaviour of both rock and buffer caused by the buffer

emplacement and heating experiment:
2C-1: Prediction for the coupled T-H-M behaviour of the buffer material;
2C-2: Prediction for the coupled T-H-M behaviour of both the buffer material and

the surrounding rocks;

The main work of Task 3 is to keep track of the current development of the theoretical and
experimental investigations on the constitutive behaviour, physical laws and mathematical
models of rock discontinuities during the whole span of the project. Although no specific
tasks were defined for research teams to investigate, any current works in this field carried
out by the Funding Organisations and research teams, such as the continuing laboratory and
numerical studies of stress-flow behaviour of rock joints conducted by VTT (supported by
STUK, Finland), have been continuously presented and discussed at the project workshops,
together with presentations of general subjects on rock discontinuity studies by invited guest
speakers.

The aim of Task 4 is to produce a comprehensive report on the scientific issues of coupled T-
H-M processes of fractured media with relation to design and performance assessment of
radioactive waste repositories, based on both the progress made within the DECOVALEX I
and II projects, and other similar international research and development efforts. An
independent report on this task was produced at the end of the project by a task force group,
co-ordinated through the project Chairman and the Secretariat.

The approaches adopted for tasks are different. For Task 1 and Task 2, the approach was to
apply the numerical modelling, first blind prediction then model calibration, by multiple
international teams with different model conceptualisations and numerical methods. The
problem definitions provided only the most basic and necessary information on site
conditions and physical properties, and output specifications in order to compare results. The
research teams had complete freedom to determine the size, geometry and dimension of their



models, material laws and initial/boundary conditions according to their own interpretations
to the site data. The approach to Task 3 is to organise special sessions at all workshops for
invited presentations on the most up to date research subjects and findings about rock
discontinuities by a large number of experts from different countries. For Task 4, the
approach was to compile a report on current understanding of the coupled thermo-hydro-
mechanical processes in fractured rocks and buffer materials and their relationship to the
design and performance assessment of radioactive waste repositories. The series versions of
the report were produced by a working group within the project, discussed at each workshop
and revised according to comments from DECOVALEX members and a number of
international experts on performance assessment.

The publication of the results took the form of presentations at project workshops, internal
progress reports to the Secretariat from research teams, technical reports for summary and
comparison of numerical results for different subtasks and a special issue of the International
Journal of Rock Mechanics and Mining Sciences. Individual researchers were encouraged to
publish their results in the open scientific literature. Please see the reference list at the end of
this summary, for part of the internal publications within the project.

Figure 2.1 illustrates the schedule and progress of the DECOVALEX II project.
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Fig. 1.2 Schedule and progress of the DECOVALEX II project.
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3 TASK 1: MODELLING OF RCF3 PUMPING TEST AND SHAFT
EXCAVATION AT SELLAFIELD, UK

Task 1 consisted of two parts: i) the prediction (Task 1A) and calibration (Task IB) of the
RCF3 Pumping Test carried out by Nirex at Sellafield, England, and ii) the prediction of
the hydro-mechanical responses of the rock mass at the same site to a shaft excavation
(Task 1C), including a study of the EDZ (Excavation induced Damage Zone) effect. Task
1A and IB had the back-up of experimental results measured in-situ and Task 1C is a
pure prediction since no shaft excavation took place during the project. Eight research
teams studied this problem: ITAf (for Task 1A and IB only), ITAs, KIPH, KTH, PSM,
UNEW (Task 1A only), UPV and VTT (for Task 1C only). Two technical reports were
published [4, 5] which summarised and evaluated the definitions, model construction and
results, and lessons learned from this task, based on progress reports submitted by
research teams working for Task 1 [6-23]. The content of this section is based on the
above reports.

3.1 Prediction and Model Calibration of the RCF3 Pumping Test - Task 1(A+B)

The RCF3 pumping test in the Borrowdale Volcanic Group (BVG) was a constant head
test comprising an abstraction phase (about 2110 hours) followed by a recovery phase
(718 hours) during which the source borehole RCF3 was "shut-in" to a no flow state. The
total time of the test was 2828 hours, with a drawdown of 1553 KPa (158 m), at the depth
interval of 640 - 680.5 m bOD (below Ordnance datum - mean sea level). Figure 3.1
illustrates the relative horizontal positions of boreholes at the test site. The relative
vertical positions of the source zone in RCF3 and monitoring zones in this and other
adjacent boreholes are shown in Fig. 3.2.

3.1.1 Task I A - prediction

The aim of Task 1A was the blind prediction of the flowrate at the source zone located in
borehole RCF3 from which the pumping test was carried out, and the pressure responses
at 18 monitoring zones in several nearby boreholes (RCF1, RCF2, RCM1, RCM2,
RCM3, HR13, BH5). Accompanying the definition of Task 1A was a comprehensive and
very detailed data package describing the regional and local geology and hydrogeology,
fracture zone geometry, material types and hydro-mechanical properties, test and
monitoring processes and methods, in-situ stresses and many other sets of information,
prepared and distributed by Nirex to all research teams involved in Task 1.

Nine direct (Dl - D9) and four indirect (II -14) measures were defined for Task 1A with
which the results were to be presented and analysed, see Table 3.1. In the event it has
been possible to compare results using only four direct measures, Dl, D2, D3 and D5.
The others were not used due to practical difficulties.
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The numerical techniques applied included Finite Element Method (FEM), Finite
Difference Method (FDM) and Discrete Fracture Network Method (DFN) with either
deterministic or stochastic approaches for permeability field and or fracture system
generations. Table 3.2 summarises the basic model conceptualisation features for the
prediction, numerical methods and computer codes.

Table 3.1 Measures of Task 1A for evaluation and comparison of modelling results
Measure
Dl
D2

D3

D4

D5
D6
D7

D8
D9

11
12
13
14

Function
Flow rate versus time at the source interval
Pressure at monitoring zones in table form, with values of:

Direct distance from the source (m);
Initial pressure (KPa);
Elapsed time to first observed response not less than 5 KPa (hours);
Final pressure change (KPa) at the end of pumping (2110 hours).
Percentage of monitoring zones with pressure not less than 5 KPa at 0.1, 1, 10,
100, 1000 and 2110 hours - a measure of connectivity of fractures.
Drawdown (head, m): drawdown at monitoring zones at 0.1, 10, 100, 1000 and
2110 hours.
Pressure change at monitoring zones in terms of drawdown (m).
Histogram of drawdown at all monitoring zones.
Percentage of monitoring zones showing significant (pressure not less than 5
KPa) related to important fractures.
Contours of pressures at 400, 500, 600 and 700 m bOD.
Contours of vertical stress at 400, 500, 600 and 700 m bOD.

Normalised flow rate at source interval (1/Q) versus source.
Histogram of flow dimension for monitoring zones.
Histogram of diffussivity from monitoring zones.
Histogram of large scale flow dimension (derived by type curve matching
distance drawdown curves).
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Fig. 3.1 Horizontal location of source and monitoring boreholes for RCF3 pump test [4].
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Table 3.:
Team

ITAf

ITAs

KTPH

KTH

PSM

UNEW

UPV

I Basic charactenstics of the computational models for Task
Method
(code)
Discrete
fracture
network flow
analysis
(3FLO)
Continuum
with FDM
Representatio
n (FLAC)
Continuum,
FEM with
inclusion of
faults
(SISIM,
SETRA)
DFN models
with faults
(MAFIC)

DFN flow
analysis of
fracture
networks,
with stress
effects
(FRACAS)
FDM
continuum
representation
(PARADIGM)
Stochastic
FDM for
fractured
continuum
(GC0SIM3D

ISIM3D,
INVERTO)

Special features

ID random pipe
(channel) network
to represent discrete
planar fractures in
3D space
2D axi-symmetric
model centred
about RCF3

Indicator simulation
to treat the soft
data; 3D Galerkin
FEM continuum

3D flow through
faults only by FEM
solution.

3D analysis;
Coupled hydro-
mechanical
analyses;
Numerical test
determination of
parameters
3D coupled stress-
flow analysis

3D flow analysis of
continuum with
fractures

Shape and size

Cylindrical:
<()=1500m
Height: 400 -1200
bOD centred along
RCF3
Horizontal: 600 m
Height: 425-950
bOD

x (North): 1000 m
y(East): 1000 m
z (downward): 800
m
RCF3 at model
centre
x:: 700 m
y: 700 m
z (upward): 800 m
(400 - 1200 m
bOD)
Cylindrical: c|)=500
m
Height: 400 - 950
bOD centred along
RCF3

x: 1000 m
y: 1000 m
z: 1600 m

x: 1000m
y: 1000m
z: 600m

1A
No. of fractures
& elements
No. of fracture
unknown;
No solid element

No fracture,
No. of solid
elements: 4950

3 main faults
(F2, F201 and
F203);
No. of solid
elements: 6400

7 main faults, No
solid element

20, 000 fractures
(+ main faults),
No solid
element.

No fracture;
127008 solid
elements

12 main faults)
and 55500 solid
elements

The discrepancies between the numerical predictions and measured results were largest
for the total inflow into the Source zone in the RCF3 borehole, the drawdown (D5) and
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the elapsed time for the first 5 KPa pressure response at the monitoring zones. The
predictions of the pressures in the monitoring zones agreed fairly well with the measured
values. Table 3.3 compares the identified sources of discrepancies and calibration
measures that were applied for the calibrations of prediction models in Task IB.

Table 3.:
Team
ITAf

IT As

KIPH

KTH

PSM

UPV

) Comparison of error sources and calibration measures for Task 1A and IB.
Main source of discrepancies
Uncertainty in fracture size and storativity

Uncertainty in heterogeneity of the
permeability field and representation of
the RCF3 borehole
Improper generation of permeability field
by simulator technique using Young's
modulus as the indirect indicator, and
unknown storativity field
Improperly estimated transmissivity and
deformability of faults

Omission of key faults and lack of data of
mechanical effect on fracture
transmissivity

Uncertainty in ranges of permeability of
the faults and rock masses

Main calibration measures
Perturbation of eight cases of
sensitivity study on material
properties (storativity), fracture
size, and boundary conditions
Addition of a 1 m thick "skin
zone" to represent effect of RCF3

Least square back analysis with
stochastic simulations of 50
realisations

Inclusion of effect of fault
deformability on fault
transmissivity
Addition of key major faults and
consideration of the effects of the
deformability on transmissivity of
all discontinuities
Least square analysis with
stochastic simulations of 20
realisations

3.1.2 Task IB - Calibration

The calibrations of the numerical models were performed generally very well, with much
improved agreements between the measured results and calibrated numerical
calculations. Different calibration techniques were used, including a trail-and-error
technique with improvement in problem geometry, fault representation and material
properties (ITAf, IT As, KTH, PSM) and least square minimisation of the objective error
function (KIPH, UPV). The stochastic FEM and Monte Carlo simulation techniques with
multiple realisations used by KIPH, UPV and PSM were proven to be effective
techniques to improve the model performance. A specially designed questionnaire
provided additional help to the research teams for concept clarification and report
organisation. In general, the outcome of the Task 1(A+B) was very positively received as
a success, with a clear demonstration of the need for calibration in exercises of this type.
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A crucial unresolved question at the end of Task IB was that the calibration can be
performed for many conceptual models with apparently good agreement with the
measured data. Thus successful prediction is not in itself a proof of conceptual
correctness of the numerical models. The conceptual mistakes committed at the very
beginning of the numerical model construction cannot be solved by calibrations. They
can only be detected by carefully selected data acquisition and /or testing, combined with
application of sound scientific knowledge and judgement on the physics involved and
their mathematical representations and experimental results.

3.2 Simulation of a shaft excavation at RCF3 site - Task 1C

Task 1C is a natural extension of the problem of Task 1. The aim of the task is to predict
the mechanical and hydraulic behaviour of the rock mass at the RCF3 pump test site due
to excavation of a shaft with known location, size, rock conditions and excavation
technology. The defined comparison measures cover the hydraulic (by water inflow and
pressure), mechanical (by displacement and stress), and construction (EDZ and
reinforcement measure recommendations) aspects for a preliminary, but realistic analysis
for a shaft design. It is a challenging problem since there is no shaft excavation in
practice and no further experimental work to support a similar prediction-and-calibration
cycle as done for Task 1(A+B). However, the problem was defined at a known site with
existing knowledge of rock conditions and numerical modelling. The main characteristics
of the six numerical models developed for Task 1C, by IT As, KIPH, KTH, IPSN/PSM,
UPV and VTT teams are summarised in Table 3.4.

Table 3.4 Main characteristics of the Task 1C models.
Model
ITAs

KIPH

KTH

PSM

UPV

VTT

Methods (codes)
3DFDM
(FLAC-3D)

3D FEM,
(THAMES)
3DFDM
(FLAC-3D)
3D FEM + DNM
(VIPLEF,
FRACAS)
3D FEM
(ANSYS,
ISM3D,
GC0SIM3D,
ISIM3D,
INVERTO)
3D FDM + FNM
(FLAC-3D,
TRINET)

Conceptual rock model - me for rock
Mechanics: equivalent continuum;
Hydraulic: faulted equivalent

Continuum.
Equivalent continuum for both
hydraulic and mechanical studies
Equivalent continuum for
mechanical study only
Mechanics: faulted continuum;
Hydraulic: .Discrete Network

Method (DNM).
Mechanics: equivalent continuum;
Hydraulic: faulted equivalent

continuum.

Mechanics: equivalent continuum;
Hydraulic: .Discrete Network

Method (DNM).

Processes
Separate H
and M
processes
Coupled H
andM
M only

Separate H
andM
processes
Separate H
and M
processes

Separate H
andM
processes

EDZ
EDZ
(M)

EDZ
(M)
No

EDZ
(M+H)

No

No
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These numerical models, are, on the whole, a positive and successful effort by the
research teams to forward our understanding of the physics involved in the shaft
excavation process, and our capability to obtain approximate solutions to help
engineering design. Different homogenisation techniques were applied to characterise the
mechanical properties of the rock mass, by either closed-form solutions (VTT), numerical
tests using simplified geometry (by KTH) or specially developed algorithms (crack tensor
theory and BB-model by KIPH). The numerical models are dominated by 3D continuum
models using the finite element method (KIPH, PSM, UPV) and finite difference method
(ITAs, KTH and VTT, all using the same code FLAC-3D), with consideration of two or
three main faults in the ITAs and PSM models. Only the KIPH model considered the
fully coupled hydro-mechanical processes. The other models separated the mechanical
and hydraulic analysis using different codes or considered just mechanical analysis (by
KTH). The EDZ was mainly studied from the mechanics point of view, defined as zones
of plastic yielding, tensile stress development or Coulomb type shearing. The numerical
models predicted water inflow rates into the shaft, the shaft deformation (radial
displacements and convergence), redistributed stresses and development of EDZ due to
the shaft excavation, with considerable discrepancies among them, especially regarding
the mode of shaft deformation.

The study of the EDZ in Task 1C was dominated by a study of the mechanical EDZ,
which was defined as the area delineated by zones of plastic yielding, non-zero tensile
stresses, Coulomb type shearing, or fracture deformation. The EDZ predicted by ITAs
model was formed exclusively by the elements of non-zero tensile stresses. For the KIPH
model, the EDZ was delineated basically by the area where existing fracture sets undergo
irreversible deformations. Other important factors for EDZ, such as micro-fracture
formation and propagation by drill-and-blasting technique, local fracture geometry
influence, coupling between the mechanical and hydraulic EDZ, etc. were not considered.
No reinforcement recommendation was proposed.

There are two important drawbacks in the Task 1C study. One is the discontinuity
between Task IB and 1C models, most notably the KTH and KIPH. Their Task 1C
models are not natural growth of their Task IB model, but completely new ones with
different model conceptualisation and numerical techniques. Because these models were
not verified against the RCF3 pump test, their validity for Task 1C might be greatly
compromised.

The second drawback is the lack of consideration of the suitability of numerical models
and computer codes for possible different deformation and failure models of the fractured
rocks, and design and reinforcement studies of the shaft. All the mechanical models for
Task 1C used the equivalent continuum concept, with inclusion of two or three large
scale faults in ITAs and IPSN/PSM models. Because the shaft of 5.4 m in diameter was
assumed to be excavated in a rock mass containing four sets of secondary fractures of the
length scale 0-25 m, there is a large possibility that the deformation of the shaft wall
rocks may be grossly discontinuous, governed by the intersecting four sets of fractures.
The equivalent continuum models were not capable of representing such deformation in a
closely near-field situation such as in the vicinity of a shaft. Explicit representations of
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these four sets of fractures near the shaft, by either continuum codes like FEM, or
discrete models using a DEM approach, may be a better technique equipped to study such
discontinuous deformation processes, and provide help for design and reinforcement
strategies.
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4 TASK 2: THE NUMERICAL STUDY OF THE KAMAISHI IN SITU
T-H-M EXPERIMENTS

Task 2 of the DECOVALEX II project was the numerical modelling of the in-situ T-H-M
experiment of a fractured rock - buffer - heater system at Kamaishi Mine, Japan. The test pit
has a circular cross section of diameter 1.7 m and a depth of 5 m, filled with bentonite which
contains an electric heater (Fig. 4.1). Four research teams studied the Task 2 with different
computational models. They were: AECB, CLAY, KIPH and LBNL. The task divided into
three subtasks: Task 2A, Task 2B and Task 2C. The content of this section is based on
materials of two technical reports of the project [24, 25] and progress reports submitted by
research teams [26-37].

the Sea of Japan

Fig. 4.1 Location of the Kamaishi Mine in Japan (a) and a 3D view of the test site in
Kamaishi Mine (b).

Task 2A was defined as a blind prediction to the coupled hydro-mechanical behaviour of the
fractured rocks due to the excavation of the test pit. The calibration of the numerical models
against measured results of pore pressures, flow rates and rock deformation before filling up
of the test pit formed Task 2B. These two subtasks were performed to establish well
calibrated fields of hydraulic conductivity and mechanical deformability of the fractured
rocks at the test site. They were necessary for further simulations on interactions between the
rock and buffer materials during heating experiments, as required for Task 2C, with a higher
level of confidence on rock mass models.

The aim of Task 2C s to predict the fully coupled thermo-hydro-mechanical behaviour of the
complete heater-buffer-rock system at the test site, especially the interactions between the
different components and interfaces (heater-buffer, buffer-rock, solid-water) and buffer
property determination. The problem was treated as a near-field problem and was divided
into two phases: Task 2C-1 and Task 2C-2. The focus of the Task 2C-1 was the
identification of some of the physical properties of the bentonite that cannot be measured
directly form laboratory tests. This was done by numerical simulations of certain types of
tests, together with an optional simulation of the buffer-heater system without rock and with

20



simple boundary conditions. The content of the Task 2C-2 is to simulate the Kamaishi in situ
experiments for the whole heating-cooling cycle, considering the complete heater-buffer-rock
system.

4.1 Task 2(A+B) - characterisation of the hydro-mechanical properties of the rock mass
at the test site

Figure 4.2 shows the locations of the instrumentation boreholes for mechanical responses
(KBM1-7), and hydraulic responses (KBH1-5). The measured variables include temperature,
water inflow rate into the test pit, water pressure, rock strain and fracture deformation, and
test pit convergence. The measured results were to be compared with the numerical results of
the blind prediction models (Task 2A), and used for calibration of the numerical models to
obtain a proper understanding of the dominate physical processes and key hydro-mechanical
properties characterising the fractured rock mass of the test site (Task 2B).

Borehole set 1 O Borehole set 3

Piezometer with thermocouple Joint deformeter

Borehole set 2 A Borehole set 4

Strain gauge & thermocouple Trivec

Fig. 4.2 The fracture traces at the test drift floor and the locations of the instrumentation
boreholes at the test site.
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4.1.1 Task 2A - blind prediction

Task 2A included four subtasks:
2A-1: Prediction of fracture distribution on the wall of the test pit;
2A-2: Prediction of mechanical effects of the test pit excavation;
2A-3: Prediction of water inflow into the test pit after excavation;
2A-4: Prediction of pore pressure changes in the rocks due to excavation of the test pit.

The following measures were defined to compare results from different teams:
1) Radial convergence of the test pit at a level 1 meter below the top surface of the pit, at

four points MCI, MC2, MC3 and MC4 (Fig. 4.3a);
2) Displacements of major fractures 1 and 2 at two points;
3) Strain and stress components normal to borehole KBM1 to KBM5;
4) Pore pressure in boreholes KBH1 to KBH6;
5) Inflow to the test pit at upper and lower half, and the bottom of the test pit (Fig. 4.3b).

MCI

MC3

Bottom

MC4

a) b)

Fig. 4.3 Convergence (a) and inflow rate (b) measurement locations.

Table 4. la and b compare the characteristics of the numerical models used for Task 2A.

4.1.2 Task2B

Considerable discrepancies existed between the experimental results and numerical
predictions, especially regarding the pore pressure and rock deformation on the wall of the
test pit. A number of calibration measured were considered to improve the predictive model
in the Task 2B - calibration. They are:

• addition of more key fractures intersecting the test pit;
• modification of the model size and boundary conditions;
• improvement the empirical equations expressing functions for permeability and

storativity of the fractured rocks;
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• more accurate simulation of the sequence of the excavation and testing, including
addition and temporary removal of the flooding pool at the floor of the test drift;

• adjustment of rock matrix and fracture properties.

Table 4.1a Basic characteristics of the modelling approaches for TASK 2A - The AECB,
CLAY and LBNL models

Team

AECB

CLAY

LBNL

Method/
Code
FEM(3D)/
COSMOS

FRACMAN

FEM(3D)/

ABAQUS

FEM(2D)/

ROCMAS

Model

AECB

FO

Ml
M2

HI

H2A

H2B

MIA

M1B

MIC

MID

M2A

M2B

H3

HM3

Studied
Subtasks
2A-2,3,4

2A-1

2A-2
2A-2

2A-3, 4

2A-3, 4

2A-3, 4

2A-2

2A-2

2A-2

2A-2

2A-2

2A-2

2A-3, 4

2A-3, 4

Brief model description.

Coupled H-M model with 5 discrete fractures
and linear poroelastic rock matrix, with
unsaturated flow calculations
Prediction of fracture system on the wall of the
test pit
Mechanical analysis without fracture
Mechanical analysis with two fractures (one
horizontal and one vertical) across the test pit
Hydraulic analysis without fracture for total
flow from pool and surrounding rocks
Hydraulic analysis without fracture for net flow
from the pool
Hydraulic analysis with two fractures for net
flow from the pool
2 horizontal 2D models across test pit without
fracture at selected levels between 1 and 4 m
below drift floor
2 horizontal 2D models across test pit with 1
fracture
2 horizontal 2D models across test pit with 3
fractures of high normal stiffness, reference
case for mechanics
2 horizontal 2D models across test pit with 3
fractures of low normal stiffness
Vertical 2D model along the test drift and
across the test pit
Vertical 2D model across the test drift and test
pit
Vertical model in the plane of Fracture 2,
hydraulic analysis only
Vertical model in the plane of Fracture 2,
coupled hydro-mechanical analysis, reference
case for flow

The large number of numerical models used for prediction during Task 2A were reduced to
four, one for each team. The mechanical and hydraulic processes remained un-coupled and
were analysed separately using different numerical models. The commonly accepted
conceptual model for the rocks of the test site is an equivalent poroelastic continuum
intersected by one (KIPH), two (CLAY), three (LBNL) and five (AECB) main fractures
whose inclusion was based entirely on the dominance of these fractures to the flow field as
observed during the experiment. The common calibration technique was the manual trial-
and-error process, considering the inflow rate into the test pit as the only objective variable
for hydraulic analysis. No significant progress was made to improve the understanding of the
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deformation behaviour of the test pit. It was also commonly agreed by research teams that the
results of calibration were not acceptable regarding the mechanical behaviour.

Table 4.1 b Basic characteristics of the modelling approaches for TASK 2 A - the KEPH
models

Model
Fl

MIA-C

MID

M2A

M2B

M2C

M2D

HIA

H1B

H2A

H2B

H3A-F

HCl

HC2-1

HC2-2

HC3-1

HC3-2

HC4-1

HC4-2

HC5

Method/Code
DFN(3D)/
FRACMAN

FEM (3D)/

THAMES

DFN(3D)/

MAFIC

FEM(3D)/

THAMES

FEM(3D)/
THAMES

FEM(3D)/
THAMES

Subtask
2A-1

2A-2

2A-3, 4

2A-3, 4

2A-3, 4

2A-3, 4

2A-3, 4

2A-3, 4

Basic model conceptulisation features
Stochastic prediction and analysis of fracture pattern on
the wall of the test pit
Regional model for mechanical analysis, isotropic and
homogeneous rock and initial stress set 1, 2 and 3.
Regional model for mechanical analysis, anisotropic and
homogeneous rock, crack tensor, and initial stress data
set 3
Local model for mechanical analysis, isotropic and
homogeneous rock and initial stresses from MIA
Local model for mechanical analysis, isotropic and
homogeneous rock and initial stresses from M1B
Local model for mechanical analysis, isotropic and
homogeneous rock and initial stresses from MIC
Local model for mechanical analysis, anisotropic and
homogeneous rock, initial stresses from MID
Discrete fracture network model for hydraulic analysis,
permeability obtained from KD-90 area
Discrete fracture network model for hydraulic analysis,
permeability obtained from KBH tests
Homogeneous and isotropic equivalent continuum model
with constant permeability
Heterogeneous and anisotropic equivalent continuum
model using Barker's theory and crack tensor approach
Heterogeneous and anisotropic equivalent continuum
model using Barker's theory and crack tensor approach,
with different boundary pressure or head conditions as
shown in Fig. 3.12, without pool flooding.
Homogeneous and isotropic equivalent continuum model
with constant permeability, pool flooding considered.
Heterogeneous and isotropic equivalent continuum
model, permeability conditioning with measured values
Heterogeneous and anisotropic equivalent continuum
model, permeability conditioning with measured values
Heterogeneous and isotropic equivalent continuum
model, permeability conditioning with measured values
and fracture density
Heterogeneous and anisotropic equivalent continuum
model, permeability conditioning with measured values
and fracture density
Heterogeneous and isotropic equivalent continuum
model, permeability conditioning with measured values,
fracture density and indicator kriging
Heterogeneous and anisotropic equivalent continuum
model, permeability conditioning with measured values,
fracture density and indicator kriging
Heterogeneous and anisotropic equivalent continuum
model using Baker's theory and crack tensor approach
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The numerical and measured results agreed reasonably well for the relative deformation
behaviour along the borehole KBM4 and KBM5, and the total inflow rate into the test pit.
The CLAY and KIPH team also provided fairly good approximations to the pore pressure
results along the KBH1, KBH5 and KBH6. For the distribution of inflow rate on the wall of
the test pit, the agreement between the experimental and numerical results may be said to be
qualitatively fair. The discrepancies in the deformation of the test pit (expansion versus
convergence), the pore pressure, especially along borehole KBH2 - KBH4, and the
quantitative distribution of inflow rate on the wall of the test pit still remained significant at
the end of calibration. The main reasons may be summarised as:

1) Lack of a more rigorous mathematical technique for model calibration with both inflow
rate and pore pressure as the main calibration variables, instead of the trial-and-error
technique.

2) Lack of proper representation of the discrete nature of both mechanical and hydraulic
behaviour of the test site, especially regarding the expansion of the test pit and negative
pressures along borehole KBH1 - KBH6.

3) Unclear hydraulic boundary condition due to the effect of model size and flow
compartmentalisation.

4) Lack of key in-situ properties of fractures, such as conductivity, true size and
connectivity information.

5) The lack of consideration of the effects of the excavation of the test pit on the
the hydro-mechanical properties of the surrounding rocks

The model validation of Task 2B was a very challenging problem and has not yet reached its
ultimate goal, i.e. a proper, although maybe qualitative, understanding of the deformation
behaviour and hydraulic permeability field of the rock mass, and the most likely conceptual
system model, such as equivalent continuum, sparsely fractured equivalent continuum, or
discrete system. There are also other unresolved important issues in Task 2B such as the
proper handling of mesh discretization with fractures included (the CLAY model),
representation of high property heterogeneity by homogenization in continuum models (the
KIPH model), and the effects of fractures on mechanical behaviours at measuring points (the
LBNL model).

4.2 Task 2C - prediction of the T-H-M behaviour of the heater-buffer-rock system

4.2.1 Task 2C-1: Identification of the physical properties ofbentonite

The laboratory tests of bentonite material, which were simulated by numerical models to
obtain special bentonite properties, were the suction test, water infiltration test, thermal
gradient (KID-BEN) test and swelling pressure test. See Fig.4 4 for their set up.
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AIR OUTLET

COMPACTED

BENTONITE

SPECIMEN

Air Outlet

8
a
o

4

WATER INLET \
POROUS METAL FILTER

20 mm

<—>

Sample

Pressure Cell

; Filter

a) Infiltration test
Water Inlet

b) Swelling pressure test

100

CELL

AIR LAYER

COMPACTED
BENTONITES

PECIMEN

COPPER PLATE THERMOCOUPLE

THERMOSTAT WITH
CIRCULATION SYSTEM

c) The thermal gradient (KID-BEN) test

Fig. 4.4 The set ups of the laboratory tests for numerical determination of bentonite
properties.

The problems of Task 2C-1 were successfully resolved by the research teams for numerical
determination of the relative permeability, water/vapor diffusivity and law of the effective
stress against laboratory tests: infiltration tests, thermal gradient tests (KID-BEN) and
swelling pressure tests. These simulations were necessary because some of the bentonite
properties used by the different research teams could not be directly determined by laboratory
experiments. Considerable development of computer codes have been carried out by some
teams in order to improve the codes' capability to handle complex constitutive behaviour of
the bentonite material, including two phase water flow (liquid and vapour), evaporation and
condensation, heat conduction and convection, swelling pressure, partial saturation and
effective stresses. The simulations of these laboratory tests led to the determination of
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basically three types of bentonite properties: relative permeability, thermal vapour diffusivity
and effective stress function, with remarkable agreements achieved between numerical
calculations and experimental results through numerical calibrations. Figure 4.5 shows some
of the calibrated properties.

4.2.2 Task 2C-2: Numerical simulation of the heater-buffer-rock system

Task 2C-2 was a numerical prediction of the THM responses of the heater-buffer-near field
rock system during the heater test. Significant processes and issues involved were the heat
transfer, water flow and pressure, rock deformation, and interactions between heater, buffer
and rock. The interaction between buffer and rock in general and the effect of main rock
fractures on water distribution and re-saturation of the buffer in particular, are of great
interest. The aim of Task 2C-2 was the numerical prediction of the fully coupled T-H-M
behaviour of the heater-buffer (bentonite)-rock system and the interactions between the
different components.

The computer codes applied to the Task 2C-2 were ROCMAS, FRACON, THAMES and
ABAQUS-CLAY. All of them were based on the finite element method (FEM). Thus
research teams discretized their respective geometrical modes into finite element meshes with
assumed constitutive relations and material properties fully or partially calibrated during the
Task 2B and 2C-1. Figure 4.5 presents an overview of the geometry, and boundary conditions
of respective models, including the near-field rock, bentonite-buffer, concrete lid and heater.
The LBNL model is the largest and explicitly includes nearby drifts as well as three main
fractures in the near-field that can be seen on the drift floor in Fig. 4.2. The fractures were
included as discrete features because they are highly conductive and dominated the flow of
water into the open test pit . The rock in-between the main fractures is highly fractured
(spacing 0.1 to 0.3 m) but has a much smaller hydraulic conductivity and was represented by
an equivalent continuum. AECB, CLAY and KPIH teams reduced the size of their models
and the drift system. A contributing reason for a reduced size was the computer intensive
nature of the problem, which includes a year of simulation time and coupling of highly non-
linear processes in five degrees of freedom per nodal point. A smaller model can also be
justified if the interest is limited to the behaviour of the clay-buffer, and if the effect of the far
field rock mass can be represented by the boundary conditions on the near-field model. The
axisymmetric geometry used in AECB and KPIH models was motivated through an
exploratory two-dimensional modelling, with results showing that the re-saturation of the
bentonite-buffer by wetting from the surrounding rock was uniform and axisymmetric, thus
making it unnecessary to include discrete fractures in the model. The CLAY model is one-
quarter symmetric.

There are many challenging difficulties facing the research teams for the study of Task 2C,
such as limitations of the different "effective stress" principles for the bentonite material
under complex loading conditions, the uncertainty of the hydraulic boundary and the in situ
conditions, and the complex and largely unknown in situ fracture properties (both
geometrical and hydro-mechanical).
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All outer boundaries:
Zero displacement
T=12.3°C

i = 0.1MPa

50 m

Walk and floors outside pool:
Heat transfer coefficient 10 w/m

Water pool: P = o o

T = 12.3 °C
Pi = 0.3 m head

Water pool on
drift floor:
Pi = 0.4 m
T = 12 °C

Heater:
Un=0.0
T = 95 °C

Outer boundary:
Un = 0.0
Pi = hydrostatic
T=12 °C

"5m

Heater:
T = 100 °C

Water pool on
drift floor:
Pi = 0.0
T = 12.3 °C

Disturbed
zone 1 cm

Outer boundary:
Un = 0.0
Pi = hydrostatic
T=12.3 °C

Water pool on drift floor:
Pi = 0.4 m head
T=12.3°C

20 m

Symmetry
plane in a
vertical fracture

Heater:
T = 100 °C

10m

Outer boundary:
Un = 0.0
Pi = hydrostatic
T=12.3 °C

20 m

Fig. 4.5. Geometry and boundary conditions of the computational models, (a) LBNL (11000
elements), (b) AECB (x elements), (c) CLAY (3600 elements) and (d) KPIH (x elements).
Note that the pictures are not proportional and the size of the heater is exaggerated.

The results of Task 2C indicates that numerical modelling can provide highly confident
results of the temperature distribution in both rock and buffer, reasonably highly confident
results of the water flow and pressure distribution in rock, but less confident results of the
mechanical behaviours in low stress environment in fractured rocks for near-field problems.
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4.3 Some Scientific Lessons Learned from Task 2C

There are many scientific and operative lessons that can be learned from Task 2C, and the list
may increase with the continued evaluation of the experiments and numerical modeling in the
future. To provide a short summary, the following subjects may serve as the main scientific
lessons learned at the time being:

• Our current capability of modelling coupled hydro-mechanical processes in fractured
rocks with complex fracture geometry is still rather limited, basically due to lack of
knowledge about the fracture geometry and uncertainty in their in situ properties.

• Our current knowledge of the de-saturation in rock and the EDZ is rather limited for
predictions of high confidence.

• Despite great progress in characterization and parameterization of bentonite used in Task
2C, our current models and knowledge of the physical behaviour of partially saturated
swelling clays are still very limited, such as effective stress behaviour, vapor flow and
water retention processes.

• Our current knowledge of the rock-buffer interaction, especially the hydraulic
interactions, is very limited for confident numerical predictions.

• Very limited effect on the hydraulic behaviour of the buffer from the surrounding rock
and fractures could be observed by the measurements. This may be due to the following
reasons:

- The in situ experiment was not maintained long enough so that possible larger
hydro-mechanical interaction between the rock and buffer at the longer period
could not be observed;

- The hydraulic conductivity of the rock is much higher than that of the buffer so
that whether fractures in rock are considered or not did not result in much
difference in the hydraulic behaviour of the buffer;

- The rock fractures near the buffer might have been sealed by buffer material during
installation of the buffer material;

• Very limited mechanical effect on the buffer from the surrounding rock was also
observed, which may be caused by

- The low stress field in the test area makes the rock and rock fractures
mechanically inactive, besides the fact that thermal expansion and stresses
induced by heating have also only a limited effect due to low power input and small
magnitudes of the temperature gradient;

- Pointwise measurement of mechanical behaviour may perhaps not be nearly
enough to capture essential aspects and patterns of the mechanical responses.

• There is still lack of knowledge about the swelling pressure behaviour of unsaturated
bentonite, especially regarding the validity of the effective stress models. More
comprehensive laws of effective stress than Bishop's need to be considered in simulation
of unsaturated clay materials.

• Reliability of the field measurement over long time needs to be verified and improved for
reliable numerical verifications with for example the on site sampling and calibration of
sensors and material properties.

• Proper design and implementation for the study and characterization of the rock-buffer
interface, with and without fractures in rock.
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5 TASK 3: THE FORUM OF LECTURES ON ROCK FRACTURES

The Task 3 of the DECOVALEX II project is a forum of lectures on rock fracture studies,
given by invited experts in the field from regions or countries where the project held its
workshops. Table 3.5 lists the time, location, name and the title of these lectures given over
the entire DECOVALEX II period. These lectures from well known international experts or
researchers have been greatly appreciated by the founding organizations and research teams
and helped to broaden their views in the field of coupled behaviour and physics of the rock
fractures.

Table 5.1 Lectures for Task 3 of the DECOVALEX II project.
Name
T. Esaki

A. P. S.
Selvadurai

A. Niemi et
al.

J. Gale

T. Chan

Y. Tsang

D. Pollard

C. Barton

F. H.
Cornet

S. Gentier

M. Boulon

A. Niemi et
al.

Institution
Kyushu Univ.
Fukuoka,
Japan
McGill Univ.
Montreal,
Canada
VTT
Finland

Memorial Univ.
St. John's, NF
Canada

AECL,
Canada

LBNL
USA
Stanford Univ.
USA

USGS,
St. Petersburg,
USA
I.P.G.P.
Paris, France

BRGM/DR/GIG
Orleans,
France
Univ. Joseph
Fourier,
Grenoble, France
KTH,
Stockholm,
Sweden

Lecture title or subjects
Development of a shear-flow
coupling test apparatus and some
test results of rock joints.
Radial flow tests on intact and
fractured granite cylinders
subjected to thermal effects.
Studies on coupled
hydromechanical effects in single
fractures.
Relationship between fracture pore
structure, roughness, solute
velocities and coupled stress-flow
response models.
Modelling coupled
hydromechanical effects of past and
future glaciations.
The in-situ heater test at the Yucca
Mountain site and T-M modelling
Using analogs to understand
coupled T-H-M-© processes in
fractured and faulted rock masses:
the role of structural geology.
Characterization of in situ rock
fracture systems using fractal and
other techniques.
Experimental investigation on
hydromechanical coupling in
fractured rock masses.
Hydrmechanical behaviour of a
natural fracture under normal and
shear stresses.
Experimental investigations and
hydro-mechanical modelling of
natural joints.
Simulation of fluid flow in rock
fractures.

Time and place
May 8-10, 1996
Tokyo, Japan

June 2-5, 1997
Toronto, Canada

June 2-5, 1997
Toronto, Canada

June 2-5, 1997
Toronto, Canada

June 2-5, 1997
Toronto, Canada

Dec. 9, 1997
Berkeley, USA
Dec. 9, 1997
Berkeley, USA

Dec. 9, 1997
Berkeley, USA

June 16, 1998
Avignon, France

June 16, 1998
Avignon, France

June 16, 1998
Avignon, France

May 24, 1999
Kalmar,
Sweden
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(Continue)
N. Barton

F. Lanaro

NGI, Oslo
Norway

KTH,
Stockholm,
Sweden

Mechanics of rock joints and
discrete modelling for rock
engineering.
A random field model for
roughness and aperture of rock
joints

May 24, 1999
Kalmar,
Sweden
May 24, 1999
Kalmar,
Sweden
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6 TASK 4: COUPLED T-H-M ISSUES RELATED TO REPOSITORY
DESIGN AND PERFORMANCE

The Task 4 considers the background and outlines the current state-of-knowledge on coupled
Thermo-Hydro-Mechanical (THM) issues related to nuclear waste repository performance.
The purpose of the work was to establish consensus statements on the state-of-knowledge in
this area. Two documents were produced: the Task 4 Report [38] and two Supplementary
Reports for Task 4 [39, 40].

Section 1 of the Task 4 Report describes the THM background, the interface with
Performance Assessment (PA), and the Report structure. The role of THM issues in the
overall repository design context is amplified in Section 2, which includes a review of these
processes in the contexts of repository excavation, operation and post-closure stages. This
review indicates that it is important to understand the overall context, the detailed THM
issues, and how these issues will be resolved in the wider framework. The modelling the
THM processes, whether qualitatively or quantitatively, is also discussed.

Because uncoupled and coupled numerical codes have been applied to this problem, there is
discussion in Section 3 on the nature of the codes and how the content of the codes can be
audited. To what extent does a particular code capture the essence of the problem in hand?
Consideration is also given to the associated question of code selection and the future of
numerical codes.

The state-of-knowledge information is presented in Section 4, summarised under 11 headings
following the repository design sequence. This information has been abstracted from the
verbatim statements, elicited at the June 97 Toronto Workshop and listed in Appendix C of
the Task 4 Report. These individual summaries, and hence recommendations, have
themselves been summarized as follows:

"A predictive THM capability is required to support repository design because precedent
practice information is insufficient. Many aspects of THM processes and modelling are now
well understood and there is a variety of numerical codes available to provide solutions for
different host rock and repository conditions. However, modelling all the THM mechanisms
in space and time is extremely complex and simplifications will have to be made — if only
because it is not possible to obtain all the necessary detailed supporting information.
Therefore, an important step is to clarify the THM modelling requirement within the PA
context. This will help to indicate the complexity of THM modelling required and hence the
models, mechanisms, type of computing, supporting data, laboratory and in situ testing, etc.
required. An associated transparent and open audit trail should be developed."

The DECOVALEX II background and Task 4 are described in Appendices A and B of the
Task 4 Report. The ideas for technically auditing the content of the problem itself and the
potential further development of the models and codes are presented in Appendix D of the
Task 4 Report.

Supplementary Report 1 contains a Demonstration Technical Audit of the Kamaishi Mine
Experiment work conducted for DECOVALEX II. The conclusions concentrate on the need
for a formal Technical Auditing procedure to be applied during research and design work in
order to provide transparency, traceability and an audit trail of decisions — so that
confidence is developed in the geoscientific, regulatory and public communities.
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Supplementary Report 2 contains a review of the use of THM issues in Performance
Assessment. The conclusions concentrate on the need for improved understanding of the
physical processes and considering the significance of the THM processes for the excavation,
operation and post-closure phases.
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7 LESSONS LEARNED

7.1 Perspective

The analysis and modelling of coupled THM processes in a fractured rock with an excavated
shaft or in a bentonite-fracture rock system are not a simple one. The T, H and M processes
have different characteristic time and space scales. For example, the temperature variation of
the system under heat transfer associated with a nuclear waste repository has a scale of 100's
to 1000's of years, whereas the mechanical stress and strain response time is much faster.
Also, the mechanical changes tend to concentrate in the near field around an excavation or a
heat source, whereas the temperature and pressure variations can extend well to the far field.
Furthermore these three effects have different sensitivities to geologic structures. Thus,
thermal transfer is not sensitive to the presence of fractures in the formation, whereas
hydraulic pressure and, even more, the mechanical processes are much more sensitive to
them. In the case of bentonite, the hydraulics is further complicated by the presence of
unsaturated flow involving both air and moisture. All these complications have to be dealt
with in the context of the need for performance assessment of a nuclear waste repository, to
evaluate how they affect potential flow and transport from the repository to the biosphere.
This turns out to be a much more demanding problem than conventional concerns, such as
tunnel stability or flow under regional gradients. It was in this context that the international
cooperative project DECOVALEX was conceived in 1992 and carried out by a number of
agencies from about ten countries.

During the first three-year DECOVALEX I project (1992-1995), a number of hypothetical
benchmark problems and laboratory tests (or small in situ research field experiments) were
studied [1-3]. The reports referenced present the achievements and lessons learned of this
multi-national cooperative effort. Then over the next three-year DECOVALEX II project
(1995-1999), the emphasis turns to the study of two major field experiments (Task 1 and
Task 2 described in this report and associated technical reports) and state-of-the-art reviews
of fracture studies (Task 3) and considerations of coupled THM processes in performance
assessments (Task 4).

Thus the DECOVALEX project from 1992 to now has followed a logical progression: from
studies of hypothetical benchmark problems, to analysis of laboratory and small-scale field
experiments, to modeling of major field experiments, and finally to consideration of the
impact of coupled THM effects in nuclear waste repository performance assessment. Since
the work is being conducted at the forefront of science, the research teams involved not only
push the use of existing methods and models to their limits (a good example is the benchmark
test BMT3 in DECOVALEX I), but also develop new codes (an example is Task 2, modeling
Kamaishi experiments, in DECOVALEX II). Through regular meetings, the teams received
the benefits of mutual suggestions, inputs, peer reviews, and encouragement.

Considerations of the impact of coupled THM processes in nuclear waste repository
performance assessment (DECOVALEX II, Task 4) have turned out to raise more questions
than answers. This is not surprising, because the complexity of the coupled THM processes is
further compounded (probably exponentially) by the need for long term predictions into tens
or hundreds of thousands of years, based on incomplete deterministic data (hopefully on good
"overall" knowledge of in-situ conditions). The questions related to implications of coupled
THM processes in repository performance assessment have been formulated and discussed
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[39, 40]. These will form the basis of a main part of the next DECOVALEX III project to be
carried out over the next three and half years (1999-2003).

Below we shall give an overall summary and lessons learned for Task 1 and Task 2 of
DECOVALEX II (Section 7.2) followed by a discussion in Section 7.3 of the relationship and
differences between models of laboratory experiments, models of major field experiments
and models to be used for long-term performance assessment. Various components needed
for such long term assessments are identified based on the experience gained over the last six
years from work in DECOVALEX I and II.

7.2 Comments on Task 1 and Task 2 of DECOVALEX II

Task 1 is on the study of coupled HM response to Sellafield RCF Shaft Excavation. It is
described in Section 2, and the work and results on this task is described in Section 3. This is
strictly a predictive study with comparison of results from different participating research
teams, because excavation was not performed for the RCF at Sellafield. It is interesting to
note the diverse modelling approaches used for this task by the various groups (Table 3.2).
The models employed range from heterogeneous porous continuum model; to fracture
network model; and to stochastic continuum model. In this case, and generally all practical
cases, it is not possible to decide a priori which is the best model. Often complete data are not
available to uniquely disqualify all but one of the models. Further, no model can include
deterministically all the site data, which themselves may contain inaccuracies and
uncertainties that may be misleading. The choice of models also depends on the type of
quantities that need to be predicted. Thus a multiple-model approach is needed to evaluate the
robustness of predictions and range of uncertainties due to non-uniqueness of the model to be
used.

It is also encouraging that in the course of Task 1 work, a number of new codes are being
developed, thus pushing forward the state of the art of this field. Two examples can be
mentioned. The first is the attempt to develop a coupled HM stochastic continuum model and
the second is the development of a fracture network model with coupled HM effects across
each fracture in the network. Both are in an early stage and we expect interesting results from
the new approaches in the near future based on work initiated under DECOVALEX II.

On the whole, work in Task 1 needs to be continued, though it may not be done under the
upcoming DECOVALEX III framework. We hope that the research teams will develop their
work especially in (1) enhancing capabilities of their models, (2) testing and exploring the
models and simulation results, (3) investigating the basis and implication of model
calibration, and (4) studying uncertainty ranges associated with model predictions. It is
extremely useful to perform these four work elements in the context and with the focus of a
realistic field problem, such as the Sellafield project.

Task 2 is on the study of the coupled THM experiment at the Kamaishi Mines, which is
described in Section 2 and Section 4 of this report. Under this task, there are significant code
developments by the research teams involved, thus fulfilling one of the goals of the
DECOVALEX project, which is to push forward the state of the art in this field. This task
had a slow start, but the research teams have worked closely together to identify and
crystallise the lack in existing models and input parameters, and to motivate each other to
implement methods to address the lack. At the end, the group was able to verify the models
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against analytical solutions and each other's results, simulate laboratory experiments, and
then apply them to the study of the Kamaishi coupled THM experiments. Not all field data
are well reproduced. Sometimes the disagreement may be due to uncertainties associated with
measurements. The joint effort gives a general improved understanding of the THM
processes in bentonite fractured rock systems, what we can simulate well and what not so
well, and what key factors to watch out for in future work.

Based on experiences in DECOVALEX II Task 1 and Task 2, a number of issues can be
identified.

• How can we handle large databases? How are parameters extracted?
Documentation of this process.

• QA—Line of considerations: Construction of conceptual models - why? Selection
of codes - why? Use of selected fundamental relationships - why?

• Technical auditing.
• Calibration and iteration: for particular use, what calibration data and

experiments? Representativeness and transferability of calibrated model?
• Data reliability and accuracy. Need documentation of such assessments.
• "Continuous" data versus point data.
• How to evaluate model and results: what test results to check; how about no test

results? Auditing: range of predictions?

7.3 A Discussion of Different Kinds of Model Studies and Long-term Performance
Assessment

As described at the beginning of this section, the DECOVALEX project, in its work in
DECOVALEX I and II, has performed model analysis of laboratory experiments, major field
experiments, as well as considered the use of coupled THM models in performance
assessment. In a careful review of all these efforts, we come to the suggestion that there are
four distinguishable kinds of models. The first is quite a limited kind of model; it is relatively
simple and commonly used to understand a single, specified process and its effect. For
example, if we are concerned with shear stress-strain along a joint, we could create a model
that simulates this behaviour in geological materials. We would conduct a laboratory
experiment with a carefully selected core or block with a single fracture, apply controlled and
prescribed conditions, and then analyse the results. We then see if the model, with its
mathematical equations and solutions, can indeed reproduce the behaviour of this particular
process. Such a model defines the key parameters associated with the process under study,
and key parameters can be measured by these laboratory experiments.

The second kind models a particular field experiment, which is conducted to study coupled
processes at a geological location. Generally, such an experiment is of relatively short
duration and small scale. By short duration we mean it might range from a number of days to
as much as three or four years. The spatial scale could be on the order of a few meters up to a
few hundred meters. Such a field experiment involves, in general, not just a single process. A
number of processes may occur simultaneously, and, further, these processes occur in the
context of the structures of the site—whether there are fractures, multiple layers, or medium
anisotropy and so on. We can build a model to simulate the behaviour of the system, make
predictions for the field experiment, and then see whether or not the field experiment data are
reproduced by the model. We can also determine the parameters associated with this
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particular model through calibration, which is a procedure whereby the values of the model
parameters are adjusted until the model results match the field data.

The third kind of model is the model for making short-term (30-50 years) predictions at a
particular site. The model is first made to reproduce short-term experiments of one to three
years duration and then applied to make predictions. The predictions can be revised with time
(say every five years). Basically measurements from the month-to-a-few-years experiment
were used to extrapolate to 30-50 years. Thus, a model prediction is made, and then five
years later a second prediction is made based on the accumulated knowledge and information
available at that time, and then is it revised again later on.

Finally the fourth model is the one to make long-term predictions—over the next 10,000 or
even 100,000 years. In this case, we can no longer expect to be able to revise the predictions
over this very long term and no one will be able to verify the predictions in the relatively
short timeframe. As a consequence, we have to ensure that the basic physics and chemistry
in these models, and all events and boundary conditions, are correct. We need to be
concerned with slow processes that have a characteristic, very long time frame to completion,
and may not be noticeable in very short-term experiments.

The difference between models of the second kind and those of the third or fourth kind is that
the former are designed to simulate some field experiments such as transport of injected
tracer and deformation of an underground cavity. To do this successfully, we need to
carefully model, for example, tracer injection processes near the injection well (e.g., use of
chaser fluid, or high radial hydraulic gradient) and the mechanical properties at cavity walls
(e.g., occurrence of small fractures). Many of these factors may have no implications in
predictive models into thousands of years. Often, field experiments are performed near a
major fracture to study its impact or at a high gradient to make sure there is an impact over
the experimental time period. However, for the waste repository problem, one would choose
the waste disposal site a safe distance away from it, if possible.

The difference between models of the third and the fourth kind is that the latter requires the
consideration of slower processes. Since one is extrapolating from short-term experiences to
time frames several orders of magnitude larger, one has to ensure that the basic physics and
chemistry are correct and that a reasonable estimate of uncertainties be made.

If we consider the model prediction for performance assessment and all the ingredients that
go into such a prediction, we see that there are three components necessary for making long-
term predictions. The first is what can be called site-specific information or data, which is the
measurement of data on the site. For example, we might perform key experiments at the site
and then use a model to match the results. Over a duration of months to a few years, these
experiments might tell us how transport behaves in such a geological system. We can then
use the model to make predictions and compare model results with those of the few-year
experiment. These are site-specific studies, and they also give the parameters associated with
the model of the site. Efforts in Task 1 and Task 2 in DECOVALEX II are aimed at gaining
experience along this line.

The second factor in long-term predictions is employing the correct physiochemical
processes and long-term scenarios. If the physical equations or parameters do not accurately
describe the long-term behaviour, the prediction will be wrong. For example, in
DECOVALEX II, Task 2, unsaturated flow needs to be considered in the coupled THM
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model. If one uses only saturated flow, the answer will be misleading. Hopefully many of the
coupled THM processes (see Table 1.4) of significance to long term prediction for
performance assessment are being considered and studied in DECOVALEX. Generally, the
second component is dependent on the general state of scientific knowledge.

The third component for long-term prediction is that we need to carry out a sensitivity
analysis to estimate the uncertainties. From this we can define the uncertainty range of any
model predictions. A lot more attention will be placed on this aspect in the follow-up
DECOVALEX III project in the next few years (1999-2003).

In summary, for long-term predictions, we need three ingredients: (1) a proper site-specific
study to understand the site, its behaviour, and its features; (2) application of the correct
physiochemical processes (the scientific knowledge applied must be correct and at forefront
of scientific knowledge); and (3) qualifications or conditions on the predictions that define
the range of uncertainties associated with the prediction.
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