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Abstract 

The international ro-operation project HYDROCOIN for studying groundwater flow 
modelling in the context of radioactive waste disposal was initiated in 1984. Thirteen 
organisations from 'en countries and two international organisations have participated in 
the project which has been managed by the Swedish Nuclear Power Inspectorate, SKI. 

This report summarises the results from the second phase of HYDROCOIN, Level 2, 
which has addressed the issue of validation by testing the capabilities of groundwater 
flow models to describe five field and laboratory experiments: 

• Thermal convention and conduction around a field heat transfer experiment in a 
quarry, 

• A laboratory experiment with thermal convection as a model for variable density 
flow, 

• A small groundwater flow system in fractured monzonitic gneiss, 

• Three-dimensional regional groundwater flow in low permeability rocks, and 

• Soil water redistribution near the surface at a field site. 

The five test oases cover various media of interest for final disposal such as low 
permeability saturated rock, unsaturated rock, and salt formations. They also represent a 
variety of spatial and temporal scales. 

From model simulations on the five test cases conclusions are drawn regarding the 
applicability of the models to the experimental and field situations and the usefulness of 
the available data bases. The results are evaluated with regard to the steps in an ideal 
validation process. 

The data bases showed certain limitations for validation purposes with respect to 
independent data sets for calibration and validation. In spite of this, the HYDROCOIN 
Level 2 efforts have significantly contributed to an increased confidence in the 
applicability of groundwater flow models to different situations relevant to final 
disposal. Furthermore, the work has given much insight into the validation process and 
specific recommendations for further validation efforts are made. 
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Preface 
An international co-cjjeration project, HYDROCOIN, for studying groundwater 
hydrology modelling strategies was initiated by the Swedish Nuclear Power Inspect
orate . SKI, in May ? 984. The following organisations have participated in the study: 

Atomb Energy of Canada Ltd. 

British ideological Survey 

Commis'tuiat a I'Energie Atomique/ 
Jnstitut do Protection et de Sflret6 
N u c l e i -

'V*sellsch«ft fur Strahlen und 
Ujnweltforschung 

Japan Atomic Energy Research Institute 

N.«ionale C'enossenschift fur die Lagerung 
Radioaktivir Abfall-'' 

Nordic Liaison Committee for Atomic Energy 

Organisation for Economic Co-operation 
and Development/Nuclear Energy Agency 

Rijksinstituut voor Volksgezondheid en 
Milieuhyg. sne 

Swedish Nuclear Fuel and Waste 
Management C*->. 

Swedish Nuclear Power Inspectorate 
(Managing Participant) 

Technical Research Centre of Finland 

U.K. Atomic Energy Authority/ 
Harwell Labo«atory 

U.S. Department of Energy 

U.S. Nuclear Regulatory Commission 

CANADA 

UNITED KINGDOM 

FRANCE 

FED. REPUBLIC 
OF GERMANY 

JAPAN 

SWITZERLAND 

NKA 

OECD/NEA 

NETHERLANDS 

SWEDEN 

SWEDEN 

FINLAND 

UNITED KINGDOM 

USA 

USA 

This is a report of the results from the second phase (Level 2) of the HYDROCOIN 
project attempting to study how the groundwater flow models and associated computer 
cedes used by participating Project Teams can be validated by comparing modelling 
results with results from laboratory and field experiments. The first phase (Level 1) has 
t«en published and a third phase (Level 3) will be the subject of a subsequent report. 
This report was prepared by the Project Secretariat and is being published after approval 
by the Coordinating Group. Neither the Coordinating Group nor the Project Secretariat 
fake any legal responsibility for results presented in this report or for their use. 
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1. Introduction 

1.1 Background 

As a by-product of the nuclear generation of electricity, radioactive waste is created. In 
countries using nuclear power, waste management programmes have been set up to deal 
with this waste. The final stage in such programmes is the safe disposal of the waste. 
The internationally preferred method for disposal of high-level waste, spent fuel, and 
long-lived intermediate-level waste is placement in deep underground repositories in 
suitable geological formations. Low-level waste may also be placed in such repositories, 
or it may be disposed at shallow depths, or at the surface. In countries using nuclear 
power extensive research and development programmes are underway to examine the 
issues involved in disposal of radioactive waste. Such issues include groundwater flow 
and contaminant transport modelling. 

Siting repositories, both deep and shallow, may be a complex procedure. As part of the 
site evaluation process the safety of the repository over very long times must be 
assessed. Potential releases of radionuclides from the repository and transport to the 
accessible environment must be evaluated. The primary pathway that has to be 
considered is transport by groundwater for both repositories in the saturated and 
unsaturated zone. 

Consequently, in many nations, major programmes of work are underway to evaluate 
and understand the characteristics of potential repository sites, and understand the 
behaviour of the groundwater system in the vicinity of the sites. This work requires the 
formulation of mathematical models, based on conceptualisations of the 
hydrogeological system and its behaviour. In order to establish confidence in these 
models, it must be demonstrated that the conceptual view of the system and the 
resulting mathematical description of the flow system are adequate. As part of the 
safety assessments, the implications of uncertainties in the model and field data must be 
considered. These issues arc addressed in the HYDROCOIN project. 

As a result of discussions among specialists in safety assessment of waste repositories, 
an international project, HYDROCOIN (Hydrolopic Code Intercomparison), was 
initiated in 1984 by the Swedish Nuclear Power Inspectorate, SKI. The overall objective 
of the project was to improve the understanding of different groundwater flow 
modelling strategies for the performance assessment of nuclear waste repositories. 
Specifically, the project addresses model verification, validation, and uncertainty and 
sensitivity analysis. The organisations participating in HYDROCOIN include govern
mental safety authorities and organisations from ten countries responsible for 
implementing radioactive waste disposal. A Project Secretariat has been set up for the 
handling of the necessary administrative routines involved in a project like 
HYDROCOIN, It is composed of SKI, the OECD/ Nuclear Energy Agency, the Nordic 
Liaison Committee for Atomic Energy, Harwell Laboratory and Kemakta Consultants 
Co. 

Participation in HYDROCOIN is broad. Organisations from countries with varying 
disposal concepts and different potential host media participate. This reflects the fact 
that the issues addressed in HYDROCOIN are of common interest to most programmes 
for underground disposal. International coopeiation in this field has proven to be both a 
productive and an effective means for studying model validation strategies. 

9 



HYDROCOIN is the second project in a series of three international projects related to 
geosphere transport modelling that have been initiated by SKI. The first project, 
INTRACOIN [1.1, 1.2], dealt with verification, validation and uncertainty analysis of 
models for transport of radionuclides in the geosphere. The third project is INTRA VAL 
[1.3] which started in 1987. In INTRA VAL, the focus is on studying validation of 
models for flow and transport in the geosphere. The project uses information from and 
cooperates with a number of laboratory and field experimental programmes as well as 
natural analogue studies. As a further step in the validation process, INTRAVAL uses 
results and experiences from INTRACOIN and HYDROCOIN. 

HYDROCOIN Objectives and Level Structure 

The objectives and organisation of the HYDROCOIN study were regulated by an 
agreement between the participating organisations. The overall objective of 
HYDROCOIN was formulated in the agreement as follows: 

The purpose of the project is to obtain improved knowledge of the influence of various 
strategies for groundwater flow modelling for the safety assessment of final repositories 
for nuclear waste. To this end, calculations are made with different mathematical 
models used by a number of organisations. The study comprises: 

• the impact on the groundwater flow calculations of different solution algorithms, 

• the capabilities of different models to describe field and laboratory experiments, and 

• the impact on the groundwater flow calculations of incorporating various physical 
phenomena. 

Following these objectives, the project was conducted at three levels addressing: 
1) code verification, 2) model validation, and 3) sensitivity and uncertainty analysis of 
groundwater flow calculations. In this report, the results from Level 2 are presented. 

Time Schedule and Reporting 

Level 1 results of the HYDROCOIN project, dealing with code verification, was 
published in 1988 [1.4]. The work on Level 2 of the project, documented in this report, 
started in 1985 and the computational work was finished in 1987. The Level 3 
calculations were completed in 1987. 

The results of the HYDROCOIN effort will be documented in a series of four main 
reports of which the present one is the second. Level 1 results were published jointly by 
SKI and OECD/NEA in 1988. Results from Level 3 and a Summary Report are 
expected to be printed in 1990. 

Project Organisation 

The project is directed by a Coordinating Group consisting of one representative from 
each participating organisation (Party). The Swedish Nuclear Power Inspectorate, SKI, 
acts as Managing Participant. Each Party organises one or more Project Teams that are 
responsible for performing calculations and evaluations referring to test cases 
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approved by the Coordinating Group. Certain Project Teams volunteered to act as Pilot 
Groups for particular cases. The Pilot Groups had the responsibility of formulating their 
test cases, and providing continuing support for their test cases by supplying 
information on the design of the experiments, on validation objectives and on the 
experimental data. The details of each case were defined by the Pilot Group responsible 
for it, in cooperation with the Project Secretariat. 

Each Party covered the costs for its participation and was responsible for the budgeting 
for its Project Team(s). 

Workshops afforded an opportunity for the participants to have informal discussions of 
the results and to exchange ideas. The progress of the project has been documented 
regularly in a series of progress reports. 

The Project Secretariat was set up by SKI in cooperation with the Harwell Laboratory, 
OECD/NEA and NKA. As consultant to SKI, Kemakta Consultants Co acts as Principal 
Investigator for the HYDROCOIN project, having the main responsibility for the 
technical work within the Project Secretariat and was assigned the task of compiling the 
results from the study. Kemakta also supported SKI in organising the workshops. 

Appendix 1 gives details on the HYDROCOIN organisation and a list of the participants 
including Coordinating Group members and Project Team leaders. This Appendix Mso 
contains a list of abbreviations for Parties and Project Teams. 

Definition of Terms 

Technical terms such as verification, validation, and calibration may be interpreted 
slightly differently in different scientific disciplines. In this report, these terms are used 
in the sense in which they are generally understood in connection with performance 
assessments of repositories for radioactive waste. Table 1.1 gives the interpretation 
placed on these terms and others central to the HYDROCOIN project. The definitions 
given are not intended to be exhaustive. 

Table 1.1 Definitions of central terms as used in this report. 

DEFINITION OF TERMS 

Bench-marking The systematic comparison of computer code calculation results 
for a well defined problem with known results and/or with 
results of other codes. (See also "verification".) 

Computer code A set of instructions written in any computer programming 
language acted upon by a computer. 

Conceptual A qualitative description of a system or subsystem (e.g., 
model important processes and interactions) and its representation 

(e.g., geometry, parameters, initial/boundary conditions) judged 
to describe aspects of its behaviour relevant to the intended 
usage of the model. 



Table 1.1 Continued 

A mathematical/statistical expression (measure) to help quantify 
how well modelling results agree with experimental obser
vations (i.e. data) or with a given mathematical expression. 

A mathematical representation of a conceptual model for a 
physical, chemical, and/or biological system by mathematical 
expressions designed to aid in understanding and/or predicting 
the behaviour of the system under specified conditions. 

A process in which the conceptual model assumptions and 
mode' parameters are varied to fit the model to observations. 
Traditionally model calibration is carried out by a trial-and-
error procedure although some automatic parameter estimation 
(inverse modelling) approaches are available. 

Analysis to predict the performance of the system or 
subsystem, followed by comparison of the results of such 
analysis with appropriate standards or criteria. When the 
system under consideration is the overall waste disposal system 
and the performance measure is radiological impact or some 
other global measure of safety impact, performance assessment 
becomes the same as safety assessment, IAEA [1.5]. 

An entity used to present results from performance assessments 
for comparison with criteria. The term is also used for entities 
chosen for comparison in e.g. verification and validation 
exercises by the use of goodness-of-fit functions. 

A technique to determine the importance of, and implications 
of changes in, parameters and conceptual model assumptions 
with respect to predictions of system performance. 

An analysis that estimates the uncertainty in a system's 
performance resulting from the uncertainty of one or more 
factors associated with the system. Such an analysis requires 
definition of a system, description of the uncertainties in the 
factors that are to be investigated, and the characteristics of the 
system that is to be observed, U.S. NRC [1.6]. 

The term validation, which is used throughout this report, is 
ambiguous in the sense that it has different meanings in 
different contexts. Two short standard definitions are given 
below for the meaning which has been attached to the word. In 
Chapter 2 the validation process as applied in HYDROCOIN is 
further described. 

Goodness-of-fit 
function 

Mathematical 
model 

Model 
calibration 

Performance 
assessment 

Performance 
measire 

Sensitivity 
analysis 

Uncertainty 
analysis 

Validation 
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Table 1.1 Continued 

Validation Validation is a process carried out by comparison of model 
(cont.) predictions with independent field observations and experi

mental measurements. A model cannot be considered validated 
until sufficient testing has been performed to ensure an 
acceptable level of predictive accuracy, IAEA [1.5]. (Note that 
the acceptable level of accuracy is judgemental and will vary 
depending on the specific problem of question to be addressed 
by the model.) 

Validation: the process of obtaining assurance that a model as 
embodied in a computer program is a correct representation of 
, he process or system for which it is intended. Ideally, vali-
a ttion is a comparison between predictions derived from the 
model with empirical observation. However, as this is 
frequently impractical or impossible owing to the large length 
and time scales involved in high-level waste disposal, short 
term testing supported by other avenues or inquiry such as peer 
review is used to obtain such assurance, U.S. NRC [1.6]. 

Verification A mathematical model, or the corresponding computer code, is 
verified when it is shown that the code behaves as mended, i.e. 
that it is a proper mathematical representation of the 
conceptual model and that the equations are correctly encoded 
and solved, IAEA [1.5]. (See also "bench-marking".) 
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2. Validation as Part of the 
HYDROCOIN Project 

2.1 General 

Level 1 of the HYDROCOIN study dealt with the verification of different computer 
codes. In mathematical modelling of nuclear waste repositories the theoretical basis of 
the models, as well as the parameter values used, should be based on firm experimental 
evidence. Level 2 of the HYDROCOIN study deals with the validation of groundwater 
flow models. In the context of groundwater flow modelling, the term model validation 
usually refers to the process of demonstrating the adequacy of models to describe 
natural hydrogeological systems, both structures and processes. Here, adequacy means 
adequate for the intended usage and does not imply absolute truth or accuracy, since 
even the most complex models are simplifications of the true systems. 

In the context of nuclear waste management several organisations have formulated 
definitions of validation. The definitions, two of which are quoted in Table 1.1 in 
Section 1.5, generally indicate that the ability of the models to describe the real system 
must be tested by comparison of modelling results with experimental results or other 
empirical observations. This process is complex and generally includes the following 
steps (see Table 1.1, Section l.S for explanation of the terms used): 

• formulation of an appropriate conceptual model (or suite of alternative conceptual 
models) based on available experimental evidence and field observations, 

• translation of the conceptual model/models and available data on the system being 
modelled into appropriate mathematical and numerical model(s) of the system, 

• identification of appropriate goodness-of-fit function(s), for use in model calibration 
and validation, with due care taken to assure that the goodness-of-fit function is an 
appropriate measure of model adequacy for a given purpose, 

• calibration of the model/models with observations and experimental data, 

• development of model validation criteria (e.g., acceptable values for goodness-of-fit 
measures based on model purpose), 

• calculation of the goodness-of-fit functions from model predictions for a variety of 
conditions and data sets that are independent of the data sets and conditions used 
during the model calibration process, 

• assessment of the acceptability of the model or suite of alternative models using the 
values of the goodness-of-fit functions and other mode! results, 

• analysis of differences between alternative models, as well as discrepancies between 
the results of alternative models and observations of system behaviour and experi
mental data, 
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• publication/presentation of the results to the scientific community for review and 
comments, 

• conclusions with respect to model validity and further validation efforts. 

Experiments and models are designed and tested iteratively with successive refinement 
until confidence is reached that an adequate level of understanding has been achieved. 
Validation can thus be regarded as critical testing of theory against reality in accordance 
with well-established methodology in science. In this process it is important to include 
information from a large variety of experiments with respect to both spatial and 
temporal scales. Although it is desirable to reduce the subjective elements in the 
validation process, it is also important to realise that the process always will be 
subjective to some extent. 

In performance assessments of nuclear waste repositories, models of many processes are 
combined to predict the overall behaviour of the repository over long times. It is 
necessary to validate these submodels, i.e. show that they adequately represent reality. 
To this end, data from many sources, such as laboratory experiments, field experiments, 
and natural analogues can be used. These provide information on different length and 
time scales, ranging from millimeters and days for laboratory experiments through tens 
of meters and years for field experiments up to kilometres and millennia for natural 
analogues; they can be controlled with decreasing degrees of success and they provide 
varying levels of detail. 

Finally, for a specific chosen site for a repository, it is necessary to validate the 
submodels individually and then coUectively; i.e. establish with an appropriate level of 
confidence that the models describe what is happening and what will happen at the site. 
It is necessary to show that all processes which may affect the safety of the repository 
are being considered, that the models are adequate and include all important processes, 
and that the parameters of the models are known to a sufficient degree of accuracy. 
This involves extrapolation of data from varying sources to the conditions of the site. 

There are particular problems in validating models for repository performance assess
ments. Firstly, these often are associated with complex spatial variation of material 
properties such as permeability, and secondly, there is a need to make predictions which 
extrapolate the behaviour of the models over very long time periods, which in general 
are much greater than those over which the models have been tested. 

Furthermore, there will always be limitations to what level of detail a site can be 
described. The interpretation of site data for the modelling as well as the modelling 
strategies themselves also introduce uncertainties into the site assessment. 

There will always be uncertainties associated with the models as well as with their data 
input, which have to be addressed. I,svel 3 of HYDROCOIN considers the important 
issues involved in uncertainty analysis. 
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Model Concepts in Groundwtter Flow Modelling of Repository Performance 
Assessments 

The model concepts involved in the groundwater flow modelling part of the perfor
mance assessment of radioactive waste repositories are to some extent different in 
different countries depending on the types of geological formations studied and the 
characteristics of die waste to be buried. The description of the flow processes is affect
ed by the degree to which the pores of the geological medium are filled with water and 
by possible variations of the density and die viscosity of die water. The latter properties 
can be influenced e.g. by heat emitted from the waste and by dissolved salt. 

If die pores of die geological medium are completely filled widi water, the flow through 
die formation is characterised as saturated flow. If instead the pores are only partially 
filled, die flow is called partially saturated or unsaturated. 

The introduction of the heat generation from die waste into the flow model causes 
density variations over the modelled domain. These density variations give rise to 
buoyancy forces which constitute an additional driving force for die flow. Similarly, die 
dissolution of salt affects the density of the water causing flow driven by density 
differences. In both these cases, an extra equation must be introduced in order to 
account for die transport of heat and salt. 

In addition to the processes described above, different couplings between thermal, 
hydraulic, and mechanical phenomena may be of importance. There are computer codes 
available to analyse the effect of thermal expansion of the geological medium on the 
fracture apertures and die resulting permeability. Due partly to a lack of data, these 
models have, however, so far not been extensively applied in performance assessments. 

Currently, diere is a multitude of computer codes available to solve the equations of die 
models described above. The solution for a given hydrogeological system, however, 
also depends on the description of relevant structures such as fracture patterns. Most 
codes avai'able are based on an equivalent porous medium assumption in which the 
individual fractures are not explicitly accounted for. An alternative representation is 
fracture network models in which fractures are described with respect to their 
orientation, length, aperture, and flow properties. Usually, these properties are assigned 
according to statistical distributions derived from observed fracture patterns. Within one 
fracture, the flow can be unevenly distributed because of the occurrence of channels 
within the fracture. This could potentially influence the connectivity of die fracture 
network and hence die overall flow properties of the domain. 

The possibility to solve complicated flow problems is partly governed by the avail
ability of powerful computers. Some classes of flow problems require extensive 
computer resources. This is particularly the case for coupled, non-linear problems such 
as unsaturated flow and buoyancy problems. 

The complexity or scale of the flow problem to be solved affects the representation of 
die structures in which the water is conducted. Currently the fracture network models 
require so much computer resources that their applicability normally is limited to scales 
of the order of tens of metres whereas porous media models can be applied to 
significantly larger problems. The fracture network model, however, describes the flow 
processes ii< a geometrical structure which tries to resemble the actual fracture patterns 
observed in nature. An alternative way of accounting for processes which occur in 
geometrical structures too complex to explicitly describe in a computer model is the 
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dual porosity formulation. In this approach the different flow processes are represented 
by different equations representing different media (porosities) coupled by terms 
describing the transfer of mass or energy between the two porosities. 

In Level 1 of the HYDROCOIN study [1.4], the numerical methods commonly used to 
solve groundwater flow problems were tested. The methods were predominantly finite-
element and finite-difference schemes. Numerical inversion of Laplace transforms was 
also used. 

HYDROCOIN Level 2 

In Level 2 of the HYDROCOIN study, the quality of the predicted results as compared 
to measured experimental values is expressed as goodness-of-fit-measures. These 
goodness-of-fit measures were defined by individual Project Teams analysing the test 
case in question, or form part of the test case specification. In addition to the 
quantitative goodness-of-fit measures, more qualitative measures such as visual 
inspection of results are used. 

Five test cases have been defined for Level 2 based on experimental results which were 
available to the group. The criteria used for selecting these experiments were: 

• The physical flow situation studied in the experiment should be relevant to the 
performance assessment of radioactive waste repositories. The experiments should 
represent different types of media and cover a variety of spatial as well as temporal 
scales. 

• The experiment should be the "best available" of its kind. The choice of experiments 
was based on the knowledge of the HYDROCOIN participants. Complex problems, 
in terms of data manipulation and simulation, were avoided due to the time and 
resource constraints of the HYDROCOIN study. 

As the selection process had to be based on available experiments, also experiments 
which were not primarily designed for model validation had to be accepted as test 
cases. This means that the quantities measured may not always be those that are the 
most relevant to the model validation process. In most of the cases there is thus a lack 
of independent data sets for use in model calibration and assessment of model 
predictions. These issues will be further discussed in Chapters 3-8. 

Detailed descriptions of the five test cases and the results are given in Chapters 3-7, 
The test cases cover different flow processes, such as saturated groundwater flow, 
partially saturated flow and buoyancy induced flow. They also cover different spatial 
scales ranging from regional flow in an 80xg0 km domain to an infiltration experiment 
on a scale less than 10 m and different time scales ranging from less than 10 days to 10 
years. The phenomenologies are summarised in Table 2.1 case by case together with the 
temporal and spatial scales of the experiments and the Pilot Groups responsible for each 
of the problem definitions. 

It should be emphasised that models were not expected to be validated by their 
application to any of the selected test cases. Instead it was anticipated that the 
application of several alternative models to the same test case should contribute to 
better understanding of the applicability and limitations of the models as well as of the 
validation methodology itself. 
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Table 2.1 Summary of characteristics of the Level 2 test cases. 

Case 
no 

1 

2 

3 

4 

5 

Physical processes 
addressed 

Coupled groundwater 
flow and heat trans
port in fractured 
rock 

Variable density 
flow and salt trans
port by analogy with 
heat transport 

Groundwater flow 
in a crystalline 
rock 

Regional ground
water flow in low 
permeability rock 

Ground water flow 
in an unsaturated soil 

Spatial 
scale 

20x50 m 

150x600 ml 

200x150x50 m 

80x80x0.5 km 

<10m 

Temporal 
scale 

5.5 yrs 

lOyrsi 

<10 days/ 
steady-
state 

steady-
state 

75 days 

Pilot 
Group 

Harwell 

GSF 

Kemakta 
AECL 

SANDIA 

U.S.NRC 

iScales are given for the HYDROCOIN test case. The original experiment was 
reported in dimensionless parameters. 

Level 2 Participation 

The five Level 2 cases have been analysed by the Project Teams using a number of 
computer codes. The codes have various capabilities of handling different types of 
analyses, ranging from steady-state groundwater flow to transient problems and 
including phenomena such as buoyancy driven flow. Appendix 2 gives the main 
characteristics of the codes used by the different Project Teams in the Level 2 effort. 

Table 2.2 gives an overview of the participation on the five cases. In this table, three-
letter abbreviations have been used for the participating Project Teams and for the 
codes they have used. These abbreviations are used throughout the report and are 
explained in Table 2.3. A combination of a Project Team and a computer code is 
referred to by a six-lettered abbreviation in which the first three letters designate the 
code name and the last three the name of the Project Team according to the list in 
Table 2.3. 

In the following Chapters 3-7, the five cases are defined in detail and the results from 
the calculations are compiled and analysed. Furthermore, conclusions are drawn from 
each case. In Chapter 8, the conclusions from Level 2 are summarised and recommen
dations for future validation exercises are made. Most of the Project Team efforts have 
been documented in Project Team reports, which are listed at the end of this report. 
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Table 2.1 Overview of Level 2 participation. (Abbreviations are explained in 
Table 23). 

Prckv* Computer Case 1 Case 2 Cas^ 3 Case 4 Case 5 
Team Code 

AES NAM X 

CRJ PEG X 
CHG X 

EDM TRI XX 

MET X 

ETH FM3 X 

GSF FAS X 
SWl X 

HAR NAM X 

NAP X 

HAZ UNS X 

JAE 2DS X X 

3DS XX 

KTH GWH X 

MCI FM3 X 

NRC FEM X 
UNT X 

SW2 X 

OKU ANG X 

OWT STO X 

RTV MTR X X 

SAN USG X 

SRP CFE X 

UPC INV X 

VTT FE3 X 
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Table 2.3 Abbreviations used for the codes and the Project Teams that hav 
participated at Level 2 of HYDROCOIN. 

COMPUTER CODES 

ANG ANGEL NAM NAMMU 
CFE CFEST NAP NAPSAC 
CHG CHGR STO STOKES 
FAS FAS! SWI SWIFT 
FEG FEGM SW2 SW1FT2 
FEM FEMWATER TRI TRISEC 
FE3 FEFLOW3 UNS UNSAT 
FM3 FEM301 UNT UNSAT2 
GWH GWHRT USG USGS3D 
INV INVERT4 2DS 2DSEEP 
MET METIS 3DS 3DSEEP 
MTR METROPOL 

PROJECT TEAMS 

AES Atkins Engineering Sciences, United Kingdom 
CRI Central Research Institute of Electric Power Industries, Japan 
EDM Ecole Nationale Superieure des Mines de Paris, France 
ETH Eidgenossige Technische Hochschule, Zurich, Switzerland 
GSF1 Gesellschaft fur Strahlen- und Umweltforschung, 

Federal Republic of Germany 
HAR Harwell Laboratory, United Kingdom 
HAZ Hazama-Gumi Limited, Japan 
JAE Japan Atomic Energy Research Institute, Japan 
KTH Royal Institute of Technology, Sweden 
MCI2 Motor Columbus Consulting Engineers, Baden, Switzerland 
NRC Nuclear Regulatory Commission, U.S.A. 
OKU Okumura-Gumi Limited, Japan 
OWT3 Office of Waste Technology Development, U.S.A. 
RIV Rijksinstituut voor Volksgezondheid en Milieuhygiene, the 

Netherlands 
SRP* Salt Repository Project, U.S.A. 
SAN Sandia National Laboratories/NRC, U.S.A. 
UPC Universidad Politecnica de Cataluna, Spain 
VTT Technical Research Centre of Finland, Finland 

i During the course of the project GSF has taken over the HYDROCOIN 
participation from the Technical University of Berlin. 

2 New company name Colenco Ltd. 
3 P»ievious name Office of Crystalline Repository Development. 
4 Previous name Office of Nuclear Waste Isolation. 
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Case 1: Thermal Convection and Conduction Around a 

Field Heat Transfer Experiment 

Definition of Case 1 

Background 

Heat generated by radioactive waste placed in a repository will lead to an increase in 
the temperature of the rock in and around the repository, which varies in time. The 
governing processes are thermal conduction and convection, where conduction will be 
the dominant process for a repository in a low permeability rock. 

However, heat may also be transferred, either by forced convection arising from 
groundwater flow generated by external pressure gradients, or by free convection 
arising from flow driven by buoyancy forces. The temperature rise will lead to 
buoyancy driven flow. This has important implications for radioactive waste disposal, 
since buoyancy driven flow is predominantly vertical near a repository. Hence, it could 
shorten the migration path and travel times from a repository to the biosphere or alter 
flow rates. 

The objective of the present test case is to test models for coupled groundwater flow 
and heat transport. The mathematical problem is non-linear, and in the present test case, 
both free and forced convection may be important. 

The heat transfer experiment which forms the basis of this validation exercise, was 
performed in a disused granite quarry near Camborne in Cornwall from July 1978 to 
February 1984 [3.1, 3.2J. A view of the quarry is shown in Figure 3.1. 

An electrical heater was located in a cased borehole. The temperatures in the sur 
rounding rock were recorded at regular intervals. The equivalent permeability of the 
fractured granite in the vicinity of the heater was considerably greater than that at 
greater depths [3.3, 3.4], partly as a result of the weathering and increased fracturing 
near the surface. Furthermore, the natural near-surface permeability was probably 
increased by the effects of explosive charges, which were set off in boreholes about 
50 m from the heater hole as part of a geothermal energy project. Thus, while the flow 
through the rock mass undoubtedly takes place through discrete fractures, it is Hypo
thesised in this test case, that these fractures are sufficiently closely spaced and 
interconnected for a permeable porous medium assumption to be a reasonable approxi
mation. 

The purpose of the experiment was to determine the heat transfer properties of the rock. 
The database for this case was not ideal for validation of models for coupled ground 
water and heat transport, since nearly all the available data consisted of temperature 
measurements, whereas there were only four measurements of pressure head. Despite its 
obvious limitations, the test case was approved by the participants in the study, because 
of its general value in confidence-building. 
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3.1.2 Description of the Experiment 

The experimental site (Figure 3.1) was Carwynnen Quarry located approximately 3 km 
south of Camborne in Cornwall. Its geological setting is described elsewhere [3.4, 3.5]. 
The surface fracture pattern is dominated by conjugate sets of steeply dipping joints 
striking 015° and 105°, with subordinate sets striking 060° and ISO0 (all strikes are 
given relative to true north). These near-vertical joints are supplemented by 
subhorizontal stress-relief joints down to depths of about SO m. rhe separation between 
members of each of these sets is about 1 m. 

The electrical heater with a length of 4.6 m was placed in a cased borehole with its 
centre at a depth '-»f 44.6 m (see Figure 3.2 and Table 3.1). The time-dependent power 
output averaged over 20 day intervals is shown in Figure 3.3. The history of the power 
output is divided into three major sections: for the first 273 days the power was fairly 
constant at a low level, for the next 1100 days the power was fairly constant at a higher 
level; and finally the power was raised to a maximum which was slowly reduced until 
the heater was turned off on day 2048. Between days 939 and 968 the heater was 
removed for repair. 

As can be seen the power output is not a smooth function of time. This is because the 
power output was controlled to maintain a specified constant rock edge temperature. 
Furthermore,over the five and a half year operation of the heater there were numerous 
interruptions of the power supply and equipment breakdowns. 

The time-dependent temperatures were recorded with resistance thermometers in 
contact with the rock in the heater hole and in sixteen surrounding boreholes. These S 
cm diameter boreholes were drilled at radial distances between 0.7 m and 16.4 m from 
the heater borehole in various azimuthal directions. Each of these boreholes contained 
thermometers at depths of 35.2 m, 43.6 m and 52.0 m. The temperature was thus 
sampled at 48 points located throughout a cylinder with a radius of about 20 m around 
the heater. 

3.1.3 Experimental Results 

An extensive collection of data exists on the daily temperatures recorded by each of the 
resistance thermometers [3.6]. Much of the collected data is unreliable because of 
mechanical malfunctions of the chart recorders. However, the data from borehole P at a 
radial distance of 2.83 m appear to be reliable between 80 and 1900 days. This set has 
therefore been selected as the primary data set for the validation exercise within 
HYDROCOIN. Figure 3.4 shows a schematic of the geometry. The time-dependent 
temperature rises shown by the top, middle and bottom thermometers in borehole P are 
plotted in Figure 3.5 and listed in Table 3.2. The results are presented in terns of a 
cylindrical coordinate system with axis along the centre of the heater borehole, azimuth 
due north and origin at the centre of the heater. The ambient rock temperature was on 
average about 10.8°C. 

One notable feature of the data is a marked temperature asymmetry between the top and 
bottom thermometers. The fact that the rock above the heater is significantly hotter than 
that below, suggests that thermal convection may be taking place. This is further 
illustrated in Figure 3.5, which shows a temperature rise profile along borehole P after 
1470 days (shown also in Table 3.3). These results were obtained by lowering the 
resistance thermometer in 1 m steps with one minute elapse before recording the 
temperature. 
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Table 3.1 Time-dependent power and energy output from the heater. 

Day 
no. 

0 
20 
40 
60 
80 
100 
120 
140 
160 
180 
200 
220 
240 
260 
273 
280 
300 
320 
340 
360 
380 
400 
420 
440 
460 
480 
500 
520 
540 
560 
580 
600 
620 
640 
660 
680 
700 
720 
740 
760 
780 
800 
808 
819 
820 
840 
860 
880 
900 
920 
939 
940 
960 
968 
980 
1000 

Energy 
(GJ) 

0.000 
6.171 
11.668 
16.935 
22.222 
27.519 
32.780 
37.927 
43.071 
47.427 
52.016 
56.885 
61.638 
66.176 
69.375 
74.848 
90.420 
106.056 
121.040 
136.185 
152.663 
169.114 
185.260 
201.440 
216.734 
232.507 
248.755 
264.213 
279.207 
295.380 
309.902 
326.361 
343.560 
358.334 
374.700 
391.341 
408.137 
424.501 
440.600 
457.135 
472.964 
489.739 
496.062 
501.598 
502.101 
515.866 
531.697 
548.233 
565.337 
581.533 
595.606 
595.606 
595.606 
595.606 
604.111 
618.286 

Power 
(kW) 

0.000 
3.571 
3.181 
3.048 
3.060 
3.065 
3.045 
2.979 
2.977 
2.521 
2.656 
2.818 
2.751 
2.626 
2.848 
9.049 
9.012 
9.049 
8.671 
8.764 
9.536 
9.520 
9.344 
9.363 
8.851 
9.128 
9.403 
8.946 
8.677 
9.359 
8.404 
9.525 
9.953 
8.550 
9.471 
9.630 
9.720 
9.470 
9.317 
9.569 
9.160 
9.708 
9.148 
5.825 
5.824 
7.966 
9.161 
9.569 
9.898 
9.373 
8.573 
0.000 
0.000 
0.000 
8.203 
8.203 

Day 
no. 

1020 
1040 
1060 
1080 
1100 
1120 
1140 
1160 
1180 
1200 
1220 
1240 
1260 
1280 
1300 
1320 
1340 
1360 
1380 
1400 
1420 
1440 
1446 
1460 
1480 
1498 
1500 
1520 
1540 
1560 
1580 
1600 
1620 
1640 
1660 
1680 
1700 
1720 
1740 
1760 
1780 
1800 
1820 
1840 
1860 
1880 
1900 
1920 
1940 
1960 
1980 
2000 
2020 
2040 
2048 

Energy 
(GJ) 

633.964 
648.889 
664.719 
680.681 
696.332 
712.443 
727.409 
743.353 
758.941 
774.421 
789.937 
805.489 
820.407 
835.211 
850.121 
863.921 
876.983 
890.046 
902.117 
911.387 
927.141 
941.001 
945.130 
962.076 
986.084 
1007.899 
1009.639 
1028.083 
1048.340 
1067.895 
1087.463 
1106.988 
1125.852 
1143.195 
1160.313 
1177.085 
1192.059 
1203.334 
1213.401 
1222.378 
1230.605 
1238.242 
1245.802 
1253.058 
1260.482 
1267.710 
1274.904 
1282.138 
1289.011 
1295.252 
1301.538 
1307.585 
1311.620 
1316.679 
1318.748 

Power 
(kW) 

9.073 
8.637 
9.161 
9.237 
9.057 
9.324 
8.661 
9.227 
9.021 
8.958 
8.979 
9.000 
8.633 
8.567 
8.629 
7.986 
7.550 
7.560 
6.986 
5.365 
9.117 
8.021 
7.965 
14.010 
13.894 
14.027 
10.069 
10.674 
11.723 
11.317 
11.324 
11,299 
10.917 
10.036 
9.906 
9.706 
8.666 
6.525 
5.826 
5.195 
4.761 
4.420 
4.375 
4.199 
4.296 
4.183 
4.163 
4.186 
3.977 
3.612 
3.638 
3.499 
2.335 
2.928 
2.993 
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Table 3.2 Time-dependent temperature rises of the top, middle and bottom 
resistance thermometers in borehole P (r = 2.83 m). 

Day 

80 
100 
120 
140 
160 
180 
200 
220 
240 
260 
280 
290 
300 
310 
320 
330 
340 
360 
380 
400 
420 
440 
460 
480 
500 
520 
540 
560 
580 
600 
620 
640 
660 
680 
700 
720 
740 
760 
780 
800 
820 
827 
840 
860 
880 
900 
920 
940 
950 
960 
970 

Top 
z=9.4m 
(°C) 

3.0 
3.7 
4.2 
4.3 
4.5 
4.8 
4.7 
5.0 
5.2 
5.2 
5.4 
6.8 
9.2 
10.7 
11.7 
12.7 
14.1 
15.2 
16.0 
16.5 
18.1 
18.6 
19.2 
20.0 
20.6 
21.0 
21.3 
21.6 
21.5 
22.0 
22.6 
22.7 
22.8 
23.2 
23.2 
23.7 
23.7 
24.0 
24.2 
24.2 
24.1 
23.3 
23.4 
24.2 
24,3 
24.4 
24.7 
24.8 
23.7 
22.4 
21.2 

Middle 
z=1.0m 
(°C> 

8.2 
9.2 
9.7 
10.0 
10.4 
10.4 
10.3 
10.7 
11.2 
11.2 
11.7 
14.2 
16.2 
1P.1 
20.0 
21.4 
23.2 
25.0 
26.6 
27.2 
28.9 
29.8 
30.4 
31.1 
31.7 
32.4 
31.7 
31.7 
30.7 
31.4 
31.6 
31.4 
31.7 
32.7 
33.4 
33.7 
34.2 
34.4 
34.7 
35.2 
34.4 
32.7 
32.2 
33.1 
34.2 
34.6 
35.2 
35.4 
32.3 
29.1 
26.2 

Bottom 
z=-7.4m 
(°C) 

2.2 
2.4 
2.4 
2.7 
2.7 
3.0 
3.2 
3.2 
3.3 
3.5 
3.7 
3.7 
3.7 
3.8 
4.1 
4.2 
4.4 
5.1 
5.3 
6.2 
6.6 
6.7 
7.1 
7.7 
8.0 
8.2 
8.6 
8.8 
9.1 
9.2 
9.2 
9.2 
9.3 
9.3 
98 
10.2 
10.2 
10.4 
10.7 
10.7 
11.0 
11.0 
11.1 
11.2 
11.2 
11.2 
11.4 
11.4 
11.6 
11.4 
11.2 

Day 

980 
990 
1000 
1020 
1040 
1060 
1080 
1100 
1120 
1140 
1160 
1180 
1200 
1220 
1240 
1260 
1280 
1300 
1320 
1340 
1360 
1380 
1400 
1420 
1440 
1450 
1460 
1470 
1480 
1490 
1500 
1520 
1540 
1560 
1580 
1600 
1620 
1640 
1660 
1680 
1700 
1720 
J 740 
1760 
1780 
1800 
1820 
1840 
1860 
1880 
1900 

Top 
z=9.4m 
(°C) 

20.3 
21.1 
21.8 
22.8 
23.1 
23.3 
24.0 
24.2 
24.1 
24.2 
24.2 
24.2 
24.7 
24.5 
24.8 
24.5 
24.8 
24.7 
24.7 
24.7 
25.0 
25.2 
25.2 
25.0 
24.8 
25.3 
25.8 
27.7 
29.0 
30.2 
31.3 
32.0 
32.1 
32.2 
32.4 
32.5 
32.6 
33.1 
33.4 
33.1 
33.1 
30.9 
30.2 
29.4 
29.2 
29.2 
28.7 
28.2 
28.2 
28.2 
28.1 

Middle 
z=1.0m 
(°Q 

25.6 
27.0 
28.2 
30.7 
31.9 
32.3 
32.8 
33.4 
34.1 
34.2 
34.2 
34.6 
34.2 
34.1 
34.1 
33.8 
33.8 
33.8 
33.7 
34.2 
34.2 
34.4 
34.5 
35.1 
35.1 
36.6 
40.2 
44.0 
46.3 
47.7 
49.1 
48.8 
49.2 
48.6 
49.0 
49.1 
49.0 
49.0 
48.8 
48.3 
48.1 
47.5 
46.5 
46.4 
45.0 
44.8 
44.4 
44.7 
44.2 
44.4 
44.3 

Bottom 
z=-7.4m 
(°C) 

11.2 
11.2 
11.0 
11.0 
11.0 
11.1 
11.2 
11.2 
11.4 
11.8 
11.8 
12.0 
12.0 
12.0 
12.0 
12.2 
12.2 
12.3 
12.2 
12.4 
12.4 
12.3 
12.4 
12.4 
12.7 
12.7 
12.9 
13.1 
13.2 
13.1 
13.3 
14,1 
14.2 
14.6 
15.1 
15.3 
15.6 
16.3 
16.5 
17,1 
17.2 
17.2 
17.8 
17.7 
17.2 
17.5 
17.4 
17.7 
17.2 
17.4 
17.3 
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The transient curves show some peculiar features in addition to the general asymmetry 
evident in the "steady-state" response. The temperature of the lower thermometer seems 
to have a very smooth time dependence regardless of perturbations in the heat source. 
The central thermometer, which is closest to the heater, shows a marked drop in 
temperature following the removal of the heater between days 939 and 968. This 
qualitative behaviour is to be expected from heat conduction theory. However, the 
similar perturbation observed at about the same time in the top thermometer would not 
occur if the heat transfer was caused by conduction solely. 

Table 3.3 Temperature rise profile along borehole P after 1470 days. 

z(m) 

34.6 
33.6 
32.6 
31.6 
30.6 
29.6 
28.6 
27.6 
26.6 
25.6 
24.6 
23.6 
22.6 
21.6 
20.6 
19.6 
18.6 
17.6 
16.6 
15.6 
14.6 

8(°C) 

2.2 
2.2 
2.3 
2.7 
3.1 
3.2 
3.6 
4.0 
4.4 
5.1 
5.6 
6.2 
7.0 
7.9 
8.8 
9.8 

11.0 
12.0 
13.2 
14.9 
16.6 

z(m) 

13.6 
12.6 
11.6 
10.6 
9.6 
8.6 
7.6 
6.6 
5.6 
4.6 
3.6 
2.6 
1.6 
0.6 

-0 .4 
-1 .4 
-2 .4 
-3 .4 
-4 .4 
-5 .4 
-6 .4 

6(°C) 

18.7 
20.6 
24.0 
27.0 
29.4 
31.8 
34.2 
36.5 
39.3 
41.5 
43.7 
45.5 
46.2 
45.8 
40.7 
32.7 
25.9 
21.1 
17.3 
14.6 
12.7 

Table 3.4 Temperature rises at radial distances of about 2.8 m after 1400 days at 
different azimuthal angles in degrees from true north. 

Hole 

L 

M 

P 

(m) 

2.79 ±0.10 

2.65 ± 0.08 

2.83 ± 0.03 

Azimuthal 
angle 

79 ± 2 

115±1 

331 ± 6 

Top 
z=9.4 m 

(°C) 

24.2 

28.7 

25.2 

Middle 
z=1.0m 

(°C) 

33.2 

35.7 

34.5 

Bottom 
z=-7.4 m 

<°C) 

10.7 

10.2 

12.4 
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It is important to note that an asymmetry of the above type was seen in all the measure
ment boreholes regardless of their radial position or azimuthai direction (see Table 3.4). 
Also, from the limited data available it appears as if there was no qualitative difference 
between holes which were left open and those that were filled with sand. 

Table 3.S lists the most reliable temperature data at a variety of positions around the 
heater after 1400 days. At this time the heater had Ken operating at an average power 
of about 8.6 kW for over 1100 days. The results in Table 3.5 give an approximate idea 
of the steady-state temperature field for a heater with a constant power output of 8.6 
kW. 

The data can be analysed to give in-situ values for the heat transfer properties of the 
rock mass, most notably the thermal conductivity and the effective permeability. In 
order to be able to judge whether such values are reasonable, it is necessary to compare 
them with some independent measurements. To this end, laboratory measurements were 
made of the density, specific heat and thermal conductivity of the rock. The precise 
locations from which the samples were taken are not known, thus the measurements 
should be used with some caution. Nevertheless, they give some guidance to the 
parameter values found at depth, in tue opinion of the experimenters, they are likely to 
be within ± 50 % of the in-situ values derived from the performed experiment. 

The remaining measurements which have been made independently of the present 
heating experiment are single hole permeability tests in the measurement boreholes. 
However, these should only be used as an order-of-magnitude guide to in-situ values of 
the horizontal permeability appropriate to the present experiment. No measured values 
of the specific storage or porosity are available. 

The permeability tensor could be significantly anisotropic. From the form of the 
fracture sets, it appears that the principal components of the permeability tensor are 
likely to lie in the vertical and horizontal directions and that the two horizontal 
components are likely to be equal. Since the major feature of the data is a vertical 
temperature asymmetry, it may be sufficient to simply describe the effective permea
bility tensor by two, or even one nurr ber. 

In the vicinity of the heater, the natural pressure gradient is directed vertically upwards. 
Near the heater, it therefore reinforces the effect of the free thermal convection due to 
buoyancy forces. The only quantitative measurements of the natural hydraulic head are 
made in borehole C at a radial distance of about 1.8 m ?nd an azimuth of 305°. The 
steady-state heads in sections between 30-34 m, 40-44 m, 50-54 m and 60-64 m were 
-0.5 m, -0.05 m, 0.05 m and 0.20 m respectively. 

There were considerable seasonal variations in the water table. Although the water table 
generally was within a few metres of the top surface, during one period of drought it 
descended to about 20 m below the surface. 
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Table 3.5 Temperature rises at various positions around the heater after 1400 
days; (azimuthal angle in degrees fron true north). 

Hole 

C 
G 
J 
M 
P 
L 
V 
G 
C 
M 
L 
P 
J 
V 
G 
C 
M 
L 
P 
J 
E 
V 

r 
(in) 

1.73 
1.95 
2.69 
2.75 
2.88 
2.92 

10.06 
1.75 
1.81 
2.66 
2.76 
2.82 
2.85 
9.88 
1.49 
1.87 
2.55 
2.68 
2.80 
3.08 
3.85 
9.70 

Azimuthal 
angle 

313 
23 

216 
115 
338 
76 
50 
19 

304 
115 
79 

331 
216 
51 
13 

300 
115 
81 

323 
217 
208 
52 

z 
(m) 

94 
9.4 
9.4 
9.4 
9.4 
9.4 
9.4 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

-7 .4 
-7 .4 
-7 .4 
-7 .4 
-7 .4 
-7 .4 
-7 .4 
-7 .4 

Temp, rise 
TO 
29.7 
28.7 
25.7 
28.7 
25.2 
24.2 
9.3 

45.2 
47.7 
35.7 
33.2 
34.5 
39.2 
10.2 
11.2 
i0.7 
10.2 
10.7 
12.4 
11.2 
10.2 
6.7 

3.1.4 Conceptual Model 

In the model conceived at iiie outset of the formulation of the test case, the major flow 
paths through the rock masr were assumed to be approximately planar fractures 
intersecting one another to fc.m a three-dimensional network. The flow within 
individual fractures was interrupted by asperities which transmitted the mechanical 
forces. If the asperities occupied a significant area of the fracture surface, they would 
restrict the flow to relatively narrow channels. These could intersect one another within 
fracture planes or at the junction between fractures. 

In the present test case, this complex system of intersecting flow paths was treated as an 
equivalent saturated, porous medium, although a free interpretation of the experiment 
was included as an option for the case, see Section 3.1.6. 

Heat was considered to be transported by conduction through the medium and by 
convective transport by water. 

In addition, the following assumptions were made: 

• The water and rock have a common temperature field. 
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• In the absence of tht heat source, the temperature is constant everywhere and the 
flow is vertically upwards, governed by the natural pressure gradient. 

• The physical properties of the water and the rock are independent of pressure. 

• The physical properties of the water and the rock are assumed to be independent of 
temperature except for the density and viscosity of water. 

3.1.5 Mathematical Model 

A mathematical model based on the assumptions in the previous section was given in 
the test case description. The equations were given in terms of the rise in dynamic 
pressure and temperature: 

Continuity equation 

5F[epw(e)] + v[pw(e)q(i,t)] = 0 (3.1) 

q,0M) = - ^ 1 

Darcy'slaw 

vpd(x,t) - [pw(9) - pwte<>)] g ] (3.2) 

Energy balance 

(pC)a ae^t) = p^ ̂ e (-1 ) _ Pw(e) c ^ - (-1) m-t) (3 3) 

The given initial conditions were a zero temperature rise in the whole regime and a 
uniform upward pressure gradient: 

9(x,0) = 0 (3.4) 

vpd(x,0) = z l (3.5) 

The dynamic pressure rise is related to the total groundwater pressure through the 
following relation: 

pd(x,t) = p(x",t) + pw(60) g z (3.6) 

3.1.6 Requested Output 

In this test case, the physical parameters derived from fitting a model to the experiment 
are to be assessed for consistency with other independent data. If two sets of parameter 
determinations agree with one another, within expected uncertainty bounds, then the 
model can be assumed to have some degree of validity, and confidence in the model is 
thereby increased. 
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It was proposed in the test case specification [3.1] that this approach should be used in 
conjunction with the data described in previous sections, to validate models of coupled 
heat transfer and groundwater flow. Three different levels of participation with 
increasing complexity were envisaged. The first two levels concerned validation of the 
porous permeable medium model for the steady-state (variation la) or time-dependent 
(variation lb) situation. The final case (variation lc) implied a free interpretation of the 
data. The first two cases assume the validity of Darcy's law, while this is not necessarily 
the case in variation lc. 

In variation la the thermal conductivity and the permeability should be fitted to the 
"steady-state" data listed in Table 3.5. These fitted values should be compared with the 
independent measurements to see if the fitted parameters are plausible. 

Case lb should proceed in a similar fashion to variation la, except that in addition the 
model should be fitted to the time-dependent data in Table 3.2 using the time-dependent 
power output in Table 3.1. 

Variation lc allowed free interpretation of the data. 

The above specification of the proposed validation exercise was deliberately made 
rather general; it was intended that there should be sufficient flexibility for the Project 
Teams to use their own judgement. Some relevant parameters of the site and experiment 
are summarised in Table 3.6. 

Table 3.6 Summary of relevant parameters of the site and experiment 

Parameter Value 

Depth of heater centre 44.6 m 
Depth of top thermometer 35.2 m 
Depth of middle thermometer 43.6 m 
Depth of bottom thermometer 52.0 m 
Length of heater 4.6 m 
Diameter of heater 0.15 m 
Diameter of steel pipe 0.20 m 
Thickness of steel pipe 0.0095 m 
Diameter of heater hole 0.30 m 
Diameter of thermometer holes 0.05 m 
Ambient temperature of rock 10,8 °C 
Laboratory thermal conductivity 3.3 ± 0.3 W• m-1 • K-1 

Laboratory rock density 2630 ± 25 kg • nr3 

Laboratory rock specific heat 820 ± 100 J kg-' K~' 
Field permeability 3 . 5 - 4 0 10"14 m2 

3.1.7 Features of the Case 

This case is a validation exercise for models of coupled heat and groundwater flow in 
fractured rocks. The models for this case are non-linear. Both (pseudo) steady-state and 
transient data are provided in the case definition. 
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Besides the coupled flow and heat transport, significant features of the case are flow in 
fractured granite and model validation with sparse data. The experimental data are 
independent only to a limited degree. 

Compilation of die Results 

Description of Performed Simulations 

The case was analysed by seven Project Teams (GWHKTH, SW2NRC, NAMHAR, 
CHGCRI, 2DSJAE, METEDM, STOOCR). Most of the calculations were made for 
variation la. The aim of this variation was to calibrate a given model. Values of 
thermal conductivity and permeability were to be chosen to fit the pseudo steady-state 
vertical temperature profile in borehole P at r = 2.83 m. The selected values were then 
to be compared with measurements to see if they are plausible. SW2NRC, 2DSJAE and 
NAMHAR performed extensive parameter variations, including the introduction of 
additional physical concepts such as anisotropic hydraulic and thermal conductivities. 
STOOCR used adjoint sensitivity analysis as a guidance for adjusting die model 
parameters to obtain an improvement of the fit between the computed and the 
experimental results. 

GWHKTH and METEDM also made calculations for the transient case, variation lb. 
The results presented by METEDM as an answer to variation la were, as a matter of 
fact, part of the transient lb-results taken as a snapshot at 1470 days. NAMHAR and 
2DSJAE also tried alternative conceptual models within the framework of the free 
interpretation in variation lc. 

Results from Steady-State Simulations 

Most of the Project Teams used both qualitative and quantitative methods to assess the 
agreement between the measured and calculated temperatures in order to calibrate the 
model. They compared temperature profiles "by eye", and also used quantitative 
goodness-of-fit functions to make more quantitative comparisons. The following 
functions 

Fi= 
N 
I 

i=l 
(tf? - e ^ (3.7) 

F 2 = 
N i=l 6j * l 

(3.8) 

N 

*-i£l«T-«fl (3.9) 
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F«=l f l lj- f lj l <310> 

F 5 = | Z p - Z p | (3.11) 

were used by the various Project Teams. Fj was used by NAMHAR, SW2NRC, 
STOOCR, and 2DSJAE, and F3 was used by CHGCRI. NAMHAR also used F2 as a 
second measure, and SW2NRC also used measures F4 and F5. 

Most of the Project Teams have compared their computed results with the temperature 
profile measured in borehole P after 1470 days (see Table 3.3). The 2DSJAE and 
STOOCR results have, in addition, been evaluated against measured temperature rises 
in boreholes G, V, E, J, M, P, and L respectively M, P, and V. The measured 
temperatures in holes at similar radial distances were averaged in order to even out the 
traces of radial asymmetry in the experiment. The best-fit parameter values obtained by 
the Project Teams are listed in Table 3.7. Figures 3.7-3.9 give examples of fits obtained 
by SW2NRC, GWHKTH and CHGCRI. The measured parameter values to be 
compared widi the best-fit (Table 3.6) are 3.0-3.6 W-nH-K"1 for the thermal 
conductivity, and 3.5 10-14 - 4.0-lO-13!!!2 for the permeability. In addition, the 
hydraulic head data given in Section 3.1.3 yield an average hydraulic gradient of 0.022 
if a straight-line fit is applied to them. 

The best fits for NAMHAR, CHGCRI and 2DSJAE have all been obtained with a zero 
hydraulic gradient. It is interesting to note that these teams have reported significantly 
higher values for both the hydraulic and the thermal conductivity than the other teams. 
The values are also higher than the measured data. At the other end of the scale 
METEDM reported a high value for the hydraulic gradient and comparatively low 
values for the two conductivities. 

This illustrates the possibility that a unique calibration of a given model may not exist. 
There may be several combinations of parameter values that can be judged to be 
acceptable. In the present case, the different best fits obtained by the Project Teams 
show that conduction is inadequate to describe the experimental results and that 
significant quantities of heat are being transferred by convection. The difference 
between the Project Teams is in the balance between free and forced convection. 

The Project Teams which attempted to fit the calculations to measurements in several 
boreholes, i.e. 2DSJAE and STOOCR, showed that the parameters that gave the best fit 
in borehole P (r = 2.83 m) did not yield a satisfactory fit in borehole V (r * 10.0) and 
vice versa. Figure 3.10 illustrates this for 2DSJAE. The best fit for borehole V was 
obtained for a permeability of 1.2 lO^m 2 and a thermal conductivity of 4.5 
WnH-K -1, i.e. a significantly higher heat transport was needed compared to the 
best-fit for borehole P. 

Figure 3.11 shows some results from a local sensitivity analysis performed by 
SW2NRC. The figures illustrate the sensitivity with respect to the rock porosity, the 
vertical hydraulic gradient, the hydraulic conductivity of the rock and the thermal 
conductivity. The results are fairly insensitive to variations of the porosity over three 
orders of magnitude, whereas a variation nf the thermal conductivity with a factor of 
two causes significant alterations of the computed temperature profiles. 
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Table 3.7 Best-fit values of thermal conductivity, permeability, and hydraulic 
gradient. 

Project 
Team 

GWHKTH 
SW2NRC 
NAMHAR 
CHGCRI 
2DSJAE 
METEDM 
STOOCR 

Thermal cond. 
(W-nH-K-*) 

3.0 
3.6 
4.5 
4.4 
3.9 
2.9 
4.01 

Permeability 
Vn2) 

4.0 10-K 
1.8 10-13 
1.1 10-12 
1.6 10-12 
1.4 10-12 
1.5 10-13 
2.0 10-12 

Gradient 
(m/m) 

0.025 
0.025 
0.0 

0.0 
0.075 
0.0 

i The value in the table is the ver^nl component. The 
horizontal component is 3.6 W • nr4 • K-1. 

The Project Team, in addition, made local sensitivity studies with respect to the vertical 
hydraulic and thermal conductivities, the thermal expansion coefficient, the heat 
capacity of the rock and the dispersion length. In none of these variations, both the peak 
temperature and the skewness of the temperature profile were properly simulated. 

The local sensitivity analysis by SW2NRC was followed by a global analysis using 
Latin Hypercube sampling of eight parameters. Twenty realisations were calculated. 
These are shown in Figure 3.12. The simulations were evaluated in terms of three 
different performance measures. Stepwise linear and rank regressions were performed 
for the three performance measures (Fi, F4, and F5) and the relative importance of the 
sampled parameters were calculated, see Table 3.8. 

The most significant parameters were found to be the hydraulic gradient, the thermal 
conductivity, the vertical hydraulic conductivity and the dispersion length. It should be 
noted that the mathematical model given in the test case definition does not include 
dispersion. The SW2NRC Project Team included dispersion to account for mechanical 
mixing of the converted heat. The identified significance of the dispersion length 
further supports the contention that this heat transport experiment is not simply a 
conduction problem. The ordering of the parameters in terms of importance depends on 
the goodness-of-fit measure used. For example, the vertical hydraulic conductivity was 
found to be a very important parameter when the error in the peak temperature or the 
location of the peak was used as the goodness-of-fit function, but it was not found to be 
a significant parameter if the root-mean-square error over the whole profile was used. 

Figure 3.13 shows a series of 58 simulations by NAMHAR with different combinations 
of parameter values for the thermal conductivity, the vertical hydraulic gradient, and the 
horizontal and vertical hydraulic conductivity. The simulations have been sorted in 
order of improved fit as given by decreasing value of the root-mean-square error over 
the entire temperature profile. It is worth noting that the improved fit cannot be 
attributed to any significant trend in any particular parameter. 
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The calculated best-fit temperature profiles of all the Project Teams agree reasonably 
well with the measured profile. However, there are small differences. Either the peak 
temperatures is predicted well and the observed skewness of the temperature profile is 
not well predicted or vice versa. This can be taken as an indication that some feature of 
the experiment is not completely described by the proposed model. 

Table 3.8 Relative importance of parameters as evaluated by stepwise and rank 
regression on 20 Latin Hypercube sarrples using three different 
performance measures. 

Parameter 

Hydraulic gradient 
Thermal conductivity 
Hydr. cond. (vert.) 
Dispersion length 
Thermal expansion 
Heat capacity 
Porosity 
Hydr. cond. (isotr.) 

Squared temp. 
differences 

Linear Rank 

0.42 
0.15 
0.0 
0.14 
0.0 
0.0 
0.0 
0.0 

0.08 
0.29 
0.0 
0.12 
0.18 
0.0 
0.05 
0.0 

Peak temp. 
differences 

Linear Rank 

0.30 0.22 
0.10 0.10 
0.31 0.30 
0.19 0.25 
0.0 0.08 
0.0 0.0 
0.0 0.0 
0.0 0.0 

Vert, location 
of temp, peak 

Linear Rank 

0.18 0.15 
0.23 0.15 
0.32 0.50 
0.08 0.09 
0.0 0.01 
0.04 0.03 
0.0 0.0 
0.0 0.01 

The NAMHAR team applied a statistical analysis of the goodness-of-fit measure using 
the X2 test to investigate the significance of the fit obtained. They found that if the 
accuracy of the temperature measurements was ± 1°, the probability of the model being 
correct is 3 • 10-13. Even if the accuracy is as low as ± 5°, the probability that the model 
is correct is still only 0.1. On the basis of this, they considered that the agreement was 
not nearly good enough to provide any confidence in the model. 

The Project Teams were asked to pass a judgement on the degree of validation obtained 
in Case 1. The judgement was passed by answering the question "To what extent is the 
case for the model established?" with the following given alternative answers: 

a) beyond all reasonable doubt 
b) probably proven 
c) not proven 
d) unlikely to be correct 
e) most certainly wrong. 

The answers given by the Project Teams are compiled in Table 3.9. 
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Table 3.9 Approaches to model validation and conclusions regarding the degree 
of validation achieved. E denotes comparison of experimental and 
measured temperatures by eye, and G denotes use of a quantitative 
goodness-of-fit function. 

Project team 

GWHKTH 
SW2NRC 
NAMHAR 
CHGCRI 
2DSJAE 
METEDM 
STOOCR 

Approaches 

E 
E,G 
E,G 
G 
G 
E 
G 

Conclusions 

probably proven 
not proven 
not proven 

probably proven 
not proven 
not proven 

Results from Transient Simulations 

GWHKTH and METEDM made calculations for the time-dependent case, variation lb, 
using the best estimates of thermal conductivity and permeability obtained from their 
study of variation la. GWHKTH compared by eye the calculated evolution of the 
temperature at the three main measurement locations in borehole P with the measured 
evolution, see Figure 3.14. The temporal variation of the power output from the heater 
was represented in a rather detailed manner, see Figure 3.15. The general behaviour of 
the calculated and measured evolution was similar, but the fit was poorer than for the 
steady-state case. The Project Te?m points out that the temperature profile along 
borehole P after 1470 days of transient simulation shows a poorer fit to the experi 
mental data than does trie profile obtained in the steady-state calculation, compare 
Figures 3.16 and 3.8. This may cast doubts on the validity of the quasi steady-state 
assumption used for calibrating the model. The fact that the processes leading up to the 
quasi steady-state are non-linear further emphasises the importance of being cautious 
with the conclusions in this case. 

METEDM considered three different representations of the variations in heater power 
output. The simplest representation was a constant heat source for the entire duration of 
the experiment, whereas the most complex variation took into account the breakdown 
after 939 days as well as the stepwise increase in power after 1373 days. The increased 
complexity resulted in a better fit between the calculated temperature responses and the 
measured temperatures, see Figure 3.17. 

The time for recovery of the temperature field after heater disturbances seems to be 
fairly well represented in the model, while the calculated temperatures for the top and 
bottom thermometers are systematically lower than the measured temperatures. One 
feature of the measurements is a marked dip in the temperatures recorded for the upper 
and middle thermocouples at about 960 days and the absence of a corresponding dip in 
the measurements for the lower thermocouple. The transient results of METEDM 
reproduce this feature well, although the calculated temperatures for the upper and 
lower thermocouples are not very accurate. 

The Project Team argued that the hydraulic gradient applied seems abnormally high. 
Since the data on the natural flow field are sparse, there is no possibility to either 
confirm or reject this high gradient value. The team expressed a lack of confidence in 
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the ability of the model to properly describe a different situation at the same site, e.g. 
another power output from the heater, or some other temperature measurements at some 
other locations at the site. 

Alternative Conceptualisations of the Experiment 

NAMHAR made several calculations in variation lc in an attempt to find an improved 
agreement between calculation and experiment. They examined such effects as: 

• anisotropy of permeability, 

• alternative equations of state for the groundwater, 

• conduction in the steel casing in the heater borehole, 

• a possible heat-pipe effect in the granular packing between the casing and the 
borehole wall, 

• a damaged zone of altered permeability near the borehole, and 

• variation of permeability with depth. 

None of these calculations gave significantly better agreement between the model and 
the experiment. They also considered the possibility that the heater power had been 
incorrectly measured. Reducing the heater power by a factor of 0.8 and taking the 
thermal conductivity to be 3.3 W-nH-K-* and the permeability to be 10-12 m2, 
significantly improved the agreement between the model and the experiment, although 
it was concluded that the degree of agreement still did not constitute a satisfactory 
validation. 

Both NAMHAR and 2DSJAE conclude that a pure heat conduction model can be ruled 
out, since the results obtained from such models were considerably poorer than the 
convective models. 

Conclusions 

The analyses of this test case have given some contribution to validation of the given 
model. As a result of studying the test case the Project Teams have gained a degree of 
confidence, both in the ability of the given mathematical model to generally represent 
the processes of groundwater flow and heat transport in geological media, and to apply 
the model to the specific experimental site. 

It has been shown that the model proposed in the definition of the test case can 
represent many of the features of the given experiment, and is significantly better than 
at least one alternative model, namely pure heat conduction. However, the discrepancies 
remaining between measurements and the results of the model are sufficiently large to 
imply that the model does not give a complete description of the experiment, i.e. a 
small but important effect is not described by the model. Furthermore, the fact that the 
database is limited means that the degree of support for the model provided by the test 
case is not very great. 
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The conditions at the test site are most probably not representative of conditions at a 
nuclear waste repository. In order to extrapolate the model to conditions prevailing at a 
repository site, it would be desirable to gather more experimental support for the model 
over a range of conditions similar to those at the chosen site. 

It should be noted that the model tested is a continuum, porous medium model, that 
takes no account of the fractured nature of the granite at die experimental site. Thus the 
agreement between the model and the experiment provides some support for the use of 
porous medium models in fractured crystalline rocks, at least for conditions similar to 
those at the experimental site. 

Within the project, it was questioned which aspects of the measurements that were most 
important to simulate. For the steady state case the discussion centered on whether the 
peak temperature or the skewness of the temperature profile had most significance. 
When the case was formulated, the skewness was taken as possible evidence of 
advective transport and it was regarded as important to simulate the skewness. 
However, it was later agreed that the peak temperature was more closely related to the 
sort of performance measures that would be used in repository performance assess
ments, so it was then considered more valuable to simulate the peak temperature. Such 
discussions have an important bearing on the choice of goodness-of-fit functions to be 
used in the analysis of the case. It is clearly desirable that features which are considered 
important in repository performance assessment should be adequately modelled. 
However, it is also necessary to show that all available data can be adequately 
explained. As an example, very little confidence can be placed in a model which 
explains some features of the data, but is contradicted by other data. Thus, the 
goodness-of-fit function should be chosen to assess the adequacy of the model for all 
the data, bearing in mind the quantities likely to be particularly important for repository 
performance assessment. A weighted root-mean-square error for all the data is probably 
a good choice. Unless there are reasons for another choice, the weights should probably 
be chosen to be unity. One such reason would be if it was believed that the accuracy of 
the measurements decreased with increasing values, as is common for many types of 
measurements. In this case it would be sensible to choose the weights inversely 
proportional to the square of the measured value, to reflect the decreased importance 
attached to the more inaccurate measurements, relative to the more accurate ones. 

It should be noted that goodness-of-fit functions that are based on only a small selection 
of the data cannot really be used to gain much assurance about a model, because they 
can not discriminate well between different models, after they have been calibrated. For 
example, the peak temperature goodness-of-fit function is based on only one single 
value, and almost any model could be calibrated to give an exact fit to a single value. 

It is necessary to check the best-fit parameter values, to ensure that they are sensible 
and consistent with any measurements. In this test case, there seem to be indications 
that the measured permeability and thermal conductivity are on the low side. This 
provides potentially useful feedback to the experimental team. 

Also the criterion, against which the goodness-of-fit function is tested to determine if 
the fit is acceptable, must be carefully chosen. It depends on the goodness-of-fit 
function chosen, and must also take into account the likely errors and uncertainties in 
the experiment. 

- 3 8 -



The various Project Teams obtained different best-fit models. This illustrates the 
possibility that a unique calibration of a model may not exist. There ir a consensus that 
conduction as the only means for heat transport is inadequate to explain the data, and 
that significant quantities of heat are being transported by convection. However, the 
results differ in the balance between free and forced convection. At least some of the 
differences between the Project Teams can be attributed to the use of different 
goodness-of-fit functions. 

For all the Project Teams there are consistent discrepancies between their best-fit results 
and the experimental measurements. The statistical analysis by NAMHAR shows that 
the discrepancies probably cannot be ascribed to experimental error. Several expla 
nations have been suggested for the discrepancies. One possible explanation was heat 
transfer by convection in the measurement boreholes, and NAMHAR made some 
scoping calculations which showed that this effect might be important. However, (see 
Section 3.1.3) there are no significant difference in the temperature asymmetry between 
open boreholes and borehole filled with sand, which may rule out this explanation. 

Other possible phenomena that were discussed in this context are heterogeneous 
hydraulic conductivity including the influence of discrete fractures, vaporisation in the 
heater borehole, and partly unsaturated flow. It should also be noted that the supposed 
steady-state is in fact a "snapshot" of a time-varying situation. This might have some 
consequences. 

The database from the experiment is not ideal for validating models of coupled 
groundwater flow and heat transport, since it consists almost entirely of temperature 
measurements. 

Moreover, the few measurements of pressure head are available are very incomplete 
and may also be irrelevant since they were measured at a place and a time different to 
those for the temperature data used in this test case. The experiment would have been 
much better for the purpose of validating models of coupled groundwater flow and heat 
transport, had several measurements of pressure head and even water flow rates been 
made. Since these data are independent of temperature measurements, they would 
provide a test of the predictive power of a model calibrated using the temperature data. 
However, the test case has proved extremely valuable as an example exercise for 
validation with limited data. 

Although the experiment was not designed for validation of the given model, it has 
nevertheless provided some information that can be used to help in validating the 
model. However, the experiment could be improved, and the Project Teams made 
various suggestions for improvement. Indeed, one of the most important outputs from a 
validation exercise like the present is a set of recommendations for possible improve 
ments to the original experiment, or proposals for new experiments. 

The suggestions of the Project Teams centered on the need to better characterise the 
natural flow system, and on measures to prevent convection in the measurement 
boreholes, for example by using packers. 

The test case illustrates well the need for careful design of experiments for validation, 
and the fact that validation is inherently an iterative process. In general, initial experi 
ments will provide some support for a model or possibly rule it out. Then additional 
experiments are necessary to provide more confidence in the model. 
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One aspect that emerges very clearly from the case is the importance of adequately 
presenting the results. In particular, care must be taken with comparisons by eye. 
Different graphical presentations may tend to lead to different conclusions. As 
mentioned earlier, this applies also when a quantitative performance measure is used, 
since different measures tend to emphasise different aspects of the experiment or the 
model. It was commented during the course of the study that the validation reports from 
die Project Teams including discussions of the model might constitute the greatest 
benefit from an exercise like the present one. 
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Figure 3.1 Overall view of the disused granite quarry in Cornwall that was used 
for the heat transfer experiment, [3.1J. 

Figure 3.2 The electrical heater prior to being inserted in the borehole, [3.11. 
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Figure 3.3 Time-dependent power output from the heater averaged over 20 day 
intervals. 
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Figure 3.4 Schematic of the geometry of the heater and borehole P. 
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Figure 3.5 Time-dependent temperature rises of the top (z = 9.4 m), middle (z = 
1.0 m) and bottom (z = • 7.4 m) resistance thermometers in borehole P 
(r = 2.83 m). 
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3.6 Temperature rise profile along borehole P (r = 2.83 m) after 1470 
days. 
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Steady-state temperature rise profile in borehole P as calculated by 
GWHKTH. Dashed line corresponds to measured field data. 
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measured field data. 
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Figure 3.12 Twenty realisations performed by SW2NRC using Latin Hypercube 
sampling. Solid line corresponds to measured field data. 
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Figure 3.13 Results reported by NAMHAR. The figure shows the goodness-of-fit 
measure (as defined by NAMHAR) by decreasing order with respect to 
variations in thermal conductivity (G), vertical hydraulic gradient (I), 
and the horizontal (K~h) and vertical (K ) hydraulic conductivity. 
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Figure 3.14 Transient response for top, middle and bottom thermometers in 
borehole P as calculated by GWHKTH. A relatively complex represen
tation of the temporal variation of the heater power output was used. A 
= experimental results, B = model results. 
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Figure 3.15 Temporal variation of the heater power output as used by OWHKTH, 
compare Figure 3.3. 
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Figure 3.16 The temperature profile along borehole P after 1470 days of the 
transient simulation by GWHKTH. The fit with the experimental data 
is comparatively poorer than the steady-state simulation, compare 
Figure 3.8. Dashed line corresponds to measured field data. 
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Figure 3.17 Transient temperature rise in borehole P for top, middle and bottom 
thermometers as calculated by METEDM. Three different represen
tations of the temporal variation of the heater power output was used. 
A: experimental results; B: 8 kWfor 1470 days; C: 3 kW for 280 days 
and 8.5 kW days 281-1470; D: 3 kW days 0-280,8.5 kW days 281-940, 
0 kW days 941-968,8.5 kW days 9669-1446,14 kW days 1447-1470. 
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4. Case 2: Model for Variable Density Fluid 
Flow Based on a Laboratory Experiment 

with Thermal Convection 

4.1 Definition of Case 2 

4.1.1 Background 

During the verification exercise of Case 5 in Level 1, which included the modelling of 
idealised groundwater flow over a salt formation influenced by density variation, the 
results obtained by the Project Teams using different computer codes varied con
siderably [1.4]. That test case proved to be very complex with the presence of both free 
and forced convection. Convection rolls appeared within the flow domain, a circum
stance which gave rise to lively discussions in the workshops. A special meeting was 
convened to deal with this theme. Still, the behaviour of the convection rolls could not 
be properly resolved. Consequently, Case 2 of Level 2 [4.1] which represents a less 
complex problem involving free convection only, was proposed to study the behaviour 
of the convection rolls in detail. 

A laboratory experiment forming the basis of this validation exercise, was published by 
Elder in 1967 [4.2]. In that study, transient heat convection in a porous medium in a 
Hele-Shaw cell was investigated. In the definition of this test case, an analogy between 
heat and salt transport has been assumed to be valid. The physics of the Elder 
experiment, involving a fluid heated from below, was transformed into an equivalent 
situation involving dissolution of salt at the top boundary of the domain. This type of 
analogy has bc-_..i used in previous investigations, e.g. by Diersch [4.3]. The main 
feature of the laboratory experiment of Elder is a temporal development of convection 
rolls in a two-dimensional domain. It should be pointed out that the form in which the 
experimental data is represented in [4.2], does not allow a quantitative comparison 
between the calculations and the experiment. 

4.1.2 Description of the Experiment 

Elder performed his laboratory experiment in a Hele-Shaw cell with a plate spacing of 
4 mm, a fluid depth of 5 cm, and a cavity width of 20 cm. The fluid used was silicon 
oil. The middle 10 cm of the cell bottom width was instantaneously heated. The upper 
surface was cooled by means of a thermostatic unit. The side walls were made of 
Perspex. Elder could, using some visual aids, make observations of the appearance and 
temporal development of eddies due to free convection within the flow domain. 

4.1.3 Experimental Results 

Elder reports in detail his numerical results of time-dependent calculations of the 
problem in [4.2]. They are unfortunately of limited value for the validation exercise of 
the present test case, since they do not provide means for a quantitative measure of the 
degree to which modelled results can be fitted to experimental ones. 
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However, two photographs are included for the visualisation of the streamlines of the 
diermal convection experiment at two dimensionless times, see Figure 4.1. These 
photographs show the number and shapes of the convection rolls to be used for the 
qualitative judgement of the results of this validation exercise. 

4.1.4 Conceptual Model 

In the present test case, die setup is a two-dimensional vertical flow domain of saturated 
homogeneous porous medium. The flow is driven by density variations caused by 
differences in salt concentration. The flow is assumed to be isothermal and governed by 
Darcy's law. It is further assumed that the velocities are small enough for the 
hydrodynamic dispersion to be neglected, so only diffusion needs to be considered. 

The test case draws on the analogy shown by Hele-Shaw between viscous flow between 
two closely spaced parallel plates and flow in a porous medium. If the plate separation 
is a, then the flow is very similar to that in a porous medium of permeability 1/12 a2. It 
should be noted that the analogy covers only the flow and does not extend to dispersion 
which is largely a result of the complex structure of a porous medium. 

4.1.5 Mathematical Model 

The equations used in the codes utilised in this study are the governing equations for 
variable density groundwater flow resulting from salt transport: 

Continuity equation: 

-v<pw»>—ar5- <41) 

Darcy's law: 

S = - ^ ( v p - p w g ) (4.2) 

Salt transport: 

-v-(PwcS) + v (pwD-vc) = j j ^ e c ) (4.3) 

Equation of state: 

Pw = Pw0
 + 4Vc <4-4 ) 

In an alternative simplified formulation using the Boussinesq approximation, the density 
can be neglected in all terms of Equations (4.1) to (4.3) except in the buoyancy term in 
Equation (4.2). Elder's model, although formulated in terms of the stream function as 
the dependent variable rather than the pressure, is mathematically equivalent to the 
simplified model of salt transport using the Boussinesq approximation. This is 
applicable in his calculations since the density variations were fairly small. However, 
the Boussinesq approximation may not be applicable to groundwater flow near salt 
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formations since the density variations may be large, possibly greater than 20 %. It 
should be pointed out that a stream-function solution like die one used by Elder is only 
possible if the Boussinesq approximation is valid, since the velocity field does not 
satisfy the Laplace equation for large density variations. 

As a characteristic parameter of the flow system the Rayleigh number 

k-Ap g d 
A - - j n S (4-5) 

can be derived. If the Boussinesq approximation is applied, the Rayleigh number is the 
only governing parameter of the flow system besides the geometry and the boundary 
conditions. 

The region of the present test case can be specified in dimensionless lengths following 
Elder [4.2] as [0,m] in width and [0,f] in depth. There is no flow across the boundaries. 
A short length along the top boundary specified by 1/2 (m - f) < x < 1/2 (m + f) has 
salt concentration equal to one. The salt concentration on all remaining boundaries is 
zero. 

4.1.6 Input Parameters 

In Table 4.1 a set of dimensionless parameters chosen by Elder [4.2] for both the 
laboratory and numerical experiment is given. They are also adopted in the present test 
case. 

In Table 4.2 a set of physical parameters are supplied, which match the dimensionless 
parameters used by Elder but for an enlarged model domain. In Figures 4.2 and 4.3 the 
corresponding geometry of the modelled domain and the boundary conditions are 
shown. There is a difference between the experimental boundary conditions and those 
formulated in this test case at the vertical boundaries. In the experiments these 
boundaries were partially insulated, whereas they in this test case have been assigned a 
fixed concentration. In [4.2] it is commented, that the exact formulation of the boundary 
conditions on these walls has little influence on the results. 

Table 4.1 Set of dimensionless parameters. 

Parameter Value 

A 400 
f 2 
m 4 
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Table 4.2 Physical parameters for numerical models. 

Parameter 

k 
e 
| i 
g 
*w0 
Ap 

D 
d 

Value 

4.845 10-» 
0.1 
1.0 HH 
9.807 
1000 

200 

3.565 HF 
150 

Unit 

m2 

Pas 
m-sr2 

kg m-3 
kg-nr3 

m 2 - ^ 
m 

4.1.7 Requested Output 

Considering that only flow visualisations of streamlines at two different times are 
available for the validation exercise of the present test case, the comparison of the 
results of numerical models with those of die laboratory experiment is restricted to a 
qualitative judgement. Thus, a quantitative goodness-of-fit measure could not be 
defined. 

In the proposal of the test case [4.1], following the results of the numerical calculations 
of Elder [4.2], stream-function and concentration distributions at the the six different 
times given in Table 4.3 were requested. For the comparison of the numerical models 
with experimental results, however, only the stream function distributions at times 5 and 
10 years, for which Elder's experimental photographs are available, can be used. 

Table 4.3 Times for which model results were requested and the corresponding 
dimensionless times of the experiment. 

In Elder's In numerical model scale 
dimensionless scale (year) 

.005 1 

.01 2 

.02 4 

.05 10 

.075 15 

.1 20 

In a supplement to the test case proposal, the Pilot Group suggested the use of the 
Nusselt number and the maximum value of the stream function with time as a 
quantitative performance measure. As these values could only be compared to the 
results of Elder's numerical model and not to the experiment, they would not be 
considered in this test case. 
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Features of the Case 

The test case addresses validation of variable density groundwater flow models. The 
entity calculated is the temporal development of convection rolls. The experiment on 
which the case is based is a thermal convection experiment performed in the laboratory. 
In order to be able to compare the computational and experimental results, the analogy 
between heat and mass transport is used in the test case formulation. 

Since photographs of the flow patterns at two times are the only experimental "data" 
available, only the qualitative model behaviour can be evaluated. Moreover, there are 
no independent data sets to use for prediction purposes. A real validation can therefore 
not be performed. 

Compilation of die Results 

General 

The test case was tackled by three Project Teams using four computer codes: SWIGSF, 
FASGSF, MTRRIV, CFESRP. For comparison, the results of the numerical model of 
Elder (NUMELD) will also be considered. In Table 4.4, an overview of the contributed 
results of the Project Teams and that of Elder is given. 

Table 4.4 Overview of contributed results. 

Code Calculations for 

SWIGSF Stream-function, concentration 
FASGSF Stream-function, concentration 
CFESRP Concentration 
MTRRIV Concentration 
NUMELD Stream-function, temperature 

From these five numerical models, only FASGSF and NUMELD used the Boussinesq 
approximation to simplify the set of governing equations given in Section 4.1.5. 

As mentioned in Section 4.1.7, only a qualitative visual comparison of the stream-
function distributions is made in order to assess the agreement between the laboratory 
experiment (Figure 4.1) and available numerical results of the different Project Teams. 
At the end, in absence of experimental data, the concentration distributions of the 
numerical results of the different Project Teams and that of Elder will be compared as a 
code verification exercise. 

In order to facilitate comparisons between results from the different Project Teams, and 
to explain inherent code-specific properties, the discretisation to be used was stated in 
the test case formulation. Thus, a division of the modelled domain in 40 blocks 
horizontally and 25 blocks vertically was suggested. However, in addition to the 
suggested discretisation, the GSF-team applied a 60x25 grid for the simulations with 
both the SWI-code and the FAS-code. This was done mere'.y in order to investigate the 
sensitivities of the results to the mesh density. 
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Discussion of Results 

The calculated distributions of the stream function to be compared to the experimental 
photographs of Elder in Figure 4.1, are shown at three different times in the numerical 
model scale of 1, 4, and 10 years in Figures 4.4 to 4.6. The corresponding stream-
function results of NUMELD are shown <n Figure 4.7 for times at 5 and 10 years. For 
reasons of visualisation, the vertical scale of the figures has been enlarged by a factor of 
two. The convection rolls have been denoted in the figures by a 'V-sign when directed 
counter-clockwise and with a "-"-sign when directed clockwise. 

The results at the time of 1 year, show very modest development of the stream-function 
for the reported results, while at 4 years, in all the calculations a total number of six 
cells of different sizes are present. In Elder's experimental photograph, at dimensionless 
time .025, corresponding to 5 years in the numerical model scale, also six cells of 
different sizes are visible, see Figure 4.1. Similarly, at 10 years four cells are present 
both in the numerical calculations and in the experimental photograph. In the SWIGSF 
calculations, two cells are distinct and the other two are still not properly developed. 
However, in a calculation with a refined grid two other cells could also be distinctly 
identified. Thus the results of the calculations show a qualitative agreement with the 
experiment. 

Figure 4.5 showing the results from SWIGSF with a 60x25 grid, indicates that the 
discretisation apparently has influence on the modelling results, if compared to the 
results obtained with the 40x25 grid (Figure 4.4). T!ie plotted curves are generally 
smoother with the denser grid. Moreover, the 10-year results with the 40x25 grid show 
a pair of eddies at the base of the domain, which are not present in the results with the 
refined grid. In particular, the curvature in the vicinity of the symmetry-line (x=300m) 
is a bit cruder in the coarser grid than in the refined one. Furthermore, the increased 
discretisation has eliminated the non-symmetric curvature around the symmetry-line, 
which was present in the results with the coarser mesh. This asymmetry was discussed 
at one of the workshops, but the reason for it was not completely clarified. 

The calculated contours are shown at 1, 4, and 10 years in Figures 4.8-4.12, with the 
results of NUMELD shown in Figure 4.13 for times at 5 and 10 years. It should be 
pointed out though, that the contours reported as calculational results from the 
participating Project Teams correspond to salt concentration contours, while the 
contours of NUMELD are temperature contours. Although the individual isopleths show 
some variations, the agreement between the different results is judged to be satisfactory. 
As mentioned in Section 4.1.7, the results of the calculations of the Project Teams are 
available at six different times. Similar agreement as mentioned nbove has, although not 
shown here, also been achieved at other time steps. 

Figure 4.9 shows the concentration contours of SWIGSF with a refined grid with 60x25 
pfid blocks. The concentration seems to be less sensitive to changes of the dis
cretisation, if compared to the stream-function results discussed above. The 1-year 
results are in perfect agreement between the two sets of results (top figures in Figures 
4.8 and 4.9 respectively), whereas smaller changes appear in the vicinity of the 
symmetry-line in the upper third of the domain for the 4-year results (middle figures). 
There are some changes visible in the 10-year results between the two sets of results 
(lower figures). The differences are rather small if compared to the situation with the 
stream function. Nevertheless, the concentration contours are smoother with the denser 
grid, and furthermore, the slight asymmetry being present in the results with the coarse 
grid is eliminated with the increased discretisation. 
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Conclusions 

The discussion of results in Section 4.2.2 indicates that the first attempt towards the 
validation of the model of the variable density fluid flow is satisfactory. The visual 
comparison between the two experimental photographs and the Project Team calcu
lations of the stream-function distributions shows good agreement. The satisfactory 
agreement of the concentration distribution results of the Project Teams contribute 
towards further confidence in ability to solve the governing equations for the assumed 
mathematical model. Besides the use of the Boussinesq approximation in some 
calculations, there were no attempts to apply alternative conceptual models. 

Although it was shown that the fit with experimental data in general was rather good, it 
was demonstrated by one team that the results are sensitive to the discretisation. A 
refinement of the grid in this case, gave reason to believe that the mathematics involved 
was properly treated. 

However, it should be pointed out that the model of the variable density fluid flow used 
in this test case cannot be properly validated, since validation of a model can only be 
carried out with the help of well established experimental data. The experimental results 
available in this case are limited to two photographs of convection rolls. The models 
have been able to simulate the experimental observations of the temporal development 
of convection cells due to free convection in terms of the number of convection rolls 
and the general shape of the curves, but the experimental data do unfortunately not 
allow for a quantitative judgment of the fit of the calculated results to the experimental 
ones. 

This test case assumes the validity of an analogy between heat and salt transport. At 
low salt concentrations this is probably true. But for high concentration differences, 
doubts are raised in [4.5] about the validity of Darcy's law, in which case the analogy 
would not be satisfied. Invalidity of Boussinesq approximations, even if Darcy's law 
holds at high salt-concentrations, has been shown in RlV-studies. It has been shown that 
with the same Rayleigh number (A=400) but different densities (Apw=l and Ap„=200), 
very different results will be obtained. Following a discussion within the project, a 
laboratory experiment has been initialised by RIV for a validation exercise which will 
be carried out in the framework of INTRAVAL [1.3]. 

The validity of the analogy could be questioned also from the point of view that the 
Boussinesq approximation may not be applicable to the high-salt situation. Furthermore, 
the boundary conditions of the test case do not totally agree with those of the 
experiment. The importance of this deviation has not been investigated. 
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Figure 4.1 Visualisation of the flow patterns in Elder's experiment. Upper: 
dimensionless time 0.025 (5 years); lower: dimensionless time 0.05 
(10 years). Reproduced by courtesy of the Journal of Fluid Mechanics, 
[4.2]. 
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Figure 4.2 Geometry of the modelled domain. 
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Figure 4.3 Concentration boundary conditions. 

- 5 9 -



0.00 
1 I I 

100.00 
T r 
200.00 

i r 
400.00 

X-DIRECTION (M) 

1 r 
500 .00 600 .00 

S 9 

Z 
O o 
— o 

a 0 

N^\v \ \ \ \ 

i i i — i — i — i — i — i — i — i — 
0.00 100.00 200.00 300.00 400.00 500.00 600.00 

X-DIRECTION (M) 

5 o 

z 
O o. _ o 
*- 6 
O o 
U J - • 
a. ' 
a o 
I o-

\ \ \ \ \ W 

i - r 1 1 — 
0.00 100.00 

— I 1 
200.00 300.00 

X-DIRECTION (M) 
500.00 600.00 

Figure 4.4 Stream-function distributions calculated by SWIGSF at times of 1 year 
(upper), 4 years (middle), and 10 years (lower). The plus and minus 
signs indicate the rational direction of the convection rolls such that 
plus corresponds to a counter clockwise rotation and minus to a clock
wise rotation. The domain is discretised with 40 nodal blocks 
horizontally and 25 nodal blocks vertically. 
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Figure 4.5 Stream-function distributions calculated by SWIGSF at times of 1 year 
(upper), 4 years (middle), and 10 years (lower). The plus and minus 
signs indicate the rational direction of the convection rolls such that 
plus corresponds to a counter <lockwise rotation and minus to a clock
wise rotation. The domain is discretised with 60 nodal blocks 
horizontally and 25 nodal blocks vertically. 
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Figure 4.6 Stream-function distributions calculated by FASGSF at times of I year 
{upper), 4 years {middle), and 10 years (lower). The plus and minus 
signs indicate the rational direction of the convection rolls such that 
plus corresponds to a counter-clockwise rotation and minus to a clock 
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Figure 4.7 Stream-function distributions calculated by NUMELD. The plus and 
minus signs indicate the rational direction of the convection rolls such 
that plus corresponds to a counter-clockwise rotation and minus to a 
clock-wise rotation. Upper. dimensionless time 0.025 (5 years); lower: 
dimensionless time 0.05 (10 years). 
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Figure 4.8 Concentration distributions as calculated by SWIGSF at times of 1 
year (upper), 4 years (middle), and 10 years (lower); the equidistance 
is 0.1. The domain is discretised with 40 nodal blocks horizontally and 
25 nodal blocks vertically. 
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we 4.9 Concentration distributions as calculated by SWIGSF at times of 1 
year (upper), 4 years (middle), and 10 years (lower); the equidistance 
is 0.1. The domain is discretised with 60 nodal blocks horizontally and 
25 nodal blocks vertically. 
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Figure 4.10 Concentration distributions as calculated by FASGSF at times of 1 
year (upper), 4 years (middle), and 10 years (lower). The equidistance 
is 0.1. 
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Figure 4.11 Concentration distributions as calculated by CFESRP at times of 1 
year (upper), 4 years (middle), and 10 years (lower).The equidistance 
is 0.1. 
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Figure 4.12 Concentration distributions as calculated by MTRRIV at times of 1 
year (upper), 4 years (middle), and 10 years (lower).The equidistance 
is 0.1. 
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Figure 4.13 Temperature contours as calculated by NUMELD. The contours shown 
are analogous to the salt concentration contours 0.2 and 0.6 a. 
reported by the Project Teams. Upper: dimensionless time 0.025 ( 
years); lower: dimensionless time 0.05 (10 years). 
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5. Case 3: A Small Groundwater Flow System in 

Fractured Monzonitic Gneiss at AECL's 

Chalk River Research Area 

S.l Introduction 

This test case for Level 2 of the HYDROCOIN study is based on the results of 
investigations completed at the Chalk River Nuclear Laboratories (CRNL). The test 
area to be modelled is constituted by the area within the thick solid line in the 
topographical map in Figure 5.1. The performance and evaluation of the field 
experiments are described in [S.l]. 

The investigations were performed in order to define the hydrogeology of a small 
groundwater flow system in fractured monzonitic gneiss. It is also mentioned in [5.1] 
that the experiments could be of significant value in model validation exercises such as 
the HYDROCOIN study. In the formulation of the present test case, care has been taken 
to make use of the abundance of different experiments and types of data in order to 
make model calibration and predictions based on independent data sets possible. 

The site is located about 200 km northwest of Ottawa, Ontario, and consists of a 200 m 
by 150 m area of predominantly quartz monzonite which is overlain and underlain by 
paragneiss with inclusions of other rock types. The site is deemed to be of relatively 
uniform fracturing and presumably also the subsurface fluid flow properties are 
relatively uniform. 

Results from the site investigation include 

• borehole and surface fracture geometry characterisation studies, 
• hydraulic tests for the measurement of hydraulic conductivity, specific storage and 

natural groundwater flow and pressure boundaries, and 
• hydraulic head monitoring. 

The investigations on the CRNL test site have been extensive and hence there is a 
wealth of data available. It has, however, not been possible to find reasonable natural 
boundary conditions for the modelling inside the investigated area. The modelled 
domain in this test case therefore extends outside the area of the field investigations. 
This introduces an uncertainty in the boundary conditions and in the actual extent of the 
major fracture zones in the model. Because of the amount of data available, only a 
selection of measured and evaluated data from [5.1] are presented here. However, since 
this test case has been judged to have the best prospects to form a useful validation 
exercise, care has been taken to give the reader an opportunity to properly overview 
the data that were available to the Project Teams. This test case is therefore described 
in more detail than the others. 
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Definition of Case 3 

Overview of the Experimental Programme 

The experimental programme on the site comprised: 

• Fracture system characterisation 
• Injection tests 
• Hydraulic interference tests 
• Hydraulic head monitoring 

The fracture system characterisation was based both on surface mapping and on 
downhole acoustic televiewer and television logging. These surveys have resulted in 
contoured pole diagrams of the fracture orientations. 

Seventeen boreholes (FS-series) were drilled at the study site during die period 1981 to 
1983. The average depth of the boreholes is between 45 and 50 m. In May 1981, nine 
155 mm diameter boreholes (FS 1 to 9) were drilled using air percussion or downhole 
hammer drilling techniques. Boreholes were drilled with air to prevent contamination of 
formation waters with drilling fluids. Three boreholes (FS 15 to 17) were cored with a 
diamond core in order to provide detailed lithologic information for the study site. 

Both vertical and inclined boreholes were drilled. Boreholes FS 7, 8, 9, 12, 13, 14 and 
17 were targeted to intersect major structural discontinuities. Boreholes FS 2, 8, 9, and 
11 were inclined normal to the strike of the major joint sets identified from surface 
mapping. The locations of the boreholes relative to the fracture zones are indicated in 
Figure 5.2. The test intervals in seventeen boreholes provide the data base for study of 
the groundwater flow system at the site. The lengths of the test intervals vary from 
three to thirteen metres. 

Each borehole was completed with a multiple-packer, multiple-standpipe casing to 
provide long-term access to hydraulically isolated test intervals. The packed-off 
intervals are named according to the standard FS x-y where x denotes the number of the 
borehole and y die number of the interval starting with 1 at the bottom of the hole. 

Vertical and lateral hydraulic interference and tracer tests, groundwater sampling and 
long-term hydraulic head monitoring have been completed using the packer-standpipe 
casing. Also more man 350 steady-state injection tests yielding data on flow rate per 
unit head have been performed. 

Most of the interference tests were performed at a constant flow rate and the drawdown 
was monitored at a number of positions as a function of time. The tests have been used 
to evaluate the storativity and the hydraulic conductivity of the fracture zones. In 
addition the hydraulic diffusivity of the adjacent rock has been evaluated. 

Equilibrium hydraulic heads were determined at two different occasions. 

Fracture System Characterisation 

Scanline surveys were used to map the fracture system in outcrops at the study site. 
Fracture location, orientation, trace length, termination index, and infilling charac
teristics were recorded for each fracture. Fractures with trace lengths less than 1.0 m 
were not mapped. 
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The fracture orientation data were plotted as poles to fracture planes and contoured on a 
lower hemisphere equal area projection to identify pole clusters or fracture sets. The 
resultant plot corrected for sampling orientation bias using the Terzaghi technique [5.2] 
is shown in Figure 5.3. It should be noted that there is no information available about 
the apertures of the fractures. 

Borehole television surveys and acoustic televiewer logging were carried out by the 
Geological Survey of Canada to map the subsurface fractures intersecting each 
borehole. Fracture and vein orientation, location, and character were identified in both 
borehole surveys. All boreholes were surveyed using borehole television. Acoustic 
televiewer logging was completed in almost all boreholes. The orientation data were 
presented in contoured pole diagrams similarly to the surface fracture data. 

Injection Tests 

A comprehensive programme of straddle-packer injection testing was completed to 
measure the near-field hydraulic properties of each borehole. During the injection tests, 
water was injected into a test interval at a constant pressure and the steady-state flow 
rate was measured. A single injection head was used in each test. Step injection or 
multiple flow rate tests were not conducted as part of the injection test programme. 

Each borehole was systematically tested from the position of the groundwater table to 
the bottom of the borehole with test interval overlap at 0.05 to 0.27 m. The measured 
flow rate and injection head data expressed as a ratio, reflects the conductive properties 
of the test interval. 

During each test, the fluid injection pressure was monitored continuously using 
downhole pressure transducers and maintained constant by use of large surface pressure 
reservoirs. 

The results of the injection test identified several zones of high permeability. These 
zones define large single fractures or narrow interconnected fracture zones. Four major 
fracture zones were identified, and the existence of them was confirmed by the results 
from the interference tests. The lowest permeability in any test intervals was obtained in 
borehole FS 14 which was drilled into a 5-10 m wide, vertical diabase dyke that was 
identified through both injection tests and interference tests. The tests indicate that the 
diabase dyke acts as an impervious barrier to groundwater flow. 

The results of all injection tests have been analysed to determine the distribution of 
equivalent rock mass hydraulic conductivity at the study site. It was assumed that the 
flow was equally distributed through an equivalent porous media corresponding to the 
section of fractured rock being tested. The distribution of the common logarithm of 340 
measurements of hydraulic conductivity is shown in Figure 5.4. In addition, the 
evaluated hydraulic conductivities have been coupled with the fracture orientation data 
in an evaluation of the local permeability tensor at each test interval (see Section 5.2.5). 
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Hydraulic Interference Tests 

Hydraulic interference tests were completed in open boreholes and in packed-off test 
intervals in order to evaluate the hydraulic properties of the rock mass and the fracture 
zones. Both constant flow rate and constant drawdown experiments were conducted at 
the study site during the period from 1982 trough 1984. 

Drawdown versus time response in a test interval was monitored for stimulus in an 
activation interval. One of the most important response characteristic in an interference 
test is the storage capacity. In the present case the dimensionless well-bore storage 
coefficient varies about three orders of magnitude between the open borehole aquifer 
tests and those tests performed using the multiple packer, multiple stand-pipe casings 
with pressure transducers inserted. In the open borehole tests die initial storage 
dominated period is about 7300 minutes while it is about 160 minutes in the tests 
performed in packed-off sections. 

For the interference tests completed at the site, discharge flow rates were monitored 
using a turbine flowmeter and measured with a stop watch and graduated cylinder or 
bucket. Drawdown responses were measured in open pumped boreholes with pressure 
transducers. Row rate, pressure and water level data were recorded. The pressure and 
water level measurements were also recorded with a real time data logger, converted to 
hydraulic head and tabulated as drawdown versus time. 

The programme of hydraulic interference testing confirmed the identification of four 
fracture zones or large single fractures at the study site. These four fracture zones 
(identified as zone 1 through zone 4 in Figure 5.2) have lateral extents greater than 
50 m. Two of the fracture zones are oriented subhorizontally (zone 1 and zone 2), one 
is inclined (zone 3) and one is vertical (zone 4). The interference tests provided 
information on the lateral flow properties of the horizontal fracture zones and the 
vertical flow properties of the surrounding rock mass. 

Nineteen of the interference tests provided response data suitable for detailed analysis 
and interpretation. In each interference test, drawdown response was monitored in 
several test intervals. Table 5.1 shows a selection of a tew of the nineteen interference 
tests with information on activation borehole or test interval, date of test, withdrawal 
flow rate, test duration, responding observation intervals and the hydrogeologic features 
evaluated in each test. 

Two open borehole aquifer tests were conducted from borehole FS 10 on August 20-27 
1982 and on September 27-29 1983, to evaluate inter-borehole properties to test 
intervals FS 5-1, 7-3, 8-2, 9-2 and 13-2 and FS 15-1, 16-2 and 17-1 respectively 
(1 corresponds to the bottom of the borehole). As an example, the layout of test 
boreholes and plots of drawdown versus log time for one of the two aquifer tests are 
shown in Figure 5.5. 

The equivalent single-fracture apertures and stcrativities of the fracture zones were 
evaluated from injection and interference tests performed. A typical value of about 10~5 

was valid for the storativity and about 100-900 [im fracture aperture was regarded a 
typical value. The drawdown responses were also used to determine the vertical 
hydraulic diffusivity in the rock mass giving an average value of about 2- lfH m2/s. It 
should be noted that the equivalent single-fracture aperture is an incomplete way of 
characterising a fracture zone since it represent properly neither the tracer transport 
properties nor the the storage properties of the zone. 

-74 



Table 5.1 

Activation 
borehole 
or test 
interval 

FS 11-2 

FS15-3 

FS5-1 

FS3-2 

Selection 

Date 

830908-
830909 

831024-
831026 

820907-
820908 

820923-
820925 

of some of the hydraulic interference tests. 

Flow-
rate Q 

(m's-i) 

8.3 10-« 

1.7 10-5 

1.3-10-6 

2.5 10-7 

Test 
duration 
(min) 

1240 

1340 

1380 

2800 

Responding 
interval, 

FS 

6-1,15-3 

6-2,15-1, 
15-2,15-4 

6-1,11-2 

6-2,6-3. 
6-4,11-1, 

11-3,11-4, 
15-1.15-2, 

15-4 

5-2,5-3, 
5-4 

3-1,3-3, 
3-4 

Hydro-
geological 

features 
evaluated 

Fracture Zone 3 

Vertical Flow 
Properties of 
Rock Mass 

Fracture Zone 3 

Vertical Flow 
Properties of 
Rock Mass 

Vertical Flow 
Properties of 
Rock Mass 

Vertical Flow 
Properties of 
Rock Mass 

5.2.5 Hydraulic Conductivity Tensor Evaluation 

As the water carrying fractures are unevenly distributed in a rock mass, the hydraulic 
conductivity of a fractured crystalline rock will be both heterogeneous and anisotropic. 
A full characterisation of the the anisotropy and heterogeneity of the hydraulic 
conductivity field would require a three-dimensional evaluation of the hydraulic 
properties of the rock mass. As a first attempt at describing the hydraulic conductivity 
field at the CRNL study site, the results of straddle-packer injection tests and borehole 
fracture logs were evaluated together in order to develop a tensorial representation of 
the near-borehole hydraulic conductivity of each test interval. 

A fracture orientation-aperture model was employed to calculate the hydraulic 
conductivity tensor for each test interval [5.3, 5.4]. The model assumes that fractures 
may be described as planar conduits, continuous in their own planes, and that mutual 
interference effects at fracture intersections are negligible The model also assumes 
single phase, laminar flow of an incompressible Newtonian fluid through rock fractures. 
Under these assumptions the hydraulic conductivity is a function of the aperture of the 
fracture, acceleration of gravity, dynamic viscosity and the density of the fluid.: 

-75 



(2b)2Ptt,g 
w k f = - T 2 F ^ ( 5 1 ) 

The hydraulic conductivity tensor for a test interval is determined by summing the 
contributions from individual fractures. The contribution from each fracture is calcu
lated as the permeability of a cube consisting of a continuum and with the side equal to 
the effective fracture spacing. For a fracture of width 2b this yields [5.3]: 

(2b) ' p « 

Viap^V^ (52) 

where [5.4]: 

M i j = n i n j (5.3) 

W = L | n D | (5.4) 

The fracture width was evaluated from Equation 5.1 assuming that all observed 
fractures in a test interval contribute equally to the test interval transmissivity ir
respective of their orientation relative to the borehole. It was also assumed that the flow 
in the injection tests was radially outwards with an influence radius of 10 m. 

The principal hydraulic conductivities (eigenvalues) and associated principal directions 
(eigenvectors) of the assumed equivalent continuous medium were calculated by 
diagonalising the resulting symmetric tensor. The principal directions relative to the 
three geographic reference axes are defined by three direction cosines. 

Because the fracture orientation-aperture model neglects the effect of a finite fracture 
length the model should be expected to overestimate the hydraulic conductivity of the 
rock mass. 

A selection of the principal hydraulic conductivities and principal directions for 
packer-isolated test intervals are listed in Table 5.2. The geometric mean of the 
principal hydraulic conductivity plane and the anisotropy ratio were calculated and are 
also shown in Table 5.2. The principal hydraulic conductivities listed in the table range 
from KH1 to 1(H m/s with anisotropy ratios between 1 and 10, although some values in 
excess of 100 were calculated for test intervals with few fractures of similar orientation. 
Because of the number of fractures observed and general scatter of their orientations, 
the relatively low anisotropy ratios were not unexpected. 

The harmonic mean of the vertical hydraulic conductivity between different test 
intervals was determined for comparison with the evaluated vertical hydraulic 
diffusivity from the interference tests. The range of specific storages required for the 
hydraulic diffusivity values to be equal to the hydraulic conductivity were estimated, 
and although the values showed a significant scatter, a central or average value of 
specific storage of 10~3 was indicated. The spread in data points were similar for test 
intervals that were close to high permeability fracture zones and for test intervals in 
more uniformly fractured rock. The range of specific storages required for equivalence 
between the hydraulic diffusivity and conductivity values were consistent with storage 
values determined from other hydraulic interference tests. 
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Hydraulic Head Monitoring 

Rock Mass 

Hydrographs of borehole test intervals were used to identify periods with minimal 
hydraulic head fluctuations for determination of equilibrium hydraulic head 
distributions. Equilibrium hydraulic head data were determined for the entire study site 
on two dates; December IS, 1982 and November 1, 1984. These dates were essentially 
free of hydraulic head transients introduced by borehole pumping or rapid changes in 
surface infiltration. The two tests differ in that during the first test borehole FS 10 was 
closed by packers while during the second test it was open. 

The distribution of hydraulic head indicated a relatively simple recharging groundwater 
flow system directed north and northwest toward Upper Bass Lake. The horizontal 
component of flow was governed by surface topography. Vertical and horizontal 
hydraulic gradients at the site average 0.15 and 0.02 respectively. 

Complete and detailed records of hydraulic head were collected for 90 test intervals 
during drawdown and recovery phases of aquifer tests from borehole FS 10 in August 
1982 and September 1983. The drawdown records of responding test intervals (all 
intervals except those in boreholes FS 12 and 14) were plotted on drawdown versus log 
time diagrams. These plots are the most complete set of transient hydraulic head 
response data for the study site. 

Fracture Zones 

Equilibrium hydraulic head data were obtained from test intervals intersecting the 
fracture zones. Assuming the fracture zones are open or hydraulically connected at all 
points within the areas defined by borehole intersections, the hydraulic head data have 
been used to estimate the general pattern of groundwater movement within the fracture 
zones. No effort was made to include far-field boundary conditions of each fracture 
zone on the resulting flow pattern diagrams. 

Conceptual Model 

It is probably necessary to model the site in three dimensions in order to simulate the 
general flow pattern. A proposed modelled area is marked with thick lines in Figure 5.1. 
The boundary condition on the top could probably be approximated with a constant 
head equal to the ground elevation. For transient modelling of the pumping tests, the 
validity of the constant head approximation could be questioned. However, there are no 
flux measurements or measurements of the groundwater formation rate available from 
the time of the pumping tests. It was therefore concluded that the constant head 
approximation is the most easily and accurately characterised top boundary condition. 

The bottom boundary condition is proposed to be a constant head in fracture zone 1 
(see Figure 5.2). The head in the zone is further discussed in [5.1]. The vertical 
boundaries in the south, west and east are proposed to be no-flow boundaries. The 
virtually impermeable diabase dyke seems to form a natural boundary in the south. The 
western and eastern boundaries are symmetry boundaries along a river and in a valley 
respectively. The northern vertical boundary is proposed to be a constant head boundary 
along the shore of the upper Bass Lake. It should be pointed out, that the northern 
boundary condition is probably the most controversial of the boundary conditions. 
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Table 5.2. Selection of the evaluated hydraulic conductivity tensor based on 
injection test data and acoustic televiewer fracture logs. 

Principal Hydraulic 
Conductivities and 

Principal Directions1 

Geometric Anisotropy 
Mean Ratio 

FS Test 
Inter

val 

10-1 

10-2 

10-3 

1 0 ^ 

10-5 

11-1 

11-2 

Ki 
(ms-i) 

3.5 10-6 

1.6 10-9 

2.3-10* 

7.6-10-10 

4.0-10-1° 

4.2-10-7 

1.6-10-6 

li 
mi 

«i 

-O.079 
-0.961 
-0.266 

-0.605 
0.445 

-0.660 

0.384 
-0.254 

0.888 

-0.563 
0.826 
0.23 

-0.987 
-0.119 
-0.106 

-0.809 
0.542 
0.227 

-0.479 
0.387 
0.788 

K2 

(ms-i) 

2.5 1(H 

1.2-10* 

2.2-10* 

h 
Ttl2 

n2 

-0.9% 
0.085 

-O.013 

-0.049 
0.807 
0.589 

0.718 
-0.523 
-0.460 

-0.449 
7.10-10 _o.282 

-0.848 

4- IO-10 

3.5-10-7 

1.6-10-6 

0.061 
0.336 

-0.940 

-0.234 
-0.652 

0.722 

0.505 
-0.613 
0.608 

K3 

(ms-l) 

1.1-10-* 

5.8 -10-10 

2.4 10-10 

7.4-10-11 

4.9 IO-11 

9.4-KH 

3.8-10-9 

I3 
nvj 

"3 

0.035 
-0.264 

0.964 

-0.795 
-0.389 

0.466 

-0.581 
-0.814 

0.019 

-0.695 
-0.487 

0.529 

0.148 
-0.934 
-0.325 

0.539 
0.531 
0.654 

-0.718 
0.689 

-0.099 

(K,K2)1/2 

(ms-i) 

3.0 10-6 

1.4 10-9 

2.3 10-9 

7.3 10-10 

4.0 IO-10 

3.8-10-7 

1.6-1(H 

K,/K3 

3.2 

2.8 

9.6 

10.0 

81.0 

4.5 

420.0 

1 The directions are indexed 1 for north, 2 for east, and 3 for down. 

It is assumed that for the sake of this HYDROCOIN Level 2 case that the density and 
viscosity of the groundwater are constant over the entire site. It is thus deemed 
appropriate to apply linear potential flow models to the case. 
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5.2.8 Requested Output 

The evaluation of the site investigation contains both primary experimental data and 
some evaluations of these to give e.g. the hydraulic conductivity tensor of the test 
intervals in the boreholes, the storativity and hydraulic conductivity of the fracture 
zones and the vertical hydraulic diffusivity of the rock adjacent to the fracture zones. 

The amount and the complexity of the data makes an unprejudiced interpretation of the 
hydrology of the site a significant effort. However, there is a certain degree of in 
dependence between different sets of data providing possibilities for calibration of the 
model based on some data followed by the prediction of other parts of the experimental 
data set. The HYDROCOIN participants were therefore invited to simulate this Level 2 
problem at any of three levels of effort: 

a) Predict steady-state hydraulic heads using evaluated hydraulic conductivity 
tensors or scalars from [S.l], assuming a porous medium model. 

b) Predict the transient responses to a set of pumping test responses assuming the 
same hydraulic properties as in a) and the storativities and hydraulic diffusivities 
evaluated from the hydraulic interference tests 

c) Free interpretation of the reported data to predict the measured piezometric 
heads and optionally, a set of pumping test responses. 

For all of these three subcases the conceptual model described in the previous section 
could be applied. However, the description of the northern vertical boundary condition 
and the applicability of the constant head boundary condition at the surface for the 
transient simulation of the hydraulic tests could be argued. 

The pumping tests to be simulated in subcase b) and, optionally, in subcase c) are the 
open borehole aquifer tests performed in borehole FS 10 August 20-27, 1982 and 
September 27-29, 1983. A selection of the drawdown responses to these hydraulic tests 
are plotted in Figure 5.6. These two aquifer tests have been used to evaluate the 
hydraulic properties of fracture zone 1 and the drawdown responses have been used in 
the evaluation of the hydraulic diffusivities of the adjacent rock mass. Both the 
properties of the zone and those of the rock mass have, however, been examined also in 
other tests which means that a certain degree of independence between the calibration 
and prediction data sets exists. 

5.2.9 Features of the Case 

This case concerns validation of models for groundwater flow in fractured crystalline 
rock on a 100 m scale. It is a three-dimensional problem providing data sets for both 
steady-state and transient modelling. The site and data have been judged well fitted for 
validation of the site-specific aspects of model validation (model calibration) and for 
means to apply the data. The abundance of e.g. fracture orientation data implies that the 
case can also be of some use for testing concepts like network flow models. 

The boundary conditions for the modelling appear to be fairly well defined around most 
of the domain. There is, however, some uncertainty about the boundary conditions 
along the shore of the Upper Bass lake. 
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The background report [5.1] displays a wealth of data regarding fracture orientations, 
hydraulic properties of the rock from injection tests and interference tests as well as 
piezometric data. The test case thus offers good opportunities to increase the confidence 
in the models. It should be noted, that the investigation area consists of near-surface 
rock and that frequency of open fractures may be substantially higher at the surface 
than at greater depths. 

5.3 Compilation of die Results 

5.3.1 General 

This case was analysed by seven Project Teams (TRIEDM, 3DSJAE, FM3MCI, 
INVUPC, FE3VTT and NAPHAR). All teams except NAPHAR applied equivalent 
porous media models. These were all of the finite-element type. NAPHAR instead used 
a stochastic network model. The model used by INVUPC could be said to be 
intermediate between a classical porous medium and a discrete fracture network 
description. The emphasis is on the description of the fracture zones which are 
described as two-dimensional flakes. The flow in the rock between the zones is 
described as one-dimensional. 

As commented in Section 5.2.8, an unbiassed evaluation of this test case involves a 
substantial effort both in terms of manpower and computer resources. Four Project 
Teams, 3DSJAE, FM3MCI, FE3VTT and NAPHAR, therefore restricted their approach 
to tackle only the steady-state hydraulic head simulation. During the course of the 
model calibration they have simulated a significant number of parameter variations in 
which material properties such as hydraulic conductivities and fracture zone 
transmissivities as well as conceptual entities such as the geometrical extent of the 
modelled fracture zones have been varied. 

TRIEDM complemented the steady-state calibration with one simulation of a transient 
pumping test, whereas INVUPC concentrated on the transient data after having showed 
that the steady-state data contained too little information for a proper model calibration 
and that the proposed boundary conditions led to an identifiability problem. This was 
illustrated by the fact that scaling all the material properties with a constant would yield 
the same hydraulic-head field. 

5.3.2 Methods of Evaluation 

Comparison with Observed Quantities 

The observed quantities to which the models are to be calibrated consist of a three-
dimensional array of hydraulic head values. In order to evaluate the fit between 
calculated and observed values the different Project Teams used different strategics 
including visual comparisons and comparison by means of quantitative goodness-of-fit 
functions. Three different types of goodness-of-fit functions with a varying degree of 
complexity were used. TRIEDM used the mean square error between computed and 
observed heads. The computed value chosen for comparison with the measured value of 
a given measurement interval was taken as the average head along the interval. For 
borehole j the following function is calculated: 
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h<>2 (5.5) 

For the sake of comparing different simulations, the average of the mean square error 
taken over all boreholes was calculated. 

3DSJAE used the sum of squared differences between measured and calculated heads 
divided by the lengths of the test intervals: 

1 , ^ 
(5.6) 

The FM3MCI team used a complex goodness-of-fit function including the squared 
difference between measured and calculated heads as well as penalty criteria for 
deviations between best-fit and prior estimates of the fracture zone transmissivities and 
tensorial conductivities in the rock mass between the fracture zones: 

Nt N, 
F = I w.(h . -h .^ + ^ I (InT. - lnT.) 2 + 

i=l * * ' 'j=l J J 

NL 

\ = i [2XV(ln K*"ln K g k > 2 +V ( l n ^ ~ln K3k>2+ 

^ • ( l - ^ s i n ^ e ^ ) ] (5.7) 

*T a<Nr 1>4 (5.8) 

\=WK-»4 (5.9) 

V ( N* - 1 )4 (5.10) 
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The weights of the penalty criteria (Equations S.8 - 5.11) are defined as the squared 
ratio between the error of measured head errors (including interpretation errors due to 
scale effects) and the variance of the average values of transmissivities and tensorial 
conductivity quantities. 

Three different variants of F were calculated; the first two differed in the way the 
weight on the head difference, was calculated (equal weights on all values or less 
weight on the differences from test intervals with low hydraulic conductivity), while in 
the third variant all weights on ihe penalty criteria were assigned the value zero. 

INVUPC made use of a similar performance measure as the one described by Equations 
5.7-5.11 although neglecting the tensorial character of the hydraulic conductivity in the 
rock mass The use of prior estimates of the fracture zone transmissivities and rock 
mass conductivities in the goodness-of-fit function is aimed at improving the stability of 
the solution of the inverse problem. For calibration against the transient pumping tests, 
the summation was performed over all observation times in all packed-off intervals in 
the boreholes. 

Applied Modelling Strategies 

The goodness-of-fit functions used by 3DSJAE and FM3MCI both result in a single 
value for the whole domain. After averaging over the boreholes also the measure used 
by TRIEDM results in a single value. FM3MCI and 3DSJAE used the goodness-of-fit 
function to rank different simulations with different parameter sets in order of 
decreasing goodness-of-fit value. The simulation with the lowest value of the 
goodness-of-fit function was taken as the calibrated model. The parameter sets for the 
different simulations were selected by a trial-and-error procedure based on the 
modellers judgement. FM3MCI presented the results of 18 simulations in which they 
varied the hydraulic conductivity of each layer of the finite-element mesh and that of 
the four fracture zones individually. The results presented by 3DSJAE only describe the 
best-fit simulation. 

Also TRIEDM uses a manual trial-and-error approach to find a parameter set which 
yields a good enough fit to the experimental data. They start with a totally homo-
geneous model and subsequently add one fracture zone at a time to the model. They 
also study variations of the geometrical extents of zones 2 and 3, the status of borehole 
FS 10 (closed or open), the transmissivity of the sub-vertical fracture zone 4 and the 
rock-mass hydraulic conductivity. In all, 15 steady-state simulations were presented. In 
addition, one transient simulation of the pumping test of August 20-27, 1982, was 
performed. 

A procedure similar to that used by FM3MCI, 3DSJAE and TRIEDM, although based 
on a comparison by eye between the calculated and observed values, was employed by 
FE3VTT. FE3VTT thus tested the sensitivity of the fit to variations in the spatial 
distribution of the hydraulic conductivity. In all, 12 simulations were compiled. 

The NAPHAR results were produced as a part of a development of a fracture network 
model for large scale problems rather than as a validation exercise. They first performed 
a parameter variation study using a model including five major fracture zones (zone 1 
was split into a northern and a southern part). Each of these zones were assigned five 
different conductivities (actually apertures) giving rise to 3125 (55) sets of results for 
each of the steady-state hydraulic head measurements (FS 10 closed and open respec
tively). Out of these a best-fit simulation was selected. In a second step 1500 smaller 
fractures of random orientation but of a fixed size (square planes with 20 m sides) and 
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conductivity were introduced into the best-fit simulation. Three realisations with 
different conductivity values were produced with this model. Finally the random 
fractures were removed and 2 additional major zones were introduced in the first model. 

All the results discussed above were produced using manual calibration procedures. The 
INVUPC results were produced by automated calibration using an inverse model. In the 
discretisation used, the fracture zones are described by two-dimensional elements 
connected hydraulically through the rock mass by one-dimensional elements. Four 
different conceptual models representing different zonation patterns of the transmissivi-
ty in fracture zone 1 and the hydraulic conductivity in the rock mass connecting zone 1 
to zones 2 and 3 were tested. These alternative models were first calibrated using the 
inverse modelling technique and then intercompared using four different model 
structure identification criteria, all based on the natural logarithm of the likelihood of 
best-fit parameter set as well as terms including the number of fitting parameters and 
the total number of experimental observations. Although some work was devoted to the 
calibration against steady-state data, the emphasis was laid on the transient aquifer tests 
using the August 20-27, 1982 test for calibrating the four models and subsequently 
testing the predictive capabilities of the four calibrated models by applying them to four 
pumping tests performed at different locations (one in fracture zone 1, one in fracture 
zone 2 and two in fracture zone 3), durations (170-3200 minutes) and pumping rates 
(0.19-1.8 1/min). 

Results 

Most of the modelling results presented for this test case are calibration exercises based 
on the steady-state hydraulic heads measured (see Section 5.2.6). These are presented in 
terms of calculated head profiles along the boreholes. Because borehole FS 10 was kept 
open during the second test, the head tends to be lower in the second measurement than 
in the first. The calculated heads are then compared with the measured. 

Figures 5.7-5.18 show the head profiles for 12 boreholes computed with the porous 
media codes (TRIEDM, 3DSJAE, FM3MCI and FE3VTT). The results shown in the 
figures represent the best-fit obtained after manual trial-and-enor type calibrations as 
described in the previous section. Since most of the teams in principle have varied only 
the hydraulic conductivity of the various units, it is possible to compare the best-fit 
values of these parameters, see Table 5.3. In the table, in addition to the porous-media 
model parameters, also the fracture network model parameters used by NAPHAR and 
the quasi-3D data obtained by INVUPC are given. It should be noted that the definition 
and the geometric extent of the different hydraulic units are not always compatible 
between the models. The data set given for INVUPC refers to calibration of the 
steady-state model. 

The values in Table 5.3 should be compared to prior estimates given in [5.1]. The 
geometric mean of the hydraulic conductivity for the rock evaluated as a scalar property 
is about 2 10-9 m/s. For the fracture zone transmissivities the following average values 
are given: 

Zone 1: 

Zone 2: 
Zone 3: 
Zone 4: 

3.7 • 
2.4-
7.1-
2.0' 
2.0-

10-5 m2/s in the northern part and 
10-* m2/s in the southern part 
10-7 m2/s 
1<H m2 / s 
10-6 -5.7-10-6 m2/s 
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Table 5.3 Best-fit hydraulic parameters. 

Parameter FE3VTT1 

Hydraulic conductivity 
of rock mass 

Upper part 
KX=K„ 

Lower part 
K x

= Ky 

K z
 y 

(m/s): 

10* 
1(H<> 

10-9 
10-io 

TransmissivtrJes of 
fracture zones (m2/s): 
Zone 1 
Zone 2 
Zone 3 
Zone 4 

1(H 
10-7 
10-7 
10-8 

FM3MCI 

10-8 
10-9 

10-9 
10-1° 

10-5 
10-7 
10-7 
10-7 

NAPHAR 

NA 
NA 

NA 
NA 

4.5 • 10-s 
5.7 H H 
1.1-KH 
7.1 • 10-7 

TRIEDM 

10-w 
10-10 

lO-io 
10-10 

10-5 
10-5 

•4 10-5 
io-« 

INVUPC2 3DSJAE3 

1.6-10-9 
1.6-10-9 

1.610-9 
1.6-10-9 

6.8 10-6 
1.6 -HF 
1.2-10-8 
7.1 10-8 

10-8 
2 10-9 

10-9 
lO-io 

3 10-6 
3 10-6 

10-8 
2 10-7 

i In the best-fit parameter set of FE3VTT, one finite-element layer between the surface 
and zone 2 has 10 times higher conductivity than the values given in the table for the 
rock mass. 

2 Data set obtained from automatic calibration of a steady-state model. 
3 Between the upper and the lower part of the rock mass, a finite-element layer with 

Kx = Ky = 5 • 10-9 m/s and Kz = 5 • 10-11 m/s has been introduced. Furthermore, the 
two lowest element layers have Kx = Ky = 1 • 10-1° m/s and Kz = 3 • 10-11 m/s. 

4 The values, originally given as apertures (m), have been recalculated to trans 
missivities (m2/s). 

There is a fair agreement between the best-fit rock mass conductivities reported by the 
Project Teams and the experimental data. The fitted values are in general somewhat 
lower than the experimental scalar value. A comparison between the fitted and 
experimental hydraulic conductivity tensor is more complicated because the orientations 
of the tensors evaluated at the different packer intervals are relatively scattered, whereas 
the model results presume either a scalar conductivity or a tensor oriented parallel to 
the geographic axes over the whole domain. The Project Teams that used a tensor 
representation have all obtained a factor of 10 as the best-fit ratio between the 
horizontal and vertical conductivity components. This appears to be in fair agreement 
with the experimental results. 

The best-fit values of the fracture zone transmissivities tend to be lower than the 
experimental data. It should be noted though that the uncertainty of the xperimental 
data as evaluated from the spread of results is well above a factor of 10. As can be seen 
in Table 5.3, the comparatively high transmissivities obtained by TRIEDM are 
accompanied by a somewhat lower rock mass conductivity. It was shown by INVUPC 
that despite the good overall fit between measured and computed hydraulic heads (see 
Figure 5.19), the models, due to the low best-fit transmissivily in zone 1, fai'ed to 
represent the very flat piezometric surface observed in this zone in the field. It was 
concluded that the zone is likely to be heterogeneous with highly permeable areas 
which efficiently transmit pressures while the average transmissivity as evaluated from 
the aquifer tests are lowered by the presence of low-conduct've areas. 
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A comparison between the curves in Figures 5.7 - 5.18 shows that the various Project 
Teams have obtained slightly different solutions. For instance, the FM3MCI solutions in 
many figures show a higher hydraulic head at below about 100 m elevation than the 
other codes. In most of the boreholes this improves the agreement with the experimental 
data (e.g. FS-2, FS-6 and FS-11) whereas in other boreholes the fit is not as good (e.g., 
in borehole FS-3). 

Since all teams have used similar boundary conditions and grid densities, the diffe
rences in curve shapes in the figures are likely to derive from a combination of 
differences in permeability distributions and fracture zone geometries. All of the teams 
have, due to the amount and complexity of the original data, substantially simplified the 
spatial distribution of the hydraulic conductivity. As pointed out earlier, the geometries 
of the fracture zones were poorly specified in the test case description since the 
modelled domain extends outside the bounds of the study-site. Moreover, TRIEDM 
points out that the calibration of the model is rather insensitive to variations of the 
hydraulic conductivity, once the fracture zones, and in particular zone 1, have been 
included in the model. In fact, the INVUPC results from the steady-state model 
calibration indicated that the amount of information available in the head measurements 
is insufficient for a proper model calibration. If the uncertainty of the prior estimates of 
the model parameters was not fixed, the inverse model used tended to maintain the 
prior estimates of the parameters and neglect the head data. The team therefore rather 
arbitrarily had to fix variance of the model parameters at o 2 = 1 (for the base 10 
logarithm of the parameter). 

In conclusion, none of the best-fit hydraulic conductivity distributions obtained from 
calibration of steady-state models could be said to be more valid than the others. All 
teams have identified that the predominant feature is the downward flow caused by 
fracture zone 1. It appears that FM3MCI has managed to more correctly identify the 
structural features of the site. This is also one of the claimed advantages of applying the 
complicated goodness-of-fit function defined by Equations 5.7 - 5.11 in which penalty 
criteria for deviation of the fitted hydraulic properties from their prior estimates are 
included. INVUPC showed by applying four different model structure calibration 
criteria to each of the four alternative model structures that the data available only 
supported the simplest model, despite that the goodness-of-fit measure indicated a better 
agreement for the more complex models. 

A demonstration of the influence of including the penalty criteria in the goodness-of-fit 
measure is shown in Figure 5.20. In this figure, the values of three different 
goodness-of-fit functions are shown as bars for the 18 simulations made by FM3MCI. 
Tne simulations have been sorted in the order of decreasing goodness-of-fit value. The 
different functions used are: 

F. accounting only for head differences (X~=Lr =X~, =^A=®) 

g 3 * 
F with equal weights on all head measurements (all w.=l) 

N h 
with w. = 

(In K*.)2 
v ei' 

- l 
N h 

" 1 

j=l (In K .? 
3 gj 
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From Figure 5.20, it is evident that the choice of goodness-of-fit function has an effect 
on the ranking of the simulations. It is concluded by the Project Team that a firmer 
theoretical background for the selection of penalty criteria is needed. The exercise 
shows, however, that a trial-and-error procedure combined with an appropriate 
goodness-of-fit function is a valuable tool for model calibration in the absence of an 
inverse model. 

Two of the Project Teams, TRIEDM and INVUPC, attempted validation in the sense 
that the model was calibrated to one set of data and the predictive power of the 
calibrated model was tested by applying it to another independent set of data. 

As mentioned, TRIEDM used the model parameters obtained in the steady-state 
calibration in a simulation of the transient pumping tee? performed in borehole FS 10, 
September 27-29, 1983. In general, the resulting drawdowns as a function of time show 
little resemblance with the measured data except for single borehole sections, see Figure 
5.21. In particular, the expected relation between high drawdown and intersections with 
the fracture zones could not be detected. The Project Team concludes that this indicates 
an uncertainty regarding the fracture zone geometry used. Notably the best fit in the 
transient calculations is obtained in boreholes FS 1 and FS 2 which also gave the lowest 
goodness-of-fit function value in the steady-state calibration. However, the transient 
simulation fit in these boreholes is satisfactory only for those sections which intersect 
fracture zone 2. 

INVUPC used the pumping test performed August 20-27, 1982, to calibrate four models 
of increasing complexity. The first model included the four major fracture zones and a 
homogeneous rock matrix between the zones. The model had totally 9 fitting 
parameters. The best-fit obtained from the inverse model was judged to be quite poor. 
The root-mean-square-error in drawdown over the totally 634 observation points in the 
space-time domain (39 borehole intervals, most of them sampled at 17 points in time) 
was 0.83 m. An analysis of the individual borehole intervals showed that the intervals 
located in zone 1 contributed with almost half the sum of squared residuals and that 
87 % of this sum derived from 8 of the 39 intervals. A closer look at the actual 
behaviour of the individual test intervals indicated that zone 1 might be limited in its 
geometrical extent and that the non-flow boundary condition assigned to the southwest 
part of zone 1 might cause erroneous behaviour due to its relative closeness to the 
pumping well. 

As a consequence, a second model was set up in which zone 1 had been subdivided into 
a high and a low permeability part and, further, a mixed boundary condition had been 
applied to the southwestern part of zone 1. This model had in all 11 fitting parameters. 
The root-mean-square-error of the drawdown was 0.46 m for this model. Four bore-hole 
intervals were observed to account for 71 % of the total sum of squared residuals. It 
was concluded that there was a need to include a better connection between zones 1 and 
2 close to the borehole FS 3. This connection was introduced in a third model as a zone 
of increased permeability in the vicinity of the borehole FS 3. Model 3 had 12 free 
parameters for the fitting. The calculated root-mean-square-error of 'he drawdown was 
0.23 m for this model. Again, an analysis of the residuals for the individual 'ntervals led 
to an introduction of a new structural element in the model in the form of a permeable 
connection between zones 1 and 3. The resulting model, model 4 with 13 free 
parameters, behaved similarly to model 3 and the improvement in the residual was 
moderate (root-mean-square-error of the drawdown was 0.21 m). Applying the four 
model structure identification criteria mentioned above to the four models showed that 
models 3 and 4 were distinctly better than models 1 and 2. 
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Although ways of further improving the physical description in the model were 
identified, it was concluded that the remaining calibration errors were small compared 
to numerical and measurement errors. A further physical refinement of the model could 
thus lead to an attempt to fit these errors rather than the physical behaviour of the 
system. The major limitations in the physical description were identified to derive from 
the spatial variability aspects not being included in the model, the relatively arbitrarily 
defined geometries of the structural elements in the model, and the upper boundary 
condition being a fixed head condition rather than a free surface. The best fit obtained 
with model 4 during calibration is shown in Figures 5.22 and 5.23 for two of the 
boreholes. 

The predictive capabilities of the four calibrated models were then tested by applying 
the models to four pumping tests in three different fracture zones (one in zone 1, one in 
zone 2 and two in zone 3). Zone 1 is the best characterised of these fracture zones and 
zone 3 is the zone which is least well characterised by the available data and the 
calibrated models. It is therefore not surprising that the agreement between the 
predicted and measured drawdowns is best for the test in zone 1. The prediction runs 
show that the conceptualisation of zone 3 might be somewhat erratic and that the 
geometry of the area with increased permeability between zones 1 and 2 which was 
introduced in the third of the four calibrated models probably is incorrect in the model. 
However, the general conclusion is that the the prediction errors are consistent with the 
parameter uncertainties estimated during the calibration phase and that the match 
obtained between predicted and observed drawdowns therefore is acceptable. 

The prediction runs were made with all four calibrated models for all four pumping 
tests. Ranking the behaviour of the four models with regard to their capabilities to 
predict the four pumping tests showed that the overall best performance was achieved 
by the most complicated model (model 4) with model 3 ranking second and models 2 
and 1 ranking third and four. This is the same ranking as was obtained by applying the 
model structure identification criteria to the calibrated transient models. The team 
concludes that this strongly supports the use of model structure identification criteria for 
comparing different models. The prediction results obtained with model 4 for the 
pumping test in zone 1 (interval FS 8-2) is shown for two responding test intervals in 
Figure 5.24. Note that the scale on the ordinate in this figure differs from that in Figures 
5.22 and 5.23. 

All of the results discussed above were produced using equivalent porous medium 
models. As opposed to this NAPHAR applied a fracture network model to this test case. 
As examples of results obtained those from boreholes FS 1 and FS 5 are shown in 
Figures 5.25 and 5.26. The models shown (see App'ied Modelling Strategies in Section 
5.3.2 for explanation of the nomenclature) are the best-fit five-zone model, the 
simulation with two extra fracture zones (called Extra Links in the legend) and three 
simulations with 1500 random fractures between the fracture zones. The three simu 
lations with random fractures differ in the apertures of the random fractures. Note that 
computed results are given only for the borehole sections which intersect the five 
fracture zones since the rock matrix is net described by the model. 

According to the Project Team the five-zone model did not explain the experimental 
results. Neither did the inclusion of 1500 randomly oriented fractures of a uniform size 
(squares with 20 m sides) and uniform aperture. However, the overall results improved 
significantly with the inclusion of two extra fracture zones which are not mentioned in 
[5.1]. The team also points out that head values very easily can be distorted by local 
influences from minor features. Flux measurements are believed to be a better means of 
validating this type of model. 
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5.4 Conclusions 

The data base involved in this test case is substantial in size. It is valuable in the sense 
that data from several types of measurements and from similar measurements at 
different points in space and time are available so that independent data sets can be 
used for model calibration and prediction. This possibility has, due to financial and time 
constraints, only been used to a limited extent. 

Since the case is truly three-dimensional, evaluations by necessity become demanding 
both in terms of man-power and in terms of computer resources. Most of the Project 
Teams have therefoa- restricted their analyses to the steady-state hydraulic head 
analyses part of the test case. One team made an attempt to predict a transient pumping 
test using a fully three-dimensional model whereas another team used a quasi 
three-dimensional model in which the fracture zones are two-dimensional flakes and the 
rock between the zones is described with one-dimensional elements. By using this 
approach, the team could afford model calibration using transient data and automatic 
inverse modelling. As part of a model development process, one of the teams applied a 
fracture network model in wb«ch the rock matrix was either not represented at all or 
represented by a network of randomly oriented fractures. 

The original intention of the steady-state part of the test case was, although not 
explicitly expressed in the definition, that the model should be calibrated using one of 
the two steady-state piezometry data sets available, and that the second set should be 
subsequently predicted using the calibrated model. This strategy has only been hinted at 
by a few Project Teams. In the results presented, the two data sets are generally 
presented at an equal level. 

The agreement between the computed and measured data is judged to be fair although 
local discrepancies occur. All of the Project Teams have identified the main flow 
pattern as being downward flow to fracture zone 1 and subsequent discharge mainly to 
the Upper Bass Lake. Once this flow pattern had been established, the models were 
relatively insensitive to variations in other parameters. No team, however, varied the 
boundary condition on the vertical boundary underneath the shore of the lake despite 
that the test case description indicated that this boundary condition is poorly confirmed 
by experimental evidence. This boundary also has the potential for being one of the 
governing parameters for the pressure distribution in zone 1 and thus for the whole flow 
pattern in the domain. 

One Project Team used the steady-state data for model calibration and subsequently 
used the parameters of the calibrated model in an attempt to simulate a transient 
pumping test. The success was limited however, and the team concluded that flux 
measurements must be used in addition to the piezometric data for the model 
calibration. This conclusion is reinforced by the analysis by another team who, by 
applying statistical analysis, demonstrated that the amount of information available in 
the head data is insufficient for model calibration. However, the team showed that the 
predictive capabilities of models calibrated against transient data were satisfactory for 
the simulation of transient drawdown data. Furthermore, model calibration based only 
on heads was shown to be ambiguous if also the boundary conditions are expressed in 
heads. Since scaling of all hydraulic conductivities in the domain with a constant factor 
still would yield the same field of hydraulic head, flux data are needed in order to 
sufficiently define the system. 
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The usefulness of statistical methods for evaluating the parameter uncertainty of 
calibrated models and quantitative criteria for comparing different conceptualisations of 
the flow domain has been demonstrated. It was shown that the deviations between 
predicted and measured drawdowns in pumping tests, different from those used for 
model calibration, were consistent with the parameter uncertainty estimated in the 
calibration runs. Likewise it was demonstrated that the application of quantitative model 
structure identification criteria to four calibrated models yielded a correct prediction of 
the ranking of the four models with respect to their capabilities to predict the drawdown 
in four independent pumping tests. 

The results from this test case do not support any conclusions regarding the relative 
merits of the different model concepts used (fully three-dimensional, quasi 
three-dimensional, and fracture network). Obviously, the quasi three-dimensional model 
performed better in predicting transient pumping tests than the fully three-dimensional 
model did. However, this is more due to the fact that the quasi three-dimensional model 
was calibrated using transient data and therefore better tuned to mis task than the fully 
three-dimensional model which was calibrated using steadystate piezometric data. Also, 
the Project Team using the quasi three-dimensional model commented that some of the 
differences between calculated and measured data may be attributed to the model not 
being fully three-dimensional. The quasi three-dimensional approach has been 
developed for the analysis of systems with essentially parallel aquifers separated by 
aquitards. The approach has not been excessively tested for systems like the present 
where the aquifers are interconnected by subvertical conductors. The application of the 
fracture network model is described by the Project Team as part of a model 
development process rather than a model validation exercise. It is therefore likely that 
insufficient effort was spent on the tuning of the model to the data available. Also, the 
data are not particularly well suited to be used in fracture network models. There are 
ample data on fracture orientations but information on their sizes and apertures are 
lacking. 

The experiments at Chalk River constitute one of the experimental programme used in 
HYDROCOIN that had validation of groundwater flow models as a pronounced part of 
the objective. Despite the abundance of data, the Project Teams have during their work 
indicated some ways of making the experiment still more valuable for validation 
purposes. Several teams have pointed out that measured flux data to complement the 
piezometric data is a necessity in order to gain further confidence in the models. 
Without flux data, calibration against steady-state data of the type available from the 
Chalk River site has been demonstrated to be of limited use. 

The judgement by the Project Teams as to whether the case for the model is proven by 
this test case or not varies between "the case is probably" proven and "the case is not 
proven". The teams are relatively confident about the capabilities of the models to 
describe the general flow pattern at the site but are uncertain about the magnitude of 
flow and the influence of heterogeneities not included in the model. It should be noted 
that no attempts have been made to analyse the spatial variability and correlation 
structure of the data available. Moreover, it has been shown that a model's capability to 
e.g. predict the drawdown in a pumping test can be validated if an appropriate data base 
is available for model calibration. It is not certain however, that the validated model can 
predict the flow conditions in the post-closure phase of a radioactive waste repository. 
The model validation is purpose-specific. 
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Figure 5.1 Topographic map of the CRNL test area with the proposed model area 
indicated. Note that the elevations shown on the contours are in feet. 
From [5.5]. 

Figure 5.2 Isometric sketch of the test site showing the locations of boreholes, 
diabase dyke, fracture zone 1 (left) and fracture zones 2,3,4 (right). 
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Figure 5.3 Contoured plot of poles to fractures measured in surface outcrops of 
the test area. 

Figure 5.4 

BOREHOLES FS-1 TO FS-17 
N = 340 

GEOMETRIC MEAN = 2.1 x 10 »ms_1 

-10 -9 -8 -7 -6 -5 

LOGARITHM OF K„m IN ms'1 

Distribution of the common logarithm of equivalent rock mass 
hydraulic conductivity in the boreholes as measured with straddle-
packer injection tests. 
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Figure 5-5 Drawdown vs log time response for pumping borehole and observation 
intervals intersecting fracture zone 1; FS 10 aquifer test. 
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Figure 5.16 Computed hydraulic head profiles along borehole FS 10 compared 
with experimental values with FS 10 closed (top) and open (bottom). 
Solid and dashed vertical bars correspond to borehole test intervals. 
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6. Case 4: Three Dimensional Regional Groundwater 

Flow in Low Permeability Rocks 

6.1 Definition of Case 4 

6.1.1 Background 

The aim of the present test case was the validation of models by using the data from a 
regional field study which may be regarded as typical in terms of the data density. The 
case is of great significance to the disposal of radioactive waste because many 
repository concepts involve host rocks which have low permeability as a principal 
safety feature. The Level 2 goal of increasing the confidence in the models was to be 
accomplished by comparing parameters and results of a calibrated model with both 
prior estimates of hydraulic parameters and results of other models. 

Available data for regional groundwater flow systems of low permeability are sparse. 
The area to be simulated for this problem was the Piceance Basin which is located in 
the northwestern part of Colorado, USA, Figure 6.1. It is one of the few regional scale 
basins studied by hydrologists in the USA, having rocks of mostly low permeability. 
Previous studies were prompted by technical, legal, and environmental concerns 
involving the development of extensive oil shale deposits within the basin. The main 
source of hydrological data for the Piceance Basin is given in [6.1]. A hydrological 
description of the Piceance Basin that was used extensively in development of this case 
is given in [6.2]. A modified version of this original model has been published and been 
applied to mine drainage problems in the basin [6.3]. 

As for any regional flow system, there is for this test case a large degree of uncertainty 
in the prior estimates of hydraulic parameters. The data base to this test case includes 
assigned ranges to the prior estimates of the parameters. The ranges were defined by the 
author of a previous model study [6.2] and were reported to be derived from the results 
of aquifer tests. The ranges introduced should be regarded as an expression of the 
uncertainty introduced by the generalisations made on a regional scale, rather than as 
uncertainties inherent in the measurements. 

6.1.2 Hydrogeological Setting 

The Piceance Basin is a structural depression within the Rocky Mountains physio
graphic province in northwestern Colorado, see Figure 6.1. The bedding of sedimentary 
deposits within the basin, shown in Figure 6.2, generally dips gently inwards and 
towards the north-east margin of the basin. Bedding along the north-east margin dips 
steeply southwest. 

The Uinta and Green River Formations - the youngest regionally continuous geological 
units within the basin - contain the hydrostratigraphical units to be simulated in this 
case. The stratigraphical and hydrostratigraphical units are defined in Figure 6.3. The 
oldest geological unit considered is the Parachute Creek Member of the Green River 
Formation. The Parachute Creek Member is a fractured marlstone, with prominent 
zones of oil shale. The Green River Formation is overlain by the Uinta Formation, 
which is composed of fractured sandstone, marlstone, and silt stone. 
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The Parachute Creek Member of the Green River Formation has been subdivided into 
four hydrostratigraphical units. The lowest unit (layer 1) includes most of the lower part 
of the Parachute Creek Member of the Green River Formation. The second lowest unit 
(layer 2) includes part of the lower Parachute Creek Member between lay^r 1 and the 
principal oil shale horizon. The middle layer (layer 3) is the principal oil shale horizon 
in the Parachute Creek Member. The upper part of the Parachute Creek Member forms 
the fourth hydrostratigraphical unit (layer 4). The Uinta Formation extends from the top 
of the Green River Formation to the surface. The entire Uinta Formation is included as 
a single hydrostratigraphical unit (layer S). 

No distinct confining unit exists between layers 1 and 2 or between layers 4 and 5. The 
oil shale horizon may be viewed as a confining unit dividing the sequence into two 
aquifers. The lower aquifer is comprised of layers 1 and 2. The upper aquifer is 
comprised of layers 4 and 5. In [6.2], it is indicated that the lower aquifer is (lis 
tinguished from the upper by an increased degree of secondary dissolution along 
fracture zones. 

6.1.3 Conceptual Model 

Groundwater flow within the low-permeability rocks of the basin is probably dominated 
by flow within fractures. However, the fractures are considere~ to be sufficiently 
frequent to allow the use of Darcy's law on the regional scale. In [6.2] it is suggested 
that the Mahogany Zone of the Parachute Creek Member may be less fractured thar 
other layers, and that the lower aquifer (layers 1 and 2) may feature more secondary 
dissolution of soluble material along fracture zones than does the upper aquifer (zones 4 
and 5). 

The margins of the basin and principal streams draining the basin are shown in Figure 
6.2. The general patterns of vertical groundwater flow within the basin is illustrated in 
Figure 6.4. Horizontal flow within the basin is generally from south to north, except in 
the extreme southern part where flow is directed towards the canyons in the south. 

The boundaries of the groundwater system are well defined. All hydrostratigraphical 
units of concern in this problem are exposed around the basin margins. Therefore, the 
edge of the units can be treated as no-flow boundaries. The Garden Gulch Member of 
the Green River Formation underlies the Parachute Creek Member, and is described in 
[6.2] as "relatively impermeable" which results in the bottom boundary also being a 
no-flow boundary. 

Recharge to the Piceance Basin originates from the infiltration of snow-melt. The 
annual rate of precipitation, which falls largely as snow, varies with altitude in the basin 
and is generally highest at high elevations on the south, east and west margins of the 
basin. Discharge from the basin occurs at seepage faces on the southwest margin of the 
basin and as base flow to the principal streams draining the central part of the basin. 

The Piceance Basin has been the subject of several published three-dimensional 
finite-difference groundwater models [6.2, 6.3]. The models share generally similar 
concepts of basin hydrology, but differ somewhat in the method of representation of the 
system. The main differences are in the number of layers employed in the solution; 
from a quasi three-dimensional representation with two layers and an intervening 
confining bed [6.3], to five layers in a fully three-dimensional representation. The most 
detailed model [6.4] employed a five layer representation under transient conditions and 
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was calibrated to details of the hydrological system that have not been included in this 
description, because the data in [6.4] were not available at the time when the test case 
was defined. 

6.1.4 Purpose and Scope 

The Piceance Basin case tests the ability of the computer codes to simulate large-scale, 
three-dimensional flow in low-permeable, anisotropic rocks. The scope of the problem 
is limited by the method of parameter specification, which is given in ranges of values 
for assumed zones of effective parameters. Thus, issues such as spatial correlation of 
hydraulic parameters cannot be addressed. 

6.1.5 Experimental Design and Input Parameters 

The input data to the test case consist of prior estimates of hydrological quantities. The 
input data given to the Project teams are given in tables and figures as described below: 

• The distribution and range of prior estimates of transmissivity for horizontal flow in 
four of the five hydrostratigraphical units, Figure 6.5; 

• The distribution and range of prior estimates of vertical hydraulic conductivity in 
layer 3, Figure 6.6; 

• Prior estimates of the average vertical hydraulic conductivity of four of the five units 
and of the average transmissivity of the fifth unit, layer 3, Table 6.1; 

• Estimated average thickness of each hydrostratigraphical unit, Table 6.2; 
• The range and distribution of recharge to the basin, Figure 6.7; 
• Spring and see vage-face locations and elevations, Figures 6.8-6.11; 
• Prior estimate of discharge to springs and seepage faces, Table 6.3; 
• An assumed constant effective porosity of 0.10 for all units. 

Table 6.1 Some hydraulic properties estimated for the hydrostratigraphical units 
in the Piceance Basin. 

Layer 

5 
4 
2 
1 

Transmissivity 
of Layer 3 (m2-

Ranges of Vertical Hydraulic 
Conductivity (ms -1) 

4.6 10-9 - 2.0 1(H 
6.0 10-9 - 3.0 HH 
1.0 1(H-3.0 HF 
3.0 10-W-l.O 1(H 

s-i) 4.9 HH-1 .5 10° 
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Table 6.2 Average thicknesses of hydrostratigraphical units in the Piceance 
Basin. 

Layer Average Thickness (m) 

5 120 
4 90 
3 50 
2 60 
1 210 

Table 0.3 Estimated discharge fm3 • s~l) to springs and seepage faces in the 
Piceance Basin. 

Piceance Creek 0.646 
Yellow Creek 0.024 
Roan and Parachute Creeks 0.7% 

Note that the transmissivity data do not include estimates of measurement uncertainty. 
The ranges specified for input parameters reflect uncertainty due to regional generali
sation of the measurements, and do not reflect inherent uncertainty in the prior 
estimates. 

Indications of possible horizontal anisotropy of the transmissivity of at least the top two 
units are included in Figures 6.12 and 6.13. Figure 6.12 illustrates the orientation of 
fractures in the Piceance Basin as measured at the surface. Shown in Figure 6.13 is a 
cone of depression formed around a centre of groundwater pumping. Note that the 
fracture orientations might be interpreted to locate the major axis at 295 degrees 
azimuth, while the cone of depression indicates that the major axis is oriented at 345 
degrees azimuth. The information presented in these figures is ambiguous, and requires 
careful interpretation before use in a simulation. 

Hydraulic heads measured at wells iocated as shown in Figure 6 14 are listed in Table 
6.4 for use in model calibration. 

6.1.6 Requested Output 

The results of the simulations of this problem have been evaluated through a goodness 
of-fit function for calculated hydraulic heads and by inspection of particle paths and 
travel times of particles released at twelve points within the basin. Evaluation is by 
comparison of results from several models. 

The goodness-of-fit function is defined as the absolute difference between the hydraulic 
heads simulated by the model and those interpolated using a kriging algorithm from the 
measured hydraulic heads divided by one plus the standard deviation from the kriging. 
This measure has the property that the model is required to be more accurate near the 
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location of the measured hydraulic heads, i.e. where the kriging standard deviation is 
small, than it has to be in areas away from the measurement points. The equation used 
is: 

Fi = 

,m h"' - h\\ 

1 + C: 

(6.1) 

The location of the lines along which the values were to be calculated is shown in 
Figure 6.15. Table 6.5 lists the values of kriged hydraulic heads and the associated 
kriging errors in four of the five hydrostratigraphical zones in the Piceance Basin at the 
intervals along both lines. The release points for particle tracking are located at the 
centre of each indicated layer, see Figure 6.15. 

Table 6.4 Hydraulic head measured at wells in the Piceance Basin. 

Layer Observation Head 
Number 

1 1 
1 2 
1 4 
1 6 
1 7 
1 8 
1 10 
1 12 
1 14 
1 18 

1 19 
1 23 
1 28 
1 29 
1 30 
1 33 
1 35 
1 39 
1 41 
1 45 
1 46 
1 48 
1 49 
1 50 

(m) 

1803.2 
1839.1 
1801.4 
1846.7 
2020.5 
2013.5 
1884.8 
1962.9 
1875.8 
1888.0 

2002.5 
1902.3 
2120.8 
2119.0 
2008.6 
2065.2 
2155.8 
2387.2 
2364.6 
2341.4 
2429.3 
2278.0 
2464.3 
2578.6 

Layer 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

5 

Observation Head 
Number 

11 
24 
27 
31 
34 
37 
42 
51 
52 
53 

3 
3 
9 
13 
15 
16 
17 
20 
22 
25 
26 
32 
36 
40 
43 
44 
47 

38 

(m) 

1839.5 
1987.5 
2101.4 
2002.5 
1977.4 
2230.5 
2294.2 
2443.0 
2621.3 
2349.9 

1870.3 
1809.0 
1898.8 
2036.9 
1877.5 
2004.7 
1911.4 
1930.2 
1925.1 
2011.1 
2103.7 
2060.2 
2238.8 
2466.4 
2451.2 
2448.0 
2336.2 

2251.9 

- 1 1 3 -



Table 6.5 Kriged hydraulic heads and errors along profiles through the Piceance 
Basin. 

Profile 1 
La/er X Y Head o 

(km) (km) (m) (m) 

40 10 2127 33 
40 15 2157 46 
40 20 2258 48 
40 25 2372 36 
40 30 2267 53 
40 35 2147 50 
40 40 2045 55 
40 45 1977 57 
40 50 1907 31 
40 55 1915 51 
40 60 188 57 
40 65 183 45 
40 70 179 48 

2 40 10 2210 20 
2 40 15 2271 27 
2 40 20 2434 56 
2 40 25 2295 70 
2 40 30 2149 85 
2 40 35 1996 72 
2 40 40 1962 56 
2 40 45 1960 46 
2 40 50 1947 47 
2 40 55 1915 51 
2 40 60 186 33 
2 40 65 182 53 
2 40 70 179 24 

4 40 10 2274 34 
4 40 15 2330 40 
4 40 20 2456 29 
4 40 25 2410 61 
4 40 30 2236 72 
4 40 35 2147 68 
4 40 40 2061 63 
4 40 45 1988 59 
4 40 50 1930 30 
4 40 55 1955 54 
4 40 60 191 63 
4 40 65 184 52 
4 40 70 181 58 

40 10 2403 22 
40 15 2393 28 
40 20 2394 46 
40 25 2353 49 
40 30 2316 56 
40 35 1953 71 
40 40 1931 56 
40 45 1922 35 
40 50 1904 17 
40 55 1880 28 
40 60 186 11 
40 65 183 23 
40 70 177 19 

Profile 2 
X Y Head o 

(km) (km) (m) (m) 

15 
20 
25 
30 
35 
40 
45 
50 
55 
60 

40 
40 
40 
40 
40 
40 
40 
40 
40 
40 

2276 
2154 
2085 
2046 
2033 
2045 
2085 
2093 
2180 
2250 

85 
55 
44 
42 
39 
55 
61 
70 
73 
76 

15 
20 
25 
30 
35 
40 
45 
50 
55 
60 

40 
40 
40 
40 
40 
40 
40 
40 
40 
40 

2368 
2242 
2152 
2036 
1997 
1962 
2002 
2058 
2146 
2228 

90 
81 
66 
32 
46 
56 
41 
40 
57 
81 

15 
20 
25 
30 
35 
40 
45 
50 
55 
60 

40 
40 
40 
40 
40 
40 
40 
40 
40 
40 

2480 
2251 
2173 
2052 
2034 
2061 
2086 
2131 
2166 
2202 

95 
84 
80 
69 
44 
63 
72 
74 
76 
85 

15 
20 
25 
30 
35 
40 
45 
50 
55 
60 

40 
40 
40 
40 
40 
40 
40 
40 
40 
40 

2275 
2131 
2038 
2000 
1946 
1931 
1965 
1991 
2046 
2101 

46 
32 
23 
46 
54 
56 
47 
38 
29 
13 
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6.1.7 Special Features 

The regional nature of this case, and the inherent complications that accompany the use 
of prior estimates of hydraulic parameters in a regional setting, are primary features. 
This aspect necessarily emphasises the importance of subjective decision making in the 
formulation and calibration of a groundwater flow model. 

The results of the simulations of the test case may be used to compare the approaches 
employed by different workers in representing an incompletely defined groundwater 
system, and to assess the variance in model results that may be due to subjective 
interpretation. The subjectivity and the methods used :-J specify hydraulic parameters, 
naturally lead to questions of model sensitivity and uncertainty analysis. These issues 
which will be further investigated in Level 3 of the HYDROCOIN project. 

6.2 Compilation of the Results 

6.2.1 General 

Five sets of results, TRIEDM, NAMAES, 3DSJAE, USGSAN and MTRRIV, were 
submitted for test Case 4. Out of these, USGSAN used a finite-difference code, whereas 
the other analyses involved the use of finite-element codes. All teams used in principle 
the same set of boundary conditions. These consisted of a fixed infiltration rate 
distribution over the top surface except for the rivers and springs. At river locations a 
fixed hydraulic head equal to the elevation was applied. Also at the springs in the 
canyons along the southern vertical boundary, fixed head boundary conditions were 
used. No-flow boundary conditions were used at the rest of the vertical and at the 
bottom boundaries. 

Most of the teams utilised the zonation patterns for parameter distributions that were 
proposed in the test case definition. However, the NAMAES team added several zones 
to the recharge distribution by subdividing existing zones. In addition, TRIEDM created 
additional zones of transmissivity in an attempt to improve the representation in the 
southern area containing the springs. It is worth noting that the zonal patterns used do 
not for any team represent those of the test case definition due to the smoothing 
imposed by the generally coarse discretisation schemes that were employed. 

The Project Teams employpd manual trial-and-error type of procedures in order to 
arrive at a calibrated model. The parameters adjusted in this procedure were the 
recharge rate and the hydraulic conductivity distribution within the domain. USGSAN 
performed this procedure such that the parameters that were most constrained by the 
data and had the most effect on the model fit were adjusted fust. Parameters that were 
not well constrained or which did not strongly influence the goodness-of-fit function 
thus are dependent on the well constrained parameters. 

Because of the the high horizontal-to-vertical aspect ratio of the domain, the discreti 
sation may have had an impact on the results. In particular the vertical discretisation has 
an impact on the possibility to describe the vertical flow velocity component. The 
3DSJAE results were produced using a seven-layer mesh in which the lowest (Layer 1) 
and topmost (Layer 5) hydrostratigraphical units were described by two element layers. 
All the other teams described the domain with one element/block layer per unit, i.e. 
totally five element/block layers. 

-115 



Another difference between the different approaches, is the treatment of the site 
topography. Most of the teams have simulated confined conditions, i.e. the topographic 
variations are irrelevant. In the 3DSJAE approach, however, the mesh has been adjusted 
so that the elevations of the springs at the southern boundary are explicitly represented. 

Results 

The teams have managed to calibrate their models with respect to the kriged head 
profiles to a reasonable degree of fit in the northern part of the domain. It is evident 
that the fixed-head boundary conditions applied to the rivers in this part of the region 
constrain the solutions so that the sensitivity to permeability variations is relatively low. 
Due to this, the best-fit permeabilities obtained are determined with a limited degree of 
confidence. 

Calibrated values of the areal recharge and the hydraulic conductivities are shown in 
Figures 6.16-6.19 and are summarised in Tables 6.6 and 6.7. The calibrated recharge 
values vary significantly from team to team. The TRIEDM values are generally in the 
middle of the defined ranges with some of the data tending towards the high end. Also 
the values used by 3DSJAE are generally in the middle part of the defined ranges. 
However, in three of the zones values above the defined range were applied, and in two 
zones the applied value fell below the defined range. The USGSAN team employed 
recharge values which were consistently in the low end of the ranges. The lowest values 
used were those used in the simulation by the NAMAES team in which case eight of 
their calibrated values fall below the defined ranges. 

Calibrated hydraulic conductivities also vary significantly between the different 
modelling teams. The TRIEDM values are generally on the high side of the defined 
ranges with two zones having values above and two zones having values below the 
corresponding range. Calibrated hydraulic conductivities used by the 3DSJAE team are 
generally lower than the defined ranges with eleven values falling below and two values 
above the ranges. The values used by NAMAES generally fall in the middle of the 
ranges but with four of the values lying below the defined range. 

Although horizontal anisotropy was suggested by data presented in the test case 
definition, only the USGSAN team employed this feature. They employed horizontal 
anisotropy in the top two layers and in the bottom layer. 

For the southern part it has been much more difficult to obtain a reasonable fit because 
of a combination of uncertain boundary condition descriptions and a possible lack of 
resolution in the hydrogeological description. It has been difficult to simulate the 
relatively large horizontal hydraulic gradients appearing in this portion of the domain. 

Calibration errors compared to the estimated kriging error as computed from Equation 
6.1 are shown in Figures 6.20-6.23. According to this definition of the error, all errors 
which are less or equal to 1.0 are smaller than the uncertainty associated with the 
kriging estimates. 

Some patterns which are common to most of the submitted results are evident. From the 
south-north profiles, line no 1 in the figures, it is evident that the obtained fits are 
poorer in the southern part than in the northern. The problems in matching the 
piezometric levels in the southern pan of the domain are most likely associated with the 
interpretation and implementation of the springs in the models. First, the springs 
discharge from very steep canyon walls which form an irregular boundary. This 
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Table 6.6 Calibrated values of areal recharge (mmlyr) and the range of prior 
estimates from the field studies. 

Zone 

1 
2 
3 
4 
5 
6 

7a 
7b 
8 
9 

10 
11 
12 
13 
14 

Defined 
range 

0-12.7 
12.7-25.4 
25.4-38.1 
50.8-63.5 
38.1-50.8 
25.4-38.1 
12.7-25.4 
12.7-25.4 
63.5-76.2 
50.8-63.5 
38.1-50.8 

0-12.7 
25.4-38.1 
12.7-25.4 

0 

TRIEDM 

11 
23 
34 
57 
46 
34 
23 
23 
69 
57 
34 
11 
34 
23 

0 

3DSJAE 

6.3 
18.9 
31.5 
56.7 
31.5 
31.5 
18.9 
18.9 
56.7 
56.7 
56.7 
18.9 
31.5 
18.9 

0 

USGSAN 

0.0 
12.7 
25.4 
50.8 
38.1 
27.9 
20.3 
1.2.7 
66.0 
53.3 
40.6 

0 
38.1 

20.3-22.9 
0 

NAMAES 

6.3 
18.9-25.2 
18.9-25.2 

50.5 
37.8 
25.2 
12.6 
22.1 
44.2 
44.2 
44.2 

9.5 
22.1 

9.5-12.6 
0 

Table 6.7 Calibrated values for the horizontal hydraulic conductivities in layers 
1,2,4, and 5 and the vertical hydraulic conductivity of layer 3 {mis) 
compared with the range of prior estimates from the field studies. 

Layer 

1 

2 

3 

4 

5 

Zone 

1 
2 
3 
4 
5 
1 
2 
3 
4 
1 
2 
3 
1 
2 
3 
1 
2 
3 

Defined 
range 

5.1 10-9-5.1 10-7 
5.1 10-7-1.0 
1.0 KH-1.5 
1.0-1CH-1.5 
1.5 10-6-2.0 
1.8 1CH-4.0 
9.0 10-7-1.8 
1.8 10-7-9.0 
1.8-KH-1.8 

3.5 -10-11-3.5 
3.5 10-9-3.5 
3.5-KH-1.1 
1.2-10-8-1.2 
1.2 10-6-2.4 
2.4-10-6-6.0 
9.0 KH-9.0 
9.0-10-7-1.8 

10* 
10* 
10* 
10* 
10* 
10* 
10-7 
10-7 
1(H 
10* 
10-7 
10* 
10* 
10* 
10-7 
10* 

1.8 • 10-6-4.0-10* 

TRIEDM 

2.5 10* 
1.0 10-6 
1.5 10-7 
1.5 10-7 
2.0 10-6 
4.0 10* 
1.2 10* 
1.0-10-6 
1.0 10-7 

3.5 10-10 
3.5-10-8 
1.0 10-7 
1.2 10-6 
4.8 10-6 
6.0 10-6 
2.7 10-7 
3.6 10-7 
4.0 10-6 

3DSJAE 

3.0 1(H 
1.0 10-7 
1.0 10-7 
1.0 10-7 
1.0 10-7 
3.0 10-7 
3.0 10-6 
3.0-10-7 
3.0-10-7 
4.0 10-10 
1.0 10-« 
1.0-10-8 
2.0-10-7 
2.0-10-7 
1.0 10* 
1.0 10-7 
5.0-10-7 
5.0 10-7 

USGSAN 

7.7 10-8 
9.0- HF 
1.3 10-6 
1.3 10* 
1.8 10* 
2.9 10* 
1.4 10* 
6.3 10-7 
1.6 10^ 
1.4 10-10 
2.6 10* 
1.1 10-7 
2.4 10-7 
1.8 10* 
4.2-10* 
5.4 10-7 
1.6 10* 
3.6 10* 

NAMAES 

4.7-10-8 
6.7 10-7 
1.1 10-6 
6.7-10-7 
1.7 10* 
2.4-10* 
1.2 10* 
3.6-10-7 
5.3-10-8 
3.6 10-1 
1.1 10-8 
6.0-10-8 
1.1 10-7 
1.6 10* 
3.5 10* 
8.3 10-8 
1,2 10* 
2.4 10* 
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boundary has been considerably simplified by all of the modellers and therefore, the 
"true" boundary is not being simulated. Second, the transmissivity zones in the vicinity 
of the springs are too large to allow for the expected reduction in transmissivity near the 
springs. This reduction in transmissivity results from reduction in saturated thickness 
near the springs. Thus, if the value of the transmissivity were adjusted to reflect the 
properties in the area of the spring the transmissivity would be too low in the rest of the 
zone and vice versa. TRIEDM tried to address this problem by subdividing the 
transmissivity zone around the springs and consequently achieved somewhat better 
results in this part of the domain than the other teams. 

The model errors along the east-west profile, line 2, are more evenly distributed than 
those along line 1. No team has managed to calibrate the model to the extent that the 
goodness-of-fit measure error is less than 1.0 everywhere along the profiles. 

Figures 6.24-6.26 show horizontal projections of pathlines released at four locations in 
the layers 1,3 and 5 respectively. The results from the different teams are qualitatively 
similar in the sense that the different pathlines point in the same general directions. 
Thus, pathline 1 discharges to a stream in the central part of of the domain, pathlines 2 
and 3 exit at the northern boundary, and pathline 4 goes to a canyon in the south
eastern part of the domain. The only exception from this general pattern is pathline 4 
calculated by MTRRIV, which moves horizontally towards the north and discharges in 
the northern part of the domain. The Project Team comments that their discretisation 
may be too coarse to properly describe the flow pattern. Also note that the calibration 
errors shown in Figures 6.20-6.23 are larger along the southern part of line 1 for 
MTRRIV than for the other teams. 

Several of the teams tried different error criteria in achieving model calibration. The 
RIV team used the following expression in addition to the one defined in Equation 6.1: 

| h m - h c | 

max " min 

This goodness-of-fit function was applied on a layer by layer basis. 

The USGSAN team applied several criteria in model calibration including Equation 6.1, 
root-mean-square error and arithmetic mean of the differences. As the team noted, 
applying different error criteria can lead to different conclusions regarding the quality 
of the calibration. 

6.3 Conclusions 

The Project Teams have used manual trial-and-error type methods to adjust the model 
parameters in order to optimise the fit. The most sensitive parameter in this fitting pro 
cedure is the recharge rate and the permeability close to the canyons in th? sjuthem 
part. Another parameter identified as important is the horizontal to vertical anisotropy 
ratio. Because of the sparsity of data, both with respect to measured hydraulic heads 
and with respect to the hydraulic conductivities in the horizontal and vertical direction, 
its strong influence introduces a significant element of uncertainty in the model 
calibration. 
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The data used to calibrate the models consisted of hydraulic heads kriged from a sparse 
set of data measured in wells distributed over the domain. The uncertainty associated 
with the application of the kriging procedure has not been evaluated in this test case. 
There is a need to further evaluate and develop methods for treating sparse data sets. 
The reliability of the model calibration, would also have increased significantly if flow 
rate data been available from the site. 

The setting of the basin in combination with the large horizontal to vertical aspect ratio 
makes the evaluation of the vertical flux component very uncertain. The model results 
have been described by a Project Team as almost two-dimensional. 

In summary most of the teams have judged their fit to be reasonable considering the 
uncertainties present in the definition. However, models of the groundwater system at 
the Piceance Basin cannot be validated in a true sense without an additional, 
independent data set against which predictive calculations can be compared. Thus 
judgement of the validity in the context of the presently defined steady-state problem is 
confined to an assessment of how well the models were able to reproduce, the measured 
hydraulic heads and the estimated spring and river discharges while staying within the 
defined parameter ranges. Since most of the Project Teams felt they had to use 
parameter values outside of the defined ranges and also in several cases altered the 
zonation of the parameters, the conclusion could be drawn that the models were 
invalidated because they failed to reproduce the measured values using "measured" 
parameters. 

It should be emphasised that that the reason for the apparent misfit between measured 
and calculated data might be found in inaccuracies or inadequacies in the measured 
hydraulic heads and discharge rates as well as in ill-defined zones and ranges of 
parameters. It is therefore not possible to determine the reason for the apparent 
invalidity of the models without a thorough review of the data. It is also interesting to 
note that, despite the fairly large differences in parameter distributions and also to an 
extent in modelling strategy, all models predicted similar particle tracks. It is therefore 
tempting to assign some credibility to the models given that their purpose were to 
predict travel paths. 
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Figure 6.1 Map of the United States and the state of Colorado, showing the 
location of the Piceance Basin. 
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Figure 6.2 Margins of the Piceance Basin and major streams within the basin. 
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Figure 6.3 Stratigraphical and hydrostratigraphical units in the Piceance Basin. 
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Figure 6.4 

B. Roan and Parachute Creek drainage hasins 

Idealised cross-sections of the Piceance Basin illustrating the concept 
of groundwater flow in the basin. 
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Figure 6.5 Estimated transmissivity distributions of layer 1 (upper left), layer 2 
(upper right), layer 4 (lower left) and layer 5 (lower right). Units are 
given in w2 •*-*. 
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Figure 6.6 Vertical hydraulic conductivity of the principal oil shal; horizon in the 
Parachute Creek member of the Green River formation (layer 3). Units 
are given in mr4. 
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Figure 6.7 The distribution ofareal recharge. Units are given in mm/year. 
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Figure 6.8 

Seepage-face locations and elevations in the lower 
part of the Parachute Creek member of the Green 
River formation (layer 1). Units are given in feet 
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Figure 6. 9 

Seepage-face locations and elevations in the lower 
part of the Parachute Creek member of iJie Green 
River formation (layer 2). Units are given in feet 
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Figure 6.10 Seepage-face locations and elevations in the upper part of the 
Parachute Creek member of the Green River formation (layer 4). Units 
are given in feet. 
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Figure 6.11 Seepage-face and spring locations and elevations in the Uinta 
formation (layer 5). Units are given in feet. 
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Figure 6.12 Distribution of fracture orientations from surface studies. 
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Figure 6.13 Cone of depression created by pumping at a site within the domain. 
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Figure 6.14 Location of wells where water level measurements were performed. 
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Figure 6.15 Location of cross-section lines and particle release points for problem 
evaluation, 
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Figure 6.16 Calibrated distributions of the horizontal hydraulic conductivity of 
layer 1 (upper left), layer 2 (upper right), layer 4 (lower left), and 
layer 5 (lower right). Units are given in m-s~l. The reported numbers 
appear in the same order as the listing of Project Teams in the legend. 
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Figure 6.17 Calibrated distributions of the vertical hydraulic conductivity of 
layer 1 (upper left), layer 2 (upper right), layer 4 (lower left), and 
layer 5 (lower right). Units are given in m-H. The reported numbers 
appear in the same order as the listing of Project Teams in the legend. 
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Figure 6.18 Calibrated distributions of the vertical hydraulic conductivity of 
layer 3. Units are given in ms~l. The reported numbers appear in the 
same order as the listing of Project Teams in the legend. 
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Figure 6.19 Calibrated distributions of the recharge rate. Units are given in 
mmyr-1. The reported numbers appear in the same order as the listing 
of Project Teams in the legend. 
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7. Case 5: Soil-Water Redistribution Near the 

Surface at a Field Site 

7.1 Definition of Case 5 

7.1.1 Background 

Flow in partially saturated porous media is an important process that is considered in 
the development of repository conceptual models either for the evaluation of the 
boundary conditions, or as a principal mechanism for initial saturation or resaturation of 
a repository. In the present test case, redistribution of soil moisture through partially 
saturated soils is studied to determine whether the models can simulate the movement 
of soil water through partially saturated media. 

The soil-water redistribution test case presented here is based upon a previous soil-
physics field experiment [7.1]. The objective of that experiment was to collect an 
extensive database (e.g., soil moisture and pressure measurements) at 20 test plots 
located in a fairly uniform soil, in order to examine the issue of spatial variability of 
field measured soil-water properties and whether averaged values should be used in 
characterising the hydraulic properties of the soil. From this extensive database a 
limited subset, utilising data from one test plot, was selected for use in this test case. 

The test case formulation, using this subset of data, was designed to evaluate the 
capabilities of various partially saturated codes and to gain confidence in simulating 
soil-water redistribution for partially saturated media under slightly heterogeneous field 
conditions. 

7.1.2 Field Site and Experimental Procedure 

The field experimental site, the "West Side Field Station" of the University of 
California at Davis, is a highly researched and well-documented test facility for soil 
science studies. The site is situated on an alluvial fan along the western side of the 
Central Valley of California. The soil at the site, known as the Panoche Soil, is 
characterised as a silty clay loam. The soil properties are considered to be fairly 
uniform with some small-scale variability. The site has a water table located at a depth 
of approximately 900 cm below ground surface with natural infiltration and recharge 
occurring as gentle rains during the winter months. 

The experiment was designed to examine the effects of spatial variability on rates of 
infiltration and soil-water redistribution. Twenty 6.5 m2 plots were randomly established 
over a 150 hectare site. At each location, duplicate mercury tensiometers were placed at 
depths of 30.5, 61.0, 91.4, 121.9, 152.9, and 182.9 cm below ground surface (see 
Figure 7.1) to follow soil-water pressure changes during initial wetting and soil-water 
redistribution. 

Infiltration was initiated by ponding water on each plot until steady-state flow was 
established in the soil profile at all depths to the 182.9 cm level. The lower boundary 
was defined as the local water table located at a depth of 900 cm. 
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Steady-state conditions were established in approximately one week, at which time a 
steady-state infiltration rate was defined for each location. Once steady-state conditions 
were established, the ponding of water on each test plot was terminated. Each plot was 
then covered with plastic sheets and a thin layer of soil to minimise evapotranspiration 
losses, extreme temperature fluctuations, and natural recharge. 

Soil-water redistribution was then monitored at various depths within each plot using 
tensiometers to determine pressure head. The interpretation of the experimental results 
assumed that during the measurement period: 

• evapotranspiration losses were negligible, 

• groundwater flow was only taking place in the vertical direction, and 

• the infiltration did not cause fluctuations in the local water table elevation. 

It is important to emphasise that in the field situation there was probably lateral flow of 
groundwater which was not considered and, furthermore, the local water table was in all 
probability slightly mounded below the test plots. However, the effect of these 
conditions on the soil-water redistribution within the upper 2 m of the soil is considered 
negligible. 

Tensiometer readings were taken hourly for the first 24 hours following cessation of 
infiltration, and less frequently as time progressed. After 3 to 4 days following cessation 
of infiltration, readings were taken daily. Specially obtained core and soil samples were 
collected for laboratory analysis to determine sod-water characteristic curves and bulk 
density of the soil. The tensiometer readings taken in the field were translated into 
soil-moisture contents via the soil-water characteristic curves determined in the 
laboratory. 

7.1.3 Laboratory and Field Data Base 

The database for this test case uses data from one test plot from the original experi
mental database which included all 20 test plots. For the test plot, the data were 
organised by the experimenters according to the six depths where the tensiometer 
measurements were made. This data organisation was not intended to define distinct 
hydrostratigraphical units. Project Teams were free to use any interpretation of the data 
at the six depths to characterise the hydrogeology. 

Mean values and general functional relationships with associated statistical charac
terisation were developed for the properties of the soil. The database for the test case 
was comprised of the following data from the original experiment [7.1]: 

• Soil-water characteristic curves (moisture content versus pressure head); 

• Soil-water content (storage) versus time for each soil depth (i.e., tensiometer levels); 

• Effective hydraulic conductivity at each soil depth versus time. 

Values for the above types of data were the result of both direct field and laboratory 
measurements, and derivations based on analyses of the field and laboratory measure
ments. 
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The characteristic cirves of moisture content versus pressure head, Table 7.1 and Figure 
7.2, were derived from laboratory analysis of multiple soil core samples taken at each 
tensiometer depth for each test plot. Tensiometer measurements were made in the field 
and then converted to soil moisture contents, Table 7.2, via the laboratory determined 
moisture content versus pressure curves. Hydraulic conductivity values, Table 7.3, were 
then determined by analysing the change in moisture contents with time. This deter
mination of hydraulic conductivity results in a preconditioning of the simulation data to 
the experimental results used to judge simulation accuracy, namely the variation of 
moisture content with time. This limits the usefulness of the database in the context of a 
validation exercise. 

Table 7.1 Values of water content versus pressure for soil cores taken at the six 
depths. These data were obtained from laboratory analyses. 

Pressure 0 
(cm H20) 

Depth cm 

30.5 39.77 
61.0 4384 
91.4 44.32 

121.9 47.73 
152.4 49.81 
182.9 50.92 

-10 

39.34 
42.56 
43.71 
46.99 
48.53 
50.01 

-30 -60 -90 -120 

Water Content Percent by Volume 

38.56 
40.67 
41.99 
45.73 
47.21 
48.92 

36.88 
38.18 
38.95 
43.96 
45.63 
47.21 

35.45 
36.21 
36.57 
42.83 
44.87 
46.21 

34.52 
34.90 
35.04 
41.85 
44.23 
45.76 

-150 

33.21 
33.90 
33.13 
40.97 
43.68 
45.26 

-200 

32.66 
33.06 
31.27 
40.42 
43.23 
44.76 

7.1.4 Output Specification 

The Project Teams were requested to report the variation with time of both the moisture 
content and the total head at the six tensiometer locations over a period of 30 days. 

7.1.5 Important Simulation Features 

The test case involves simulation of partially saturated flow for slightly heterogeneous 
soil properties. The computer codes are required to solve a non-linear transient problem. 

The problem consists of the redistribution of soil-water at a field test plot. The direct 
measurements used for the test case consisted of field tensiometer readings and 
laboratory data of moisture content as function of tension (pressure). The remaining 
data consisted of indirect measurements or calculated property values based upon 
analysis of directly obtained field and laboratory measurements. There was no in 
dependent database available which could be used for testing predictions following 
model calibration. 
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Table 7.2 Values of water content versus time for the six measurements depths. 
These data were obtained by relating tensiometer measurements in the 
field to laboratory derived water versus pressure curves. 

E*pth(m) 0.305 0.610 0.914 1.219 1.524 1.829 

Time (days) Water Content (m3/m3) 

0.0 
0.5 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
17.0 
18.0 
19.0 
20.0 
21.0 
22.0 
23.0 
24.0 
25.0 
26.0 
27.0 
28.0 
29.0 
30.0 
31.0 
32.0 
33.0 
34.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 

0.3911 
0.3843 
0.3752 
0.3701 
0.3652 
0.3612 
0.3580 
0.3554 
0.3534 
0.3518 
0.3503 
0.3490 
0.3479 
0.3470 
0.3456 
0.3439 
0.3424 
0.3408 
0.3391 
0.3375 
0.3358 
0.3341 
0.3328 
0.3318 
0.3308 
0.3300 
0.3294 
0.3289 
0.3285 
0.3281 
0.3279 
0.3276 
0.3274 
0.3272 
0.3271 
0.3269 
0.3268 
0.3267 
0.3265 
0.3266 
0.3266 
0.3266 
0.3265 
0.3262 
0.3256 

0.4206 
0.4018 
0.3793 
03712 
0.3640 
0.3589 
0.3552 
0.3525 
0.3502 
0.3481 
0.3463 
0.3447 
0.3433 
0.3419 
0.3408 
0.3398 
0.3390 
0.3383 
0.3376 
0.3370 
0.3366 
0.3360 
0.3356 
0.3351 
0.3348 
0.3344 
0.3341 
0.3338 
0.3334 
0.3331 
0.3328 
0.3325 
0.3323 
0.3320 
0.3318 
0.3316 
0.3313 
0.3307 
0.3296 
0.3287 
0.3278 
0.3270 
0.3262 
0.3253 
0.3245 

0.4390 
0.4223 
0.4035 
0.3935 
0.3834 
0.3761 
0.3708 
0.3665 
0.3631 
0.3604 
0.3579 
0.3558 
0.3537 
0.3515 
0.3492 
0.3471 
0.3452 
0.3432 
0.3414 
0.3397 
0.3381 
0.3364 
0.3350 
0.3337 
0.3325 
0.3313 
0.3302 
0.3292 
0.3283 
0.3274 
0.3266 
0.3256 
0.3248 
0.3242 
0.3235 
0.3228 
0.3222 
0.3207 
0.3185 
0.3167 
0.3150 
0.3134 
0.3120 
0.3105 
0.3090 

0.4747 
0.4672 
0.4581 
0.4536 
0.4483 
0.4440 
0.4405 
0.4375 
0.4351 
0.4332 
0.4315 
0.4301 
0.4288 
0.4277 
0.4266 
0.4255 
0.4246 
0.4236 
0.4226 
0.4217 
0.4210 
0.4202 
0.4195 
0.4188 
0.4182 
0.4176 
0.4170 
0.4164 
0.4158 
0.4153 
0.4146 
0.4140 
0.4134 
0.4129 
0.4125 
0.4120 
0.4115 
0.4103 
0.4087 
0.4076 
0.4067 
0.4061 
0.4057 
0.4053 
0.4049 

0.4981 
0.4863 
0.4730 
0.4687 
0.4638 
0.4603 
0.4573 
0.4550 
0.4534 
0.4521 
0.4510 
0.4501 
0.4492 
0.4483 
0.4475 
0.4468 
0.4461 
0.4454 
0.4448 
0.4443 
0.4439 
0.4435 
0.4431 
0.4428 
0.4425 
0.4421 
0.4418 
0.4415 
0.4411 
0.4408 
0.4405 
0.4402 
0.4399 
0.4395 
0.4392 
0.4390 
0.4387 
0.4380 
0.4369 
0.4361 
0.4355 
0.4349 
0.4345 
0.4342 
0.4339 

0.5902 
0.5047 
0.4974 
0.4922 
0.4879 
0.4839 
0.4803 
0.4770 
0.4741 
0.4717 
0.4699 
0.4684 
0.4673 
0.4664 
0.4656 
0.4649 
0.4642 
0.4636 
0.4630 
0.4623 
0.4617 
0.4610 
0.4605 
0.4600 
0.4595 
0.4591 
0.4588 
0.4584 
0.4580 
0.4577 
0.4573 
0.4570 
0.4568 
0.4564 
0.4561 
0.4558 
0.4556 
0.4548 
0.4538 
0.4530 
0.4523 
0.4517 
04513 
0.4510 
0.4504 
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Table 7.3 Values of hydraulic conductivity versus time for the six measurements 
depths. These data were derived using water content data (Table 7.2) 
and tensiometer measurements in the field. 

Depth (m) 0.305 0.610 0.914 1.219 1.524 1.829 

Time (days) Hydraulic Conductivity (cm/day) 

0.0 
0.5 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
17.0 
18.0 
19.0 
20.0 
21.0 
22.0 
23.0 
24.0 
25.0 
26.0 
27.0 
28.0 
29.0 
30.0 
31.0 
32.0 
33.0 
34.0 
35.0 
40.C 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 

11.72255 
0.60057 
0.16551 
0.08602 
0.06451 
0.05214 
0.03900 
0.03105 
0.02431 
0.02192 
0.01750 
0.01805 
0.01496 
0.00893 
0.02751 
0.02038 
0.02196 
0.02317 
0.02381 
0.02402 
0.02728 
0.02287 
0.01814 
0.01642 
0.01473 
0.01099 
0.00982 
0.00694 
0.00762 
0.00529 
0.00349 
0.00504 
0.00260 
0.00229 
0.00262 
0.00165 
0.00138 
0.00078 
0.00004 
0.00028 
0.00018 
0.00011 
0.00067 
0.00157 
0.00258 

14.50229 
2.77943 
0.70720 
0.37926 
0.27739 
0.22355 
0.16644 
0.13156 
0.11163 
0.09781 
0.07903 
0.08068 
0.06533 
0.04482 
0.09544 
0.07094 
0.07429 
0.07384 
0.07820 
0.07367 
0.08350 
0.07010 
0.05758 
0.05072 
0.04559 
0.03451 
0.03115 
0.02597 
0.02536 
0.02148 
0.01376 
0.01849 
0.01194 
0.00942 
0.01107 
0.00903 
0.00817 
0.00632 
0.00364 
0.00248 
0.00272 
0.00362 
0.00570 
0.00925 
0.01251 

15.09320 
6.96000 
2.74100 
2.07000 
1.95000 
1.78000 
1.41100 
1.23000 
1.06000 
0.90000 
0.81000 
0.82000 
0.82000 
0.82000 
1.42000 
1.16000 
1.20000 
1.16003 
1.07024 
0.91129 
1.06207 
1.00760 
0.81206 
0.72268 
0.65047 
0.64231 
0.61058 
0.45063 
0.47005 
0.38159 
0.31129 
0.34543 
0.22324 
0.18531 
0.24328 
0.18249 
0.17179 
0.11468 
0.07428 
0.05418 
0.05224 
0.05748 
0.07600 
0.09900 
0.09500 

13.62920 
7.06057 
1.90190 
1.26008 
0.97800 
0.77582 
0.59629 
0.50371 
0.42272 
0.35986 
0.31960 
0.29189 
0.27844 
0.23254 
0.32420 
0.25120 
0.25386 
0.25271 
0.24359 
0.22937 
0.24871 
0.23305 
0.19149 
0.17837 
0.17030 
0.14789 
0.14626 
0.11823 
0.12404 
0.10586 
0.10493 
0.11135 
0.08321 
0.07117 
0.08766 
0.07367 
0.06646 
0.05338 
0.04133 
0.03102 
0.03126 
0.03008 
0.03407 
0.04290 
0.05125 

15.75721 
9.05108 
1.97080 
1.24043 
0.91444 
0.69618 
0.55219 
0.44964 
0.37142 
0.31556 
0.27320 
0.24700 
0.23568 
0.19481 
0.25317 
0.19863 
0.20165 
0.19528 
0.19201 
0.17124 
0.17511 
0.16314 
0.13064 
0.12034 
0.11354 
0.09576 
0.09579 
0.08376 
0.08180 
0.07490 
0.07440 
0.07762 
0.06459 
0.05323 
0.06147 
0.05635 
0.04994 
0.04338 
0.03518 
0.02695 
0.02569 
0.02356 
0.02505 
0.02912 
0.03235 

16.64221 
15.71987 
4.89708 
2.99526 
2.33860 
1.69255 
1.38140 
1.11352 
0.86874 
0.72641 
0.61911 
0.56540 
0.55996 
0.52691 
0.68608 
0.55545 
0.59835 
0.55382 
0.52931 
0.42013 
0.38672 
0.33728 
0.25329 
0.21742 
0.19638 
0.16335 
0.16130 
0.14151 
0.13830 
0.12155 
0.11810 
0.12005 
0.10424 
0.08776 
0.09626 
0.08720 
0.07790 
0.06546 
0.05147 
0.03898 
0.03569 
0.03213 
0.03380 
0.03722 
0.03817 
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Compilation of the Results 

General 

Six sets of results, FEMNRC, UNTNRC, ANGOKU, FEGCRI, UNSHAZ, and 2DSJAE 
were reported. All results were produced assuming one-dimensional vertical flow with a 
zero-flux boundary at the surface and a zero pressure boundary at die 900 cm depth. 
Inherent in this conceptual model, are the assumptions of no infiltration or evapo-
transpiration losses after the cessation of the initial ponding and no lateral spreading. 

The vertical heterogeneity of the test plot was characterised by the different hydraulic 
conductivity values given for the six tensiometer emplacement depths. Although the 
Project Teams were allowed to decide how best to use these data to characterise the 
heterogeneity, all Project Teams simulated the test case using six layers corresponding 
to the number of tensiometer locations. The interfaces between the different layers were 
taken as the midpoint between the tensiometer locations. 

Due to (he difficulties encountered in a similar partially saturated test case in Level 1, 
special attention was given to the problem of numerical convergence for this non-linear 
problem. Two Project Teams, UNSHAZ and 2DSJAE, have considered solution 
convergence for this test case. 

Results 

Figures 7.3-7.8 show the calculated moisture content profiles together with the 
experimental profile for the six tensiometer depths. Since the model results are in very 
close agreement, it is not possible to indicate the individual curves using an appropriate 
code and team abbreviation. 

Two features are evident in the figures: the computed results are in very close agree
ment, and the simulation results compare quite well with the experimental data 
particularly in the upper layers. The first feature is a result of the test case being well 
defined and focussed on a single process (drainage of a test plot), to allow little 
variation in conceptual models between the various Project Teams. The close agreement 
in computed results is also an indication of similarity between the various computer 
codes used in this test case. The second feature indicates that the important parameters 
and processes of the field experiment have been characterised and are adequately 
represented in the computer codes. 

Another feature of the simulation results is the increased deviation from experimental 
data with increasing depth. The decrease in comparison quality with depth may be due 
to a variety of conditions. For example, the lack of measurement points between 182.9 
cm and 900 cm contributes to a low resolution of property variability (i.e., vertical 
heterogeneity) below a depth of 2 m which could lead to a larger error in moisture 
redistribution predictions at lower tensiometer locations. A second explanation proposed 
by UNSHAZ is the possibility of soil property changes due to initial saturation 
conditions, since the effect of variable moisture content may cause the hydraulic 
properties to change differently than described by the moisture retention curves outlined 
in the test case setup. Another explanation may be the variations in flow propagation 
with depth due to lateral and vertical heterogeneities. 
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The current database does not allow for a distinction between the different possible 
explanations to these minor discrepancies between the calculated results and experi
mental data. The Project Teams that participated concluded that despite these 
deviations, the fit was satisfactory. A performance measure was not provided with the 
test case definition. Based on the simulation results, the Pilot Teams considered the 
definition of a quantitative performance measure would not significantly enhance the 
understanding of this test case. Therefore, only ocular inspection was used for the 
judgement of solution accuracy. 

UNSHAZ investigated the convergence of the solution with respect to spatial dis
cretisation and the time-step increments using the equation: 

iraf* = f(Ax) (7.1) 

Their studies, Figure 7.9, indicate under what combinations of spatial discretisation, 
time-step increments, and associated hydraulic properties, the numerical solution is 
either unstable, approaching stability, or stable. The left side of Equation 7.1 will be 
equal to 1.0 for a stable solution. However, at sufficiently small spatial discretisations, a 
substantial area exists around the ideal value of 1.0, for which convergent solutions are 
obtained. Figure 7.9 provides a method for the selection of the proper spatial dis
cretisation and time-step increments for this test case based on solution convergence. 

7.3 Conclusions 

Test Case 5 was a well defined problem which focussed on a particular flow process 
(drainage) in a small test plot. The results of the Project Teams were in good agreement 
and compared satisfactorily with the results of the field test. This problem has increased 
the confidence in partially saturated flow models to simulate the drainage flow regime 
and slightly heterogeneous site characteristics of the test case. Although the results of 
this problem certainly support a claim that the partially saturated flow models used, 
contain the important characteristics and processes of this test case, a claim of 
validation for partially saturated flow cannot be made due to the limitations of the 
database and the limited range of site characteristics and flow conditions. 

The database was limited due to the interdependence of the data used for defining 
model parameters and data used to judge simulation accuracy. As discussed in Section 
7.1.3, the variation of moisture content with time was used both to calculate hydraulic 
conductivity values for model inputs and to assess the accuracy of the simulated results. 

This test case did not involve more complicated partially saturated flow phenomena 
such as: flow in very heterogeneous soil, flow under very dry (i.e., low moisture content 
and large capillary pressure) conditions, flow in fractured media, and imbibition. The 
field experiment considered for this case would have been more useful if a wider range 
of field conditions had been observed (i.e., wetting and drying conditions) and if 
independent measurements of moisture content were made (e.g., neutron probe 
measurements). In summary, this test case improved confidence in the models over a 
narrow range of field conditions. Limitations in the database have been identified and 
suggestions made to improve future experiments in partially saturated media. It is 
anticipated that current experiments (i.e., The Las Cnris Trench Study as part of the 
INTRAVAL Project [1.3]) will further improve the confidence gained from this test 
case. 
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Figure 7.1 Schematic view of the soil profile with the locations of the tensiometers 
indicated. 
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Figure 7.2 Water pressure versus pore saturation. 
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Figure 7.3 Moisture content versus time at a depth of 30.5 cm as calculated by six 
Project Teams. The experimental curve is shown as a dashed line. 
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Figure 7.4 Moisture content versus time at o depth of 61.0 cm as calculated by six 
Project Teams. The experimental curve is shown as a dashed line. 
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Figure 7.5 Moisture content versus time at a depth of 91.4 cm as calculated by six 
Project Teams. The experimental curve is shown as a dashed line. 
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Figure 7.6 Moisture content versus time at a depth of 121.9 cm as calculated by six 
Project Teams. The experimental curve is shown as a dashed line. 

- 1 5 2 -



FEMNRC 
UNTNRC 
2DSJAE 
FEGCRI 
ANGOKU 
UNSHAZ 

TIME (SEC> »10D 

Figure 7.7 Moisture content versus time at a depth of 152.4 cm as calculated by six 
Project Teams. The experimental curve is shown as a dashed line. 
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Figure 7.8 Moisture content versus time at a depth of 182.9 cm as calculated by six 
Project Teams. The experimental curve is shown as a dashed line. 
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8. Summary and Recommendations 

General 

HYDROCOIN Level 2 addressed the issue of validation of groundwater flow models to 
be used in performance assessments of radioactive waste repositories. The capabilities 
of various models to describe field measurements and laboratory experiments were 
tested. 

In principle, validation involves calibration of the model using some of the 
experimental data, and then comparison of the predictions of the calibrated model 
against independent data. Thus, experimental data to be used for validation purposes 
should include independent data sets to allow this procedure to be carried out. Further, 
the data should be sufficient to define all the parameters of the model in order to reduce 
the freedom in interpretation of the data. 

HYDROCOIN Level 2 started with an extensive search for data sets from relevant 
experiments meeting the requirements just mentioned. However, experiments entirely 
adequate for the purpose could not be found. It was realised that either the results from 
the experiments were not complete or that independent data sets did not exist. 
Nevertheless, the five experiments and field sites selected for the study were considered 
to be the most suitable. They involved several processes of importance for radioactive 
waste disposal, and various media of interest, such as low permeability saturated rock, 
unsaturated media and salt formations. They also represented a variety of spatial and 
temporal scales. 

Despite the above limitations of the selected experiments and field measurements, work 
in HYDROCOIN Level 2 substantially increased the confidence of the Parties in 
applying existing codes to different flow situations. Furthermore, the work has given 
much insight into the validation process and has provided valuable experience which 
will help in further validation of groundwater flow models. 

In studying the Level 2 test cases, several iterations were necessary to arrive at a 
consensus amongst the participants regarding the cases. There was much discussion on 
issues such as grid-block size, time-step size, boundary conditions, and the values of 
hydraulic parameters. These discussions proved to be very fruitful for the participants. 

The conceptual models used for the Level 2 cases were generally based on the 
equivalent porous medium approach. In only one instance was a fracture network used. 

The next section summarises the specific conclusions that can be drawn from the 
simulation results of the HYDROCOIN Lfel 2 cases. In Section 8.3, general 
conclusions from the study are drawn and in Section 8.4 recommendations are made for 
future validation efforts in the field of groundwater flow modelling. 

Knowledge Gained from the Various HYDROCOIN Cases 

Validation is a process of establishing the extent to which a model can adequately 
explain the results of laboratory and field experiments. It involves evaluating the data, 
demonstrating the extent to which the model can represent the experimental results, and 
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building confidence in the model. In order to validate a model of a particular system, 
the physics of the system (or conceptual model), that is the important processes and 
their interactions, must be understood. The representation or structure of the system, i.e. 
is the geometry, parameters, and boundary conditions, must also be understood. 

It must be recognised that models are approximations of real systems and in general 
even the most complex model will involve simplifications. There is not a unique model 
for a given physical system. The model adopted will depend on the purpose for which 
the model is being used. It is not possible or necessary to include all attributes of the 
given system in its model, and the degree of detail needed in the model will depend on 
its intended use. Irrelevant processes need not be included in the model, and in general, 
spatial : nd temporal averaging at some scales will be used. Hence, it is unreasonable to 
expect exact matches between model predictions and experimental results. 

The level of agreement between model predictions and experimental results that is 
considered acceptable depends (like the model itself) on the purpose of the model. In 
HYDROCOIN Level 2, validation of groundwater flow models relevant to performance 
assessments of repositories for radioactive waste was studied. 

Studies of the HYDROCOIN test cases showed the importance of considering the 
purpose of the model. This determines: 

• the level of detail required in the model, 
• the performance measure it should correctly predict, and 
• the criteria for the goodness-of-fit measure or qualitative judgements used to assess 

whether the appropriate level of confidence or validation has been achieved. 

In order to comprehend the achievements of HYDROCOIN with regard to validation it 
is useful to consider what was accomplished for each of the ten steps in validation 
discussed in Chapter 2. The information gained from the different test cases for each of 
these steps is summarised below. 

Formulation of Conceptual Models Based on Available data 

Cases 1 and 5 indicate that validation experiments need to be designed and conducted 
over a range of conditions that, when possible, brackets the expected conditions for 
which the models will be applied. In particular, Case 1 shows the need to design the 
experiments taking into account all processes that might be relevant. A properly 
designed experiment to validate models of thermal convection requires a different 
design to an experiment for measuring thermal conduction properties. Case 5, an 
experiment that deals with drainage, improves confidence in our ability to model 
drainage in wet systems. It does not help in improving our confidence in modelling 
water infiltration or movement in dry systems. 

Cases 1, 3 and 4 indicate the difficulty in designing experiments to distinguish between 
different concepts of flow, such as flow in discrete fractures and flow in porous media. 
The difficulties in distinguishing between different conceptual models and in evaluating 
the associated uncertainties proved to be major challenges to the participants. Currently 
no method exists for quantifying the uncertainty associated with the formulation of 
conceptual groundwater flow models. However, for Case 3, an approach was demon 
strated for ranking alternative conceptual models using quantitative criteria for 
identification of model structure. 

- 156 -



It may be that the only way to deal with the uncertainties in data interpretation, 
conceptual model formulation, and mathematical and numerical model developments, is 
for several teams using different codes and techniques all to model the same system. It 
appears to be a generic problem associated with almost all experimental data sets, that 
there are too many degrees of freedom, so that the conceptual model of the system 
cannot be identified uniquely. 

Translation of Conceptual Models and Data into Mathematical and Numerical Models 

The scale of Case 4 model and its grid blocks, compared to the actual scale and sparsity 
of the measurements, clearly demonstrates the need and importance of developing a 
better understanding of the appropriate way to combine (average), interpret, and 
interpolate measurements made at small scales to obtain the parameters used in our 
models which are applied to much larger scales. Experiments at a series of spatial and 
temporal scales will be required to demonstrate that we have an adequate understanding 
of the scaling and averaging process. 

The complexity of the system was found to be an important issue in nearly all of the 
HYDROCOIN Level 2 cases. This complexity arose from the possibility of alternative 
processes or structures, from heterogeneities and from difficulties in interpretation of 
the experimental data. For example, in Cases 1 and 3, fracture data were used to 
determine equivalent porous media parameters; and in Case 4 the hydraulic head 
distribution was obtained by kriging the raw experimental data. 

The interpretation and formulation of the boundary conditions was another problem that 
was found to be especially difficult throughout the current HYDROCOIN project as 
well as in the previous INTRACOIN project. 

Identification of Appropriate Goodness-of-fit Functions for Use in Calibration and 
Validation 

The selection of appropriate goodness-of-fit functions and performance measures is 
important for the sensitivity analyses used in model calibration and for the evaluation of 
whether model validation has been achieved. The goodness-of-fit functions and 
performance measures need to be matched to the intended model usage. Different 
functions may be used in model calibration and in assessing the accuracy of predictions. 
Different goodness-of-fit measures may be used depending on the parameter, process or 
other aspect of the system that one is attempting to identify. 

Case 4 results illustrate that the applicability of a performance measure or 
goodness-of-fit function must be carefully examined. For that particular case the 
applicability of the selected goodness-of-fit function, i.e. the difference between 
predicted and observed head divided by the uncertainty of the observed head, was 
affected by the existence of a prescribed hydraulic head boundary condition. Further, in 
Case 1 a global sensitivity analysts showed that the relative importance of the model 
parameters could change as a result of a re-definition of the goodness-of-fit function. 

The HYDROCOIN group recognised that the selection of an appropriate performance 
measure is an important part of validation. The type of perfonnance measure and 
goodness-of-fit function used to generate confidence in the results of the model must be 
carefully selected to be a true measure of the model's adequacy to make the necessary 
performance assessments. For example, in groundwater simulations of the Piceance 
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Basin (Case 4), the ability of the model to match the measured heads was dependent on 
whether an arithmetic mean, a root mean square error, or a kriged-weighted error was 
used in the comparison. The selection of the most appropriate performance measures 
and goodness-of-fit functions must be resolved in order to decide which of the various 
simulations provides an adequate description of the flow. 

Performance measures and goodness-of-fit functions used in model validation need to 
be chosen prior to the model simulations. The selected performance measures should 
address those aspects that most closely relate to the intended use of the model being 
validated. For instance, if the hydrologic model output is intended to be used in 
transport modelling, then performance measures which are adequate relative to the 
model's ability to predict fluxes or streamlines should be selected. 

Calibration of Models With Observations and Experimental Data 

The role and need of iteration in the validation process was demonstrated to some 
degree in all the cases. The discrepancies between measured and predicted skewness in 
Case 1 showed the need for additional measurements and experiments to identify the 
cause of the skewness as well as the influence of variability in parameters and boundary 
conditions. Furthermore, the case showed the need for additional experiments to provide 
supplementary, independent data for improved model calibration as well as to provide a 
data base to test the validity of the model by comparison with previously established 
criteria. 

Cases 3 and 4 showed that it was extremely important to identify the structure of the 
hydrologic system. Cases 1, 3, 4, and 5 all demonstrated the benefits of flux 
measurements in constraining the parameter- and structure-identification processes. 

Cases 1, 3, 4, and 5 illustrated the benefits of using sensitivity analysis, uncertainty 
analysis, and inverse modelling techniques in the model calibration process. The inverse 
modelling used in Case 3 greatly influenced the selection of model structure, i.e. 
geometry, boundary location and conditions, as well as the distribution and zonation of 
parameter values. Sensitivity and uncertainty analysis techniques, such as statistical 
sampling (Latin Hypercube, Monte Carlo, etc), are important aids in the development of 
an understanding of the system by helping to identify and determine the most important 
parameters and processes. 

Development of Model Validation Criteria Based on Model Purpose 

For all cases it turned out that when comparing observations with model result, it was 
difficult to determine how good an agreement could be expected, and how good it 
needed to be to contribute to the building of confidence in the model. This type of 
judgement is important in setting the criteria for validation and involves proper 
selection of performance measures related to the purpose of the modelling. 

The application of sensitivity and uncertainty analysis techniques, such as inverse 
modelling and statistical sampling approaches, can be useful in helping us to understand 
how good a match between model predictions and observations we can expect. In Case 
3, for example, the use of the inverse modelling approach made it possible to determine 
that there was not enough information to select parameter distributions based on 
steady-state conditions. However, when the transient data from the series of aquifer 
tests were utilised, there was an adequate statistical basis for determination of parameter 
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distributions. It was also demonstrated in this case that statistical analyses of the data 
and the obtained match between the data and the model results could help in 
establishing quantitative criteria for the acceptance of the match. 

Goodness-of-Fit Function Calculations Based on Model Predictions for Various 
Conditions and Data Sets Independent of Calibration 

The HYDROCOIN Level 2 cases showed that in order to test the ability of a model to 
make predictions it is necessary to have data independent of that used to calibrate the 
model. Such independent data sets were only available for Case 3, and even here they 
were only available in a limited sense. It is worth noting that Case 3 was the only case 
based on an experiment that was originally designed for validation of groundwater flow 
models. 

Assessment of Acceptability of Models Using Goodness-of-fit Functions and Other 
Model Results 

Case 1 illustrated the usefulness of visual and other qualitative comparisons in addition 
to quantitative goodness-of-fit functions. Regardless of how carefully it may be chosen, 
no single goodness-of-fit function can provide the basis for a complete assessment of a 
model's adequacy and acceptability. 

Analysis of Model Differences and Discrepancies between Model Results and 
Experimental Observations 

Cases 2 and 5 indicate that the simpler and more well characterised the system being 
studied, the better the agreement between model predictions and observations of system 
behaviour. In fact, an examination of the quality of the matches between experimental 
results and model predictions for the series consisting of Cases 1,3, and 4 indicates a 
steady decrease in the quality of the agreement. That decrease corresponds to an 
increase in scale and complexity, as well as to an attendant decrease in the quality of 
characterisation of the structure, i.e., the geometry, boundary condition type as well as 
location and distribution of parameters. 

For Cases 1 and 3, which had transient data sets, there was in general a relatively better 
agreement in the comparison between model results and model predictions than for 
Case 4. Transient data sets are in general felt to be better for system identification, or 
model calibration. 

Publication and Presentation of Results to the Scientific Community and the Public 

In all of the Level 2 cases in which the Project Teams were free to select the conceptual 
model, the teams experienced difficulties in finding "the best conceptual model". In the 
scientific community this is an understandable situation since the basic scientific 
method requires comparing theory ("conceptual model") with experiments. This may be 
less understandable to the wider public. Nevertheless we are faced with the important 
task of explaining this situation, and clarifying how further progress in validation can be 
made win. model developments, experiments and field studies. 
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Table 8.1 Description of the attributes of Level 2 Data Bases. 

Case 

1 

2 

3 

4 

5 

DESCRIPTION OF THE EXPERIMENTAL DATA BASES 

Transient Flux 
data data 

yes no 

yes no 

yes no 

no no 

yes no 

Data for 
calibration or 
identification 
of conceptual 

model structure 

limited 

none 

limited 

very limited 

limited 

Data for a range 
of conditions to 

provide independent 
data for use in 

model validation 

none 

none 

limited 

none 

none 

Judged 
quality of 
the data 

base 

good for 
initial 

understanding 

poor 

good for 
initial 

understanding 

poor but 
typical 

good for 
initial 

understanding 

Conclusions on Model Validity and Further Validation Efforts 

While none of the data sets examined were felt to be totally adequate for validation, it 
is believed that the exercise of simulating these field and laboratory experiments has 
provided valuable information about the codes and the modelling strategies. Moreover, 
it has resulted in a better understanding of the model validation process and the difficult 
issues related to model validation. 

The data bases for all of the cases studied were inadequate as illustrated in Table 8.1. 
The lack of multiple data sets for calibration and validation was a common deficiency, 
as was the absence of flux data. 

8.3 The Need for Progress in Validation 

The HYDROCOIN Level 2 effort has contributed to an increased confidence in the 
applicability of groundwater flow models to situations relevant for radioactive waste 
disposal. The models could be tuned to simulate the experimental results of the five test 
cases. It has also been possible to give plausible explanations to the deviations between 
experimental and modelling results. In most cases, however, several conceptual models 
and parameter sets have yielded comparable fits. The teams were unable to 
unambiguously determine which model gave an appropriate representation of a 
particular experiment. 

- 1 6 0 -



The experience of the HYDROCOIN study is similar to that of other validation projects 
such as INTRACOIN Level 2 [1.2]. Other studies, e.g. [8.1] have shown that under 
certain conditions, numerical porous media models can predict average inflow rates to 
excavated caverns or shelters. However, the flow field in such tests is generally 
disturbed by the presence of the excavation, and so the calibration of the model may 
primarily depend on the local permeability, whereas the undisturbed flow field may be 
governed by the regional boundary conditions. 

Certain types of hydrological models, considered to have an important role in 
performance assessment, have been used for a long time. Their numerical characteristics 
have been investigated in verification exercises, especially in HYDROCOIN Level 1. 
Much experience in their application to different cases has contributed to a great deal of 
confidence in their use. There are also indications from the Level 2 studies on the 
validity of these models for particular applications. 

However, before final repositories can be evaluated with sufficient confidence, 
important uncertainties involved with the conceptual assumptions associated with deep 
hydrology modelling need to be further clarified. An important current line of 
development is the use of models based on alternative concepts for groundwater flow. A 
crucial issue to further progress en hydrologic model validation, is this development as 
a means for choosing between different conceptual models or a clarification of their 
respective roles in performance assessment. 

8.4 Recommendations for Further Validation Efforts for Groundwater Flow Modelling 

The conclusions from the five HYDROCOIN Level 2 cases are summarised in Section 
8.2. The work has given experiences that are of great importance for further validation 
efforts in groundwater flow and radionuclide transport modelling. 

There is a need for close interaction between experimentalists and modellers. This is 
shown by the difficulty in finding experiments that fulfill the requirements for 
validation; that is provide data for all the parameters, and provide independent data sets 
for calibration, and testing predictions. In order to make progress in validation, 
experiments and field studies must be especially designed for that purpose. Although 
the experiments used at Level 2 had extensive data bases, crucial data were lacking due 
to the fact that the experiments were set up for aims other than validation. 

Validation is a complex and difficult task. Experiments to be used for validation need to 
be set up at a range of scales both in space and time. The interaction between 
experimentalists and modellers is of an iterative nature. Careful experimental planning 
that accounts for this iteration is therefore necessary. 

HYDROCOIN Level 2 has shown the significance of defining appropriate performance 
measures and criteria for validation exercises. Conclusions on the validity of the model 
may depend on the chosen measures. The appropriate measures will depend on the 
specific purpose of the experiment, and the performance criteria for final disposal. 

In HYDROCOIN most of the modelling used traditional porous media groundwater 
flow models. In future validation efforts it is essential that alternative models, which are 
now under development, are also tested and compared against the traditional models. 
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ROMAN - UPPER CASE 

A 

C 

D 
A 

D 

F 

I 

K 

L 

M 

N 

Q 

T 

W 

Rayleigh number 

Specific heat (J kg-i K-i) 

Diffusion coefficient (m2.s_1) 

Direction cosines of a sampling line 

Goodness-of-fit function/Goodness-of-fit measure 

Natural vertical pressure gradient (Pa-nH) 

Hydraulic conductivity (m • s-1) 

Sampling line length (m) 

A 3x3 matrix formed by the direction cosines of the normal to a conduit 

Number of data points 

Row rate (m3 • s_1) 

Transmissivity (m2s-1) 

Effective fracture spacing (m) 

ROMAN - LOWER CASE 

a Distance between plates in a Hele-Shaw cell (m) 

b Half a fracture width (m) 

c Mass fraction of brine (dimensionless) 

d Depth of model domain (m) 

e Unit vector in the direction of the symmetry axis of the permeability tensor 

f Length parameter 

g Gravitational acceleration (m • s-2) 

h Piezometric head (m) 
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k Permeability [intrinsic] (m2) 

1 I ength of packed-off borehole section (m) 

m Length parameter 

n Direction cosines of normal to a fracture 
A 

n-, n. Components of n 

p Fluid pressure [total] (Pa) 

r Radial coordinate (m) 

t Time (s) 

u Mass-averaged Darcy velocity (m-s-1) 

w Weight factor for head differences 

6 Temperature [rise] (°C) 

x,y,z Cartesian coordinates 
A 

z Unit vector in z-direction 

GREEK 

r 
Ap 

6ij 
e 

\ 

H 

P 

o 

<J2 

V 

Thermal conductivity (W nH K-«) 

Change of density due to change in brine concentration from 0 to 1 

Kronecker delta 

Porosity (dimensionless) 

Weight factor for penalty criterion 

Dynamic viscosity of water (Pas) 

Density (kg-m-3) 

Interpolation error [kriging error] (m) 

Variance 

Gradient operator (nH) 
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SUPERSCRIPTS 

0 Ambient value 

c Calculated value 

h Hydraulic head 

m Measured/observed (or interpolated from this) value 

* Prior estimate 

SUBSCRIPTS 

K Hydraulic conductivity 

K Average horizontal hydraulic conductivity 

K, Vertical hydraulic conductivity 

T Transmissivity 

a Average value for a composite porous medium 

d Dynamic 

f Fracture [zone] 

h Hydraulic head 

ijjc Integer indices 

1 Average value (length) 

m Rock matrix (or equivalent) 

p Peak value 

0 Reference value, initial value 

x,y,z Directions coinciding with the cartesian axes 

<)> Orientation of hydraulic conductivity tensor 

Overlying single bar (-) indicates vectorial quantity 
Overlying double bar (=) indicates tensorial quantity 
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Project Secretariat: 
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APPENDIX 2 

Characteristics of the Models and Codes used 
for Level 2 of HYDROCOIN 
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CODE PHYSICAL MODEL SOLUTION BOUNDARY DIM REF 
[TEAM] METHOD CONDITIONS 

ANGEL i 
[OKUJ 

CFEST 
[SRP] 

CHGR2 

(CRIJ 

FAST 
[TUB} 

FEGM3 
[CRI] 

FEMWATER4 
[NRC] 

FEFLOW3 
[VTTJ 

FEM301' 
[MCI.ETH] 

Transient or steady-state 
saturated/unsaturated 
flow. 

Transient or steady-state 
flow with coupling of 
energy and solute 
transport. 

Transient or steady-state 
saturated flow; water 
flow and heat convection 
in rock matrix. 

Steady-state saturated 
Darcy flow; hetero
geneous and anisotropic 
media. 

Transient and steady-state 
saturated/unsaturated 
flow; salt water 
intrusion. 

Transient or steady-state 
saturated/unsaturated 
flow under isothermal 
conditions in porous 
media. 

Steady-state saturated 
flow; anisotropy. 

Saturated steady-
state flow, anisotropy 

Finite-element; 
weighted residual 
in time. 

Finite-element. 

Finite-element. 

Finite-difference; 
centered 
difference in 
space; 
preconditioned 
conjugate 
gradient. 

Finite-element; 
lumping. 

Finite-element, 
Galerkin formu
lation; time 
derivative by 
using one of 
three possible 
finite 
difference methods 
(Crank-Nicholson, 
backward and mid-
difference 
formulation). 

Finite-element. 

Finite-element. 

Prescribed 
pressure, flow, 
temperature 
and concentra
tion. 

Prescribed 
pressure, flux, 
temperature and 
combination. 

Prescribed 
pressure or 
no-flow 
boundary. 

Prescribed 
pressure; 
prescribed 
flux; rainfall 
or seepage flow. 

Prescribed 
pressure or 
rainfall or 
seepage flow. 

Prescribed 
pressure. 

Prescribed 
pressure or flux, 
source/sink terms 

2-3 

2 

1-3 

2-3 

2 

3 

1-3 

Dl 

D2 

D3 
D4 
Al 
A2 

D5 
A3 
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CODE PHYSICAL MODEL SOLUTION BOUNDARY DIM REF 
[TEAM] METHOD CONDITIONS 

GWHRT 
D6.D7 
IKTH] 

INVERT 4 
[UPC] 

METIS* 
[EDMJ 

METROPOL? 
[RIV] 

Transient or steady-state 

saturated/unsaturated 
flow; coupling of fluid 
flow and heat transport. 

Direct and inverse solution 
of steady-state/transient 
flow equation. 

Transient or steady-state 
fluid flow with coupled 
heat transport. 

Transient or steady-state 
saturated flow with 
solute and/or 
tracer transport. 

Finite-element. 

Finite-elements 
for direct solution, 
various minimi
sation algorithms 
for the inverse 
problem. 

Finite-element; 
temporal discre
tisation with 
Crank-Nicholson. 

Finite-element; 
time derivatives 
are discretised 
(Euler/ 
trapezoidal rule 
with time step 
control); the 

Prescribed 

pressure or 
flux; pre
scribed infil
tration. 

Prescribed 
pressure or 
flux and mixed 
condition. All 
can be time 
dependent. 

Prescribed 
pressure and 
flux; source/ 
sink terms. 

Prescribed 
pressure or 
flux that may 
vary in space 
and time. 

system of nonlinear 
equations is 
linearised; system 
of linearised 
equations is solved 
by either a precond 
tioned conjugate 

li-

gradient method or a 
successive over-
relaxation method. 

2-3 

1.2, 
quasi-
3D 

1-2 

3 

A4 
A5 
A6 
A7 

D8 
A8 
A9 

D9 
A10 
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CODE PHYSICAL MODEL SOLUTION BOUNDARY DIM REF 
[TEAM] METHOD CONDITIONS 

NAMMU8 

[HAR.AESJ 

NAPSAC 
IHARJ 

STOKES' 
[OWT] 

Steady-state or transient 
saturated/unsaturated 
flow; flow or coupled 
flow and heat transport; 
steady-state brine 
transport; continuous 
velocity field option; 
stream function calcula
tion in 2D. 

Steady-state flow through 
discrete fractures. Uniform 
transmissivity for each 
fracture, no matrix flow. 
Fractures generated sto
chastically or explicitly 
determined. 

Transient and steady-
state transport of fluid 
and energy; non-
homogeneity and 
anisotropy. 

Finite-element; Specified head 1 3 
transients by or flux that 
Gear's method or may vary in 
Crank-Nicholson; space and time. 
non-linear 
problems 
linearised by 
Newton-Raphson or 
quasi-Newton-
Raphson; 
parameter stepping 
for hard non-linear 
problems; equations 
solved by a very 
fast direct 
frontal solver. 

Direct frontal sol- Specified head. 2-3 
ver to invert net
work response mat
rix. Contribution to 
response matrix cal
culated for each 
individual fracture 
using finite-element 
method with simple 
mesh. Well model in 
3D to give pressure 
values based on r -' -
variation near bore
hole. 

Finite-element; Prescribed 2 
pressure and pressure and 
temperature fields temperature. 
are solved in a 
coupled manner 
with a semi-
iterative scheme 
based on a 
modified Newton 
matrix iteration 
algorithm. 

DIO 
Dil 
D12 
D13 
D14 
All 
A12 

D15 
A13 
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CODE PHYSICAL MODEL SOLUTION BOUNDARY DIM REF 
[TEAM] METHOD CONDITIONS 

SWIFT*0 

[TUB] 

SWIFT2 
[NRC] 

UNSAT 
[HAZ] 

UNSAT2" 
[NRC] 

USGS3DE 
[SAN] 

Transient or steady-state 
flow with coupling of 
heat, solute and tracer 
transport. 

Transient or steady- state 
model which solves the 
coupled transport of 
fluid flow-heat-brine and 
radionuclide chains; 
single and double porous 
media. 

Transient or steady-state 
saturated/unsaturated 
flow. 

Transient or steady-state 
saturated/unsaturated 
flow. 

Single phase, constant 
density flow; transient 
or steady-state flow. 

Finite-difference; 
temporal discreti
sation with Crank-
Nicholson or fully 
implicit spatial 
discretisation 
with central or 
backward schemes 
alternatively; 
matrix solution 
with direct or 
iterative method. 

Finite-difference. 

Finite-element. 

Finite-element; 
Galerkin formula
tion; time deriva
tive discretised 
by the finite-
difference method. 

Finite-difference; 
matrix solution 
may be accom
plished with 
either slice-
successive over-
relaxation or a 
strongly implicit 
procedure. 

Prescribed 1-3 
pressure, 
temperature 
and water 
influx rates; 
prescribed 
solute 
concentration. 

Prescribed 1-3 
pressure, 
temperature, 
solute con
centration and 
water influx 
rates. 

Prescribed 2 
pressure.flux 
and infiltra
tion: seepage 
face. 

Constant 2 
pressure head, 
prescribed 
flow .seepage 
face, infiltra
tion, source/ 
sink terms. 

Prescribed 3 
flux and 
pressure, 
source/sink 
terms. 

D16 
D17 
A14 

D18 

D19 

D20 
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CODE PHYSICAL MODEL SOLUTION BOUNDARY DIM REF 
[TEAM] METHOD CONDITIONS 

2DSEEP Coupled heat and water Finite-element. 
[JAE] flow; transient or steady-

state saturated/ 
unsaturated flow. 

3DSEEP Transient or steady state- Finite-element. 
[JAE] saturated/unsaturated 

flow; simplified double 
porosity model. 

Prescribed flux 
and pressure; 
prescribed 
ratio velocity 
to moisture 
content. 

Prescribed flux 
and pressure; 
prescribed 
ratio velocity 
to moisture 
content. 

9 
10 
11 
12 

Separate codes for 2D and 3D calculations. 
2D code with 3D axisymmetry. 
The code is a FEMWATER modification. 
Contaminant transport capabilities in a companion code called FEMWASTE. 
The code can handle mixed dimensionality. 
The code can handle mixed dimensionality. 
Automatic refinement of the mesh while input data is automatically adjusted to the new 
mesh. Particle tracking. 
The code can handle fracture elements, line, triangle, quadrilateral, tetrahedral, triangular 
prism, pyramid and cuboid elements. 
2D code with 3D rotational symmetry. 
Free surface options, waste leach model, well bore model. 
The code can handle water uptake by roots of plants. 
The code allows for either confined groundwater conditions or phreatic conditions within the 
same calculation procedure. 

-191 



REFERENCES APPENDIX 2 

Documentation 

Dl Gupta, S.K., C. T. Kincaid, P. R. Meyer, C. A. Newbill, C. R. Cole, 
"CFEST-Multi-Dimensional Finite-Element Code for the Analysis of Coupled Fluid, 
Energy and Solute Transport", PNL-4260, Pacific Northwest Laboratory, Richland, 
Washington, USA, 1982. 

D2 Holzbecher, E., TAST Handbuch, Version 1.1" (In German), Technical University of 
Berlin, 1986. 

D3 Yeh, G.T., 'Training Course No. 1: The Implementation of FEMWATER Computer 
Program", NUREG/CR-2705 (ORNL/TM-8327), Oak Ridge National Laboratory, USA, 
1982. 

D4 Yeh, G.T., D. S. Ward, "FEMWATER: a finite element model of water flow through 
saturated-unsaturated porous media", Report ORNL-5567, Oak Ridge National 
Laboratory, USA, 1980. 

D5 Kiraly, L., "FEM301 - A Three-dimensional Model for Groundwater Flow 
Simulations", Nagra Technical Report NTB 84-49, Nagra, Baden, Switzerland. 1984. 

D6 Thunvik, R., C. Braester, 'Hydrothermal Conditions around a radioactive waste 
repository", SKB Technical Report 80-19, SKB, Stockholm, Sweden, 1980. 

D7 Grundfelt, B., "GWHRT - A finite element solution to the coupled groundwater flow 
and heat transport problem in three dimensions", SKB Technical Report 83-51, SKB, 
Stockholm, Sweden, 1983. 

D8 Carrera, J., J. Heredia, "INVERT 4 User's guide", E.T.S.E.C.C.P.E., 1988, Barcelona, 
Spain. 

D9 Praagman, N., F. Sauter, "User Manual METROPOL 1", RIVM, Netherlands. 

D10 Rae, J., P.C. Robinson, "NAMMU: Finite-Element Program for Coupled Heat and 
Groundwater Flow Problems", Report AERE R-9610, U.K. Atomic Energy Authority, 
Harwell Laboratory, United Kingdom, 1979. 

Dll Atkinson, R., A.W. Herbert, C.P. Jackson, P.C. Robinson, "NAMMU User Guide", 
Report AERE R-11364, U.K. Atomic Energy Authority, Harwell Laboratory, United 
Kingdom, 1985. 

D12 Atkinson, R., et al, "NAMMU and NAMSOL Command Reference Manual", Report 
AERE R-11693, U.K. Atomic Energy Authority, Harwell Laboratory, United Kingdom, 
1935. 

- 1 9 2 -



D13 Jackson, C.P., 'The TGSL Finite-Element Subroutine Library", Report AERE R-10713, 
U.K. Atomic Energy Authority, Harwell Laboratory, United Kingdom, 1982. 

D14 Winters, K.H., C.P. Jackson, 'TGIN Command Reference Manual (Release 1)", Report 
AERE R-11080, U.K. Atomic Energy Authority, Harwell Laboratory, United Kingdom, 
1984. 

D15 Herbert, A.W., "NAPSAC Stochastic Fracture Network Modelling Code: Technical 
Summary: Release 1A", Harwell Report, Harwell Laboratory, Oxfordshrire, United 
Kingdom, 1989 (in preparation). 

D16 "A Model for Calculating Effects of Liquid Waste Disposal in Deep Saline Aquifer", 
Water Resources Investigations 76-61, U.S. Geological Survey, 1976. 

D17 'The Intera Simulator for Waste Injection, Flow and Transport", Intera Environmental 
Consultants, Houston, Texas, USA. , 6340-016-02,1982. 

D18 Reeves, M., et al.. "Data Input Guide for SWIFTII, The Sandia Waste-Isolation Flow 
and Transport Model for Fractured Model", Release 4.87, NUREG/CR-3162 (SAND 
83-0242), Sandia National Laboratories, Albuquerque, New Mexico, U.S.A., 1986. 

D19 Davis, L.A., S. P. Neuman, "Documentation and User's Guide UNSAT2 - Variably 
Saturated Flow Model", NUREG/CR-3390 (WWL/Tm-1791-1), Water, Waste & Land 
Inc., 1983. 

D20 McDonald, M., A. Harbaugh, "A Modular Three-Dimensional Finite-Difference 
Groundwater Flow Model", Open file report 83-875, U.S. Geological Survey, 1984. 

Application Studies 

Al Putney, J.M., T. W. Broyd, "The identification, aquisition and assessment of detailed 
geospheric flow and migration computer programs, with particular reference to variably 
saturated media", Report No. DoE/RW/83. 117, U.K. Department of the Environment, 
United Kingdom, 1983. 

A2 Putney, J.M., T. W. Broyd, A. S. Green, "The identification, aquisition and assessment 
of detailed geospheric flow and migration computer programs, with particular reference 
to variably saturated media", Stage II TN-WSA-11, Report No. DoE/RW/87.117, U.K. 
Department of the Environment, United Kingdom, 1981. 

A3 Projekt Gewahr 1985 "Endlager fur schwach und mittelaktive Abfalle, 
Sicherheitsbericht", National Co-operative for the Storage of Radioactive Waste 
(NAGRA), Nagra Project Report NGB 85-08, Baden, Switzerland, 1985. 

A4 Carlsson, L., A. Winberg, B. Grundfelt, "Model Calculations of the Groundwater Flow 
at Finnsjon, Fjallveden, Gidea and Kamlunge". KBS Technical Report 83-45, SKB, 
Stockholm, Sweden, 1983. 

- 1 9 3 -



A5 Carlsson, L., A. Winberg, B. Grundfelt, "Hydraulic properties and modelling of 
potential repository sites in Swedish crystalline rock" (Paper presented at 'IAEA 
Seminar on the site investigation techniques and assessment methods for underground 
disposal of radioactive wastes"), IAEA publication IAEA-SR-104/I5, Sofia, Bulgaria, 
1984. 

A6 Elert, M., A-C Argarde, "Modelling of the Interface between the Geosphere and the 
Biosphere, Discharge Through a Sediment Layer", Report No. SSI P295-87, National 
Institute for Radiation Protection, Stockholm, Sweden, 1985. 

A7. Thunvik, R., C. Braester, "Hydrotherma! Conditions around a radioactive waste 
repository", SKB Technical Report 80-19, SKB, Stockholm, Sweden, 1980. 

A8 Carrera, J., S.P. Neuman, "Estimation of Aquifer Parameters under Transient and 
Steady-State Conditions", 3 Application to Synthetic and Field Data", Water Resour. 
Res., 22, 2, pp. 228-242. 

A9 Carrera, J., J. Samper, L. Vives, U. Kuhlman, "Application of Mathematic Inverse 
Methods to the Analysis of Pulse Tests Conducted at the Leuggem Site, NAGRA 
Technical Report NTB 88-34, 1988. 

A10 'Transport van radionucliden door de ondergrond, Appendix nr 9. Safety Evaluation of 
disposal concepts in rock salt", RIVM Report 728513010, RIVM, Bilthoven, 
Netherlands, 1989. 

All Atkinson, R., T.P. Cherrill, AW. Herbert, DP. Hodgkinson, C.P. Jackson, J. Rae, PC. 
Robinson, "Review of the Groundwater Flow and Radionuclide Transport Modelling in 
KBS 3", Report AERE R-11140, U.K. Atomic Energy Authority, Harwell Laboratory, 
United Kingdom, 1984. 

A12 Robinson, P.C., C.P. Jackson, A.W. Herbert, R. Atkinson, "Review of the Groundwater 
Flow Modelling of the Swiss Project Gewaiir", Report AERE R-11929, U.K. Atomic 
Energy Authority, Harwell Laboratory, United Kingdom, 1985. 

A13 Herbert, A.W., B.A. Splawski, "A prediction of flows to be measured in the Stripa 
D-hole experiment: An application of the fracture network approach", Harwell Report, 
Harwell Laboratory, Oxfordshire, United Kingdom, 1989 (in preparation). 

A14 Biitow, E., G. Bruhl, M. Giilker et al., "Projekt Sicherheitsstudien Entsorgung (PSE)", 
Final Report, Appendix No. 18 Modellrechnungen zur Ausbreitung von Radionukliden 
im Deckgebirge (in German), 1985. 

194 



WHERE TO OBTAIN OECD PUBLICATIONS 
OU OBTENIR LES PUBLICATIONS DE LOCDE 

Argentina - Argentine 
Carlos Hirsch S.R.L. 
Galcria Gucmes. Florida 165, 4° Piio 
1333 Buenos Aires 

Tel. 30.7122. 331.1787 y 331.2391 
Telegram: Hirsch-Baircs 
Telex: 21112 UAPE-AR. Rel. s/2901 
Telefax: (1)331-1787 

Australia - Australie 
D.A. Book (Aust.) Ply. Ltd. 
11-13 Station Street (P.O. Box 163) 
Mitcham. Vic. 3132 Tel. (03)873.4411 
Telex: AA37911 DA BOOK 
Telefax: (03)873.5679 
Austria - Autriche 
OECD Publications and Information Centre 
4 Simrockstrasse 
5300 Bonn (Germany) Tel. (0228)21 60.45 
Telex: 8 86300 Bonn 
Telefax: (0228)26.11.04 
Ceroid & Co. 
Graben 31 
Wien I Tel. (0222)533.50.14 
Belgium - Belgique 
Jean De Lannoy 
Avenue du Roi 202 
B-1060 Bruxelles 

Tel. (02)538.51.69/538.08.41 
Telex: 63220 Telefax: (02)538.08.41 
Canada 
Renouf Publishing Company Ltd. 
1294 Algoma Road 
Ottawa. Ont. K1B 3W8 Tel. (613)741.4333 
Telex: 053-4783 Telefax: (613)7*'-5«39 
Stores: 
61 Sparks Street 
Ottawa, Ont. KIP 5R1 Tel. (613)238.8985 
211 Yonfc Street 
Toronto, Ont. M5B 1M4 Tel. (416)363.3171 
Federal Publications 
165 University Avenue 
Toro.ito, ON M5H 3B9 Tel. (416)581.1552 
Telefax: (416)581.1743 
Let Publications Federates 
1185 rue de 1'Universitc 
Montreal, PQ H3B 1R7 Tel. (514)954-1633 
Les Editions La Liberie Inc. 
3020 Chemin Sainte-Foy 
Sainte-Foy, P.O. G1X 3V6 

Tel. (418)658.3763 
Telefax: (418)658.3763 
Denmark - Danemark 
Munksgaard Export and Subscription Service 
35, Norre Sogade, P.O. Box 2148 
DK-1016 Kobenhavn K 

Tel. (45 33)12.85.70 
Telex: 19431 MUNKS DK 

Telefax: (45 33)12.93.87 
Finland - Finlande 
Akateeminen Kirjakauppa 
Keskuskatu 1, P.O. Box 128 
00100 Helsinki Tel. (358 0)1214] 
Telex: 125080 Telefax: (358 0)121.4441 
France 
OECD/OCDE 
Mall Orders/Commandes par correspon-
dance: 
2 rue Andre-Pascal 
75775 Paris Cedex 16 Tel. (1)45.24.82.00 
Bookshop/Librairie: 
33, rue Octave-Fcuillet 
75016 Paris Tel. (1)45.24.81.67 

(1)45.24.81.81 
Telex: 620 160 OCDE 
Telefax: (33-1)45.24.85.00 
Librairie de I'Univertite 
12a. rue Nazareth 
13602 Aix-en-Provence Tel. 42.26.18.08 

Germany - Allemagne 
OECD Publications and Information Centre 
4 Simrockstrasse 
5300 Bonn Tel. (0228)21.60.45 
Telex: 8 86300 Bonn 

Telefax: (0228)26.11.04 
G r e e c e - G r e c c 
Librairie Kauffmann 
28 rue du Stade 
105 64 Athens Tel. 322.21.60 
Telex: 218187 LIKA Gr 
Hong Kong 
Government Information Services 
Publications (Sales) Office 
Information Service Department 
No. 1 Battery Path 
Central Tel. (5)23.31.91 
Telex: 802.61190 
Iceland - Islandc 
Mai Mog Menning 
Laugavegt 18, Poslholl 392 
121 Reykjavik Tel. 15199/24240 

India - Inde 
Oxford Book and Stationery Co. 
Scindia House 
New Delhi 110001 Tel. 331.5896/5308 
Telex: 31 61990 AM IN 
Telefax: (11)332.5993 
17 Park Street 
Calcutta 700016 Tel. 240832 
Indonesia - Indonesie 
Pdii-Lipi 
P.O. Box 269/JKSMG/S8 
Jakarta] 2790 Tel. 583467 
Telex: 62 875 
Ireland - Irlande 
TDC Publishers - Library Suppliers 
12 North Frederick Street 
Dublin 1 Tel. 744835/749677 
Telex: 33530 TDCP El Telefax : 748416 
Italy - Italie 
Libreria Commissionaria Sansoni 
Via Benedetto Fortini. 120/10 
Casella Post. 552 
50125 Firenze Tel. (055)645415 
Telex. 570466 Telefax: (39.55)641257 
Via Bartolini 29 
20155 Milano Tel. 365083 
La diffusione delle pubblicazioni OCSE viene 
assicurata dalle principal! librerie ed anchc 
da: 
Editrice e Libreria Herder 
Piazza Montecitorio 120 
00186 Roma Tel. 679.4628 
Telex: NATEL I 621427 
Libreria Hoepli 
Via Hoepli 5 
20121 Milano Tel. 865446 
Telex: 31.33.95 Telefax: (39.2)805.2886 
Libreria Scientifica 
Dott. Lucio de Biasio "Aeiou" 
Via Meravigli 16 
20123 Milano Tel. 807679 
Telefax: 800175 
Japan-Japon 
OECD Publications and Information Centre 
Landic Akasaka Building 
2-3-4 Akasaka, Minato-ku 
Tokyo 107 Tel. 586.2016 
Telefax: (81.3)584.7929 
Korea - Core> 
Kyobo Book Centre Co. Ltd. 
P.O. Box 1658, Kwang Hwa Moon 
Seoul Tel. (REP)730.78.91 
Telefax: 735.0030 
Malaysia/Singapore -
Malaisie/Singapour 
University of Malaya Co-operative Bookshop 
Ltd. 
P.O. Box 1127, Jalan Pantai Baru 59100 
Kuala Lumpur 
Malaysia Tel. 756.5000/756.5425 
Telefax: 757.3661 
Information Publications Pie. Ltd. 
Pei-Fu Industrial Building 
24 New Industrial Road No. 02-06 
Singapore 1953 Tel. 283.1786/283.1798 
Telefax: 284.8875 
Netherlands - Pays-Bas 
SDU Uitgeverij 
Christoffel Plantijnstraat 2 
Postbus 20014 
2500 EA's-Gravenhage Tel. (070)78.99.11 
Voor bestellingen: Tel. (070)78.98.80 
Telex: 32486 stdru Telefax: (070)47.63.51 
New Zealand -Nouvelle-Zelande 
Government Printing Office 
Customer Services 
P.O. Box 12-411 
creepost 10-050 
Thorndon, Wellington 
Tel. 0800 733-406 Telefax: 04 499-1733 
Norway - Norvege 
Narvesen Info Center - NIC 
Bertrand Narveseni vei 2 
P.O. Box 6125 Etterstad 
0602 Oslo 6 

Tel. (02)67.83.10/(02)68.40.20 
Telex: 79668 NICN Telefax: (47 2)68.53.47 
Pakistan 
Mirza Book Agency 
65 Shahrah Quaid-E-Azam 
Lahore 3 Tel. 66839 
Telex: 44886 UBL PK. Attn: MIRZA BK 
Portugal 
Livraria Portugal 
Rua do Carmo 70-74 
1117 Lisboa Codex Tel. 347.49.82/3/4/5 
Singapore/Malaysia 
Singapour/Malaisie 
Sec "Malaysia/Singapore" 
Voir "Malaisic/Singapour" 

S p a i n - E s p a g n e 
Mundi-Prensa Libros S.A. 
Castello 37, Apartado 1223 
Madrid 28001 Tel. (91) 431.33.99 

-- - • *: (9lj 275.39. Telex: 49370 MPLI Telefax: 98 
Libreria Internacional AEDOS 
Conseio de Ciento 391 
08009 -Barcelona Tel. (93) 301-86-15 
Telefax: (93) 317-01-41 
S w e d e n - S u e d e 
Fritzes Fackboksforetaget 
Box 16356. S 103 27 STH 
Regeringsgatan 12 
DS Stockholm Tel. (08)23.89.00 
Telex: 12387 Telefax: (08)20.50.21 
Subscription Agcncy/Abonnemenis: 
Wenncrcrcn-Williams AB 
Box 30004 
104 25 Stockholm Tel. (08)54.12.00 
Telex: 19937 Telefax: (08)50.82.86 

S w i t z e r l a n d - S u i s s e 
OECD Publications and Information Centre 
4 Simrockstrasse 
5300 Bonn (Germany) Tel. (0228)21.60.45 
Telex: 8 86300 Bonn 
Telefax: (0228)26.11.04 
Librairic Payot 
6 rue Grenus 
1211 Geneve 11 
Telex: 28356 

Tel. (022)731.89.50 

Maditcc S.A. 
Ch. des Palettes 4 
1020 Renens/Lausanne Tel. (021)635.08.65 
Telefax: (021)635.07.80 
United Nations Bookshop/Librairie des Na-
tions-Unies 
Palais des Nations 
1211 Geneve 10 

Tel. (022)734.60.11 (exl. 48.72) 
Telex: 289696 (Attn: Sales) 
Telefax: (022)733.98.79 
Taiwan - Formose 
Good Faith Worldwide Int'l. Co. Ltd. 
9th Floor, No. 118, Sec. 2 
Chung Hsiao E. Road 
Taipei Tel. 391.7396/391.7397 
Telefax: (02) 394.9176 
Thailand - Tha!ande 
Suksit Siam Co. Ltd. 
1715 Rama IV Road, Samyan 
Bangkok 5 Tel. 251.1630 

Turkey - Turquie 
Kiiltur Yayinlari Is-Turk Ltd. Sti. 
Ataiurk Bulvari No. 191/Kat. 21 
Kavaklidcre/Ankara Tel. 25.07.60 
Dolmabahce Cad. No. 29 
B?siktas/!stanbul Tel. 160.71.88 
Telex: 43482B 
United Kingdom - Royaume-Unl 
H.M. Stationery Office 
Gen. enquiries Tel. (01) 873 0011 
Postal orders only: 
P.O. Box 276, London SW8 5DT 
Personal Callers HMSO Bookshop 
49 High Holborn, London WCIV6HB 
Telex: 297138 Telefax: 873.8463 
Branches at: Belfast, Birmingham, Bristol, 
Edinburgh, Manchester 
United States - ittats-Unis 
OECD Publications and Information Centre 
2001 L Street N.W., Suite 700 
Washington. D.C. 20036-4095 

Tel. (202)785.6323 
Telex: 440245 WASHINGTON D C . 
Telefax: (202)'1J.O350 

Venezuela 
Librcria del Esle 
Avda F. Miranda 52. Aptdo. 60337 
Ediflcio Galipan 
Caiacas 106 

Tel. 951.1705/951.2307/951.1297 
Telegram: Libreste Caracas 

Yugoslavia - Yougoslavie 
Jugoslovenska Kniiga 
Knez Mihajlova 2, P.O. Box 36 
Beograd Tel. 621.992 
Telex: 12466 jk bgd 

Orders and inquiries from countries where 
Distributors have not yet been appointed 
should be sent to: OECD Publications 
Service, 2 rue Andre-Pascal, 75775 Paris 
Cedex 16. 
Les commandes provenant de pays ou 
I'OCDE n'a pas encore designs dc dis
t r ibutee devraient ctre adressecs k • OCDE, 
Service des Publications. 2, rue Andr<-
Pascal, 75775 Paris Cedex 16. 

1/90 



OECO PUBLICATIONS. 2 ru* Andr* Pane*. 75775 PARIS CEOEX 16 - No. 72957 1990 
PRINTED IN FRANCE 



HYDROCOIN Parties (in alphabetical order): 

Atomic Energy of Canada Ltd (Canada), British Geological Survey (United Kingdom), 
Commissariat a I'Energie Atomtque / I'institut de Protection et de Surete Nucleaire (France), 
Gesellschaft fur Strahlen-und Umweltforschung (Federal Republic of Germany), Japan Atomic 
Energy Research Institute (Japan), Natkmaie Genossenschaft fur die Lagerung Radioaktiver 
Abfalie (Switzerland), Organisation for Economic Co-operation and Development / Nuclear 
Energy Agency (observer), Rijksinstituut voor VoMrsgezondheid en MHieuhygiene (Netherlands), 
Swedish Nuclear Fuel and Waste Management Co (Sweden), Swedish Nudear Power Inspectorate 
(Sweden), Technical Research Centre of Finland (Finland), UK. Atomic Energy Authority / Atomic 
Energy Research Establishment (United Kingdom), ULS. Department of Energy (USA), US. 
Nudear Regulatory Commission (USA). 

Project secretariat: Swedish Nuclear Power Inspectorate, Kemakta Consultants Co., UK. Atomic 
Energy Authority / Atomic Energy Research Establishment, Organisation for Economic 
Co-operation and Development / Nudear Energy Agency, Nordic Liaison Committee for 
Atomic Energy. 


